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Abstract

Metamaterials are composite materials acting as effectively continuous media,
which are capable of realizing entirely new phenomena such as negative refraction
and transformation optics. This class of new materials may therefore in principle
make available concepts such as the perfect lens and invisibility cloaks. These
materials are thus promised to achieve electromagnetic properties which most cer-
tainly go beyond materials found in nature, or ever encountered before, except
from perhaps in science fiction. Such media may in general be built up of both
active and passive components.

New physical phenomena may require new physical models. A thorough in-
vestigation should therefore be made regarding the well established mathematical
models from earlier research on electromagnetic properties of continuous, as well
as structured media. This thesis contributes in various ways to the development
of a solid theoretical framework, which can be used in the analysis of such novel
materials. Two lines of inquiry are followed.

The first part of the thesis considers isotropic, possibly active media, which
are described by given material parameters; a permittivity e(w) and a perme-
ability p(w). A mathematical framework based on Fourier-Laplace analysis is
introduced for representing the response from such media in terms of (possibly
complex) frequency- and transversal wavenumber components. The idealization of
monochromatic plane waves may for active systems be dangerous due to the pres-
ence of growing waves, and the possibility of approaching this limit is investigated
by deforming the integration surface in complex frequency-complex wavenumber
space. We also give the most general criterion for absolute instabilities. The
general theory is used to analyze example media with weak or strong gain. In
particular it is used to show the existence of isotropic media which in principle
exhibit simultaneous refraction, meaning they refract positively and negatively at
the same time.

In the second part, the importance of spatial dispersion in metamaterials con-
sisting of passive components is considered. We discuss the importance of higher
order multipole terms in homogenization theories for metamaterials. While it is
common to include polarization, magnetic dipole and perhaps electric quadrupole



terms, it is shown that certain higher order terms are generally significant when
second order spatially dispersive effects (e.g. magnetism) are concerned. Based
on this notion it is not necessarily clear how the magnetic permeability should be
defined. We therefore state and compare four different definitions of the perme-
ability, and analyze their properties in general. As a further investigation of their
physical relevance we compare how well the parameters predict the reflection from
semi-infinite periodic metamaterial structures. The predictions are based on the
Fresnel equation using these four permeabilities. It is found that the Fresnel equa-
tion gives accurate results for 2D metamaterials which mimic natural magnetism,
in a frequency range where the magnetic moment dominates the O(k?) part of
the total Landau-Lifshitz permittivity. For a 1D layered structure, or for large
frequencies, the correspondece is poor.
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Chapter 1

Introduction

Optical technologies play an important role in today’s society, and they are making
a significant impact on everyday life. Wireless and fiber communication as well as
cameras, detectors and sensors are all crucial elements present in almost any device,
and may be regarded as important factors for societal and individual advancement.
Applications range from the basic to the recreational - e.g. from medical devices
to high resolution images for social media. To continue the ongoing development
of better optical and wireless components, the engineers will eventually need new
materials to work with. Metamaterial researchers might e.g. provide solutions to
problems such as cost, efficiency, sensitivity and size of micro-sensors.

Metamaterials are structured, composite media with tailored optical properties,
in particular properties that cannot be found in nature. Negative refraction, optical
cloaking and transformation optics are potential effects which may be realized by
metamaterials. Such novel properties may be obtained by tailoring the micro
structure, so that the macroscopic electromagnetic properties can be described by
effective material parameters. For this to be the case the unit cell of the micro
structure should be much smaller than the wavelength of the electromagnetic wave
propagating inside the material.

In the analysis of novel physical phenomena, the well established results from
classical physics cannot necessarily be straightforwardly applied. A well known
example of this is if one consider an object moving at a velocity close to the speed
of light ¢. Despite the purity and simplicity of the classical solution according to
Newton’s laws, it has no physical relevance. This is because the classical solution
relies on assumptions not valid in this regime of particle velocities. To predict
the trajectory of the object accurately one has to resort to the mathematically
more advanced model offered by Einstein’s special theory of relativity. This thesis
considers certain assumptions and simplifications often made in classical electro-
dynamics, which should be cautiously applied in the analysis of metamaterials.

There are two aspects to the possible necessity of new physical models. As the
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above example illustrate, the classical models may predict unphysical results, and
thus become irrelevant. In addition, being tied up by the well established theories
for conventional media might also prevent us from seeing the true possibilities of
properties which may be achieved by careful design of metamaterial structures.

The research field of metamaterials is often considered to be started by John
Pendry’s paper from 1999 [1]. The paper demonstrates how one can achieve a
magnetic response from a medium consisting of non-magnetic metallic microstruc-
tures. Artificial materials for manipulating electromagnetic waves were, however,
not new at that time. Already in 1898 twisted structures were reported to have
the potential of field rotation [2], and the effective permittivity of metal inclusions
in glass was calculated in 1904 [3]. The calculations rely on the Clausius-Mossotti
relation derived in the 19th century.

The split-ring structure proposed in [1] is found to exhibit a negative perme-
ability p < 0 close to the resonance frequency. A composite medium based on a
periodic array of inter-spaced split-ring resonators and continuous wires was then
shown to exhibit a frequency region with simultaneous negative permittivity e < 0
and a negative permeability p < 0 [4]. In his paper from 1967 Veselago showed
that in such a medium also the refractive index n will be negative [5]. This means
the refraction angle at an interface can be negative, and the phase and group veloc-
ities of the electromagnetic wave may point in opposite directions. Also negative
refraction and negative group velocity had already been studied in the preced-
ing years [6-8]. However, the phenomenon was first experimentally verified for
microwaves in 2000 [4]. Recent development in nano structuring techniques and
simulation tools has led to the huge progress seen in metamaterial research the
last decades.

Veselago argued that a slab of a negative refractive index material in some
sense will work as an unconventional lens [5]. Pendry showed that such a slab in
fact functions as a perfect lens, where the resolution is not limited to the order of
a wavelength according to the Abbe diffraction limit. This is because the negative
refraction amplifies and restores the evanescent components of the field, so that
all Fourier components still are present in the image plane. An actual realization
of such a lens will suffer from losses. Along with the fact that negative refraction
can only be achieved over a finite bandwidth, these losses cause the perfect lens to
become imperfect. The optimal resolution as a function of bandwidth can however
still be found [9].

The metamaterial application which attracts the most attention from popular
culture is the concept of optical invisibility [10,11]. Both these papers use coordi-
nate transformations to find the required electromagnetic parameters for obtain-
ing the desired optical ray trajectories. An experimental display of the cloaking
mechanism for microwave frequencies was given in [12]. The transformation op-
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tics technique in general relies on the theory of differential geometry [13], mostly
known from Einstein’s general theory of relativity. Also the invisibility cloak turns
out to be difficult to realize in practice. Again, this is due to lossy components,
and the fundamental limitation that one can only achieve the desired parameters
over a narrow bandwidth. These problems will in general be potential obstacles in
metamaterial applications. Even another challenge is the difficulty of fabricating
the 3D micro- and nano structures. For some applications, the recent develop-
ment of metasurfaces [14,15] may be a potential solution. Metasurfaces are planar
metamaterial structures with sub-wavelength thickness.

The papers included in this thesis all contribute to the development of the-
oretical frameworks which strengthen our understanding of the electromagnetic
response from metamaterials. It has been suggested to use optical amplification to
overcome the losses in metamaterial structures [16]. In the analysis of such gain
media it turns out one should be very careful with approximating the illuminating
source as a monochromatic plane wave. The first two papers of this thesis deals
with this concern. Paper I presents a mathematical framework which can be used
for analyzing the response from a semi-infinite gain medium excited by a physical
source, which is causal and has finite size. It turns out that the monochromatic
and plane wave limits in general do not commute, due to possible instabilities be-
ing present. The general theory is applied in several cases, and is used to predict
media with novel properties. Paper II applies the same theory in analyzing the
response from a gainy slab made from a conventional weak gain medium. Unphys-
ical results obtained when applying the conventional monochromatic plane wave
approximation are first demonstrated, and the theory from Paper I is used to re-
solve these peculiarities. These two papers consider homogeneous media where
the material permittivity e(w) and permeability p(w) are given parameters. The
mathematical framework presented is thus only applicable to media where these
given parameters describe the electromagnetic response well for all frequencies.
How these parameters may be achieved, e.g. from given metamaterial structures,
is not considered.

The remaining included papers (Papers I1I - VI) consider different topics within
metamaterial homogenization, i.e. the procedure of obtaining effective parameters
from a given microscopic structure. All example structures considered in these
papers are periodic. Conventional textbook treatments on electromagnetic wave
propagation consider the induced charge and current densities as “bound”, and
therefore absorb them into a refractive index. In Paper III we consider the pos-
sibility of rather treating the medium as vacuum, where all charge and current
densities are considered as “free”. An explanation of why the wavelength inside
the medium still becomes different from that in vacuum is given, along with asso-
ciated time domain simulations. The paper is meant to demonstrate how different

3



Chapter 1. Introduction

mathematical descriptions of the same phenomenon always should predict the same
physical response.

Papers IV, V and VI consider spatial dispersion in metamaterial homogeniza-
tion. We argue in Paper IV that in metamaterial structures, higher order multi-
poles may contribute significantly to the effective medium response; in particular to
the magnetic permeability . The conventional dipole approximation (the material
response is only given by the electric and magnetic dipole moments) is therefore
not in general sufficient to describe the response of such media. This leads to the
question how to define the magnetic permeability p in general. In Paper V we
compare four different definitions of u, and discuss the connection between them,
and properties in general. The discussed properties include causality, passivity,
symmetry, asymptotic behavior, and origin dependence. Finally, Paper VI con-
siders how well these permeabilities predict the reflection from several example
structures, when used in the Fresnel reflection coefficient.



Chapter 2

Background

Metamaterial research relies on the assumption that a composite material can
be viewed as an effective medium. When this is the case the microscopic elec-
tromagnetic fields inside the composite can be approximated by macroscopically
averaged fields, and these macroscopic fields can be related by effective material
parameters. Intuitively this may be possible if the constituents of the composite
are much smaller than the effective wavelength of the light propagating through
the material.

The electromagnetic properties of most natural materials are well described
by the permittivity ¢(w) and possibly also a permeability p(w), which in general
depend on the frequency w. For brevity, this frequency dependency is sometimes
suppressed in the notation. The reflection and transmission of a monochromatic
plane wave can often be described in terms of these parameters through Fresnel’s
equations. In this and the next chapter we will assume that the effective response
of the metamaterial similarly can be approximated by an effective permittivity
and permeability. The macroscopic fields and effective material parameters must
be obtained from a homogenization method. Numerous such methods have been
developed, which mainly follow two lines: retrieval from scattering parameters
[17,18], or field averaging [1]. Several difficulties and limitations of the differ-
ent methods have been reported (e.g. branch problems, non-local, non-causal or
thickness dependent parameters). Possible improvements and modifications of the
methods have been suggested [19-29].

Natural materials are well approximated as continua for a wide range of fre-
quencies. Even natural materials are built up by discrete building blocks (e.g.
atoms in a periodic lattice in a crystal or molecules in a liquid or gas). For X-
rays this discreteness becomes apparent in the reflection from a crystal structure in
terms of Bragg diffraction [30]. This shows that natural media cannot be viewed as
continua for all frequencies. Models for the effective parameters of metamaterials
will similarly break down for sufficiently high frequencies.



Chapter 2. Background

This chapter describes the outline of a classical homogenization procedure used
by Russakoff [31] and Jackson [32], where the averaged fields are calculated as a
spatial convolution of the microscopic fields by a test function f(r)'. In Chapter 4
we present a recent homogenization method for infinite periodic structures [33-35],
and we use this formalism in the analysis of spatial dispersion in metamaterials.

In all examples in this work where actual homogenization calculations are to be
performed and analyzed, we will consider one or two dimensional periodic struc-
tures. In such media the microscopic structure is given by a unit cell, which is
repeated in the given number of dimensions. It is worth mentioning that interest-
ing electromagnetic properties can also be achieved using amorphous structures
[36].

2.1 Classical approach

Electromagnetic fields in a medium are governed by Maxwell’s equations

€V € = Qexi + 0, (21&)
V-b =0, (2.1b)
V X e = iwb, (2.1¢)
1
—V x b= —iwepe + jou +J- (2.1d)
Ho

Here we have assumed harmonic time dependency e~®! We will use lower case
letters to denote the microscopic fields and current densities. These fields will
depend on the position inside the unit cell of a periodic structure, e.g. e = e(r).

The charge and current densities on the right hand side of (2.1a) and (2.1d)
have been split into two contributions: external and induced. The external charge
and current densities, gext and jo, are given or known quantities, independent
of the local fields. The induced charge and current densities, ¢ and j, are on the
other hand functions of the fundamental electromagnetic fields e and b [37].

We will now consider an electromagnetic wave propagating in vacuum. By
combining the two Maxwell curl equations we obtain the wave equation for the
electric field in vacuum, where there are no charge or current densities:

2 w?
Ve + ge =0, (2.2)

!The method was initially derived for natural materials consisting of atoms or molecules,
but can straightforwardly be applied to metamaterials by replacing these fundamental building
blocks by the structured inclusions.



2.1. Classical approach

where ¢ = 1/, /€ is the speed of light in vacuum. The solutions to this equation
are plane waves, i.e.

e(r) = epe™ . (2.3)

Here k| = w/c, and ey is some complex vector amplitude. Such a plane wave
in vacuum would have to be excited by some external current density j,.., which
would determine the amplitude and direction of ey, as well as the propagation
direction of the plane wave k/|k]|.

When materials are present, the solution (2.3) will be altered due to induced
charge and current densities. We will consider metamaterials consisting of compo-
nents made of linear, isotropic and time-shift invariant materials. Microscopically
the induced charge density may then be expressed

j(r) = —iwp(r) + V x m(r), (2.4)
where
p(r) = eo[e(r) — 1]e(r), (2.5a)
1 1
m(r) = %(1 - m)b(r) (2.5b)

The introduced parameters e(r) and p(r) are the microscopic relative permittivity
and permeability, which describe the material present at a given position r. We
will in the following leave out the word “relative” when refering to the material
parameters. Note that there has already happened a homogenization from the
level of atoms and molecules, in order to describe the materials of the different
constituents in terms of their material parameters. I will later homogenize the
fields and materials parameters to the next level. These macroscopic fields will be
denoted by calligraphic capital letters, and the composite media will be described
in terms of effective material parameters.

For a homogeneous medium with constant £(r) = ¢ and u(r) = 1 the wave
equation takes a similar form as (2.2):

[n - w]?

Ve + 2 ©= 0. (2.6)
Also here the solution is given by the plane wave (2.3), but now |k| = n-w/c. Here
we have introduced the refractive index n = w+/e/c. The refractive index predicts
how the wavelength and phase velocity of the electromagnetic wave will change
inside the homogeneous medium compared to in vacuum. Equation (2.6) may be
found by insertion of (2.4)-(2.5) into (2.1d), before combining it with (2.1c) to

eliminate b. This is the conventional method used to show that the wavelength of

7



Chapter 2. Background

an electromagnetic wave inside an homogeneous medium will be given by

QW_QWC_@ 2.7)

A=
kl nw n

where )\ is the wavelength a plane wave at a frequency w would have had in
vacuum.

No matter how we choose to describe j, the fundamental fields e and b, as well
as the relation between j and these fields will remain the same. Paper III of this
thesis serves as an example of this, where rather than using the decomposition
(2.4), we consider j inside a dielectric as a superposition of current sheets situated
in a vacuum. A current sheet in vacuum will emit electromagnetic waves with the
vacuum wavelength. The total electric field inside the dielectric will then be given
as a superposition of the incident wave and the waves produced by the “current
sheets”. All these waves have the vacuum wavelength. The paper provides an
explanation of how this superposition still will add up to a wave with wavelength
Xo/n inside the dielectric. As an attempt to visualize these “current sheets in
vacuum” we present finite difference time domain (FDTD) simulations [38] of
a plane wave propagating through a layered structure where we essentially have
compressed the induced currents into thin current sheets surrounded by vacuum. It
is worth mentioning that even though we consider the medium as source charge and
current densities, these sources depend on the electric field and should therefore
be characterized as induced charges and currents [37].

A similar analysis using perturbation theory was done by James and Griffiths
[39]. Their analysis is however somewhat complicated, and does not explain the
physical mechanism for the altered wavelength in terms of a z-dependent set of
sources. After Paper III was published we were made aware of another paper which
deals with the same subject in more general terms, and use an identical technique
to solve the fundamental integral (10) of our paper [40].

We will now consider 1D propagation through the same periodic, layered struc-
ture of alternating permittivities €1 = 31 and e5 = 1 to visualize the classical
homogenization procedure from Russakoff-Jackson [31,32]. The resulting electric
field from the FDTD simulation is shown in Fig. 2.1. Considering the structure as
a metamaterial we expect it to behave approximately as a continuum with effective
permittivity given as a weighted averaged of the two permittivities [41]:

- 81d1 + EQdQ -
dy + dy
Here dy = 0.1a and dy = 0.9a are the thicknesses of the two alternating layers

expressed in terms of the lattice parameter a. In the FDTD simulation Fig. 2.1 we
used the excitation frequency wy = 0.1¢/a. As everything scales with the lattice

(2.8)

8



2.1. Classical approach

parameter, and we consider non-dispersive components (permittivity independent
on frequency), the parameter a can be chosen arbitrarily.

From the figure it is clear that e(z) effectively propagates with a wavelength
A & A\o/2, where \g is the wavelength outside of the metamaterial slab. This is in
good agreement with (2.7), where n = /e = 2. The field profile is however jagged
due to the rapid fluctuation of the microscopic permittivity. The macroscopic
field behavior may be found by homogenization. The macroscopic field should be
a smooth profile approximating the behavior of the microscopic field e(z). We will
denote such macroscopic (averaged) fields by calligraphic capital letters, e.g. € for
the macroscopic electric field. The Russakoff-Jackson homogenization procedure
[31,32] calculates such an average by using a test function f(r):

Er) = /f(r’)e(r —r')dr/, (2.9)

where f(r) is real, non-zero in some neighborhood of r = 0, and it’s integral is
normalized to unity over all space. In the calculation of the macroscopic field
at position r the test function weights the microscopic field at the surrounding
points differently. The macroscopic magnetic field B and the induced charge and
current densities p, pext, J and Jext are defined similarly from their microscopic
counterparts b, 9, Oext,j and jo-

It can be shown that the average operation (2.9) commutes with the operations
of spatial differentiation. This gives the macroscopic Maxwell equations

0V - E = pexi + P, (2.10a)
V-B=0, (2.10b)
V x € = iwB, (2.10¢)

1
—V x B=—iweoE + Texs + T. (2.10d)

Ho

These equations can be used to describe macroscopic wave phenomena in periodic
metamaterials. To be able to do so, we do however need a relation between J and
the macroscopic fields &, B.

For the microscopic fields the material parameters enter (2.1d) by insertion
of the known relations (2.4)-(2.5). To obtain effective material parameters from
the macroscopic fields and current densities in (2.10) we should thus find similar
constitutive relations between the macroscopic induced current density J and the
macroscopic electromagnetic fields € and B. In the Russakoff-Jackson formalism
such relations are found by approximating the macroscopic induced current density
by a macroscopic multipole expansion [32,42]. If only the macroscopic electric and
magnetic dipole moments contribute significantly in this expansion we get

9



Chapter 2. Background

J(r) =—iwP +V x M. (2.11)

The macroscopic electric and magnetic dipole moments are given by

P(r) = / F()p(r — r')dr, (2.12)

and , ,

M(I’) _ /f(r/) |:II’1(I‘ _ I‘/) + (I' — I') ><2P(I‘ — I‘)
In (2.12) the macroscopic electric dipole moment is expressed in terms of an aver-
age of the microscopic electric dipole moment. The macroscopic magnetic dipole
moment on the other hand is expressed in (2.13) in terms of the average of the sum
of the microscopic magnetization density m and the microscopic magnetic dipole
moment (r x p)/2.

In our application of the Russakoff-Jackson method to homogenization of meta-
materials the microscopic magnetization density m denotes the intrinsic magnetic
moment of the constitutes, while the term (r x p)/2 takes into account the addi-
tional magnetic moment due to potential induced currents circulating around an
origin of the unit cell. In the original Russakoff-Jackson derivation of the macro-
scopic Maxwell equations the term m similarly denotes the intrinsic magnetic
moments of each charge in a molecule, while the term (r x p)/2 takes into account
the molecular magnetic moment due to the charges’ movement around an origin
of the molecule.

Inspired by (2.5), effective macroscopic material parameters may be defined by
relating the macroscopic dipole moments P, M to the macroscopic electromag-
netic fields &, B:

dr’. (2.13)

P(r) = cole — 1] E(x), (2.14a)
1 1
M(r) = %[1 - ;]B(r)l (2.14b)

For simplicity, we here consider media where the macroscopic response may be
described in terms of isotropic material parameters; the relative permittivity e,
and the relative permeability p. Again, we will leave out the word “relative” when
refering to the material parameters. The anisotropic case is considered in Chapter
4, and in Paper V of this thesis. Note that the permeability p in (2.14) is a different
parameter than the microscopic permeability in (2.5).

From (2.13) it becomes apparent that it is possible to obtain a magnetic re-
sponse 1 # 1 in a metamaterial consisting of non-magnetic components, where
m(r) = 0 for all r. This is referred to as artificial magnetism, and is an important

10



2.1. Classical approach

reason to why metamaterials can be used to obtain novel scattering properties.
In metamaterials, not only the permittivity e(w), but also the permeability u(w)
can contribute significantly to the electromagnetic response, also for quite high
frequencies where the magnetic response of all natural materials is absent.

Macroscopic Maxwell equations which can be used to predict wave phenomena
in metamaterials may now be found by insertion of (2.11) into (2.10d). With
the relations (2.14) it is convenient to introduce auxiliary fields D = €e€ and
H = B/(uop). This gives the macroscopic Maxwell equations

VD = pext, (2.15a)
V-B=0, (2.15b)
V x & =iwB, (2.15¢)
VxH=—iwD+ T cx- (2.15d)

In the remaining of this and the next chapter, we will assume that effective
parameters €(w) and p(w) for a metamaterial are given, and rather consider the
electromagnetic response from a homogeneous medium with these parameters.
The given parameters may for instance be obtained through an analytical model,
or through a numerical implementation of a given homogenization theory. In
Chapter 4 we will consider the homogenization of actual periodic structures in
more detail.
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Figure 2.1: The microscopic electric field profile of a plane wave incident from vacuum
on the left-hand side, upon a layered dielectric structure on the-right hand side. The
figure also shows the macroscopic field calculated according to a one dimensional variant
of (2.9), with f(z) being a Gaussian with a full width of half maximum approximately
equal to the lattice parameter of the layered structure a. The macroscopic field has been
scaled with a factor 0.5, to make the two graphs distinguishable. It is seen that £(z) is a
smoothened version of e(z). The arrows indicate the phase velocity of the wave at that
given z. The two arrows for z < 0 indicates that in this area the field is a sum of the
incident and reflected wave. The difference in thickness of the arrows roughly describe
the amplitude ratios between the three different modes of the macroscopic electric field
(incident, reflected, transmitted). Note that the axes in the plot has been left out. This
is because neither the magnitude of the field, nor numerical values for the position z are
used in any of our interpretations of the plot. Including axes with numerical values (in
arbitrary units) will thus only disturb the points the figure is meant to illustrate. The
axes will, for the same reason, be left out in all similar figures in this thesis.
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2.2. Negative refraction in a medium with ¢ < 0 and p <0

2.2 Negative refraction in a medium with ¢ < 0
and p <0

We now consider negative refraction, as an example of a novel property which can
be attained in a metamaterial. In his paper from 1968 Veselago suggested that
negative refraction will occur at an interface between vacuum and a medium with
simultaneous negative permittivity and permeability [5]. By inserting plane wave
solutions €& = Ege® ! and ‘H = Hpe® "= in the curl equations in (2.15),
with the constitutive relations (2.14) we get

k x Ey = iwpHy, (2.16a)
k x HO = —’iweEg. (216b)

Since € and p are real, we can without loss of generality assume that E, and H,
are real vector amplitudes. If € and p are negative, the vectors (€, 7, k) form a
left-handed set. Media with negative € and p are therefore often referred to as
left-handed media.

The energy flow in the medium is described by the Poynting vector

1
S = §E0 X Ho, (217)

so § and k are anti-parallel in a medium with negative € and p. This is demon-
strated in Fig. 2.2. We note that the definition of “left handed” and “right handed”
that is based on the set formed by the vectors (€, %, k) is not rigorous, since the
permittivity €(w) and permeability p(w) generally are complex quantities. It is
therefore common to adopt the following definition: A medium is said to be left
handed at the frequency w if the associated, time-averaged Poynting vector and
the phase velocity point in opposite directions. If they point in the same direction,
the medium is right handed.
The electron gas in a metal approximately behaves as a plasma:

w2

ew)=1- w—g (2.18)
In a metal the permittivity is therefore negative below the plasma frequency w,,
which typically is in the ultraviolet region. A metamaterial consisting of parallel
metal wires, as shown in Fig. 2.3a, will therefore exhibit a negative effective per-
mittivity €, where the plasma frequency can be tuned by the thickness of the wires
[43,44].
A negative permeability may be obtained in a medium where the effective
permeability si(w) is given by the Lorentz oscillator model [41, p. 176] p(w) = f(w),
where
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Figure 2.2: An electromagnetic plane wave propagating from vacuum (figure a) upon
a medium with € < 0 and g < 0 (figure b). In vacuum (a) S and k are parallel, while
inside the medium (b) they are anti-parallel.
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(2.19)

Here the parameter F is the strength of the response, wy is the resonance frequency,
and I" is the damping rate, which also describes the bandwidth of the resonant
frequency response. Provided the resonance is strong enough, the real part of
1 will be negative for frequencies above the resonance wy. A magnetic response
wu(w) given by (2.19) may be approximated by a medium consisting of periodically
placed split-ring resonators [1], shown in Fig. 2.3b. Assuming a uniform time
varying magnetic field across the unit cell, an expression similar to (2.19) may
be derived for this structure using the field averaging approach from [1]. The
parameters F', wy and I' are then expressed in terms of geometric sizes from the
split-ring structure.

By combining the split-ring and wire structures into a single composite effective
medium, and carefully choosing the parameters of the structures, we may thus
achieve negative refraction. Both structures in Fig. 2.3 are clearly anisotropic.
The negative effective permittivity of the wire medium will only be experienced by
the electric field component pointing along the metal wire. Similarly the magnetic
response from the split-ring structure will only affect the magnetic field component
normal to the split-ring cross section. In the combined structure the wires should
therefore be placed in a plane parallel to the split-ring cross section. A similar
structure has been experimentally verified to experience negative refraction [45].

Figure 2.4 shows the propagation of a plane wave normally incident to a
medium where ¢(w) = p(w) are both given by the same Lorentz response given in
(2.19). Close to the medium boundary the backward wave is established. Further
inside the medium the Brillouin and Sommerfeld precursors can be seen.
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2.2. Negative refraction in a medium with e <0 and ¢ <0

(a) (b)

Figure 2.3: Unit cell cross sections of a wire medium (a) and a split-ring resonator
medium (b). Combined, these structures may result in a negative refracting medium.
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Figure 2.4: A FDTD simulation of a plane wave propagating from vacuum incident to
a medium with e = p given by (2.19). The boundary surface at z = 0 is indicated by
the thick vertical line, and close to the boundary a backward wave is established. The
parameters F' = 20, I' = 0.1wg, and the excitation frequency w; = wgy/11 were used in
the simulation. Here wy is the resonance frequency of the permittivity and permeability.
Again, note that axes has been left out, as the numerical values are not relevant for our
interpretations of the plot. Also here, and in the remaining plots, the arrows display the
direction of phase velocity at different z.
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2.2. Negative refraction in a medium with ¢ < 0 and p <0

2.2.1 Obtaining desired ¢ and p

Inspired by transmission line metamaterials [46] one possible route to finding the
required microstructure for given desired effective parameters e and p is through
combining circuit elements in a specific manner [1,4,47,48]. The circuit equivalent
for the split-ring will be a RLC-circuit, where R is the internal resistance of the
ring, L is the self-inductance of the ring, and C' is the capacitance from the gap.
An oscillating magnetic field through the split-ring will induce a current, and the
RLC-circuit equations can be used to show that the magnetic response p of this
medium in fact is approximated by a Lorentz function. A more general method
for finding the necessary combination of circuit elements for a desired response is
the procedure of Brune synthesis [49].

The experimental verification of negative refraction in a combined split-ring and
wire medium suggests that even more sophisticated responses may be obtained by
combination of several known metamaterial building blocks. A magnetic response
p(w) with multiple resonances may for instance be obtained in a unit cell with
multiple split-ring resonators of different geometry. Assuming the inclusions con-
tribute to the response independent of each other is of course a simplification. In
general the inclusions will interact with each other, and the actual homogenized
parameters may be tedious to find. One should also note that even if a given
structure is predicted to achieve your desired response, the given structure may
be difficult to fabricate. The model may also be based on assumptions which are
not valid for the frequency range of interest.

From a theoretical perspective a natural question arises: given any desired
response how close can a metamaterial approach this response, while obeying the
fundamental principle of causality?

2.2.2 Kramers-Kronig relations

To obtain desired responses such as negative refraction, some metamaterials make
use of material resonances. A resonant response is often associated with high
losses. Imperfectness in production may lead to additional loss. This means the
permittivity and permeability, and therefore also the refractive index, will in gen-
eral be complex quantities, as appears from e.g. (2.19). As an example, consider
the perfect lens which requires a real refractive index n = —1 [50]. As already
mentioned, fundamental limitations prohibit such a lossless response over a finite
bandwidth of frequencies [9].

Despite the fact that the loss is undesirable, it may in fact be a requirement for
negative refraction to occur in a passive medium. The Kramers-Kronig relations
relates the real and imaginary parts of a function that is analytic in the upper half
plane Im (w) > 0. We here consider media where the Kramers-Kronig relations for
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n(w) are valid. For the refractive index n(w) the relations in question are

B 2 o wlmn(w)
Re n(wl) = ]. + ;P/() mdw, (220&)
2wy © wRen(w)
I =—— / ——dw. 2.20b
mn(wr) - P - w (2.20b)

Here P means the principal value. The Kramers-Kronig relations in the form
(2.20) rely on the fact that Imn(w) is an odd function.

We note that the factor w/(w? — w}) in (2.20a) is positive for w > w; and
negative for w < wy. To obtain Ren(w;) < 0 we must thus have either Imn(w) <
0 for w > wy and/or Imn(w) > 0 for w < wy. It is also worth noting that
Imn(w) at the frequencies close to wy is weighted the most, as the denominator
gets small. It is therefore possible to obtain a negative Ren(w;) with Imn(w;) ~ 0
at an observation frequency wy, if there is a steep drop in Imn(w) just above
this frequency [51]. It is similarly possible to achieve a negative refractive index
n = \/ei at arbitrarily low gain through a steep drop in Imn(w) just above the
observation frequency.

The relations (2.20) will be valid if the same relations are separately satisfied
for e(w) and p(w). We now consider how such relations for these parameters may
be established.

The conventional derivation of the Kramers-Kronig relations for e(w) is based
on Titchmarsh’s theorem [52,53]. This theorem states that if a function y(w) is
square integrable over the real w-axis, then any of the following implies the other
two:

1. Causality: The inverse Fourier transform y(t) = F,[x(w)] is zero for ¢ < 0.

2. Analyticity: The function x(w) is analytic for Imw > 0. Furthermore, x(w)
is uniformly square integrable along a line parallel to the real axis in the
upper half-plane: [*717 |x(w)[?dw < k for some number k > 0 and all
v > 0.

3. Kramers-Kronig: The real and imaginary parts of x(w) (where w is real) are
Hilbert transforms of each other.

That the susceptibility x(w) = e(w) — 1 is integrable over the real w-axis must
either be assumed, or verified for a given homogenized permittivity e(w). For media
where this is the case, it follows from Titchmarsh’s theorem that the relations
(2.20) will be valid for e(w), provided x(t) is zero for ¢ < 0. This is usually
considered to follow from causality. A causality argument requires an input-output
relation, where the output response cannot precede the onset of the input. In case
of the susceptibility x(t), the electric field €(t) is considered the input, and P(¢)
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2.3. Non-magnetic negative refraction

the output. As x(t) describes how the polarization density depends on the electric
field at earlier times, it should therefore be zero for ¢ < 0. It can be argued that
this is not a rigorous formulation, as the polarization density P and field € both
should be considered as the output from a source current density J ey [54] (see
Appendix C of Paper V for a more detailed discussion).

According to Landau-Lifshitz’ textbook [55] the permeability j(w) ceases to
be physically meaningful for relatively low frequencies. Modified Kramers-Kronig
relations are therefore suggested for p(w). We note that these arguments are made
for natural materials and not metamaterials [56]. For metamaterials it has been
argued that the Kramers-Kronig relations for u(w) should be even further modified
[57].

In Paper V of this thesis we present our interpretation of the Landau-Lifshitz
permeability argument. We also consider different definitions of magnetic per-
meability which in principle can be used for all frequencies, and discuss whether
Kramers-Kronig relations for these permeabilities can be established.

2.3 Non-magnetic negative refraction

The discussion in Sec. 2.2 shows that when e and p are simultaneously negative,
the refractive index also becomes negative. For such media the negative sign of the
square root must chosen in the calculation n(w) = y/e(w)p(w). In passive media,
where losses are present, it is sufficient to choose the sign such that Imn(w) > 0.
For active media, however, one must be careful when identifying the sign of the
refractive index.

This is seen by writing the permittivity and permeability in polar form, giving

n(w) = \/lel|ule’ /2, (2.21)

where ¢, and 6, are the complex phases of € and p respectively. Adding a phase
2w to either € or p will not change the value of these parameters, but will flip the
sign of n. For the refractive index to describe something physical it cannot depend
on such mathematical manipulations. Assuming e(w) and p(w) are analytic and
zero-free functions in the upper frequency plane it is possible to retain a physical
interpretation of n(w) by considering the global properties of these analytic func-

tions [58]. We define n(w) for Imw > 0 as the analytic branch of y/e(w)u(w) that
tends to +1 as Rew — oc.

It is seen from (2.21) that a negative refractive index may be obtained even in a
non-magnetic medium, provided that sufficiently amount of phase is accumulated
in € as we reduce w from oo down to a certain observation frequency wy. If the
accumulated phase in € is 0. (w;) = 27 we indeed get n(w;) = —1. In this medium
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both e(w;) and p(w;) are positive, which shows that negative refraction is also
possible in right handed media.

One way of obtaining a right-handed, non-magnetic negative refracting medium
is to use a permittivity function which is a sum of a passive and active Lorentz
function [59]. It has been suggested that such a medium can be physically realized
using Bose-Einstein condensates [60]. The propagation of a plane wave incident
from vacuum to such a medium is shown in Fig. 2.5. Asin Fig. 2.3 a backward wave
is established close to the boundary. It is seen that the electric field decays very fast
with z inside the medium. This is due to the large positive value Im n(w;). Since
the backward wave reaches a larger magnitude than the incident wave (due to the
gain), the excess energy leaves the medium, and appears as an amplified reflection.
By examining the time evolution as the incoming wave hits the boundary surface
it is found that the reflection grows in magnitude for a while, before it stabilizes
at a maximum amplitude of around 4.5 times the amplitude of the incident field.
This gives a reflection coefficient of 3.5, which corresponds to a power reflection
coefficient larger than 10.

It is worth noting that the gain of this medium is relatively high. For other
media, this high gain may have lead to rapidly growing fields, which again leads
to artificial reflections destroying the validity of the simulation. The reason this
does not happen for this medium is that the frequencies for which the medium has
gain are refracted negatively. The gain is therefore working towards the boundary,
so the fields don’t propagate a long distance, and thus never grow very large.
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Figure 2.5: A FDTD simulation of a plane wave propagating from vacuum incident to a
right handed negative index medium similar to the one suggested by [59]. The boundary
surface at z = 0 is indicated by the thick vertical line, and close to the boundary a
backward wave is established. The arrows display the direction of phase velocity at
different z. The arrows in both directions for z < 0 indicate that the total field is a
sum of the incident field and its reflection here. The arrow in the negative z-direction is
thicker to indicate that the reflection has a larger amplitude than the incident field, due
to gain. The permittivity e(w) is given as as sum of to Lorentzian terms with F; = 2.44,
I'y = 0.0572wp1, and Fy = —0.14, woe = 1.428wp1, I's = 0.0572wq1, with the observation
frequency wy; = 1.4708wp;. Here wp; is the resonance frequency of the first Lorentzian
term of €(w). The medium is non-magnetic, i.e. u =1 for all frequencies.
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Chapter 3

Active media

To overcome the undesirable losses in metamaterials it has been suggested to
introduce gain in the design of these media [16,61-65]. For example, introducing
gain may improve the performance of actual realizations of the “perfect” lens,
where finite loss cuts off the finer details of the image [16,66]. The introduction of
gain may also enable properties not achievable in passive systems, such as negative
refraction in a right-handed medium (Sec. 2.3). Waves propagating inside gain
media will be amplified, and instabilities may therefore be present. Due to the
possibility of instabilities and novel properties, the well established theory for
passive media should be applied with care. In this chapter we consider certain
potential pitfalls in the analysis of wave propagation in gainy media, and discuss
how they may be resolved.

The idealization of monochromatic plane waves may for active systems be dan-
gerous, due to the presence of growing waves. This problem is the topic of Papers
I and IT of this thesis. In general it turns out to be necessary to involve complex
frequencies w and/or complex transversal wavenumbers k,, even for the case with
a weakly amplifying slab that does not lase [67]. The framework from these papers
is reviewed here, and we present two examples where the framework is applied to
analyze novel phenomena which may occur in certain gain media. In Paper II a
gainy slab of finite width in the longitudinal direction is analyzed. We will here
only consider the semi-infinite case.

We restrict the analysis to linear, time-shift invariant, isotropic, homogeneous
media without spatial dispersion. Moreover, we assume the following asymptotic
behavior for the product of relative permittivity e and relative permeability u, as
w — 00 [55]: €(w)p(w) = 1+ O(w™?). Finally, we assume that the medium does
not support super-exponential instabilities [51], meaning that any field solution
should not grow faster with time than an exponential. For simplicity, we limit the
discussion to propagation in two dimensions  and z and transversal electric (TE)
fields.
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Figure 3.1: A semi-infinite active medium, described by parameters e(w) and p(w)
covers the region z > 0. For z < 0 there is vacuum. The active medium is illuminated
by a TE polarized source of finite width o, located somewhere to the left of the boundary.
The source is indicated by the solid red line, and the vector K = K,X + K.z indicates
the propagation direction of the main plane wave component of the source. Here K, =

\Jw?/c2 — K2, and wy and K, are input parameters of the source.

In the analysis we consider a semi-infinite medium which is illuminated by a
realistic incident beam, which both is causal and has finite width. A schematic of
the setup considered is shown in Fig. 3.1.

We will here consider an excitation in the form w(z)v(t), where

u(x) = beam(z /o) exp(iK,x),
v(t) = H(t) exp(—iwt). (3.1b)

Here beam(x /o) stands for a function which vanishes for |z| > o, is smooth for
|z] < o, and beam(0) = 1. This represents a beam of thickness ~ o, and a
bundle of transversal wavenumbers around the central transversal wavenumber
K,. The envelope function H(¢) in (3.1b) will in most of our examples be a unit
step function, i.e. H(t) =0 for t < 0, and H(t) = 1 for ¢t > 0. This sharp onset
will cause all frequencies w to be excited to some extent. We will also consider two
examples where H () is a truncated Gaussian function. This will be referred to as
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3.1. Instabilities

a Gaussian pulse in time. Note that the excitation u(z)v(t) is complex, and will
thus produce complex electromagnetic fields. The corresponding physical fields
and current densities are given as the real values of these complex quantities.

Considering semi-infinite media helps us understand the electromagnetic re-
sponse given solely by the media’s properties; effects related to e.g. reflections
from the back side of a slab have been ruled out. Of course, there are no semi-
infinite gain media in practice. However, as long as the smallest distance from
an observation point to the boundary of the medium is larger than cty.., where
tmax 18 the maximum duration of the experiment, the size does not matter and we
may as well assume it is infinite. To approach steady state (or the monochromatic
limit) we must require ty.y to be large. Then, we must have in mind that the
dimensions of the gain medium must be accordingly large.

In reality the active media will be restricted by gain saturation, which will
make the optical response non-linear. This problem is dealt with by assuming
that the excitation is sufficiently weak, so that the magnitude of the fields always
are below the saturation limit.

3.1 Instabilities

Wave propagation in semi-infinite gain media may involve instabilities. The waves
are allowed to travel an infinitely large distance, picking up gain as they propagate,
and may thus result in infinite fields. Active systems are well understood from the
research on plasma physics [68], where instabilities are classified in terms of two
main categories which we will adopt here.

Diverging fields due to an infinite traveled distance, and which does not grow
with time for a fixed point in space are called convective instabilities - the diverging
fields are convected away. This means the electric field at a given point (zg, zo)
will remain finite for all times, i.e. lim; o (20, 20,t) < 0.

In certain cases the fields may also grow with time at a fixed point in space.
This means lim,_,, €(xg, 20,t) = 00. Such instabilities are referred to as abso-
lute instabilities. The two types of instabilities are illustrated in terms of FDTD
simulations in Figs. 3.2-3.3.
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Figure 3.2: A Gaussian pulse in time has propagated from vacuum towards the interface
of a semi-infinite active medium. The active medium is described by a permittivity e(w)
which has a pole in the upper half plane Imw > 0. The image shows the electric field
profile at a time frame long after the pulse was reflected at the boundary. Even after the
reflected pulse has traveled out through the left edge of the image, there is still produced
a constant reflection at the interface. Inside the active medium the electric field grows
exponentially in time, with a growth rate consistent with Imw for the pole of ¢(w). The
black arrows indicate the phase velocity of the wave at different z. The vertical red
double arrow indicates that the field grows with time inside this medium.
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Figure 3.3: A Gaussian pulse in time has propagated from vacuum towards the interface
of a semi-infinite conventional weak gain medium. The image shows the electric field
profile at a time frame right after the pulse crossed the interface. The pulse will grow
without bounds as it propagates towards positive z. For each z the electric field will,
however, eventually die out to zero. The instability is thus “convected away”. The arrows
indicate the phase velocity of the wave at different z. The reflection to the left is small,
as we consider a weak gain medium where e(w) ~ 1.
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3.2 Fourier and Laplace transforms

Due to the possible occurence of instabilities, the analysis of wave propagation
cannot necessarily be done by considering a single real frequency and a single
plane-wave component, as is usually done in linear, passive media. We must have
in mind that real physics happens in the time-spatial domain; the monochromatic
and plane-wave limits can never be realized in practice. The monochromatic limit
is approached by turning on the excitation at some time ¢t = 0, and waiting a
sufficiently long time until the transients have died out. The plane-wave limit
is approached by letting the width of the excitation ¢ be sufficiently large. If
instabilities are present, the Fourier transform does not necessarily exist.

A remedy is to use the Laplace transform, decomposing the time-domain fields
into exponentially increasing functions e=*?* for Imw = v for some real v > 0 [51].
The excitation in time starts at time ¢ = 0, so all fields are equal to 0 for ¢t < 0.
We here consider the physical electric field in the time-spatial domain, which is
denoted &(x, z,t) = E(z, z,1)§. The Laplace transform is given by

E(x,z,w) = /Ooo E(x, 2, t)e™dt, (3.2)
where the standard transformation variable s has been substituted with —iw. The
calligraphic capital letter is kept for the Laplace transformed field, to get con-
sistency with the notation in Chapter 2. Explicitly stating the arguments are
therefore required to distinguish between &(x, z,t) and £(z, z,w). For the Laplace
transform to exist we must require that the signal does not grow faster than as an
exponential with time, so it is assumed that

|E(x, 2,1)| < Eoe* (3.3)

for some positive, finite Ey and 7. This requires Imw > 7 (i.e. Res > 7).

In reality the width of the source cannot be infinitely large, so the signal will
also contain different plane wave components. This decomposition can be done
using the Fourier transform

E(ky, z,w) = / E(x, z,w)e R dy, (3.4)
—00
where all the k,’s are real. For the Fourier-Laplace transformed field E(k,, z,w)
we have here used a regular capital letter, to make it easy to distinguish from the
physical field &(z, 2, t).
By comparing the transforms in (3.2) and (3.4) it can be seen that the Laplace
transform is just a Fourier transform with a possibly complex argument!. The

n the Laplace transform the integral is taken from ¢ = 0 to oo, but since the electric field is
0 for t < 0, it wouldn’t make any difference to change the lower limit to —oo.
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3.2. Fourier and Laplace transforms

signs of the transformation variables are opposite for the transformation in space
and time. This convention is chosen because this gives a wave propagating in the
positive z-direction for positive k, and Rew.

The inverse Fourier transform is taken by performing a similar integral as the
forward transform, but where the sign in the exponent has switched, and with
an extra factor of 1/(2m). The convenience of the substitution of the Laplace
transformation variable now becomes apparent, as the inverse Laplace transform
becomes an inverse Fourier transform taken along the line Imw = 7. The actual
electric field in the temporal and spatial domain is thus given by

iy+00
E(x, z,t) / / E(ky, 2, w)er = dk, dw. (3.5)
27'[' iy

From this equation we see that the line Imw = v must lie above all singularities
of E(k,,z,w), to ensure £(x,z,t) = 0 for t < 02, The w and k, integration paths
are for clarity shown in Fig. 3.4.

In Paper I of this thesis we show that for a wide range of active media of
interest it is possible to deform the inverse Laplace transform contour (Bromwich
path) down to the real w-axis®. When this is possible, no absolute instability is
present, and the monochromatic limit may be reached by waiting a sufficiently long
time until the transients have died out. This may however come at the expense
of deforming the paths for each w [68]; i.e. the fields may have to be described
as a sum of complex plane wave components, meaning the fields grow in the +z-
directions. This corresponds to a convective instability.

If the Bromwich path in the w domain cannot be moved down to the real w-
axis for all Rew, the electric field must be described in terms of complex frequency
components e~!. This means the field grows with time even at a fixed point in
space. Thus we have an absolute instability. It is shown in the paper that this
happens if e is not analytic or zero-free in the upper half plane Imw > ~.

When no absolute instabilities are present we get

£z, 2 1) = 57 /_ - / y E(ky, 2, w)e® o=t dk, dw, (3.6)

where the paths k(w) are found by tracing the singular points of E(k,, z,w) in the
complex k,-plane as we reduce Imw from ~ to 0 for each w along the Bromwich
path.

2This is seen by closing the integration path along an infinite semi-circle in the upper half
plane. If there are no singularities for Imw > 7 the integral along the closed path is zero from
Cauchy’s integral theorem [69].

3The deformation theory is explained in detail in Paper I. The application of Fubini’s theo-
rem requires the source u(z)v(t) to be sufficiently smooth. These requirements are specified in
Appendix B in the paper.
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Imw
L
Rew
Im k.,
Rek,

Figure 3.4: (a) The initial w-integration path (black, dashed line) in (3.5). (b) For each
w = Rew + i7, the integration over transversal wavenumbers is taken along the real k,-
axis. We consider the possibility of deforming the w-integration path in (a) down to the
real w-axis. To do this, we may have to deform the integration path in the complex k,
domain, to avoid singularities of the integrand in (3.5). The resulting deformed k,-path
r(w) may in general be different for each frequency w.

Even though the monochromatic limit exists, it may for certain gain media take
a long time for the transients to die out. This will be the case if the gain is very
strong in a frequency region (2, while the structure is excited at a frequency w;
outside of €2,. Due to the causal onset of the source, all frequencies will be excited
at some extent. Since the gain is very large for w € €2, these frequency components
will be amplified strongly, and may therefore dominate the field propagation even
for relatively long times. The excitation of frequencies away from the observation
frequency w; can be reduced by turning on the source smoothly. To completely
remove unwanted frequency content a long onset-time is however required, which
will increase the necessary simulation time or experiment duration. In media with
strong gain numerical errors or physical imperfections may then invalidate the
results from a simulation or actual experiment before the monochromatic response
at w; can be observed.

By examining the monochromatic and plane wave limits, we find that the limits
do not in general commute. Whether the fields tend to co or not may also depend
on which excitation is used to approach the plane wave limit (see Paper I for
details). The plane wave limit ¢ — oo can in some cases cause instabilities to
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3.2. Fourier and Laplace transforms

occur. This may be explained in terms of side waves, which will propagate the
infinite distance from z = +oo picking up gain, and thus leading to diverging
fields. In other cases the limit ¢ — oo can prevent instabilities from occurring, by
limiting the excitation of the k,’s associated with the instabilities.

Papers I and IT of this thesis demonstrate that monochromatic plane wave anal-
ysis of gain media may be dangerous in general, and may lead to unphysical results.
Several publications had pointed this out earlier [51,70-72]. However, Kolokolov
only considered the special case with weak or no dispersion, while Refs. [51,71,72]
only considered a single plane wave component at the time. The Fourier-Laplace
formalism from Ref. [68] applied in Papers I and II provides a robust framework
of analyzing active systems. This includes determining how the correct monochro-
matic limit and/or plane-wave limits can be taken, and predicting the presence of
convective and/or absolute instabilities.

3.2.1 Sign of the longitudinal wavenumber ks,

Equation (3.5) express the physical electric field as a superposition of frequency-
wavenumber components E(k,, z,w)e*=?=! Note that we start out with (3.5),
and in this subsection thus consider some upper half plane of frequencies Imw >
7. The linearity of Maxwell’s equations (2.10) gives that these equations must
be satisfied for each component E(k,, z,w)e’* =% separately. This means that
E(k,, z,w) must obey the Helmholtz equation for each (k,,w):

2

d 2 2/ 2 _
[@ — ki +epw/c ]E(km,z,w) =0. (3.7)

The general solution to this equation is
E(ky, z,w) = A(ky,w)e*2* + B(k,,w)e *2:2, (3.8)

where
k3, = euw?/c* — k2. (3.9)

Since ks, must be found by taking the square root of (3.9) we must choose a sign
convention. For a passive medium only one of the terms in (3.8) may be present,
as an imaginary part of kg, would give diverging fields for z — oo from one of the
two terms. The common approach is to set B(k,,w) = 0, and choose the sign of
ko, such that Im ko, > 0 for all w.

Since we here consider potentially active media, we cannot use such a principle.
The problem of determining the sign of ko, in active media is far from trivial.
It has been discussed in the context of total internal reflection from a weakly
amplifying medium [70, 71, 73-86], and more recently in the context of the wave
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vector refractive index of more advanced media such as metamaterials [58,59, 87—
96].

There now seems to be agreement that the sign of the wave vector should be
determined such that for a fixed k,:

ks, (ks,w) is analytic for Imw > v, and
ko, (ks w) — +w/c as w — oo in the region Imw > 7. (3.10)

In the region Imw > v the principle of causality may be applied to show that
B(k,,w) = 0, when the sign of ko, is chosen according to (3.10) (see Appendix C
in Paper I for details). This result is only valid in the region Imw > 4. In fact, it
turns out there (at least in principle) exist isotropic gain media where both signs of
ko, are excited at the same time when interpreted at a real observation frequency

3.3 Application of the Fourier-Laplace framework

We now consider two examples where the general path deformation theory from
Paper I is applied. First the case of total internal reflection from a conventional
weak gain medium is considered. We then consider the exotic possibility of simul-
taneous refraction from an isotropic medium.

3.3.1 Evanescent gain

Total internal reflection occurs for large angles of incidence, when light is incident
from a high-refractive-index medium onto a low-index medium. If the low-index
medium is active, evanescent gain is possible [71]. By evanescent gain we mean
that the evanescent field picks up gain, resulting in a reflectivity exceeding unity.

For concreteness we consider a dielectric medium with ¢; = 4.7 for z < 0. For
z > 0 there is a weak Lorentzian gain medium, where e;(w) is given by (2.19)
with /7 = —0.05, I' = 0.1wy, and wy is the resonance frequency. This permittivity
is analytic and zero-free for Imw > 0, so the medium does not support absolute
instabilities, and the monochromatic limit may be reached.

For an excitation of finite transversal width, and with frequency w; = wyp, we
thus get for z > 0 and sufficiently large time

efzwlt

E(x,z,t) =

2r

/ o A(ky, wy)erertiheezqp (3.11)
K(wi
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3.3. Application of the Fourier-Laplace framework

Here A(k,,w) is determined by the transversal profile of the source (3.1a) and the
Fresnel transmission coefficient [55]. A schematic of the k, integration path (ws)
is shown in Fig. 3.5.

Note that the resulting integration path x(w;) contains vertical detours with
complex k,, which means exponentially growing side waves with ks, = 0 will be
present. The plane wave limit ¢ — oo will therefore lead to diverging fields. It may
be tempting to simply overlook the vertical detours, so that the inverse Fourier
transform is taken along the real k,-axis, as it would be for a passive medium.
However, this is not possible due to the branch cuts from the zeros of k., which
cross the real k,-axis.

We now consider the possibility of evanescent gain. The sign of ko, will flip
at the branch cuts at Rek, ~ +y/ex(w)w/c. It turns out that (see Paper I for
details) for k, above the branch cut, the real part of ko, is negative, while Tm ko, is
positive. This means, for sufficiently large incident angles* the “phase velocity” of
the evanescent wave is directed towards the boundary. The wave will be amplified
as it “propagates” in this direction, which means evanescent gain may be possible.

Im k,

b Rek,

Figure 3.5: The resulting path x(w;) (black, dashed line) after the w-integration path
has been moved down to the real axis. We here consider a weak Lorentzian gain medium,
where ez(w) is given by (2.19), with FF = —0.05, I' = 0.1wy and wp is the resonance
frequency. The k, integration must detour around the branch points ko, = 0 located at
k, = £1/€2(w1)wi /¢, marked with open blue circles. From the branch points there goes
branch cuts (blue lines) towards infinity, through which ko, flips sign.

If we on the other hand take the plane wave limit ¢ — oo first, while keeping
the Bromwich integration path at Imw =, the plane wave limit of a single K, is
reached. However, then the w-integration path cannot be moved all the way down
to the real axis, due to branch points close to w = K, c. Thus, now the system
supports absolute instabilities, even though the permittivity es(w) is analytic and
zero-free in the upper half plane Imw > 0. The monochromatic limit can therefore
not be reached.

4That is, above the critical angle given by k, = |\/e2(w)w/c]|.
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The resulting w-integration path after deforming it as close to the real axis as
possible is shown in Fig. 3.6. As argued in Ref. [71] we can interpret the field
as “quasi-monochromatic” up to a certain time, provided the excitation frequency
is far away from K,c. For sufficiently large times the side waves with kg, =
0 corresponding to the frequency obeying w,/ex(w) = K¢ will dominate, and
eventually result in a diverging field.

Imw

Rew

Figure 3.6: If the plane wave limit is taken first, this is the resulting w-integration
path (black, dashed line) one obtain after deforming it down as close to the real axis
as possible. The path must take detours around the branch cuts (blue lines) from the
branch points close to w = + K¢ towards £ K,c—i00, and the electric field will therefore
eventually grow with time. If the excitation frequency is far from K,c, the field may still
be considered as quasi-monochromatic up to a certain time, when the field eventually
starts to diverge.

Figure 3.7 shows a FDTD simulation of a plane wave with K, = 1.5wy/c
incident from the high index medium with ¢; = 4.7 upon the weak Lorentzian gain
medium. The field is plotted for = 0 and ¢ = 800/wy. The arrows for z < 0
indicate that the field is a sum of the incident and reflected fields in this region.
The power reflection coefficient is found to be larger than unity. By considering
the time evolution it is seen that a partially standing wave is established. Since the
reflection coefficient is larger than unity, this “standing wave” partially propagates
towards the left.
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3.3. Application of the Fourier-Laplace framework

€0, Mo E(OJ), Ho

> Z

Figure 3.7: A plane wave is incident from a high index medium with ¢; = 4.7 to the
left, upon a weak Lorentzian gain medium. The incident plane wave has a transverse
plane wave component K, = 1.5wg/c, where wy is the resonance frequency of the gain
medium. The permittivity of this gain medium is given by the Lorentz function (2.19),
with FF = —0.05, I' = 0.1wg and wy is the resonance frequency. The excitation frequency
of the incident plane wave is w; = wy.
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3.3.2 Simultaneous refraction

We now consider an active medium where the refractive index n(w) is given by
(2.19), with the parameters ' = —0.5, I' = 0.05wy and wy is the resonance fre-
quency. In the following we consider a nonmagnetic realization of this refractive
index, i.e. €(w) = [n(w)]?. The medium is placed at z > 0, and for z < 0 we let
there be vacuum. We first consider a causal beam of finite width o illuminating
the medium. We will in this section only consider a normally incident beam, i.e.
we set K, = 0.

At the excitation frequency w; = 0.853wy it turns out that the k, integration
path x(w;) must be deformed as shown in Fig. 3.8, to avoid the branch cuts from
ko, (ky,w) = 0 (see Paper I for details). The medium under consideration does not
support absolute instabilities, as eu is analytic and zero-free for Imw > 0. This
means the monochromatic limit can be reached. In this limit the field is given by
(3.11), where £ (w;) is as shown in Fig. 3.8. Also this path contains complex k,,
from the integration around the branch points at k, = n(w;)w;/c. Thus, also
in this example the plane wave limit ¢ — oo will lead to diverging fields. We
therefore instead consider a large, but finite o.

We argue in the paper that in the monochromatic limit the electric field can
be approximated by

ik —iks
4k1zel 227 leze ! zzz)efiwlt

E(x, z,t) = —
(x/ - ) (klz + k22 klz - sz

(3.12)

The isotropic gain medium here considered thus support waves propagating with
both signs of ks,, which we refer to as simultaneous refraction.

For (3.12) to approximate the field behavior in the monochromatic limit well,
the integration around the vertical detours in Fig. 3.8 should be negligible com-
pared to the horizontal integrations through k, = 0. For a beam of finite support
the plane wave components in x(w;) with Im k,, # 0 will in fact be more and more
excited as o increases. For (3.12) to provide a good approximation of the actual
field (given by (3.11)) in a simulation or experiment, the source width o should
therefore be chosen with care; o should be small enough so that the integration
over real k,’s dominate over the vertical detours, while at the same time large
enough that k, = 0 dominates over all other Re k,’s.

If we on the other hand take the limit ¢ — oo first, and then approach the
monochromatic limit®, we get

2k,

E(x,z,t) = mei@ﬂ*’“ﬂ. (3.13)

5This can be done here, since we consider a normally incident plane wave.
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Im k&,

ST E e SRR ' Rek,

Figure 3.8: The resulting path x(w;) (black, dashed line) at the frequency wy = 0.853wq
for the simultaneous refracting medium. The k, integration must detour around the
branch points ks, = 0 located at k; = £/e2(w1)wi/c, marked with open blue circles.
To avoid the branch cuts (blue lines) the integration path becomes zig-zag in the complex
k, domain.

Here only the positive sign of ks, is present®. This means, if the plane wave limit
o — oo (K, = 0) is taken before the monochromatic limit, simultaneous refraction
does not occur. Equations (3.12)-(3.13) thus exemplifies the result from Paper I
that the two orders of the monochromatic and plane wave limits may yield different
results.

From this it is understood that simultaneous refraction is a two-dimensional
effect. In the case of a finite o there will always be oblique waves with k, # 0
excited, no matter how large o is. After a sufficiently long time ¢ these oblique
waves will somehow establish waves along the z-direction with both signs for ks, .
However, if o — oo is taken first, there will be no oblique waves excited. The
simultaneous refracting waves can thus not be established. This latter situation
is one-dimensional, as the transverse excitation profile is constant for all z, and
K,=0.

The suggested medium has a very large gain at resonance, so the frequencies of
the transients close to resonance will be strongly amplified as they propagate into
the medium. This medium will thus suffer from the problem mentioned in Sec. 3.2,
that it will take a long time before the transients have died out. Media with such a
large gain are not suited for FDTD simulations or physical realization. A method
which may be used to find simultaneous refracting media with low gain at all w may
be found in Chapter 8 of the Author’s Master thesis [98]. The method is based on
the discussion on how to obtain a negative refractive index at low loss/gain done
by [99]. Even though the maximum gain was drastically reduced, the gain was
still too large for this medium to be suited for FDTD simulations.

6This corresponds to a negatively refracted plane wave, as Ren(w) is negative at our obser-
vation frequency wj.
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Chapter 4

Spatial dispersion in
metamaterials

We now leave the discussion of active media, and turn to the topic of homogeniza-
tion of media consisting of passive constituents. Up until now we have considered
media where the macroscopic electromagnetic response can be described by two
frequency dependent parameters; the permittivity e(w) and the permeability u(w).
For most metamaterial structures these two parameters are not sufficient to give
an accurate description. As already mentioned in Chapter 2 the unit cells are
often anisotropic, which means the response must be described by tensors €(w)
and p(w). Secondly, if the microscopic susceptibility e(r) — 1 and/or the frequency
w is large, the assumption of small ka' is not necessarily valid. When this is the
case, spatial dispersion becomes important.

In Chapter 2 we considered temporal dispersion, that is the material parame-
ter’s dependency on the frequency w. In the time domain this means the material
response, e.g. the polarization density P(r,t) at a given point r and time ¢ will
depend on the electric field €(r,t’) at the same point at all previous times ¢’ < t.
If a medium in addition is spatially dispersive, then P(r,t) also depends on the
electric field at surrounding points r’ # r. In the wavenumber space this leads to
material parameters depending on the wavenumber k, as well as the frequency w.

The effects of spatial dispersion have previously been studied in crystal op-
tics [100] and continuous media [55], and the importance of spatial dispersion in
metamaterials has also been known for quite some time [101-103]. The emergence
of spatial dispersion may possibly explain the strange and apparently unphysical
behavior of certain metamaterial parameters [19-29,104], and makes the analysis
more difficult. Homogenization of such non-local media becomes more complicated
and the boundary conditions for the macroscopic electromagnetic fields may have

'Te. if the unit cells are small compared to the effective wavelength inside the medium.
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to be modified. In addition, such media may allow the propagation of additional
modes. The latter result means that even additional boundary conditions for the
electromagnetic fields may be required [105-109], which is covered in Chapter 5 of
this thesis.

Possible routes have been suggested for achieving artificial magnetism without
spatial dispersion [110-113]. Such an approach would avoid having to deal with
the obstacles mentioned above. As many common metamaterial realizations turns
out to be (weakly or strongly) spatially dispersive [101,102,114-117], it is however
crucial to develop theoretical framework for analysis and development of such me-
dia. The strong spatial dispersion due to structural inhomogenity in layered media
[116] has recently been reported as the intrinsic property which makes such struc-
tures suitable for obtaining frequency-independent anti-reflection for a wide range
of incident angles [118,119]. Despite the large amount of research already done
on the topic, many possibilities and limitations caused by spatial dispersion, with
implications for metamaterial applications, probably still remains to be discovered.

In this chapter we present a homogenization method suitable for analyzing me-
dia with spatial dispersion, based on the analysis in Refs. [33-35]. It is shown how
artificial magnetism may be viewed as a second order spatially dispersive effect,
that is the magnetic permeability may be described by O(k?)-term in the Taylor
expansion of the total Landau-Lifshitz permittivity €(w, k). Based on a multipole
expansion of the induced current density it is argued that the electric quadrupole
moment [120], but also even higher order multipole moments [121] (Paper IV)
may equally contribute to the O(k?)-term of €(w, k). Based on this observation,
we state and compare four different definitions of magnetic permeability for peri-
odic, artificial media, or metamaterials [122] (Paper V).

4.1 Homogenization procedure

We consider an infinite periodic structure, which is excited by a source. The
periodic structure consists of cubic unit cells with lattice parameter a, which con-
tains linear, isotropic, time-shift invariant, non-magnetic, spatially non-dispersive
but potentially temporally dispersive constituents, described by a microscopic per-
mittivity (r). We consider a single frequency component e~™®! which is always
possible for passive media [97]. It is convenient to also look at a single spatial
Fourier component of the source,

T et () = Joe™ T, (4.1)

to enable the use of Floquet theory. Here Jq is independent on r, and k is a fixed
parameter, in general unrelated to the frequency w.
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The resulting microscopic electric field e(r) is found from the microscopic
Maxwell equations (2.1). For special cases (e.g. a layered structure) these equa-
tions may be solved analytically, but in general a numerical method must be
used. In our case we use the finite difference frequency domain (FDFD) method
[121,123]. From the microscopic electric field the microscopic induced current den-
sity is found from (2.4) and (2.5) (since we consider non-magnetic constituents,
we have m = 0):

j(r) = —iwle(r) — 1le(r). (4.2)

The spatial dependency €T of the source will cause the microscopic field to

be Bloch-periodic with Bloch-vector equal to k:
e(r) = ug(r)e™ . (4.3)

Here u,(r) is a periodic function with the same periodicity as the lattice. The
other microscopic fields are expressed similarly. Let V' be the unit cell containing
the origin. We now define the macroscopic fields as the fundamental Floquet mode,
expressed from the averaged Bloch function [33]. For the electric field we then get

ei

ker
E(r) = / e(r)e ™ rd3, (4.4)
Vo Jv
and the macroscopic magnetic field B(r) and the macroscopic induced current
J (r) are defined similarly. The definition of the macroscopic fields according to
(4.4) may be shown to be a special case of (2.9), with a specific choice of the test
function f(x') [123].

Since the average operation (4.4) commutes with the operations of spatial dif-
ferentiation, the two macroscopic Maxwell curl equations given by (2.10¢) and
(2.10d) are still valid with the definition (4.4) of the macroscopic fields. Since the
only spatial dependency of these macroscopic fields is the exponential factor e '*,
the curl equations may be written

ik x E = iwB, (4.5a)

1
—ik X B = —iwegE + Joyt + J. (4.5b)
Ho

Here we have multiplied both equations by the factor e % and all capital (reg-

ular) letters denote the amplitudes of the corresponding macroscopic fields or cur-
rent densities (e.g. E = Ee~™'T). This is done to obtain Maxwell equations for
fields only depending on k and w. This dependency is suppressed in the notation
for brevity. The next step of the homogenization procedure is to find material
parameters relating J to the fundamental fields E and B.

41



Chapter 4. Spatial dispersion in metamaterials

We will here consider four approaches appearing in literature. In the Landau-
Lifshitz approach [55,100] a single parameter, that is the Landau-Lifshitz (relative)
permittivity tensor €(w, k), is used to describe the entire electromagnetic response
of the infinite periodic medium. The second approach decomposes the induced
current into two terms; that is a longitudinal and transversal component. In the
third approach J is approximated by a multipole expansion. The fourth approach
write J in terms of modified electric and magnetic polarization densities, based on
an exact decomposition of the microscopic current into three terms [124]. These
four decompositions are considered in detail in Paper V of this thesis. In particular,
properties of the corresponding permeabilities, as well as the parameter €(w, k),
are discussed, including causality, passivity, symmetry, asymptotic behavior and
origin dependence.

The homogenization method presented here relies on the assumption that we
can consider a single spatial Fourier component of the source at the time. This
approach has faced some opposition, and should therefore be justified. It has
been argued that such a plane wave source is not physically realizable [125,126],
as the external source necessarily overlaps with the infinite medium. Inside the
volume occupied by the source, which in a physical realization has to be finite,
constitutive relations characteristic of the medium no longer hold. We note that
in the homogenization method the source is only introduced to produce fields from
which the constitutive parameters may be extracted. The method highly relies on
numerical calculations, where an infinite plane wave source, which is unaffected
by the local fields, is straightforward to implement, despite the possible challenges
related to physically realizing such a source.

A valid point made in Refs. [125,126] is, however, that surface currents at the
media boundaries cannot be determined by considering infinite media. Consider-
ing infinite media helps us understand the electromagnetic response given solely
by the medium’s properties; effects related to interactions with surrounding me-
dia have been ruled out. After the material parameters are extracted, one often
desires to use them to predict the response of finite objects. Whether the ma-
terial parameters obtained from any homogenization method are useful in such
situations, can be determined by comparing predictions based on these material
parameters to analytical solutions or e.g. time domain simulations. The topics of
surface currents and modified boundary conditions are covered in Chapter 5.

4.1.1 Landau-Lifshitz approach

In their famous textbook Landau, Lifshitz and Pitaevskii describe all induced
current in terms of an electric polarization density Py:

J = —inll. (46)
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This means that the magnetization is zero (M; = 0), and the permeability is
trivial, g, = I, where I is the identity. The auxiliary magnetic field is thus given
by Hy = B/ug. In a linear medium there is a linear relationship between the
displacement vector Dy and E:

D11 = EoE + Pll = 606((4)7 k) -E. (47)

Considering terms up to second order in &, the single constitutive parameter €(w, k)
becomes

€ij(w, k) — 65 = xi5 + aungkr/eo + ﬂikljkkklcg/w27 (4.8)

for some tensors x;;, aiirj, Birtj independent of k. Media where (4.8) gives an accu-
rate description of the macroscopic response we classify as weakly spatially disper-
sive. If the spatial dispersion is strong, where higher order terms are not negligible,
we let the ﬁikljkkaCZ /w2 term absorb the remainder. For such media the f;;; ten-
sor gets dependent on k.

By eliminating B, and inserting (4.6) in (4.5) we obtain using (4.7):

C

2
(km — Y e, k)) 'E = iwptodext, (4.9)
with I} = I — kk/k?. The matrix in the brackets in (4.9) may be inverted to
obtain an input-output relation
E = G(w, k)Jext, (4.10)
where G(w, k) is a (matrix) response function given by

2

Gw k) = (WO)*(;{?Il — 2w, k)). (4.11)
c

In Paper V of this thesis we prove in Appendix C that G(w, k)™ is analytic

in the upper half-plane Imw > 0, and from (4.11) thus so is €(w, k). In the limit

w — oo the microscopic susceptibility e(r) — 1 will tend to unity [55], and we thus

have €(w,k) — I in this limit. It may then be showed that the function
x(w, k) =€e(w, k) —1 (4.12)

satisfies Kramers-Kronig relations for a fixed k [27,122]. These relations are valid
provided x(w, k) — 0 sufficiently fast as |w| — oo, and that x(w, k) does not have
singularities for real frequencies. It may further be shown [35] that for reciprocal
metamaterial inclusions €(w, k) satisfies the symmetry relation

€' (w, —k) = €(w, k). (4.13)
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Chapter 4. Spatial dispersion in metamaterials

For non-gyrotropic media the first order term in (4.8) will vanish, and the relation
above becomes
€(w, —k) = €(w, k). (4.14)

This will be the case if there is a center of symmetry in the periodic structure.

Source free propagation inside the infinite periodic structure is described by
(4.5) if we set Joxy = 0. Equation (4.9) then gives the dispersion relation for the
plane wave modes in a generic spatially dispersive material [33,100]:

det(G(w,k)™) = 0. (4.15)

For weakly spatially dispersive media, i.e. when the approximation (4.8) holds,
the equation above in general has 6 solutions? k(w). In the case of a semi-infinite
passive periodic structure excited by an incident plane wave with frequency w,
three of these modes may be disregarded by requiring the fields to vanish in the
limit z — oo. For structures with certain symmetries some of the coefficients
Biry in (4.8) will become zero, which may lead to a fewer number of modes being
allowed to propagate. For instance in a layered structure, only a single Bloch mode
k(w) is excited.

In this work we consider spatial dispersion to be present if €(w, k) is dependent
on k. Based on this definition, we now demonstrate how a magnetic response may
be considered as a second order spatially dispersive effect. In certain situations, e.g.
when the dispersion equation (4.15) is to be solved to find the allowed propagating
modes k(w), it is convenient to have a single parameter €(w, k) describing the entire
macroscopic electromagnetic response of the infinite structure. In metamaterial
structures designed to possess artificial magnetism it is, however, often desirable
to express the magnetic response more explicitly by introducing a permeability
tensor, related to the second order term in (4.8) [33,55,128].

We now show how the parameter €(w,k) can be converted into two such pa-
rameters € and fi. We start by observing that the macroscopic quantities E and
B in (4.5) are left invariant upon the transformation

J = —iwP 4 ik x M, (4.16)

where the quantities P and M are arbitrarily chosen. The left hand side may be
expressed in terms of the non-local tensor ¢(w, k) by (4.7), and the right hand side
in terms of two new tensors € and (I — ™), in order to obtain [33,121]

2

e(w, k) =é— —kx [T— "] xk. (4.17)
w

2Each component of the matrix G(w, k 1) may contain terms up to second order in k. Equa-
tion (4.15) thus can contain terms up to sixth order in k, which gives (at most) 6 solutions in
general [127].
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4.1. Homogenization procedure

This division into two terms is inspired by (2.14), as the two new parameters
€ and [ will relate P and M to the fundamental fields E and B according to

P =¢lée - 1E, (4.18a)
M = g '[1— o~ 'B. (4.18b)

In general both € and [ will depend on both w and k.

For weakly spatially dispersive media only terms up to second order in k con-
tribute to €(w, k). From (4.17) we see that f in that case becomes k-independent.
For media with certain symmetries it is further possible to define the magnetization
M such that both & and f becomes independent on k.

In the following subsections we consider three different definitions of fi, which
lead to corresponding permittivities € through (4.17). These parameters will fur-
ther correspond to polarization and magnetization vectors (4.18), from which
(4.16) may be used to relate the induced current density J to the fundamental
fields through the defined two constitutive tensors € and 1. We do, however, note
that the defined polarization and magnetization vectors in the different decompo-
sitions not necessarily correspond to P and M from (4.18). This is because, in
certain formulations, the way the magnetization is defined implies that it may be
induced by the electric field E as well as the magnetic field B through a magneto-
electric coupling.

Contributions from the transversal component of E to the specific magnetiza-
tion may be included in the permeability @t through a suitable transformation. If
the structure allows the longitudinal component of E to induce the magnetization,
this contribution must, however, be described by the permittivity € in the divi-
sion (4.17). This is because the longitudinal component of E cannot be expressed
explicitly in terms of B from Faraday’s law B = k x E/w.

4.1.2 Transversal - longitudinal (t1) decomposition

First we consider the decomposition used in Refs. [33,55], which is generalized in
Paper V of this thesis. In this approach the induced current J is decomposed in a
transversal and a longitudinal part, where the transversal part of the k-dependent
part of J is taken care of by the term ik x My;. The remainder of J is described
by the term —iwPy;. This strategy puts “as much as possible” of the k-dependent
induced current into the magnetization (and therefore the permeability).

In an arbitrary coordinate system the permeability p,, corresponding to My, is
given by (see Paper V for details)

Kook
%ﬁiw (4.19)

[I - Hal]va = EmipEnjq
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Chapter 4. Spatial dispersion in metamaterials

The permittivity €, then describes the remainder of e(w, k), i.e.

2
€n = €(w, k) + %k x [I—pg'] x k. (4.20)

Provided the entire second order term of €(w,k) be described in terms of a per-
meability, this permeability will be given by p,,. For a weakly dispersive, non-
gyrotropic medium (i.e. the first order term of €(w,k) is zero), both parameters
€y and py; then will become k-independent, and the macroscopic response may
thus be considered as local.

4.1.3 Multipole decomposition

We now consider the traditional way of decomposing the induced current by a mul-
tipole expansion [31,32,34,42,121,129,130]. The amplitude J of the macroscopic
induced current density may be expressed similarly to (4.4):

1 r )

T =5 /Vj(r)e*”'”d?’r, (4.21)
where j is given by (4.2). By Taylor expansion of the exponential e~ to second
order in k we obtain [34,121,129]

1 s . 1 . 3
J~ —/ [1—ik-r——(k-r)(k-r)]j(r)d’r (4.22a)
Vv 2

 kxM™

S [PC ~ik-Q°/2 + R, (4.22b)

where we have defined

P*= 7;}‘/ /Vj(r')d37“’ (4.23a)
M = % /V v’ j(x)dr (4.23b)
Q= ﬂ-iv /V [3() + ()] d (4.23¢)
R= %Uljv /V(k-r’)Qj(r’)dg’r’. (4.23d)

To improve the accuracy of the approximation in (4.22) even higher order
multipoles could be included. Expressions for the higher order terms similar to
(4.23) are found by expanding exp(—ik - r) to terms of third or even higher order in
k. Alternatively we could let R include all higher order terms. For weakly spatially
dispersive media a second order expansion is sufficient, and both definitions would
give approximately the same R.
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4.1. Homogenization procedure

From (4.23) explicit material parameters may be assigned to relate each mul-
tipole term to the fundamental fields E and B. Also here we consider the decom-
position (4.17), where we first define a permeability g, = according to

(I~ B )im = Emkj%wm (4.24)
where €,,; is the Levi-Civita symbol, and v;; will be defined shortly.

The definition (4.24) is based on the discussion in Subsec. III B of Paper V .
It relies on the following constitutive relation between the magnetization (4.23b)
and E:

MP™ = wGii Ej + vaiki E; [ (pow). (4.25)
Here (j; is a pseudo-tensor describing a magneto-electric coupling. The first order
term in k is included to ensure that contribution ik x M™™* gives a contribution up
to second order in k to the induced current. Any dependency of M™" on B is de-
scribed by this term, through Faraday’s law B = k x E/w. The components of the
pseudo-tensor v;; which describe such a relation, are included in the permeability
definition (4.24).

From (4.17) and (4.24) we find the corresponding permittivity function to be
given by

2
€ = €(w, k) + —k x [T — ppl ] x k. (4.26)
w

Note that this permittivity only becomes k-independent if the magnetic moment
density M™™" in loose terms dominates the second order term of €(w,k). This
permittivity also describes possible gyrotropic effects, due to a non-zero first order
term in e(w, k).

In obtaining (4.22b) we have split the term (k-r)j from (4.22a) into a sym-
metric and anti-symmetric part. This gives the three first terms in the multipole
decomposition (4.22b) a clear physical interpretation; as an electric polarization
vector P°, an electric quadrupole tensor Q°, and a magnetization vector M™™.
In particular, M™" quantifies the amount of circulating, induced currents. The
higher order term R could further be split into an electric octupole and a magnetic
quadrupole term [34,131]%. The magnetic quadrupole moment could in that case
be included in the magnetization M™", leading to different material parameters
€mm and g

4.1.4 Vinogradov-Yaghjian (vy) decomposition

In Ref. [35] Yaghjian, Al and Silveirinha decompose J into modified electric and
magnetic polarization densities. This decomposition is based on the following ezact

3Note that the magnetic quadrupole moment then could be defined in various ways [132,133],
where the electric octupole moment must describe the remainder of R.
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Chapter 4. Spatial dispersion in metamaterials

decomposition of the microscopic induced current density into three terms [124]:
. L1 oo, L -
JZ*I‘V'JJriVX(I‘X_])JFEV'(I‘.]+.]I‘). (4.27)

Inserting this into (4.21) we obtain

k x MY .
J= —iwPV - 2 L k.QY/2), (4.28)
w
where
1 d
vazi/ (I a—ik T 13, 19
v V[V j)r'e d°r (4.292)
1 N
MY = /v v % j(r)e a3 (4.20b)
AVY 1 / iy s(w\y/1a—tk T 13,7
== 4.2
Q"= L [ + je e T (4.290

(4.29d)

Equations (4.28) and (4.29) are similar to the corresponding expressions in
the multipole expansion, i.e. (4.22b) and (4.23). There are, however, certain
differences. The generalized multipoles in (4.29) contain the factor e=™ T in the
integrands. Also, note that the sign of the generalized quadrupole term in (4.28)
is opposite of that in the conventional expansion (4.22b).

A permeability relating M'Y to B may be defined exactly as in Subsec. 4.1.3.
Similar to (4.25) we may write a constitutive relation between M"Y and E:

MY =w ;’ij]- + V;gklEj/(,LLow). (4.30)
From this relation we again define the permeability as the components of V;’g which
may relate M"Y to B:
(I = poy )im = Emi %u},ﬁ (4.31)
The corresponding permittivity function is again given by
2
€,y = €(w, k) + Ek X [I—pgy] x k. (4.32)

Similar to €y, this permittivity becomes independent of k if the modified mag-
netic moment density MY dominates the second order term of €(w, k). Also in
this decomposition the permittivity alone describes possible gyrotropic effects.
We note that in general p,, does not equal p,,,,, due to the factor e~kr in
(4.29b). For instance, it may be showed that p,, — I as w — oo, but in general

M may approach a constant (which is not necessarily I). The relation between
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4.2. Practical implications of spatial dispersion

the terms may be further investigated by expanding the exponential inside the
integral in (4.29b). To first order we get

'k
ny — Mmm _ % . Qm7 (433)

where we defined a magnetic quadrupole term
m 1 I s/ 3./
Q" = V/Vr [t x j(r)]dr. (4.34)

This magnetic quadrupole term differs from the one used in [34]. The expansion
of the exponential inside the integral in (4.29b) could in principle be done to any
order in k. Based on this expansion higher order magnetic multipoles could be
defined similar to (4.34). From this it is seen that M"Y may be considered as a
series of carefully defined magnetic multipole terms.

4.2 Practical implications of spatial dispersion

In the above discussion an infinite periodic structure is characterized as spatially
dispersive if the Landau-Lifshitz permittivity €(w, k) is dependent on k. The ob-
tained material parameters from the different decompositions of J are also called
non-local if they depend on the wave vector k, not only the frequency w. In
the following we will consider a few examples where the theoretical framework
from Sec. 4.1 is applied to describe certain possible effects and properties of spa-
tially dispersive media. For concreteness we consider non-gyrotropic media which
are weakly spatially dispersive. In this case any of the permeabilities defined in
Subsecs. 4.1.2-4.1.4 will be independent on k. Further, the corresponding per-
mittivities will not contain first order terms. They may, however, contain second
order terms in k which are not taken care of by the permeability of the given
decomposition. The permeability p,, takes care of “as much as possible” of the
second order term.

However, any second order term of €(w, k) which relates Py and longitudinal
component of £ cannot be included in any permeability definition. This is due
to the cross products applied to the tensor f in (4.17), which makes any com-
ponent parallel to k vanish. For media where €(w,k) may be decomposed into
k-independent parameters € and fi, the decomposition seems meaningful. The
dispersion relation may for instance in some cases then be described by the well
known k = &+, /efiw/c, where € and 1 are certain components of € and fr. If, on the
other hand, & depends strongly on k, the decompositions (in the author’s opinion)
have limited use.
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Chapter 4. Spatial dispersion in metamaterials

4.2.1 Importance of the electric quadrupole, or even higher
order terms

In their paper from 2008, Cho et.al consider the scattering from a single unit cell
consisting of two parallel metal bars of equal length [120], as shown in Fig. 4.1a. In
such a structure the incident electric field can induce symmetric or anti-symmetric
electron oscillations, depending on the driving frequency. For the symmetric mode
the current in the two wires are parallel, while for the anti-symmetric mode the
currents are anti-parallel, as shown in Fig. 4.1 b and c¢. By analysis of how the
different multipole terms contribute to the scattering intensity spectra, they find
that the contribution from the electric quadrupole term is actually comparable to
that from magnetic dipole term. A schematic indicating how the two terms M
and Q° contribute to the anti-symmetric mode is shown in Fig. 4.2. The schematic
provides an intuitive understanding of their obtained result that the contribution
from Q° is comparable to that from M to the scattering data. To describe the
anti-symmetric current in terms of a magnetization M one may, as the schematic
shows, in addition include an electric quadrupole term Q°.

An anti-symmetric mode could also be excited due to anti-symmetric lengths
of the metal bars [134,135], rather than due to an anti-symmetric excitation as is
the case in [120].

Ey
— kX J J

(a) (b) (c)

Figure 4.1: (a) An electromagnetic plane wave incident upon a single unit cell consisting
of two metal bars. (b) Symmetric mode of the induced current. (c¢) Anti-symmetric mode
of the induced currents

This suggests that for metamaterial structures, the electric quadrupole term
should in general not be neglected if effects such as artificial magnetism is included
in our medium description. The homogenization method from Sec. 4.1.3 allows us
to quite easily include the effects from an arbitrary number of multipoles in our
analysis. As we have already seen, the magnetization vector M™" in (4.23) may be
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4.2. Practical implications of spatial dispersion

(a) (b) (c)

Figure 4.2: (a) The anti-symmetric mode of the induced currents may be written as
an equal contribution from (b) a magnetic dipole and (c) an electric quadrupole. The
horizontal currents in (b) and (c) will cancel, while the vertical currents will add up to
the current in (a). The arrows refer to currents, and the “+” and “-” signs to the charge
distributions.

considered as a second order contribution in k to the Landau-Lifshitz permittivity
€(w, k). In Paper IV of this thesis we use this framework to demonstrate that in
general also the electric quadrupole term Q°, the higher order term R, and even
the electric polarization density P¢ all will contribute to the second order term.

To demonstrate this result we consider the response from the two bar structure
in Fig. 4.1 a, but where the bars are made of a dielectric with relative permittivity
e = 16. The contributions to the second order term from all the multipoles are
shown in Fig. 4.3. We observe that the different contributions are of the same
order of magnitude, but with different signs. The resulting second order term (3
is therefore quite small in this case, resulting in a permeability p,, very close to
identity.

From the Taylor expansion of exp(—ik - r) the multipole decomposition (4.22b)
is based upon, the terms with M™" and Q° are derived from the first order term
in k, while the term R, containing the magnetic quadrupole and the electric
octupole response, comes from the second order term. The reason all these terms
still may be equally important is that in a centro-symmetric structure, an anti-
symmetric electric field profile throughout the unit cell is required to excite the
magnetic dipole - electric quadrupole terms. This means the multipole magnitudes
themselves are first order in k, so that the contribution from ¢k x M and —ik - Q°
becomes of second order.

In fact, all the multipole magnitudes in (4.22b) will be k-dependent, even
the first term —iwP®. As shown in Fig. 4.3, the second order contribution from
P°¢ in fact is in the same order of magnitude as from the other terms of the
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Figure 4.3: The contributions to the second order term (1331 of €(w,k) from the
different multipoles in (4.22b). The tensor elements 7, v,~v and ¢ corresponds to the
contributions from P, M™™, Q¢ and R, respectively. The tensor element /31331 describes
the second order contribution to the relation between the y-components of the total
polarization density Py and the electric field E, when the propagation direction k of the
plane wave is in the z-direction. In our example this is thus the most relevant tensor
element of Bjp;.

expansion. All these four terms must thus be considered to correctly determine
the total second order term in the relation (4.7) between J = —iwP) and E. It was
verified numerically that to second order the four terms in (4.22b) sum up to the
independent calculation of the second order term in (4.8). The results from Paper
IV therefore emphasize that the dipole-dipole approximation, where the Q° and R
terms are assumed negligible, should be applied with care in the homogenization
of metamaterial structures.

4.2.2 Plane wave modes in a quadrupolar continuum

The potential importance of higher order terms leads to another peculiar feature
emerging from the presence of spatial dispersion in metamaterials; the fact that
multiple modes may be allowed to propagate, even in an isotropic crystal. As
a reference, we first consider an infinite conventional medium, where the dipole-
dipole approximation is applicable. The medium is assumed to be isotropic and
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4.2. Practical implications of spatial dispersion

passive, and is described by two parameters ¢ and g. In such a medium the
solutions to the dispersion relation are given by k = 4, /efiw/c. Since the medium
is infinite, plane waves with both signs of k(w) are allowed to propagate. In the
semi-infinite case, one of these solutions must be discarded to ensure non-diverging
fields, so only one plane wave mode is allowed in this case. At normal incidence
this mode will be propagating, provided ey is approximately real and positive.

We then move on to a the case of an infinite, isotropic quadrupolar continuum,
that is a medium where all terms except for —wk-Q°/2 are negligible in the
multipole expansion (4.22b). We do not bother here whether such media exist, or
how such a medium could be realized practically. This description could, however,
work for a medium and frequency range with an electric quadrupolar resonance.
In that case, the v curve in Fig. 4.3 would be much larger than the other curves,
and we would have [1—ji;"]1331 = Bi331 &~ 7, meaning the permeability p, is solely
determined by the quadrupole term.

To describe the possible plane wave solutions which may propagate inside such
a medium we need a constitutive relation between

1
=k Q (4.35)

and E and/or B, similar to (4.25). Such a relation is suggested in [108,136]:

Q= O‘ge%[kE +EK] — O‘?:%(k ‘E)L (4.36)

This relation is based upon the point made in Subsec. 4.2.1, that in a symmetric
structure (such as this isotropic medium) a quadrupolar response must be excited
by the asymmetric component of the electric field profile. This suggests that the
tensor Q° is proportional to the tensor ikE rather than just some permutations
of the components of E. In (4.36) the proportionality constant is chosen as ageéo,
where ag has the dimensions of m?, and the vacuum permittivity has been explic-
itly factored out for later convenience. This parameter is allowed to depend on the
frequency w, but is here assumed to be k independent. Further, the expression for
Q° has been made symmetric (in accordance with our definition of Q in (4.23))
and traceless [32,108,136].
By insertion of the above constitutive relation (4.36) into (4.35), we obtain

—WaQey

J =
4

1
(KT + gkk}E. (4.37)

Recalling that Py = J/(—iw) = ¢le(w, k) — I|JE the Landau-Lifshitz permittivity
may be extracted directly from the above relation, and we obtain

e(w. k) = (1+ O‘ATQ]&)I + %kk. (4.38)
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Chapter 4. Spatial dispersion in metamaterials

Based on the constitutive relation (4.36) we thus obtain a (trivial) zeroth order
term, as well as a second order term.

We now continue to find the possible plane wave modes allowed by (4.38).
The possible solutions k(w) may be found from the dispersion relation (4.15). In
Ref. [108] a different route to the solution is found by observing that Q¢ will be
differently excited based on the relative directions of k and E. For a given direction
of k (could be in any direction, as we consider an infinite, isotropic medium), we
decompose E in components parallel and perpendicular to k. We then consider
the potential longitudinal and transversal modes separately. For the longitudinal
mode, Faraday’s law (4.5a) gives B = k| x Ej/w = 0. Ampere’s law (4.5b) then
gives €(w,k)E| = 0, and the longitudinal solutions

k‘H = 4/ i (4.39)
aQ

are thus found by setting the kk part of (4.38) equal to 0. Note that for a
longitudinal mode, (kjkj)-E| = k‘ﬁI-EH. For an approximately real® aq this
mode is evanescent, and in the case of a semi-infinite medium only the solution
with Im &k > 0 may be excited due to passivity.

The wavenumber k; for the transversal mode on the other hand is found by
combining Faraday’s and Ampere’s law, to obtain the well known wave equation

for E,:
2

le(w, k1) — BT, =0, (4.40)
C

Using k; - E; = 0 we obtain a scalar equation for k :

2

(1+ OjTQki)% — K =0, (4.41)
c
which gives the solutions
1 w
ki =x//—mF+—F—— 4.42
+ 1 — agw?/(4c?) ¢ (4.42)

For an approximately real o this mode will be propagating for frequencies w <
cy/4/aq. Again, in the case of a semi-infinite medium only one of the two solution
of (4.42) may be excited due to passivity, i.e. the solution with Imk, > 0.

The above discussion shows that in an infinite, isotropic quadrupolar continuum
four modes with k = kz are allowed to propagate. In the semi-infinite case the
number of allowed modes is two (i.e. the two solutions & and &k, where Im k& > 0

4In reality aq will always have some imaginary part, due to the presence of (potentially small)
losses.
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for both k's). To determine the reflection from such a semi-infinite medium we
thus need to match the coefficients of both these modes to the coefficients of the
incident and reflected fields. The standard Maxwellian boundary conditions are
therefore not sufficient, and an additional boundary condition is required.

Boundary conditions for such a medium has been derived in Refs. [107-109,127].
In Ref. [109] these boundary conditions are used to calculate the reflection coef-
ficient from a quadrupolar continuum. It is found that in general the evanescent
mode has to be taken into account to correctly determine the reflection coefficient
from such a medium. However, for sufficiently small frequencies this mode can be
ignored, and the standard Maxwellian boundary conditions should be sufficient.
It may be argued that the frequencies from which the evanescent mode becomes
important, the quadrupole medium cannot longer be considered a continuum. In
other words, for such high frequencies it is likely that terms of higher order than
second order in k should be included in the constitutive relation (4.36), and thus
in (4.38).

Whether this particular evanescent mode is physically important or not, this
quadrupolar example for sure demonstrate that the possibility of several modes
getting excited in weakly spatially dispersive media should be further investigated.
The results in Ref. [109] could be independently verified through FDTD simula-
tions [38], but then a method for considering quadrupolar media in such simula-
tions must first be developed. Another possibility is to study® the reflection from
a given metamaterial structure near a quadrupolar resonance.

4.2.3 Applicability of the obtained parameters

The homogenization method in Sec. 4.1 is appealing as it lets us calculate all
constitutive parameters of an infinite periodic structure by only considering a single
unit cell. Through our implementation of the FDFD method the parameters of a
two dimensional structure may be obtained quite efficiently, for any desired pair of
(w, k). Tt has, however, been questioned whether the obtained parameters are of
any practical use [125,126]. Some reasonable points are made in these publications,
and we agree that the following two aspects therefore should be justified:

e Do the parameters describe the electromagnetic response of an infinite struc-
ture accurately for the parameter ranges of interest?

e Can these parameters describe the response of a semi-infinite structure ac-
curately?

For the first bullet point it is hard to find independent verification methods, as
infinite media do not exist. Some simple checks can, however, still be performed.

5This can be done either through time domain simulations, or actual experiments.
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Chapter 4. Spatial dispersion in metamaterials

In most known applications of the electromagnetic parameters in photonics, elec-
tromagnetic fields propagating inside a structure are generated by a source outside
of the structure. This means we are interested in the response from eigenmodal
propagation, where the spatial variation of the macroscopic fields are given by the
solution to the dispersion relation kg = k(w), and not the forced k of the plane
wave source present everywhere in our homogenization method. For the homoge-
nized parameters for a given structure to be of any use, they should therefore be
able to describe eigenmodal propagation. To substantiate a potential test for this,
we present an example.

€1 | €

Tﬁ a
Z
Figure 4.4: An infinite layered structure, consisting of alternating permittivities of

€1 = 1 and €3 = 31. The thickness of the two repeating layers are dy = do = 0.5a, where
a is the lattice parameter of the unit cell.

For concreteness we again consider a one dimensional layered structure. The
structure consists of alternating permittivities of e; = 1 and e5 = 31, as shown in
Fig. 4.4. The thickness of the two repeating layers are d; = dy = 0.5a, where a is
the lattice parameter of the unit cell. As mentioned, we want to consider eigen-
modal propagation inside this infinite structure. For sufficiently small frequencies
such a structure may be considered as weakly spatially dispersive, and we expect
(4.8) to provide an accurate description. We assume the electric field of the plane
wave eigenmode is polarized along the X-axis, and propagates along the z-axis.
The Bloch wavenumber kg may in this simple case be calculated analytically, from
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the dispersion relation [126]:

cos(kpa) = cos {(nldl + ngdg)wa/c} (4.43)

(n1 — n2)2 . d . d
Bl sin (n1 lwa/c) sin (ng gwa/c).

To check how the parameters from our homogenization method predict eigen-
modal propagation inside an infinite structure, we compare the Bloch wavenumber
found from (4.43), to the wavenumbers calculated from the conventional dispersion
relation k = \/efiw/c. The relevant permeability tensor element from (4.19) is

1

2251

The local permittivity e is defined by €17 = limy 0 €11 (w, k). In Fig. 4.5 we
compare the wavenumber k = /e;igw/c to the exact solution from (4.43). We
also include the corresponding wavenumbers obtained assuming only the magnetic
moment term in the multipole expansion, or the generalized magnetization density
in the vy-decomposition contribute to the second order term. In addition, we
include the wavenumber k = |/e1;w/c, which is obtained by completely ignoring
the second order term. All the constitutive parameters are calculated using our
FDFD program.

The second bullet point can be answered by considering how well the param-
eters predict the reflection from a boundary surface. The predictions may be
compared to “exact solutions” obtain from e.g. time domain simulations or mode
matching techniques. In very simple cases, such as an one dimensional layered
structure, even analytical solutions can be found. We note that deviations be-
tween the predicted and “exact” solutions may be due to a poorly chosen prediction
model, and therefore does not necessarily prove that the homogenized parameters
are useless.

In Paper VI of this thesis we insert permittivities and permeabilities obtained
from infinite structures in the Fresnel equation, and see how well they predict the
reflection from a semi-infinite metamaterial. We consider three example structures:
a 1D dielectric layered structure, a 2D metal bar structure and a 2D metallic split-
ring medium. The examples show that the Fresnel coefficient predicts the reflection
well only in frequency ranges where the magnetic moment density dominates the
second order term of €(w, k). When this is the case all three permeabilities defined
in Subsecs. 4.1.2-4.1.4 will coincide, and the dipole-dipole approximation valid in
conventional media applies to our metamaterial. In this case also the conventional
Maxwellian boundary conditions are valid, and all requirements of the derivation
of Fresnel’s equations are met [55].
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Figure 4.5: The wavenumbers k = /€11 juw/c calculated using the four different perme-
abilities from Sec. 4.1 are compared to the actual Bloch wavenumber kg of the structure,
calculated from (4.43). This is done by subtracting the different wavenumbers, and di-
viding by ko = w/c. The parameters which are compared in the plot may thus be viewed
as a difference in the refractive index corresponding to the different wavenumbers. It is
seen that p gives the best approximation for wa/c < 0.5, although the deviations are in
the same order of magnitude for all the four permeabilities. For wa/c > 0.5 none of the
permeabilities give good match, as the weak spatial dispersion approximation no longer
holds for such high frequencies. For small frequencies, wa/c < 0.3, all the permeabilities
give good match, as they all are approximately 1 there.
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4.2. Practical implications of spatial dispersion

For media and frequency ranges where the higher order multipole terms sig-
nificantly contributes to the second order term, several possible explanations exist
for the deviation of the reflection curves:

e The boundary conditions should be modified, leading to a different Fresnel
reflection coeflicient.

e More modes are excited, so even additional boundary conditions are required
to obtain a correct reflection coefficient.

e The microscopic susceptibility (r) — 1 and/or the considered frequencies are
too high, so that the condition of weak spatial dispersion is not met. This
means the parameters in (4.8) becomes k-dependent.

Determining which of these points are most significant in each of the three examples
in Paper VI may be the topic of a later publication.

The reflection from a semi-infinite periodic structure can always be calculated
using only results calculated for an infinite structure [137]. This is done by match-
ing the Bloch modes of the periodic metamaterial to the incident and reflected
plane waves. If a modified Fresnel coefficient predics the reflection poorly, this
thus means the coefficient is based on a poor selection of constitutive parameters
and/or non-accurate boundary conditions.
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Chapter 5

Boundary conditions for weakly
spatially dispersive media

When an electromagnetic wave is incident from vacuum to a plane boundary, the
Fresnel equations can often be used to calculate the reflection and transmission
coefficients, provided the medium can be described by a permittivity € and per-
meability p. Consider a TM-polarized wave normally incident from vacuum onto
a medium with electromagnetic parameters € and p. The Fresnel reflection coeffi-
cient for such a wave is given by [55]

Gko —k

= . 51
™M e+ k (5-1)

Here 1y is defined as the ratio between the complex amplitudes of reflected and
incident magnetic B-field at the boundary. Moreover ky = w/c and k = |/euw/c
are the wavenumbers in vacuum and in the medium, respectively.

In Paper VI of this thesis we consider a boundary surface between vacuum
and a 2D periodic metamaterial. The metamaterial consists of square unit cells
with lattice parameter a, and covers the semi-infinite region z > 0, extending
infinitely in the z-direction. This medium is illuminated by a normally incident
TM-polarized plane wave, using a source located somewhere to the left of the
boundary. We are interested in the reflected fields. For simplicity we still assume
that the unit cells consist of non-magnetic constituents, and that the metamaterial
has a center of symmetry when viewed as an infinite periodic medium.

We consider three different metamaterial structures, and describe them by the
permittivity € = limy_,0 €,,(w, k), and the four permeabilities pu1, fhmm, Hvy and
py = 1, which are the yy-components of the corresponding permeability tensors
from Subsecs. 4.1.1-4.1.4. The examples in this paper demonstrate something
important. The permeability z will in general make (4.17) a better approximation
than any of the other permeabilities, as it includes as much as possible of the
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Figure 5.1: A semi-infinite 2D periodic metamaterial covers the region z > 0. For
z < 0 there is vacuum. The structure is illuminated by a TM plane wave source located
somewhere to the left of the boundary. The square unit cells of the metamaterial have
lattice parameter a.

O(k?)-term. This permeability thus describes the response from an infinite layered
structure the best, as was demonstrated in Subsec. 4.2.3. However, the examples
in Paper VI shows that it is only if the magnetic moment density dominates the
second order term, i.e. i & fimm, that we can use the Fresnel coefficient (5.1)
to accurately predict the reflection from a boundary surface. When pg ~ pimm
the dipole-dipole approximation is valid, and the boundary conditions which the
Fresnel coefficient (5.1) is derived from are valid.

The permeabilities 1) and gy, will, however, not be equal for structures where
any of the multipole terms P¢ Q° or R significantly contributes to the second
order term of €(w,k). In situations where the spatial dispersion is responsible
for the appearance of so-called additional electromagnetic waves, the conventional
boundary conditions are not even sufficient to find the amplitudes of all the modes.
This means an additional boundary condition (ABC) has to be used.

The problem of boundary conditions for spatially dispersive media have a long
history [56, 138-141]. In this chapter we review some of the recent attempts at
deriving boundary conditions to be used in the analysis of multipolar media or
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5.1. Macroscopic derivation of boundary conditions

spatially dispersive metamaterials [42,107-109,127].

5.1 Macroscopic derivation of boundary condi-
tions

In this section we consider boundary conditions derived from a macroscopic ap-
proach. We first consider a conventional medium, where only the polarization den-
sity P and the magnetization density M contribute to the macroscopic response
of the medium. We then use the same method to derive boundary conditions for
multipolar media. In these two subsections the electric and magnetic fields, as well
as the multipole terms are allowed to have jump discontinuities, but are assumed
to otherwise be free of singularities at the interface. A sharp boundary is assumed,
meaning the transition from vacuum (z < 0) to the medium under investigation
(z > 0) happens ezactly at the interface z = 0.

5.1.1 Conventional boundary conditions

As a starting point we choose to describe all charge and current densities explic-
itly, as was done in (2.10). Following the standard approach of integrating these
equations over a pillbox/rectangular loop across the interface z = 0 we obtain

60(8211 - gln) - pext,s + Ps; (52&)
B2n - Bln = 07 (52]3)
Ex— &1 =0, (5.2¢)
1 X
;(Bm —Bit) = =2 X [Texts + T (5.2d)
0

Here the subscripts 1 and 2 refer to the fields evaluated just to the left and right
of the boundary z = 0, respectively. The subscripts “t” and “n” refers to the
transversal and longitudinal components of the fields, with respect to the boundary
surface at z = 0. The surface charge and current densities pext.s, Ps, J ext,s, and Js
will be defined in the following.

In obtaining (5.2) we assumed the fields € and B to be sectionally continuous,
and free of singularities at the interface z = 0 [142]. The macroscopic charge and
current densities on the other hand are allowed to be singular, represented by the
surface charge and current densities on the right hand sides of (5.2a) and (5.2d).
For later convenience we define the induced surface current density as

1
T~ [ Foaz, (5.3)
0
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Chapter 5. Boundary conditions for weakly spatially dispersive media

where J(z) is the induced current density that is valid throughout space. That
is, Jo =0 for z < 0, while Jo = J for z > 0.

The upper integration limit [ in general is the thickness of a transition layer,
which in this sharp medium model may be chosen arbitrarily small. In this and the
following subsection the integration f(? dz may thus be considered as “integration
over some infinitesimal small region containing z = 0”. The surface charge density
T ext,s, and the surface charge densities ps and pey s are defined similarly.

To obtain the conventional form of the boundary conditions (5.2), these surface
charge and current densities are expressed in terms of the multipole densities of
the medium inside the half space z > 0. Let Py(r) and M(r) be the polarization
and magnetization densities that are valid throughout all space. We now assume
these quantities may be expressed according to

Po(r) = u(2)P, (5.4a)
M(r) = u(z) M, (5.4Db)

where u(z) is the unit step function, which takes the values 1 for z > 0 and 0 for
z < 0. To the left of the boundary there is vacuum, so Py(r) = M(r) = 0. Inside
the medium on the other hand, the polarization and magnetization will take their
bulk values P and M. We assume these quantities are continuous through z = 0.

If we insert the two relations from (5.4) in (2.11) we obtain an expression for
the induced current density Jo(r) valid throughout all space:

To(r) = u(z)[—iwP +V x M] +6(2)z x M. (5.5)

Here §(z) = /() is the Dirac delta function. Note that d(z) is a distribution, and
not a regular function.

By inserting (5.5) into (5.3) we find Js = z x M. The corresponding induced
charge density po(r) valid throughout all space is found through the law of charge
conservation,

:V-Jo

1w

o =V Py =—u(z)V-P — ()P, (5.6)

where P, is the z component of the bulk polarization density inside the medium.
Inserting (5.6) into the definition of ps corresponding to (5.3) we find ps = —P..
Insertion of the obtained relations in (5.2) then gives

Doy — Din = Pextyss (5.7a)
Bon — By = 0, (5.7b)

Exy— &1 =0, (5.7¢)
How — Hit = —2 X T exts (5.7d)
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5.1. Macroscopic derivation of boundary conditions

where we have defined the fields D = ¢,€ + Py and H = B/ 11— M. In obtaining
(5.7d) we used —2z x Zz x M = My, where My, is the tangential component of
the magnetization density, evaluated just to the right of the boundary at z = 0.

This concludes our derivation of the conventional boundary conditions. The
above relations state that in the absence of external surface charge and current
density at z = 0, the normal components of the fields B and D, as well as the
tangential components of the fields £ and H, are continuous across a boundary
surface. The conventional Fresnel equations are based upon these two tangential
continuity conditions.

5.1.2 Boundary conditions for a multipolar medium, with
a sharp boundary model

By including also the electric quadrupole term in our medium model, the bulk
induced current density may be expressed similar to (5.5) [42,107]:
1
.70 = —iW[’Po— §VQS]+V X Mo
u(2)[~iwP + %v Q7+ V x M|

+6(2)[8 x M+ %’z ol (5.8)

In comparison to the multipole expansion in Subsec. 4.1.3, the multipoles are here
expressed in the spatial domain, and we have assumed the R term (containing
the magnetic quadrupole and electric octupole terms) is negligible. We can now
calculate J using (5.3), and we find

J;mww%zge. (5.9)

The induced charge density is then calculated similarly to (5.6):
V-

W

()P~ (V0 @) + V. (Va[ul(2) 85 .]) (510)

1 1
Po z—V-[’Po—§V-Qg]=—u(z)[V-’P—§V-V-Qe}
The definition (5.3) then gives
1
ps=—P.+ Vi (2-Q°) + isz;w (5.11)
where we used the fundamental theorem of calculus to calculate the integral of

the last term in (5.6). Using (5.11) and (5.9) in (5.2) we obtain the boundary
conditions for a multipolar medium to electric quadrupole - magnetic dipole order:
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s a0 . fo oe
8211 - Sln = _P2n + vt ! (Z' Q ) + ivzglzz?

(
Bon — E1n = 0, (5.12b
g2t - glt = 0., (512C

Bo — By = —2x[2x M+ %z 0. (5.12d

We have here set pexis = Jext,s = 0, which is often the case in practical situations.

In a quadrupolar medium an additional mode may propagate (see Subsec. 4.2.2),
and the above conditions are therefore not sufficient for solving boundary problems.
An additional boundary condition is found from insertion of J given by (5.8) as
the induced current in Ampere’s law (2.10d). Integration of the z component of
this equation across the boundary surface gives

7 x M+ %z Q°]. = 0. (5.13)

The assumption that none of the fields or multipole densities have singularities
at z = 0 ensures that the integral of all terms in (5.8) equal zero, except the term
containing 6(z). The first term in (5.8) is zero, since Z x M is perpendicular to
z. We thus arrive at the boundary condition

Q.. =0 (5.14)

From the assumption of no singularities in &£, this is essentially the same as
(10) in Ref. [143], where P° refers to the potential singular terms in the “total
polarization density”, which in our case corresponds to Py — %V- Q5. The only
potential singular term at z = 0 is due to the differentiation of the discontinuity
of Qf, which is defined similar as Py and M, in (5.4).

Defining D = ¢¢€ +Po—V - Q;/2 and H = B/ 1o — My, the above conditions
may be rewritten as

1

Dy, — Dy, = §Vt (z-Q°), (5.15a)
By — B, =0, (5.15b)
Ex— &1 =0, (5.15¢)
Hor— M=~ x i @) (5.15d)
Q.. =0. (5.15¢)
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5.2. Fresnel’s equations for a quadrupolar continuum

The first four boundary conditions above are the same as those found in
Ref. [107], and the same conditions were verified in Ref. [108]. In Ref. [108] a
transition layer of thickness § was considered, but the assumption of non-singular
fields and multipoles was used in both these publications. In Ref. [108] the addi-
tional boundary condition (5.15e) was stated explicitly, although as seen from the
above discussion this discussion follows directly from the assumption of fields and
multipole densities with potential jump discontinuities, but which are otherwise
free of singularities at z = 0. We note that in Refs. [107,108] the right hand side of
(5.15¢) is given as V- QF .., but after obtaining (5.15¢) it is seen that continiuty
of &; is ensured also in the presence of a quadrupolar response.

The boundary conditions (5.15) were also derived in Refs. [109,127]. In Ref. [127]
a completely different approach than the above derivation is used. The derivation
relates transverse averaged fields to the bulk fields by making use of Green func-
tion formalism [144]. Also here the additional boundary condition (5.15¢) is found
by assuming non-singular fields and multipole densities at the boundary surface.

In Ref. [109] a transition layer of thickness [ is introduced, where the elec-
tromagnetic properties gradually change from those of free space to those of the
electric quadrupolar continuum. This is done to get a better understanding of the
field behavior at the interface. An explicit expression for the electric quadrupo-
larization density Qy is assumed to be valid throughout the transition layer. The
electric field is initially assumed to contain singular terms, but it is later shown
that under certain assumptions all these singular terms must be zero.

5.2 Fresnel’s equations for a quadrupolar contin-
uum

Following the standard procedure, we now derive Fresnel’s equations for a TM
polarized plane wave incident from vacuum upon a semi-infinite quadrupolar con-
tinuum. The procedure below can be straightforwardly modified to be valid for any
nongyrotropic, isotropic medium where the second order contribution of e(w, k)
may be written on the form ak?I, + bkk. For such media the only second order
term which may not be described by (1 — ug') is the second order contribution to
€..(w, k), in a coordinate system where k = kz [56].

The electric field in vacuum is a superposition of two plane waves; the incident
(i) and reflected (r) waves. Inside the quadrupole continuum, there are also two
modes (according to Subsec. 4.2.2): a propagating transmitted (t) wave, and an
evanescent (e) longitudinal wave. The electric and magnetic fields of these four
modes are given as £, = [Epna, 0, Emz] for m = ir,t and e, while the magnetic field
is given by B, = B,y for m = i, r and t. From Faraday’s law we get that there
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Chapter 5. Boundary conditions for weakly spatially dispersive media

is no evanescent B-field, as k, x €, = 0.

All field components will propagate according to e¥"*, but with different wave
vectors k. The x component of the wave vector k, = k-X will be the same
for all waves. The z components of the vacuum waves are given by ki, = ki, =
\Jw?/c? — k2 and ky, = —Fky.. The z components of the two waves in the quadrupo-
lar continuum are found from Subsec. 4.2.2, where ki, = ko, is given by (4.42) and
ke is given by (4.39).

The boundary condition (5.15¢) gives that

511 + 5rz = Etz + ge;v (516)

Similarly (5.15d) gives
Bo=B B — s x (20 +2 Q) ¥, (5.17)
since M = 0 in a pure quadrupolar continuum. Here Q; and Q. are the

quadrupole density of the transmitted and the evanescent modes, respectively.
The additional boundary condition (5.15¢) becomes:

2-(Qi+Q.)-2=0. (5.18)

The different pairs of £- and B-fields must satisfy Maxwell’s equations in each
medium separately. From Faraday’s law we have for the four modes:

kp&ir — k1:Eip = 1wh;, (

kplz + k1:€rn = WDy, (5.19b
kp&iz — k2.Ea = iwh, (5.19¢
kpor — kezer = 0, (5.19d

Moreover, from Gauss’ law for the three propagating modes we have

ki . gi = kzglz + k‘lzgiz = O, (520&)
k& = kb — k& = 0, (5.20D)
kt . St = kz'gtx + kgzgtz = 0 (520C)

The boundary condition (5.18), combined with the above equations, relates &,
and &.:

2 1
k?zgtz + gkezgez - gkzgez - 0, (521)
which again may be related to By through Maxwell’s equations.
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5.3. Poynting’s vector

By combining (5.16), (5.17),(5.19),(5.20) and (5.21) we find two expressions
relating B;, B, and By, which allows us to define reflection and transmission coeffi-
cients for the B-field:

Br f_g
=—="—= 5.22
s B f+g ( )
and 3 )
tp=—=—"". 5.23
5 B f+yg ( )

We here defined
koo 1 — aguw?/(4¢?)

24
U S T (5.24)
and 1 2/(4¢2) 1 1
_l-aget/Ue) 1 L,
9= T T agh?2 [+ 5a0k; (2 + gag{ks + kezha:})]. (5.25)

Since all components of the £-fields may be expressed through the B-fields,
we may also define tensors rg,tp and eg, which relate the amplitudes of the
reflected, transmitted and evanescent electric field components to the components
of the incident electric field.

5.3 Poynting’s vector

A natural first check of the validity of the Fresnel equations above is to verify that
the normal component of Poynting’s vector is continuous across the boundary
surface. Poynting’s vector, &, inside a spatially dispersive medium is given by
(103.15) in [55]:

(1% Oeij
4 Ok
where €;; = €;j(w, k) is the Landau-Lifshitz permittivity function for the given
medium. In the quadrupolar continuum this function in given by (4.38). Calcu-
lating the derivative wrt. kj of this function gives

1 * *
Sk = T/JORG {Eijkgj Bk} — 5z gj, (526)

861']' [676) 8kl 1 31{:2 ok;
= = 20k — + 5 ki + ki—2)], 5.27
Ok~ 4 20+ 3Rt Ry, (5.27)
which is a tensor of rank 3. Using the relation % = 0qp this becomes
8eij aQ 1
ZEi 2@y Z(Ginks + Kb 2
Oy 9 [%kk + 6(6Zkkj + Iczé]k)] (5.28)

Only the propagating mode £; will contribute to the Poynting vector. Insertion
of expressions for &, B; and (5.28) gives after some algebra
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Chapter 5. Boundary conditions for weakly spatially dispersive media

S, — 2;; (1 - aQw2/(4c2)>2|Bt|2kt, (5.29)
In particular, the normal component is given by
c? 2 2\ 1z 2
Su=g <1 ~ aow?/ (4 )) \Be[2ks.. (5.30)

For frequencies w?/c? > 4/ag we have 8; = 0, as £, then is evanescent.

A similar expression is found for the normal component of Poynting’s vector
for z < 0, where the contributions from both the incident and reflected waves must
be summed up:
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Stz (1 = |rs|*)|Bi*k. (5.31)

- 2/10(«)

Due to energy conservation the normal component of Poynting’s vector should
be continuous. Setting (5.30) equal to (5.31), and using B; = ¢gB; we obtain that
the following equation should be satisfied

2 72

o
= )| [tsl. (5.32)

klz ( B 4c?

1—|rgl* =

It can be checked numerically that this is correct to within computer accuracy.
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Chapter 6

Summary and future work

6.1 Summary

Active and passive metamaterials have the potential of exploiting extraordinary
electromagnetic properties. It therefore becomes important to develop an accurate
theoretical framework which can be used to analyze such media and structures.
The papers of this thesis contribute in various ways to do so along the lines of
Fourier-Laplace analysis and homogenization theory.

Paper I presents a Fourier-Laplace framework which may be used to describe
the response of active media or metamaterials in terms of (possibly complex) fre-
quency and wavenumber components. By considering a causal source of finite
width, the paper demonstrates the important fact that a monochromatic plane
wave analysis of such media should be applied with care. The monochromatic
plane wave limit does not necessarily exist due to the possible presence of insta-
bilities, and it is found that in general the monochromatic limit and plane wave
limit do not commute. For example, one order may lead to a diverging field, while
the other leads to a finite field. Moreover, the plane-wave limit may be dependent
on whether it is realized with a finite-support excitation or a Gaussian excitation,
eventually of infinite widths. The framework is used to analyze examples of media
with weak and strong gain. In particular it is used to predict the existence of
isotropic media which in principle exhibit simultaneous refraction, meaning they
refract positively and negatively at the same time.

Paper II applies the framework from Paper I in the analysis of a gainy slab.
Even for the case with a weakly amplifying slab that does not lase, it is necessary
to involve complex frequencies w and/or complex transversal wavenumbers k,. We
also show that the only possibility to have an absolute instability for a finite width
beam is if a normally incident plane wave would experience an instability.

Paper I11I considers the well known fact that a monochromatic wave propagates

71



Chapter 6. Summary and future work

with a different wavelength inside a medium compared to in vacuum. Instead of the
standard procedure of describing the induced charge and current as bound, and
therefore absorb them into a refractive index, we here rather treat the medium
as vacuum, but with explicit charge and current densities. However, since the
induced waves propagate in vacuum in this picture, it is not straightforward to
reconcile that the wavelength becomes different to that in vacuum. Although the
main purpose of the paper is educational, the analysis also has relevance in the
context of this thesis. It reminds us that in Maxwell’s equations the fundamental
electromagnetic fields are invariant upon how we chose to describe the induced
current.

Papers IV, V and VI are concerned with the consequences of spatial disper-
sion on the effective parameters. Paper IV demonstrates that certain higher order
multipole terms, above the electric quadrupole, are generally as important as the
magnetic dipole and electric quadrupole terms when second order spatially dis-
persive effects are considered. Based on this discovery, Paper V deals with the
concern of how one should define the permeability of spatially dispersive media.
In particular, four different definitions of the permeability are stated and com-
pared. General properties are discussed, including causality, passivity, symmetry,
asymptotic behavior, and origin dependence.

In Paper VI these four permeabilities are paired with a local permittivity de-
fined as the zeroth order contribution to €(w, k), and the predictive power of these
four sets of local parameters is tested. This is done by calculating the Fresnel
reflection coefficient, and comparing the four predictions with the true solution
obtained through finite difference time domain simulations. It is found that the
Fresnel coefficient predicts the reflection well only in regimes where the three non-
trivial permeabilities coincide. One potential explanation is that when considering
media where the dipole-dipole approximation does not hold, the boundary condi-
tions should be modified, and the conventional Fresnel’s equations are not valid.
It may also be that a non-local contribution is lost when we choose describing the
medium response by two local parameters. Even another option is that multiple
modes are excited, so even additional boundary conditions may be required. Fi-
nally, for a sufficiently large microscopic permittivity e(r) — 1 and/or frequency w,
the long wavelength limit ka < 1 will no longer hold, and higher order terms will
contribute significantly to €(w,k). Which of these four explanations that domi-
nates the poor reflection predictions is not discussed in the paper. We do however
demonstrate another, perhaps even more surprising result. Local constitutive pa-
rameters ¢ and p describing the Landau-Lifshitz permittivity e(w,k) well is not
a sufficient condition for the standard Fresnel equation to be valid. This means
that the continuity of the tangential components of € and H must be violated
for the macroscopic fields defined as fundamental Floquet modes. Alternatively
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the macroscopic fields may be defined differently, so that they become continu-
ous. There will then be a “transition layer” close to the boundary, with different
constitutive behaviour.

6.2 Future work

Based on the discussion of boundary conditions in Chapter 5 it might be necessary
to consider the possibility that several modes get excited, even in the case of weak
spatial dispersion. For media and frequency regions where other terms than the
magnetic moment density have significant contributions to the second order term
in €(w,k), it is therefore necessary to obtain boundary conditions valid for such
media. Provided the R-term in the multipole expansion is negligible, the boundary
conditions in Chapter 5 might be sufficient, but in general new conditions taking
also the R-term into account should be derived. It may be that the transverse
field approach from Ref. [127] can be used to find such conditions.

If boundary conditions valid for general weakly spatially dispersive media are
found, these may be verified through FDTD simulations such as in Paper VI . To
verify the boundary conditions obtained for a pure quadrupole continuum in this
way, a possibility of considering such media in the FDTD method must, however,
first be developed.

It should also be considered whether defining constitutive parameters such as a
permeability based on components of €(w, k) actually is an useful approach at all.
If one first has to calculate €(w, k), one may find the solutions k,(w) from (4.15)
directly, where n = 1,..., N for the N possible solutions to the equation. Mode
matching techniques [137] may then be used to find the reflected and transmitted
fields directly from knowing all potential transmitted modes k,,(w). If the goal is
to find the reflection coefficient, going the detour through defining parameters such
as the permeability p may thus be unnecessary complicated. The mode matching
techniques will then give the actual discontinuity of the fields directly. This means
it might not even be necessary to find new and/or additional boundary conditions.

Another related aspect, which would be interesting to look more into, is how
the constitutive relations should be modified inside a transition layer between free
space and a general weakly spatially dispersive medium. From FDTD simulations
of media where the @ and R terms are known to be important, one may calculate
the actual multipole densities throughout space according to their spatial domain
definitions [32]. In Ref. [109] it was assumed that the quadrupolarizability gradu-
ally changes from the value in free space to that of the bulk medium throughout
the transition layer. It is natural to expect this to be the case also for a magnetic
susceptibility (I — p~1). Such intuitive guesses of constitutive relations should
however be verified, and it could be that the same transition is valid for all the
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second order coeflicients f;; of €(w,k). To the author’s best knowledge there
has not been any numerical verifications of such transition layer models based on
FDTD simulations so far.

From our work with Papers I and II it would be interesting to look further into
the possibility of verifying the existence of simultaneous refracting media through
e.g. time domain simulations. In this regard I recommend focusing on finding
simultaneous refracting media with significantly lower gain than those considered
in our work so far. Time domain simulations of media with a very strong gain are
challenging, because the transient frequencies might get very strongly amplified,
before they eventually are supposed to die out. In any finite difference calculation
of wave phenomena artificial reflections will be present, due to the discretization
of the physically continuous space. These artificial reflections will grow large due
to the strong gain, and eventually destroy the validity of the simulation. Besides
searching for simultaneous refracting media with lower gain, there might also be
computational workarounds to this problem.

Another potential next step is to perform a similar analysis to that in Paper 1
to a semi-infinite, potentially active medium described by €(w, k) to second order,
rather than the isotropic parameters e(w) and pu(w) used in our paper. To describe
a medium boundary, a new set of Fresnel equations based on new boundary con-
ditions are again required. It could be that the dependency of both w and k of
€(w, k) may lead to some difficulties, but also perhaps some new interesting effects
which actually may be made available through some sophisticated metamaterial
structure based on active components.
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This section summarizes my contribution to each of the papers contained in this
thesis. The papers are labeled with the same numbers as in this thesis.

Paper 1

H.O. Hagenvik, M.E. Malema and J. Skaar “Fourier theory of linear gain media,”
Physical Review A 91, 043826 (2015).

My contribution: Significantly contributed to the development of the theory:
especially in the establishment of the existence of the involved transforms. Sec-
tions IIT and IV: Choice of excitations, and associated analysis. Subsections V.D
and V.E: Choice of medium, analysis, numerical experiments, and discussions.
Section VI: Conclusion. I wrote most of Subsec. V.E, and performed the FDTD-
simulations which were meant to visualize the effect described in this section. The
FDTD-program was also used to verify the responses which are described analyti-
cally in the examples V.A-V.C. I was the corresponding author during the lengthy
review process.

Paper 11

H.O. Hagenvik and J. Skaar, “Fourier-Laplace analysis and instabilities of a gainy
slab,” Journal of the Optical Society of America B 32, 9 (2015).

My contribution: Generated all figures, and performed all simulations and anal-
ysis. I wrote the paper, with input from Johannes. I suggested the paper topic
based on the lengthy review process of Paper I. I came up with the proof in the
appendix. I was the corresponding author during the review process.
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My contribution: I performed the simulations, and contributed to the writing
of the paper.
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in metamaterial homogenization,” IEEE Trans. Antennas Propag. 66, 11 (2018).

My contribution: Contributed to the development of the theory.
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My contribution: Contributed to the development of the theory.
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nal of the Optical Society of America B 36, 1386-1395 (2019).

My contribution: Generated all figures, and performed all simulations and anal-

ysis. I wrote the paper, with input from Johannes. I was the corresponding author
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The analysis of wave propagation in linear, passive media is usually done by considering a single real frequency
(the monochromatic limit) and also often a single plane-wave component (plane-wave limit). For gain media,
we demonstrate that these two limits generally do not commute; for example, one order may lead to a diverging
field, while the other order leads to a finite field. Moreover, the plane-wave limit may be dependent on whether
it is realized with a finite-support excitation or Gaussian excitation, eventually of infinite widths. We consider

wave propagation in gain media by a Fourier-Laplace integral in space and time, and demonstrate how the

correct monochromatic limit or plane-wave limit can be taken, by deforming the integration surface in complex
frequency—complex wave-number space. We also give the most general criterion for absolute instabilities. The
general theory is applied in several cases, and is used to predict media with novel properties. In particular, we
show the existence of isotropic media which in principle exhibit simultaneous refraction, meaning that they

refract positively and negatively at the same time.

DOI: 10.1103/PhysRevA.91.043826

I. INTRODUCTION

Fourier theory makes it possible to consider single fre-
quencies and plane-wave components separately, in describing
electromagnetic wave propagation in linear, passive media.
This leads to huge simplification in analysis and interpretation,
especially for dispersive (and/or spatially dispersive) media.
Nevertheless, we must have in mind that real physics happens
in the time-spatial domain, not in frequency-wave-number
space; the monochromatic and plane-wave limits can never be
realized in practice. The monochromatic limit is approached
by turning on the excitation at some time ¢ = 0 [1], and waiting
a sufficiently long time until the transients have died out. The
plane-wave limit is approached by letting the width of the
excitation be sufficiently large.

For active media (gain media), it is clearly of large interest
to use the same Fourier theory, by decomposing the field
into frequency components and/or plane waves. There are,
however, a number of obstacles. The most obvious one is that
active media are inherently nonlinear due to gain saturation [2].
In practice, this can be dealt with by verifying that the
magnitude of the solution is less than the threshold for gain
saturation. If it is not, then the excitation must be reduced
accordingly, or the solution must be rejected. If there are
divergences associated with the linear solution, the solution
must be rejected in any case.

Another problem is that the Fourier transform does not
necessarily exist. A remedy is to use the Laplace transform,
decomposing the time-domain fields into exponentially in-
creasing functions exp(—iwt) for Imw > 0 (see Sec. 1I). Once
the solution has been found, it can often be continuated towards
real frequencies, enabling simpler interpretation (Sec. I11). One
may argue that the Fourier transform should be sufficient
for the relevant situations since diverging solutions must
be rejected anyway. However, this strategy is dangerous, as
imposing Fourier transform analysis may give the impression
of false, stable solutions.

“johannes.skaar@ntnu.no
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An extensively discussed problem in the context of active
media is the determination of the sign of the longitudinal wave
number k.. This problem is far from trivial, even, e.g., in the
context of total internal reflection from a weakly amplifying
medium [3—6]. More recently, the problem has been discussed
in the context of the wave vector or refractive index of more
advanced active media including active metamaterials [7—10].

We are not going to focus on this problem here, as it
now seems to be agreed that the sign of the longitudinal
wave number must be determined by ensuring it is analytic
in some upper half-plane of complex frequency, and such
that k. — +w/c for ® — oo [8—12]. Here, w is the (possibly
complex) frequency and ¢ the vacuum light velocity. However,
we will take the analysis one important step further: by
considering a double Fourier-Laplace transform with respect
to space and time. Clearly, for realistic situations, the fields can
neither have infinite durations nor infinite widths. In addition
to turning the field excitations on at ¢t = 0, it turns out to be
crucial to let them have finite widths, to see how the medium
behaves in practice. Indeed, even though a particular medium
does not show absolute instabilities for plane-wave excitations,
it can support absolute instabilities in the presence of other
excitations.

Once the general theory governing causal finite beam
propagation has been discussed, it is of interest to consider
the monochromatic limit and plane-wave limit. A number
of peculiar but interesting results arise. First of all, the
monochromatic and plane-wave limits do not commute in
general. For very common situations with conventional gain
media, one order leads to finite fields, while the other order
leads to infinite fields. Second of all, the plane-wave limit
may depend on the way it is taken, if it is realized using a
finite-support excitation or a Gaussian excitation, eventually
of infinite widths. Our analysis leads to a better understanding
of the nontrivialities associated with earlier, monochromatic,
and plane-wave analyses of active media. It also can be
used to predict new classes of active media, with novel
responses. For example, we predict the presence of isotropic
media which exhibit simultaneous refraction, i.e., both positive
and negative refraction simultaneously. While this is a novel

©2015 American Physical Society
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and surprising response, it may be argued that the required
gain is unrealistically high, and makes both realization and
time-domain simulations challenging, at least for the specific
media proposed here.

Previously, Kolokolov [4] and Grepstad and Skaar [6] have
treated the problem of Fourier-Laplace transform analysis of
active media. However, Kolokolov only considered the special
case with weak or no dispersion. Dispersion has important
consequences for the theory, as it turns out to fundamentally
change the method of deformation in the complex frequency—
wave-number space. The dispersion, possibly engineered by
metamaterials, may lead to new classes of active media, as
shown by the different possible behaviors in frequency—wave-
number space. Grepstad and Skaar did not perform a complete
analysis since they did not consider the deformation in
frequency—wave-number space, including the monochromatic
limit for finite beams.

The article is structured as follows. In Sec. II, we state
the problem and discuss the assumptions in detail, before
analyzing the fields using the Laplace transform (in time) and
Fourier transform (in space). In Sec. III, we discuss how we
may approach real frequencies for media without absolute
instabilities. This happens at the expense of deforming the
integration path in the complex wave-number (k) space. In
Sec. IV, we discuss the plane-wave limit, and the interpretation
of divergences and noncommutativity. The theory is applied
to the understanding of existing media and novel media in
Sec. V. In particular, we show the presence of simultaneous
refraction, before concluding in Sec. VI.

II. LAPLACE AND FOURIER TRANSFORM ANALYSIS

We restrict the analysis to linear, time-shift invariant,
isotropic, homogeneous media without spatial dispersion.
Moreover, we assume the following asymptotic behavior for
the product of relative permittivity € and relative permeability
w, as  — oo [13]: e(w)u(w) =1+ O(w™?). Finally, we
assume that the medium does not support superexponential
instabilities [14], meaning that any field solution should not
grow faster with time than an exponential.

In the analysis we consider an infinite or semi-infinite
medium. Considering infinite media helps us understand
the electromagnetic response given solely by the medium’s
properties; effects related to interactions with surrounding
media have been ruled out. Of course, there are no infinite gain
media in practice. However, as long as the smallest distance
from an observation point to the boundary of the medium
is larger than cfy.x, where fp.x is the maximum duration
of the experiment, the size does not matter and we may as
well assume it is infinite. To approach steady state (or the
monochromatic limit) we will later require 7,,x to be large.
Then, we must have in mind that the dimensions of the gain
medium must be accordingly large.

We will assume that the medium is dark for ¢+ < 0. This
assumption needs some clarification. To establish the active
medium, an energy pump must be turned on before t = 0.
When the system does not support instabilities, we can imagine
that the pump was turned on a long time before ¢ = 0, such that
any transients have died out. If there are instabilities, however,
any disturbance will blow up with time. We could assume that
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the pump is turned on slowly before ¢ = 0, sufficiently smooth
such that no significant transients are generated as a result of
the pump, but sufficiently fast such that the (small) transients
do not grow too much before = 0. We do not consider the
existence of such a tradeoff further; we rather demand that
any transients from the pump or from other perturbations or
fluctuations in the system must be included into the analysis.
This is done by including them into the excitation of the
system, to be defined in the following.

It is also in order to comment on the linearity assumptions
in some detail. The amplitude in any practical medium will be
limited by nonlinear effects such as gain saturation. When we
refer to “diverging fields,” or “instabilities,” it strictly means
that the fields grow until they are limited by gain saturation.
Clearly, in such cases the linear analysis is only accurate for
a limited duration. In the absence of instabilities, the analysis
is clearly accurate for all times, provided the excitations are
sufficiently weak.

For simplicity, we limit the discussion to propagation in
two dimensions x and z and transversal electric (TE) fields.
Let £(x,z,1)¥ be the physical electric field, pointing in the y
direction y. Since the medium is active, the field may diverge
with time 7. We have limited our attention to active media
and sources that lead to fields growing at most exponen-
tially. Moreover, we assume that the electric field is square
integrable (finite energy) with respect to x (for the complete
assumptions, see Appendix B). The electric field is Laplace
transformable:

E(x,z,0) = /oog(x,z,t)exp(iwt)dt (1)
0

for Imw > y, where y is a sufficiently large positive number
characterizing the maximum growth of the field. Furthermore,
E(x,z,w) is Fourier transformed wrt x, to obtain the plane-
wave spectrum

E(k.nzaw)=/‘ E(x,z,0) exp(—ik,x)dx. (2)

The inverse transform can be written

Q) E(x,z,1)
iy+o0 [}
= / E(ky,z,w)exp(ikyx —iwt)dk,dw
—00

iy—o0

e} iy+oo
= / / E(ky,z,w)exp(ikyx —iwt)dwdk,, (3)
—o0

iy—00

where, in the last equality, we have interchanged the order of
integration (see Appendix B).

We consider a source in the plane z =0 (Fig. 1) in-
finitely thin, but possibly of infinite width. In general,
we may have sources everywhere; in that case, we would
have to superpose the fields resulting from the differ-
ent sources. For z ## 0, Maxwell’s equations mean that
(d*/dz* — k2 + epw? /P E(ky,z,0) = 0. Furthermore, the
transversal (x component) of the magnetic field is given
by —iwppoH (ky,z,0) = dE(k,,z,)/dz, where pg is the
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source

FIG. 1. An excitation is located at z =0 in a homogeneous
medium. In the figure, the special case with finite width 20 is shown.

permeability in vacuum. Hence, we can express

E(k:.2,0) = Alky,w)e™ + Bk, w)e ™%, (4a)
kZ ik.z —ik,z
H(ky,z,0) = — [A(ky,w)e'™* — B(ky,w)e "]
WLLo
(4b)
for z < 0, and
E(ky,z,0) = Clke,w)e’™* + D(ky,w)e =, (52)

k. . o
H(ky,z,0) = —m[akmw)e’k* — D(ky,w)e ]
(5b)

for z > 0. Here,

2
@
K= eng - k2. (6)

The four functions A(k,,w), B(k,,w), C(k,,w), and D(k,,w)
are connected by the electromagnetic boundary conditions,
which in turn are dependent on the source. For a current
source, E(ky,z,) is continuous across the source plane, while
H(ky,0", @) — H(k,,0™,0) = J(ky,w), where J(k,,w) is the
(Fourier-Laplace transformed) surface current source. With
reflection symmetry about the plane z = 0, this means that

A=D, (7a)
B=C, (7b)
2k,
~—(A — B) = J(k;,w). (7¢)
O Ho

Clearly, both unknown functions A and B cannot be found
from (7). Moreover, since the medium potentially is active, we
cannot use principles like requiring the source to do positive
work, or field decay as z — oco. We must invoke the principle
of causality in its most fundamental form.

First, we note that the sign of k, can be chosen arbitrarily
in (4) and (5); a change of sign means only that the functions
C and D (and A and B) are interchanged. Since €(w) and u(w)
are analytic for Imw > y, and tend to unity as w — oo there,
we choose the sign such that for a fixed k,,

k. (ky,w) is analytic for Imw > y, and

k;(ky,w) > 4+w/c as w — oo in the region Imw > y. (8)
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Assuming that the medium and the source are dark for
t < 0, the fields as described by (5) are causal, and we can
use a version of Titchmarsh theorem for diverging functions
(Appendix C) to prove that in (4) and (5), we have

A=D=0, (9a)
I et

B=C= J(ky,w). (9b)

Moreover, in Appendix A we prove that the function & (k,,w)
is zero free in a region Imw > y; thus, B is analytic there.!

We now consider the usual situation described by the
Fresnel equations, where we have different media on each
side of the plane z = 0, and there is no source at z = 0 but
rather somewhere in the medium on the left-hand side (z < 0).
Clearly, we can use the identical causality argument on the
right-hand side (z > 0) to obtain (8) and D = 0. The elec-
tromagnetic boundary conditions E(k,,0",w) = E(k,,0”,w)
and H(k,,0",w) = H(k,,0™,w) then give the reflection and
transmission coefficients

B ki, — urko,

5 _ Mok — 1 2~’ (10a)
A ok + pika

C 212k,

= A’ (10b)
A ki + ik

where k,2 = e piw*/c? — kﬁ. Here, subscripts 1 and 2 stand
for the medium to the left and right, respectively. Throughout
this paper, we will for simplicity assume that medium 1 is
vacuum or a passive medium.

We will consider sources in the product form u(x)v(z),
with transform U (k,)V (w). For the situation with a current
source plane, we set J (k,,w) = —U (k,)V(w)/co, and for the
situation with an incident wave, we set A(k,,w) = U (k) V().
For later use, we sum up by writing the electric field solutions
for z > O for the current source plane and the Fresnel situation,
respectively:

ik.z
E(ky.z2,0) = 225UV (), (11a)
2k.c
2u2k17eik3fz
E(ky,z,0) = —————U(k,)V(w). (11b)
pakiz + ko,

Here, k; is given by (6) and (8). It is important to note that these
results have been derived for Imw > y. In Sec. 111, we will
consider the possibility of continuating the solutions towards
real frequencies.

III. TOWARDS REAL FREQUENCIES

To facilitate interpretation and computation, it is useful
to examine if we can move the inverse Laplace transform
contour (Bromwich path) in (3) down to the real w axis,
such that it describes an inverse Fourier transform. This is

'If we had chosen the opposite sign for k. in (8), we would have
obtained B = C = 0. If we had chosen the sign in another, arbitrary
way, we would have obtained A = D = 0 for some frequencies, and
B = C = 0 else. Such choices are inconvenient (but perfectly valid)
as k. and the four functions A, B, C, and D get nonanalytic.
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desirable, as steady-state harmonic excitations and solutions
are convenient to interpret physically. For the active media
and systems where this is possible, we have only convective
instabilities [15,16]: Then, nondiverging excitations lead to
nondiverging fields for every fixed point (x,z). This means
that any growing wave must be convected away. On the other
hand, if the Bromwich path cannot be moved down to the
real axis due to singularities or cuts, the transform can be
described as an inverse Fourier transform plus integrals around
the nonanalytic points. Since the latter integrals diverge with
time, we have absolute instabilities, meaning that the fields
diverge even at fixed points in space.

For a wide range of active media of interest, it turns out to
be possible to move the Bromwich path in (3) down to the real
axis, at the expense of deforming the integration path in the &,
domain [16]. This is what we will consider in the following.
The clue here is to realize that the integrand is analytic in
both k, and w, so integration paths can be deformed until they
reach singularities. To this end, we assume that €« does not
have singularities or zeros for Im @ > 0; situations with zeros
in the upper half-plane will be discussed later. Under these
conditions, /€ is analytic and zero free for Imw > 0. We
consider the evaluation of the physical field in the spatial and
time domain, according to (3), but along a possibly deformed
surface I in the (k,,w) domain:

Qr)E(x,z.0)= f E(ky,z,0)exp(ikex — iot)dkedw. (12)
r

Here, E(k,,z,w) is given by (11). Apparently, the integrand is
analytic in both &, and w, except at the branch cuts arising from
the square root k, = \/epuw?/c? — k2, and also if k., = 0 for
the case (11a), or if woki; + p1ks; = O for the case (11b). The
last possibility will be ignored in the following; we simply
assume that two involved media are chosen such that these
singularities do not disturb the deformation of I". Examples
will be given later. From the theory below it will also become
clear how to generalize to account for such singularities.
Consider Figs. 2(a) and 2(b), showing the original integra-
tion paths in the w and k, domains. For all w in the indicated
domain D,,, the branch points of k_, i.e., k, = +,/€uw/c, are
located in the domain Dy . Now, consider the short piece of the
integration path that lies in D,,. For these w values, the idea is
to deform the corresponding k, integration path, as shown in
Fig. 2(c). This can safely be done since k,(k,,w) and therefore
E(k,,z,w) are analytic wrt k, away from the branch cuts.
The next step is to interchange the order of integration.
For each k, in the path in Fig. 3(b), we can deform the
short piece of the w path, obtaining the path in Fig. 3(a).
Repeating the procedure for two neighboring pieces of the
w-integration curve, we obtain the situation in Fig. 4, generally
with two different integration curves in the k, domain. In
simple situations such as the one in the figure, we could use
a single, common integration curve in the k, domain for both
pieces in the @ domain. In general, to get rid of the vertical
integration curves between the two domains in Fig. 4(a), we
must require the existence of a common integration curve in
the k, domain detouring the interface between the neighboring
domains [Fig. 4(c)]. If this is always the case, we can continue
the deformation in the @ domain until the integration curve

PHYSICAL REVIEW A 91, 043826 (2015)
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FIG. 2. The dashed lines correspond to the integration paths
in (3): (a) @ domain; (b) k, domain; and (c) deformed path in the
k. domain for the w indicated by a circle in (a). The domain Dy,
corresponds to the set of values k, = +,/€itw/c for w € D,,. The
open circles in the k, plane correspond to the open circle in the
w plane. The dotted vertical lines indicate branch cuts for k,(k,,w)
for the particular @ as indicated by the open circle. We proved in
Appendix A that k. (k,,w) is analytic wrt k,, for Inw = y and real
k,; thus, the branch cuts must avoid the real k, axis. In the figure, we
take them to be vertical, starting at the circles.
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FIG. 3. Deformation in the @ domain. For each k, in the path in
(b), the integration path in D,, can be deformed (a).
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FIG. 4. (Color online) Deformation of two neighboring pieces of
the w-integration curve (dashed black and solid blue lines) (a) and the
associated k,-integration curves (b). For w values along the vertical
integration curves between the neighboring domains in (a), one can
use a common k,-integration curve (c).

coincides with the real axis:
1 (o)
E(x,z,t) = —[ E(x,z,w)exp(—iot)dw, (13)
27 J o
where
1
E(x,z,w) = —/ E(ky,z,w)exp(ikyx)dk,. (14)
2 k()

Here, k(w) is the deformed path in the k, domain, for
each w. Since Imw = 0 in (13), the resulting field will not
diverge with time. Thus, in these situations, there are no
absolute instabilities, and (14) can be interpreted as the usual
frequency-domain field for real w. The possible appearance of
complex k,’s in the integration path « (w) means that the field
may grow with x.

‘We have required the existence of a common k, integration
curve for any two neighboring ’s. To this end, consider
the trajectories of k.’s branch points, k. = £,/epw/c, as
we reduce Imw from y to zero. It is necessary that for
two neighboring values of Re w, these two trajectories will
become arbitrarily close as the two Rew’s approach each
other. A sufficient condition for this is that ,/ej is analytic
forImw > 0.

We have also required that €1 be zero free for Imw > 0.
While even order zeros give analytic square root, they induce
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another problem: At the zero the two branch points in the k,
domain coincide so the integration curve gets “stuck.”

The frequency-domain field E(x,z,w) is related to the
physical, time-domain field in the so-called monochromatic
limit. From (13),

1 [ E(x,z,
E(x,20) = —/ fnze)
27 ) V(o)
where E(x,z,w)/V(w) is the transfer function from the
excitation V(w) to the resulting field E(x,z,w), as given
by (11). Note that V(w) is a factor in E(x,z,w), so the transfer
function is independent of V (w). We can, for example, take a
unit-step modulated complex exponential as the excitation:
0, t<0

v(t) = H(t)exp(—iwt), H(t) = {1 £>0 (16)

V(w)exp(—iot)dw, (15)

with Laplace transform

i

V() = a”n

w—w

The inverse transform (15) can be found with the residue
theorem by closing the contour by a large semicircle in the
lower half-plane:

E(x,z,w)
V(w)
+ transients(z). (18)

E(x,z,t) = |: exp(—ia)t)]

w=w)

Here, the term transients(#) is a result of the integration around
all singularities and cuts in the lower half-plane, and will decay
exponentially. For later use, we define the monochromatic limit
lim,,, £(x,z,t) as the field when the excitation is given by (16),
and for sufficiently large ¢ such that the transients can be
ignored:

E(x,z,01)
V(wy)

valid when e is analytic and zero free for Imw > 0. Even
though the monochromatic limit exists in principle, in some
situations (media with large gain and large x or z) the transients
may be extremely strong, which means it may take a very long
time before they have died out.

‘We now consider the more complicated situation where €1
is not analytic or zero free everywhere in the upper half-plane
Imw > 0. For concreteness, we assume € has two simple
zeros but is analytic otherwise. Then, \/a has branch cuts,
which we take to be vertical towards —ioco. Since ,/eu is
analytic everywhere in the upper half-plane except at the
branch cuts, we can use the procedure above to deform the
integration paths, leading to the w-integration curve depicted
in Fig. 5(a). It is natural to try to deform also the remaining
detours to reach the real w axis everywhere. To this end, we
let Imw be reduced from y to zero, on the left-hand side
and right-hand side of /ex’s branch cut [Fig. 5(b)]. The
corresponding trajectories of k, = &, /euw/c are shown in
Figs. 5(c) and 5(d), respectively. Apparently, the result of
the integration in Fig. 5(c) differs from that of Fig. 5(d),
so the integrations up and down in Fig. 5(a) generally do
not cancel. As a result, the detours cannot be omitted. The
necessary presence of complex frequencies exp(—iwt) with

limE&(x,z,t) = exp(—iwt), (19)
2]
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Imw
Y
Rew
Imw
Y
N [ [
‘ ‘ Rew
Imk,
© \/
/ ™ Rek,
Imk,
(d) / ‘& ; Tek,

FIG. 5. Deformed integration paths (dashed line) when /€yt has
branch cuts in the upper half-plane. The branch points of /e are
shown by open circles in (a); the cuts go vertically towards —ico. As
Im w is reduced from y to zero along the left and right arrows in (b),
the corresponding trajectories of k, = %, /€jiw/c are shown by solid
lines in (c) and (d), respectively.

Imw > 0 means that the field will diverge with time, even
at a fixed point in space. This means that the field cannot be
interpreted at real frequencies as in (18); we have an absolute
instability.

IV. PLANE-WAVE LIMIT

‘We have seen that when there are no absolute instabilities,
it is possible to move the inverse Laplace transform path
down to the real axis, enabling interpretation of the fields (4)
and (5) for real frequencies. However, considering active
media, this has come at a price: The integration curve in
k., must be deformed to include complex values of k.
As will be demonstrated shortly, this means that it is not
necessarily possible to approach the plane-wave limit any
longer.
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Consider an excitation in the form u(x)v(¢), with transform
U (ky)V (). The function v(¢) could be given by (16), while
u(x) could be, e.g., one of the following alternatives:

u1(x) = beam(x /o) exp(i K, x), (20a)

uy(x) = exp(—x2/202) exp(i K, x). (20b)

Here, beam(x /o) stands for a function which vanishes for
|x] > o, is smooth for |x| <o, and beam(0) = 1. Both
alternatives represent a beam of thickness ~o and a bundle
of k,’s around the central transversal wave number K,. The
wave-number spectra of the excitations are given by

U,(k,) = o Beam[o (k, — K,)], (21a)
Us(ky) = V2mo expl—o?(k: — K.)?/2].  (21b)

Here, Beam(k,) is the Fourier transform of beam(x). Both
spectra U (k,) and U (k,) are entire functions in k,. For real
k, and K, both functions can be thought of as 27 §(k, — K,) in
the limito — oo. However, the two of them are fundamentally
different in the sense that the first goes slowly to zero compared
to the second. Indeed, if the mth derivative of beam(x) is
nonzero at the endpoints, while the lower-order derivatives
vanish, the asymptotic behavior of U, (k,) for large |k,| is

exp(|Imk,|o)

Ui(ky)| ~ ,
| 1( )l |kX|m+lo-m

(22)
as can be proved using integration by parts. A similar result
is valid for smooth functions with support [—o,0] (so-called
bump functions), except that the decay along the real k. axis
is faster than 1/polynomial and slower than an exponential.

We will now consider lim,_, o lim,, £(x,z,t). This limit
can be realized as follows. We pick an excitation width o and
perform the experiment, waiting a sufficiently long time such
that the electric field has reached the monochromatic limit.
Next, we pick a larger o and repeat the experiment, waiting a
sufficiently long time (possibly longer than the first time) until
the field has reached the monochromatic limit. After repeating
the experiment several times, with increasing o, the field will
tend to lim, _, o lim,,, £(x,z,1).

The monochromatic limit is given by (19), so we need
to consider the limit o — oo in (14), expressed at the real
excitation frequency w;. To this end, we have assumed that
the monochromatic limit exists (no absolute instabilities), i.e.,
€/ has no poles or zeros in the upper half-plane Imw > 0.
The integration path «(w) in the k, plane, such as that in
Fig. 3(b), involves complex k. Surprisingly, now the limit
o — oo does not necessarily exist, as Uj(k,) diverges for
complex k,. In fact, this will always be the case in practice
since the excitation necessarily must have finite support to be
realizable.

However, from a theoretical perspective it is quite common
to consider Gaussian beams or excitations, so it is interesting
to consider the possibility U(k,). Surprisingly, even though
the plane-wave limit o — oo did not exist when using U, (k,),
it may exist when using U,(k,) since the Gaussian tends to
zero provided [Imk,| < |Rek, — K,|. Thus, when the detours
of the k,-integration curve are not too far away from the real
axis, or too close to the excitation wave number K, we can
take the plane-wave limit using a Gaussian excitation, but not
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a finite-support excitation. When the limit exists, we can write

E(K,,z,01)

U(Kx) @9

E(x,z,01) = exp(i K x)
for some function E(K,z,1), expressing the field with a
single wave number K,. For most media, the part of the
integration in (14) along the real axis is one way, which means
that E(K,.z,01) = E(K,.,z,w;). For certain, very special
media, as we will see in Sec. V E, the integration along part
of the real axis will give rise to one more term in E(Kx,z,wl).
Equation (23) means that the physical time-domain field in the
monochromatic limit will tend to

E(Ky,z,w))
U(K,)V(w)

as the width of the Gaussian tends to infinity.

The peculiar divergence discussed above can be interpreted
as follows. For certain frequencies w and wave numbers £k,
the longitudinal wave number k, becomes zero. These modes
correspond to side waves, which propagate in the +x direction.
If the medium is gainy, and the excitation extends over all x’s,
the field at an observation point x may diverge since the side
waves propagate an unlimited distance before reaching the
point. For the finite-support excitation u(x), as ¢ increases,
side waves will have the chance to propagate a larger distance
before reaching the observation point; thus, we expect an
exponential growth. At the same time, the excitation U, (ky)
at the particular k, associated with the side wave becomes
weaker, but only as oco =" For the Gaussian excitation u,(x),
an increased o will again give rise to an exponential growth
as a result of the increased distance; however, the excitation
itself at the particular &, associated with the side wave may be
much weaker due to the factor exp[—o(k, — K,)?/2].

We now consider lim,, lim,_ o £(x,z,f). This order of
limits is more difficult to realize that the opposite order, but can
be approached by measuring the time response £(x,z,7) for a
fixed-time interval, repeating the experiment for increasing o .
After convergence, the time interval is shifted to later times,
and the series of experiments is repeated, etc.

Mathematically, lim,,, lim,_, o £(x,z,7) is found most eas-
ily by taking the limit & — oo in (3). Since only real k,’s are
involved in the integral, the limit 0 — oo always exists, which
leads to

1
lim E(x,z,t):—/
0—>00 2w i

y—o0

lim limE(x,z,1) = exp(i K x —iwit), (24)
w)

T—>00

iy+00 E(KX,Z,O))

UK. exp(iK,x —iwt)dw.

(25)

Equation (25) has the disadvantage that it is expressed using
complex frequencies. We would like to be able to set y =0
in (25) for interpretation at real frequencies. If the integrand
is analytic for Imw > 0, we can move the integration path to
the real axis. However, as we will see in the following, this is
not always the case, not even for media with analytic and zero
free e for Imw > 0. Since K is fixed, we must require that
Jenw?/c* — K2 is analytic in the upper half-plane Imw > 0
to avoid absolute instabilities. Although this can happen, it
is not very common; for K, # 0 it is not even the case for
conventional, weak gain media [6,9]: For such media, there is
a branch point slightly above the real w axis, corresponding
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to a side wave with K, = 0. For plane-wave excitations, this
side wave propagates an infinite distance along the x axis, thus
picking up an infinite amount of gain.

This type of absolute instability is somewhat artificial since
itis induced by an excitation of infinite width. For the case with
finite o we have seen that the instability is only convective, as
long as the medium has analytic and zero free e u forImw > 0.
This makes sense intuitively since, for finite o, the side wave
has only propagated a finite distance from the excitation to a
fixed observation point.

In other words, if €4 is analytic and zero free for Imw > 0,

but \/euw?/c?> — K2 is not analytic there (which is the case,
e.g., for a weak inverted Lorentzian and K, # 0),

lim £(x,z,t) = finite (26)
]
for any finite o', while
lim lim &(x,z,t) = oco. 27)
W) 0—>00
However,
lim lim E(x,z,1), (28)
o0—>00 W)

on the other hand, is dependent on the manner in which the
plane-wave limit is taken. If it is taken using an excitation
U, (k,) of finite support, it is infinite, but if it is taken using a
Gaussian Us(k,), it is finite provided |Imk,| < |Rek, — K|
along the integration detour. The Gaussian excitation u,(x)
is somewhat unphysical, as it requires an infinitely wide
source even for finite o. Even though the Gaussian excitation
is unphysical, the fact that it makes it possible to take the
plane-wave limit is interesting. It tells us that the growing side
waves in a gain medium may be reduced by making the source
sufficiently smooth, and will disappear in the limit of a perfect
Gaussian.

Remarkably, and less intuitively, for certain media with
absolute instabilities for finite o (meaning that ex is not
analytic and zero free everywhere in the upper half-plane),
it is possible to eliminate the absolute instabilities by letting

o — o0. Indeed, if \/epuw?/c? — K2 is analytic for Imw > 0
while € is not analytic and zero free,

lim £(x,z,t) = 00 29)

for any o, while

lim lim &(x,z,t) = finite.

w] 0—>00

(30)

For example, this happens for media for which e uw?/c> — Kﬁ
has no zeros in the upper half-plane Imw > 0, while en
has two simple zeros there. Such a medium is suggested
in Ref. [6]. Equations (29) and (30) can be interpreted as
follows. Consider the field £(x,z,7) when o and ¢ are finite.
As o is made larger, the unstable mode with k, = 0 is excited
more weakly. Thus, a larger ¢ can be tolerated before £(x,z,7)
gets large. If o — oo first, we can let ¢ be infinite as well,
without getting an infinite field. Thus, the monochromatic limit
exists.

We conclude this section by noting that the monochromatic
and plane-wave limits are far from trivial in gain media.
Although it can be argued that these limits are unphys-
ical, since infinite experiment durations or infinite beam
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thicknesses cannot exist, they provide valuable intuition for
experiments with wide beam excitations or long duration.
Apparently, different results may be obtained dependent
on the wideness of the excitation and the duration of the
experiment.

V. MEDIA

The general method from the previous sections is now
applied to analyze a wide range of media of interest, starting
with simple passive and active media, and ending with novel
classes of active media.

A. Passive media

Passive media are simple to analyze, due to the absence
of instabilities. Fourier analysis is therefore sufficient, and
the Fourier components wrt k, and « can be interpreted
straightforwardly. Although these facts are well known, it is
useful to demonstrate the formalism before moving on to more
complex cases.

A passive medium has Ime(w) > 0, Im pu(w) > 0, and
Imn(w) > 0 for v > 0. Here, n(w) = ,/€u is the refractive
index, which is analytic in the upper half-plane [ 17]. Due to odd
symmetry of these functions, Imnw/c > 0 for all real w. Since
Imnw/c is a harmonic function [18], it takes its minimum on
the real axis; thus, Imnw/c > 0in the closed upper half-plane.
It follows that k,’s branch points, k, = +nw/c, do not cross
the real k, axis as we reduce Im w towards zero. In Fig. 6, we
show two different possibilities; a passive medium which will
turn out to show positive refraction (b), and a passive medium
with negative refraction (c). Clearly, in both cases we can
integrate along the real w and k, axes, and the monochromatic
and plane-wave limits may be taken, leading to fields with
frequency w; and wave number K. The resulting K. shows
the behavior of the wave in the medium.

We can find the sign of K, by tracing argk, as
ky decreases from +oo to K,. For k, — 400, k, —
+ik, (see Appendix A). As k, decreases, consider
k? = e(w))u(@)o}/c* — k2, with the two zeros shown by the
solid arrow ends in Figs. 6(b) and 6(c). Now, kz2 picks up phase
from the two zeros, but very little if &, is in the regime far away
from the zeros. Since k,(k,,w) is continuous in k, away from
the branch cuts, it follows that K, = k,(K,,w;) ~ i K, in the
regime far to the right of the zeros, corresponding to an evanes-
cent behavior in the total internal reflection regime of large K.
So far, we have not invoked the properties of the medium; in
other words, the result is valid for all media and situations
where the monochromatic and plane-wave limits exist.

As K, becomes smaller, we must consider the two
passive media separately. For the positive refractive medium
[Fig. 6(b)], since the right-hand zero is above the real k, axis, as
we pass it on the way from large k, to small k., the phase arg k2
reduces from 7 through /2 towards arg{e(w;)u(w;)}. Again,
since k,(ky,w) is continuous in k, away from the branch cuts, it
follows that arg k. (k,,w;) goes from 7 /2 through 7 /4 towards
the small number arg{e(w;)u(w;)}/2. Thus, as expected, we
obtain a damped, propagating wave with wave vector directed
away from the source.

For the negative refractive medium [Fig. 6(c)], the right-
hand zero is below the real k, axis. Thus, we find that arg kz2
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Imk,

Re ks

FIG. 6. AsImw is reduced from y to zero (a), k,’s branch points,
k, = £/€iiw/c, moves along the trajectories in (b) for a passive,
positive refractive medium, and (c) for a passive, negative refractive
medium.

increases from 7 to almost 27, and therefore, arg k. increases
from /2 to almost 7. In other words, K. will be close
to a negative number (negative refraction) in the regime of
small K.

B. Weak gain medium

We now consider a weak gain medium, or conventional
gain medium, with [Ime| <« 1 and |Im p| < 1 for all frequen-
cies, and weak dispersion. For example, we can consider a
nonmagnetic medium with €(w) = 1 + x (), where Im x (w)
is negative at the observation frequency, and | (w)| < 1 for
all . When we reduce Imw as in Fig. 7(a), the branch
points k, = £,/€uw/c move according to Fig. 7(b). Thus,
to be able to express the integral (12) with real frequencies
w, it is necessary to deform the k, integration with detours.
These detours are result of the fact that the system supports
amplifying side waves with k, = &, /euw/c.

Having taken the monochromatic limit, we consider the
possibility of approaching plane waves. According to the
discussion in Sec. IV, the limit 0 — oo does not exist when
using excitation profiles of finite support; then, the side waves
will diverge. However, for the Gaussian excitation profile
us(x), and provided |Im  /epw;/c| < |Re Jepw:/c — K|,
we can take the plane-wave limit since then the side waves
are very weakly excited. By tracing argk, as k, is reduced
from oo (as in Sec. VA), we still obtain K, ~iK, in
the total internal refraction regime of large K. Thus, the
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Imw

wq Rew

Imk,

14 Rek,

FIG. 7. As Imw is reduced from y to zero (a), k.’s branch points
k, = £,/€jtw/c move along the trajectories in (b) for a weak gain
medium. The integration path in the k, domain must detour around
these branch points.

behavior remains approximately evanescent there, in agree-
ment with earlier predictions [4] and finite-difference time-
domain (FDTD) simulations [5]. FDTD simulations solve
Maxwell’s equations directly in the time domain, and thus
provide an independent verification of the theory. For small
K, since we have passed the zero from below, we get arg K, ~
arg{e(w;)u(w;)}/2. Thisrepresents a weakly amplified wave, a
result that is well documented with numerous experiments and
simulations.

As an alternative, we can take the plane-wave limit while
keeping the Bromwich integration path at Imw = y, leading
to a single wave number K,. Then, we can deform the
Bromwich path towards the real axis; however, there will be
branch points close to w = K,c, above the real axis. This
means that the system supports absolute instabilities, and
that the real frequencies are not meaningful in general. The
absolute instabilities are again a result of diverging side waves,
being excited infinitely far away from the observation point.
However, as shown in Ref. [6], as long as the excitation
frequency w; is far away from K,c, we can interpret the
field as “quasimonochromatic” up to a certain time, where
the diverging side waves start to dominate.

C. Nonmagnetic negative index medium

If the permittivity and permeability from the negative index
medium in Sec. VA are denoted €, and w,, we let the
permittivity of an active, nonmagnetic medium be € = €,
Clearly, the behavior of the branch points and the integration
paths becomes identical to that in Fig. 6(c), and we get a
negative refractive index at the frequency shown in the figure.
This type of media was suggested in Ref. [7] and analyzed
in Ref. [8]. When a plane wave is normally incident from
vacuum, a backward wave is excited in the medium, drawing
energy from the medium and propagating energy towards
the interface [8]. However, note that both the phase velocity
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Rek,

Imkrg
(c) . rl

FIG. 8. Plot (a) shows n(w) as given by (31). Plot (b) shows the
trajectories of k.’s branch points, k, = +n(w)w/c, as Im w is reduced
from y to zero, and Re w = w,. The values for ® = w, are shown with
solid arrows. The branch cuts in the k, domain, for @ = w,, can be
taken along the trajectories (b, solid lines); however, it is convenient
to use analytic continuation to deform them into the solid lines shown
in (c). The integration path in the k, domain (dashed line) must detour
around the branch cuts.

and the Poynting vector point backwards, so the medium
is fundamentally different from left-handed negative index
media.

The fact that this type of media exhibits negative refraction
has also been independently verified through time-domain
simulations, e.g., in Ref. [10].

D. Antievanescent medium

Having analyzed previously known media with the w- and
ky-integration formalism, we now consider how the formalism
can be used to predict novel classes of media. As we reduce
Im w from y to zero, the trajectories of k,’s branch points may
be more complicated than in the previous examples.

Consider a medium with refractive index

2
Fawyj

- o
W} —? —iTw

n(w)=1-— (31)
and F > 0 [see Fig. 8(a)]. This refractive index can be ob-
tained, e.g., by letting €(w) = u(w) = n(w). Such Lorentzian
resonances can be realized in metamaterials; however, there are
challenges associated with high gain (see Sec. V E). The same
refractive index can be obtained by setting €(w) = [n(®)]? and
n = 1. In the following, we will for simplicity consider this
nonmagnetic realization.

Provided F < 1, the zeros of e(w) are located in the
lower half-plane, so the medium does not support absolute
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instabilities. Hence, we may consider the monochromatic
limit. We take F = 0.5 and T" = 0.05wq, and consider the
observation frequency w; = 0.71wy, for which Ren(w;) =0
and Imn(w;) = —i0.072.

The trajectories of k,’s branch points k, = +n(w)w/c, as
Imw is reduced from y to 0 while Rew = w,, are shown
in Fig. 8(b). For ® = w; we can take the branch cuts along
the solid lines in Fig. 8(c), and the integration path along the
dashed line. We let the two branch cuts approach each other.
Considering an incident wave from vacuum, we find with the
help of (11b) and (14)

E(x,z,w)
V(wy)

o ket
:/ Uhy) 58— ok g,
—00 kiz + ko

ko ey ekt ke ikt )
+ / U(h)( e 2l )e”‘”dkx.
—ky ki + ko kg — ko

(32)

2

Here, the integration fih is along a vertical path from the
lower to the upper branch point [indicated with solid arrows
in Fig. 8(c)], immediately to the right of the branch cuts.

To interpret (32), we note that k3. = n*(w))w?/c* — k2 is
negative for real k, and also along the vertical integration
paths in Fig. 8(c). Since ky, — +ik, for k, — 400, kp, must
be positive imaginary for real k, away from the branch cuts.
Along the imaginary axis, however, k., becomes negative
imaginary, due to the presence of the right-hand branch cut. We
choose an excitation U (k,) = U (k,), with K, = 0 (normal
incidence). Clearly, the plane-wave limit does not exist, as the
second integral in (32) involves complex k,’s for which U, (k)
diverges as 0 — oo. For a finite, though large o, the field is
dominated by the second integral in (32). As a result of the two
terms of the second integral, the field contains a superposition
of modes with both signs of k,: evanescent (Imk, > 0) and
antievanescent (Imk, < 0).

The situation is different if we take the plane-wave limit
before the monochromatic limit. If we still assume K, = 0,
we have K, = +n(w)w/c. Both limits exist, and we end up
with the monochromatic field amplitude

2K,

iKAx+iKz:z—iw|t' (33)
Klz + KZZ

E(x,z,t) =

For the medium in this example, n(w) is negative imaginary
at the observation frequency @ = w;. Thus, we have an
antievanescent behavior.

In other words, let the beam width o be fixed and
finite. Then, after sufficiently long time, the field will be a
superposition of evanescent and antievanescent modes. On the
other hand, for o — o0, and after a long time the field will be
purely antievanescent.

E. Simultaneous refractive index medium

In the previous example, we observed that the evanescent
and antievanescent modes were excited simultaneously. We
will now demonstrate a remarkable result: that there exist
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FIG. 9. As Imw is reduced from y to zero (a), k.’s branch
points k, = +,/€ftw/c move along the trajectories (b). By deforming
branch cuts and integration paths, we get situation (c). In (b) the
branch cuts are taken to be along the trajectories, while in (c) they are
deformed into the solid lines.

isotropic media exhibiting positive and negative refraction
simultaneously.

Consider the example in Fig. 9. As @ approaches the real
axis, the branch point in the first quadrant moves via the fourth
to the third quadrant. The integration path therefore becomes
zigzag. We consider an incident wave from a passive medium
(medium 1) to the medium under investigation (medium 2),
and calculate the transmitted field using (11b). Using the
integration path in Fig. 9(c), this leads to

E(x,z,01)
g
Viwy)

o 2purky e’
U (ks T
</ /Ah ) ®) e + ks Hakiz + piko;

4ok, et 2uaky et
+/ Uk, )< Mok e Hakize )e’k‘xdkx
ke foki; + pika,  pokic — pika

z.uzklzeik2 ‘
+ B
vertical detours MZklz + /fLIkZZ

In (34), ky is the real part of the branch point in the first
quadrant, and the last integral represents all vertical integration
paths in Fig. 9(c), letting the up-and-down paths around a
branch cut be infinitely close to each other. In the third line
of (34), k», is the value along the upper integration path, above
both branch cuts.

e*Fdk,. (34)
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Considering the observation frequency w; (monochromatic
limit), we now take the plane-wave limit o — oo. Using the
Gaussian excitation U,(k, ), the limit exists provided |Imk, | <
|Re k, — K| on the integration path. Assuming —k, < K, <
kv, we end up with

4, K et Kot
5(x,z,t)=< M2 Kz _
MoKy + i Ko,

2“2Klze_”<2:z ) ein):—iwyt
ILZKIZ — K1 KZz
(35

With an excitation u(x) of finite support, the limit would not
exist; however, for bounded x and z we may come as close
as we wish to the field (35) by ensuring that the medium has
branch points sufficiently close to the real k, axis.

On the other hand, by taking the limit o — oo without
taking the monochromatic limit, we get

1 iy4o0o 2 K.
Sx.z) = —/ V(o) — 22k
27 Jiy—oo oKz + 1 Ko,

X exp(i Kyx +iKy.z —iwt)dw. (36)

However, moving the integration path down to the real w axis
requires K, to be analytic for Imw > 0. Even for weak gain
media, this will not be the case [6], except for the special case
K, =0.

If K. =0, and both /e and the Fresnel transmission
coefficient are analytic for Imw > 0, the integration path can
in fact be moved down to the real w axis. In the monochromatic
limit, we then get

212Ky,

Exz )= —————
H'ZKIZ + IL]KZZ

iK4\,r+iK2;zfiw|t, (37)
with K,, = +n(wy)w;/c. This differs from (35), and once
again the two orders of the monochromatic and plane-wave
limits yield different results.

In other words, consider the case K, = 0, for a sufficiently
large, but finite 0. In the monochromatic limit# — oo, the field
will then be approximately given by (35), i.e., a superposition
of waves with wave number + K. and — K in the z direction.
However, if 0 — oo first, the monochromatic limit leads to a
plane wave propagating in the z direction, with wave number
+ K. From this, it is understood that simultaneous refraction
is a two-dimensional effect. In the case of a finite o there
will always be oblique waves with &, # 0 excited, no matter
how large o is. After a sufficiently long time ¢ these oblique
waves will somehow establish waves along the z direction with
both signs for K,.. However, if o — oo is taken first, there
will be no oblique waves excited. The simultaneous refracting
waves can thus not be established. This latter situation is one
dimensional, as the excitation u,(x) is constant for all x, and
K, =0.

Trajectories for k.’s branch points, similar to those in
Fig. 9(b), can be achieved using a medium with the same
refractive index (31) as in the previous example, but at a
slightly higher observation frequency w; = 0.853w,. At this
frequency, and for sufficiently small |K,|, we have |[Imk,| <
|Rek, — K| on the integration path [Fig. 9(c)]. Then, the
limit 0 — o0 exists, and we end up with the field (35) for the
Fresnel situation, and a similar result for the current source in
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212K,

the plane z = 0 (then the transmission coefficients ey ey en

are replaced by uw; /2K c).

The time-domain response of a medium with €(w) =
u(w) = n(w), where the refractive index n(w) is given by (31),
was simulated using the FDTD method [19] for Lorentzian
media [20]. In the simulation, the situation with a current
source in z = 0 was implemented. For K, = 0, w; = 0.853wy,
and a finite, but large o, the field should describe a partially
standing wave consisting of traveling waves with both signs of
K., after sufficiently long time. It turns out, however, that the
time it takes to reach the monochromatic limit is much longer
than what is possible to simulate.

The simulations show that the fields grow rapidly as
they propagate, both in the x and z directions. This rapid
growth is explained as follows. Since the excitation vanishes
for 1 <0, it will contain other frequencies than just the
observation frequency. Even though the frequency spectrum
has a large peak at w;, the frequencies around resonance w
will dominate for a very long time, due to extremely high gain
there. Indeed, n(wy) = 1 — 104, so at resonance the forward
propagating wave will grow as exp(207rz/A), where X is the
vacuum wavelength, as it propagates in the z direction. Also,
the side waves, with k, = fn(wg)wo/c, will grow at this
rate in the +x direction. Since [Imk,| > |[Rek,| these side
waves will be strongly excited. For t — oo, the excitation
only contains w;, and the field should eventually describe
simultaneous refraction. However, as can be verified using
frequency-domain simulations, the transients are extremely
strong so it takes a very long time for them to die out.

Due to numerical errors, artificial reflections may happen
during FDTD if the fields become extremely large. If such
artificial reflections occur before the monochromatic limit
is reached, the simulation will never be able to reveal
simultaneous refraction: waves may be reflected back and
forth, being amplified as they propagate, and the solution will
eventually grow with time even at fixed points in space.

Nistad and Skaar showed that negative refraction can occur
at a single observation frequency w;, with arbitrarily low loss
for all frequencies, if there is a steep drop in Im n(w) just below
w; [14]. Itis similarly possible to achieve a negative refractive
index n = /e at arbitrarily low gain through a steep drop
in Imn(w) just above the observation frequency. For such a
medium, the trajectories of k.’s branch points will in fact be
similar to those in Fig. 9(b) for the frequencies where n(w) <
0. One such medium, where the maximum gain was reduced
to Imn(w) = —2, was simulated, but artificial reflections
destroy the validity of the simulation solution before the
transients die out. For FDTD simulations to be able to reveal
simultaneous refraction, media with a significantly lower gain,
while having branch point trajectories as in Fig. 9(b), must be
found.

VI. DISCUSSION AND CONCLUSION

Wave propagation in gain media has been considered
by a Fourier-Laplace integral in space and time. How the
correct monochromatic and plane-wave limits can be taken is
demonstrated by deforming the integration surface in complex
frequency—wave-number space. In some cases, it is possible
to deform the inverse Laplace transform contour down to the
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real w axis, at the expense of deforming the inverse Fourier
k.-integration path. For active media where this can be done,
the path will contain complex k,, representing amplified waves
as they propagate in the x direction. If such a deformation is not
possible, the inverse Laplace transform will contain complex
frequencies, and the field will therefore grow exponentially
with time, even at a fixed point in space: there is an absolute
instability.

It is shown that the monochromatic and plane-wave limits
generally do not commute; for example, one order may lead
to a diverging field, while the other order leads to a finite
field. The plane-wave limit may be dependent on whether it is
realized by a Gaussian excitation or a finite-support excitation,
eventually of infinite width. This is because amplifying side
waves are less excited by the Gaussian excitation.

The general path deformation theory is applied to analyze
familiar passive and active media, and to predict media
with novel properties. In particular, it is shown that certain
gain media may be simultaneous refracting, i.e., they refract
positively and negatively at the same time. It is argued that
this is a two-dimensional effect, i.e., it will not occur if an
infinitely wide source produces a wave propagating only in
the z direction. The monochromatic plane-wave response of
these media generally depends on which of the limits is taken
first, or the width of the source relative to the duration of the
experiment as both of these parameters tend to infinity.

An example of a simultaneous refracting medium is given.
For a large, but finite width of the source, this medium
is, in principle, simultaneous refracting after a sufficiently
long time, i.e., in the monochromatic limit. In attempt to
visualize the effect, and to independently verify the theory,
time-domain simulations of this medium were performed.
However, the simulations were not able to visualize the
effect, as the monochromatic limit never was reached. The
suggested medium has a very large gain at resonance, so
frequencies of the transients close to resonance will be strongly
amplified as they propagate into the medium. Due to the
occurrence of artificial reflections before these transients
die out, simultaneous refraction is therefore not seen in
the simulations. Similar stability problems are expected for
experimental realizations. It should therefore be investigated
if simultaneous refracting media with significantly less gain
exist.

APPENDIX A: PROPERTIES OF k_(k,,»)

We here consider the properties of the function k(ky,w)
along the real k, axis, and in a region Im @ > y. The function
is defined by (6) and (8). We prove that k,(k,,w) is zero free
and analytic in both arguments. Moreover, k, — +w/c for
w — oo and fixed k,, and k, — +ik, for k, — 400 and fixed
w. Initially, we require y to be large, such that ey is close to
unity in the region. In Sec. 111, we use analytic continuation to
make use of the results in a larger region (i.e., reduce ).

First, we consider the zeros of k.(k.,w), given by k, =
+./enw/c (see Fig. 10). None of these is located at real k,
since w is complex in the region Imw > y and €y is close to
unity there: Consider first a region characterized by a bounded
Re w. If a zero existed for positive k,, we could just increase
y (and therefore Im w) such that (/eu gets closer to unity
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FIG. 10. For a fixed @, with Im® > y and Rew > 0 [indicated
by an open circle in the complex w plane (a)], the zeros of k? =
€1’ /c? — k? are shown in the complex k, plane (b). For large Im o,
the zeros k, = £, /epw/c are located away from the real axis.

and arg w increases; then the zero would move away from
the real k, axis. Next, consider Rew — 0o. Since ,/en =
1 + O(w™?), the zeros are located at k, = +w/c + O(w™").
Thus, k.(k,,®) has no zeros approaching the real k, axis as
Rew — oo.

Second, we argue that k,(k,,w) is analytic in both argu-
ments. The analyticity in o has already been established (8),
and the analyticity in k, is immediate from (6) provided there
are no sign changes. Indeed, such sign changes are impossible:
If k,(k.,w) were discontinuous in k,, we could find a (k,,®)
and a tiny § such that k.(k, + §,w) =~ —k_(k,,w). This leads
to a contradiction since k. (k,,w) is zero free and continuous
in w in the region Imw > y, and k,(k, + §,w) — k. (k,,w) as
® — oo there.

It is interesting to examine the behavior of &, in the limit of
large k,. The sign of k. for active media in the total internal
reflection regime has been discussed extensively in previous
literature [3,4,6]. For k, = 0, we have k, & w/c in the region
Imw > y. As k, increases along the dashed line in Fig. 10,
the complex argument of kz2 increases according to the zero
configuration in the figure. Since &, is a continuous function
of k, it follows that as k, — +o00, k, — +ik,. This seems to
predict an evanescent behavior in the total internal reflection
regime of large k. ; however, it is important to remember that
we only have considered the complex frequencies with Im & >
y. Interpretation at real frequencies is possible under certain
circumstances (Sec. V B) [4,6]; however, for conventional,
weak gain media it turns out to be an instability associated
with amplified side waves.

APPENDIX B: EXISTENCE OF TRANSFORMS AND
INTERCHANGING THE ORDER OF INTEGRATION

Here, we establish the existence of the involved transforms
in solving Maxwell’s equations, and argue that their order
can be interchanged. To establish the existence, we must
make assumptions on the electric and magnetic fields, and
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their derivatives wrt x, z, and 7. These assumptions enable
formulating electromagnetics in the (k,,) domain by the £2
theory of Fourier transforms, to obtain the solutions (11).
Finally, we verify that the solutions are consistent with the
initial assumptions, making a self-consistent theory.

To limit the amount of writing, we will only consider the
electric field £(x,z,1) here; the other functions can be treated
similarly with some small complications from derivatives. We
will only consider the solution (11a); the other solution (11b)
can be treated similarly. With respect to x the function £(x,z,1)
is assumed to be in the Hilbert space £ of square integrable
functions. With respect to 7, £(x,z,t) exp(—y 1) is assumed to
be in £2, for a sufficiently large, positive y. Defining

E(x,z,w) = /wg(x,z,t)exp(iwt)dt, (Bla)
0

E(kx,z,t)=/ E(x,z,1)exp(—ikyx)dx, (B1b)

we assume that E(x,z,w) is in £2 wrt x for Imw = y, and
E(ky,z,t)exp(—yt) is in £ wrt ¢ for real k,. This means
that we can Fourier transform E(x,z,w) wrt x, or Laplace
transform E(k,,z,t). By solving Maxwell’s equation in the
resulting transform domain (w,k,) we obtain (11a). Our job
now is to verify all assumptions, after inverse transformation
of (11a).

To this end, we assume that the source u(x)v(t) is
sufficiently smooth such that

Ulk)k? € £' N L2,
V(ww? € L' N L

(B2a)
(B2b)

for p =0, 1, and 2. That a function of  is in £' N £?, such
as, e.g., V(w), is to be interpreted as V(o' +iy) € L' N L2
viewed as a function of the real variable o'.

Consider the factor p exp(ik.z)/ k, in (11a). A little thought
shows that this factor is bounded along the integration surface
(—00,00) X (iy —00,iy +00) in the (k,,w) space. Thus,
E(ky,z,w) € L' wrt (k¢,w), so with the help of Fubini’s
theorem we can express £(x,z,t) with inverse transforms of
either order (3).

By taking only one of the inverse transforms in (3), we can
write

1 © )

E(x,z,0) = 7/ E(ky,z,0)e™ " dky, (B3a)
27 J_
1 iy+oo .

E(ky,z,t) = */ E(ky,z,w)e " “"dw. (B3b)
27 iy—o0

Clearly, E(ky,z,w) € £? both wrt k, and w, so the functions
E(x,z,w) and E(k.,z,t)exp(—yt) are in £> wrt x and ¢,
respectively.

Substituting (11a) into (B3) we obtain

\% oo ik.z X
Erow) = PO / CUe™rdk,, (Baa)
4rc oo Kk
Uk iy+oo ik.z X
E(ky,z,1) = (k) pe V(w)we “'dw.
dre Jiy—oo ke
(B4b)
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Since the integrals in (B4a) and (B4b) are bounded
wrt w and k,, respectively, it follows that E(x,z,®) and
E(ky,z,t) are in £> wrt w and k.. After the final inverse
transforms, we therefore obtain a function £(x,z,t) for which
E(x,z,t)exp(—yt) € L2 wrt t and x.

We have assumed that the excitation u(x)v(t) is sufficiently
smooth, such that U(k,) and V(w) tend to zero sufficiently
quickly (B2). Considering the source U,(k,), as given by (21),
this is automatically satisfied. For U, (k, ), the condition will be
satisfied if u(x) is three times differentiable at its endpoints,
as evident from (22). For V (w), as given by (17), the condition
will not be satisfied; however, this can be fixed by slightly
smoothening the onset of wv(¢) such that it is three times
differentiable. This makes (17) valid for arbitrarily large w,
before it starts to decay faster. Defining 9() as the smoothened
excitation, () — v(¢) has finite support. Thus, V(w) — V(w)
is an entire function, which means that the smoothening does
not affect the electric field solution in the monochromatic limit.

The reason for doing this analysis in a more rigorous way
than is common in the physics literature is the appearance of
unusual phenomena and the need to go back to first principles
when considering gain media. Nevertheless, this Appendix
shows that the conditions for existence of the transforms are
similar for active and passive media; the only difference is
that the Fourier transform in time (for passive media) must be
replaced with the Laplace transform (for active media).

APPENDIX C: CAUSALITY AND THE TITCHMARSH
THEOREM FOR DIVERGING FUNCTIONS

To prove the causality result (9) from the choice (8),
we employ the Titchmarsh theorem [17,21], formulated for
exponentially diverging functions.

Let f(¢) be a causal function

f)y=0 for t<0, (C1)

such that f () exp(—yt) is square integrable for some real y.
Consider the Laplace transform of f(z):

F(w) = /oo f@) expliot)dt. (C2)
0

Then,

F(w) is analytic for Imw > y, (C3)

and there is a uniform bound K such that
oo
/ |F(o +iy)?do’ < K <oco forally’ > y. (C4)
—00

The converse result is also true: Let a function F(w) be analytic
for Imw > y and satisfy (C4) for some K. Then, the inverse
Laplace transform

1 iy+4o0
ft)y=— / F(w)exp(—iwt)dw (C5)

27 Jiy—co
satisfies (C1) and f(r)exp(—yt) is square integrable. The
proof is immediate from the Titchmarsh theorem by consid-
ering the function f(r) exp(—y¢) and its Laplace (or Fourier)
transform F(w' + iy).
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Returning to the electric and magnetic fields for z > 0,
as expressed by (5), we know that the corresponding time-
domain fields are causal (C1). Thus, the fields satisfy (C3)
and (C4). This means that C(ky,w)e’** and D(ky,w)e %%,
separately, satisfy these conditions. From the initial value
theorem and the fact that k,c = w + O(w™"), it is intuitively
clear that the factor e ~**:% shifts the beginning of the associated
time-domain response to earlier times by an amount z/c.
Thus, D(k,,w)e~*:* can only be compatible with causality
for all z > 0 if D(k,,w) =0. A rigorous argument goes as
follows (here, we suppress the k, dependence for clarity):
Since D(w)exp(—ik.z) is required to satisty (C4) for all
z, and since k.c = w+ O(w™"), we have for sufficiently
large y

/ |D(w’ + iy)lzda/ < 2K (z)exp(—2yz/c). (Co6)

00
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Here, K(z) is independent of y. If d(f) is the inverse
Laplace transform of D(w), then d(¢) exp(—yt) is the inverse
Laplace transform of D(w + iy). Thus, from Parseval’s re-
lation, [;° |d(1)]>exp(—2y)dt = 5= [*|D(o + iy)lPdw.
Combination with (C6) yields

T T
/ ld(1)dr < expyT) / |d(1)> exp(—2y 1)dt
0 0

< exp@yT) / () exp(—2y 1)dt
0

K(2)
T

<

exp[—2y(z/c —T)] (o))

valid for any z and T, and for sufficiently large y. Letting
z/c > T, it is apparent that we can make the right-hand side
as small as we wish, by letting y be sufficiently large. Since
T was arbitrary, d(¢) vanishes almost everywhere.
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Conventional textbook treatments on electromagnetic wave propagation consider the induced
charge and current densities as “bound” and therefore absorb them into a refractive index. In
principle, it must also be possible to treat the medium as vacuum but with explicit charge and
current densities, thus giving a more direct, physical description. However, since the induced
waves propagate in vacuum in this picture, it is not straightforward to reconcile that the wavelength
becomes different compared to that in vacuum. We provide an explanation for this phenomenon,
including associated time-domain simulations. As an extra bonus, the results turn out to illuminate
the behavior of metamaterials. © 2017 American Association of Physics Teachers.

[http://dx.doi.org/10.1119/1.5003810]

I. INTRODUCTION

Electromagnetic fields in a medium are governed by
Maxwell’s equations

VD = pre, (la)
V-B=0, (1b)
V x E = ioB, (le)
V x H = —ioD + Jjee. (1d

Here, we have assumed harmonic time dependence e~ The
two equations containing the auxiliary fields D and H are,
however, not unique. Their forms are dependent on which
charges are considered as “bound” and which are “free.”
Taking a source-free dielectric medium as an example, the
charge and current densities are conventionally considered as
bound and therefore described by the polarization density P.
In this way, the charges and currents do not bother us; they
are simply taken into account by using a (possibly complex)
permittivity e. In this picture, the two equations read

V-eE=0, (2a)
o'V x B = —iwcE. (2b)
But there is another possibility. The medium can be consid-

ered as vacuum, with charge and current densities described
explicitly. In this picture, the previous equations become

V- ¢E =p, (3a)
15V x B = —iweE +J. (3b)

If we write €E = ¢)E + P in Eq. (2), we find the connection
between the two pictures

J=—iwP, (4a)
p=-V-P (4b)
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In this note, we would like to use the two pictures to solve
Maxwell’s equations in a dielectric slab. As we know from
basic physics, the phase velocity and wavelength in the
medium will be different from the values in vacuum.'™ In
the first picture, this is shown straightforwardly in terms of a
refractive index different from unity. In the second picture,
however, it is less straightforward to realize that the phase
velocity and wavelength are changed compared to the situa-
tion in vacuum. After all, in this picture the medium is con-
sidered as vacuum, with additional current and charge
densities that can be viewed as sources. One would think
that a superposition of waves with vacuum wavelength will
result in the same vacuum wavelength.

It is worth mentioning that the second picture does not
describe any new physical effects compared to the first pic-
ture. While the mathematical reason for the altered wave-
length is clear in the first picture (Sec. II), the physical
reason will become more transparent in the second (Sec. III).
The fact that the induced field exactly cancels the incident
field is known as the Ewald-Oseen extinction theorem.*™

When considering wave propagation in dielectric media,
it is usually most practical to consider the induced charges
and currents as bound. The simplicity of the explanation of
the altered wavelength and phase velocity in terms of a dif-
ferent refractive index is definitely appealing compared to
the more complicated, but perhaps more illuminating, expla-
nation in the second picture. However, in some circumstan-
ces, it is natural to consider induced currents as free, e.g., the
induced current in a coil of wire due to a time varying mag-
netic field.

Whether induced currents should be characterized as free
or bound is a relevant question within the research field of
metamaterials. By designing structures with characteristic
size small compared to the wavelength of the electromag-
netic radiation, one may control the induced currents to
obtain electromagnetic responses not available in natural
materials. The superposition of fields produced by the
induced currents in the designed structures gives effective
permittivity €. and permeability g .

As an example, consider a metamaterial consisting of peri-
odically arranged, parallel, thin metallic wires surrounded by
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vacuum.’ For large wavelengths compared to the lattice con-
stant, the metamaterial can be viewed as a continuous plasma
with negative effective permittivity. This description corre-
sponds to picture 1, since the currents in the wires are
absorbed into an effective permittivity. For sufficiently small
wavelengths, it makes little sense to describe the structure
using an effective permittivity; it is more practical to
describe the currents in the wires explicitly (picture 2). In an
intermediate range of wavelengths, the medium can be
described with an effective permittivity, however, with spa-
tial dispersion. In this range, both pictures can be useful,
dependent on the particular application.

We will consider a simple metamaterial example: 1D
propagation through a periodic, layered structure® of alter-
nating permittivities €; and e,. The effective permittivity
becomes a weighted average of the two permittivities

Eldl + €2d2

- 5
Eeff dtdy )

with d; and d, being the thicknesses of the two alternating
layers. Such a metamaterial structure is used to visualize the
second picture through simulations in Sec. IV.

This paper is intended for teachers and students in under-
graduate physics who are familiar with basic electromagnetic
fields and waves. In particular, the discussion illuminates the
freedom in Maxwell’s equations when it comes to whether
charges and currents are considered as free or bound, thus
providing a connection between undergraduate physics edu-
cation and modern metamaterial research.

II. BOUND CHARGES AND CURRENTS

We consider a dielectric slab, located in the region
0 < z < a, with vacuum elsewhere, as shown in Fig. 1. The
dielectric medium is assumed to be linear, isotropic, and
homogeneous. A plane wave is normally incident from a

source located at z = —oo. From Maxwell’s equations, we
can derive Helmholtz’ equation
E'(:) + BE(:) = 0, ©)

with the following field solution in the dielectric medium:
E(z) = Ae'P” + Be iF-, @)

Here, f = kn, n = /& is the refractive index, € = €/ is the
relative permittivity, k = w/c is the vacuum wavenumber,
and c is the vacuum light velocity. From Eq. (7), we find that
the wavelength in the medium is 27/ = (2n/k)/n = A/n,
and the phase velocity is ¢/n. Here, A = 2n/k is the vacuum

W

0 z a

1
I
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Fig. 1. A dielectric slab located in the region 0 < z < a. A plane wave is
incident from z = — oo.
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wavelength. The constants A and B can be determined from a,
¢, and the source by using the electromagnetic boundary con-
ditions, i.e., that the electric and magnetic fields must be con-
tinuous at z=0and z=a.

III. FREE CHARGES AND CURRENTS

We would like to explain the result in Sec. II by consider-
ing the medium as charges and currents situated in a vacuum.
In each plane z = 7’ in the material, there is a current density

J(Z'), while the charge density is zero, according to Eq. (4).

The current density can be viewed as a source, distributed
over the volume of the slab. The current generates a varying
magnetic field and therefore also an electric field. By solving
Maxwell’s equations for a current source plane with surface
current density J(z')dz" in vacuum, we obtain the field

—gl(z’)e"k(z’”dz’ forz > 7/,

dEy(z,7) = ®)

7g.l(z’)e""‘<z"2’)dz’ forz < 7/,

where 7 = \/y/€o is the wave impedance in vacuum (see
Appendix A or, e.g., Ref. 9). In the observation plane z, the
total electric field will be a superposition of the field from all
current planes, in addition to the direct field Eq(z) from the
source. If we let 0 < z < a, we find

E(Z) = ES(Z) B gJ;J(Z/)eik<Z*Z’)dZ/

- g J J()e 24z ©)

To proceed, we need to know the connection between
the electric field and the resulting current. Assuming J =
—iwepyE for a susceptibility y,
E(z) =Eq(z2) + éeikZJ E(Z)e "™ d7
0
. a oy
+cfe”k"J E(Z)e™ d, (10)

where ¢ = iwegyn/2 = iky/2. This integral equation
expresses the total electric field as a sum of the source field
and the induced field from the currents in the medium.

To solve the integral equation, we differentiate Eq. (10)
twice and then substitute the original equation to eliminate the
integrals. Taking the source to be E(z) = ¢/**, the result is

E"(z) + B*E(z) = 0, (11
where ff now is defined by

B = (1= 2i¢/k) = k(1 + 7). (12)

To find the correspondence between the two pictures, we
need that ¢, = 1 + y, which is recognized as the usual con-
nection between susceptibility and permittivity.'*

The general solution to Eq. (11) is given by Eq. (7). The
constants A and B cannot be determined from boundary con-
ditions as in Sec. II, since now there is vacuum everywhere.
However, they can be determined by Eq. (10) directly.
Substituting Eq. (7) back into Eq. (10) gives
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E(z) = Ae' + Be -

_ gikz + éAeikZ J e[ﬁz’f[kz’dz/
0

+éBeikZ J e—iﬁz’—ik:’dz/
0

+5A€_[kz Ju eiﬁz'+[kz’dzl

a
+éBefikz J e—i/fzurikz/dz/. (13)

By calculating the integrals, one finds that the coefficients of
the resulting ¢ terms balance on each side of the equa-
tion. Once these terms are removed, A and B are found so as
to make the remaining ¢ terms exactly cancel. In particu-
lar, it then turns out that the z-dependence of the integral
terms cancels the e’ dependence of the source.

The reason for the e/ dependence in the medium, rather
than ¢***, can be explained intuitively as follows. First, let
the observation plane z be outside the slab, i.e., z > a. Rather
than Eq. (10), we would then have

d
E(z) = E(2) + & [ E()e % dZ | (14)
Jo
since now the observation plane is located to the right of all
current sources (z > z'). Similarly, for z <0 we have
a
E(z) = Es(2) + ée""“J E(Z)e* dz. (15)
0
Clearly, all sources (or induced currents) generate waves of
the form e=**, which, after superposition, also can be written
in this form.

Returning to an observation plane inside the slab, we must
use Eq. (10). As we move the observation plane to the right,
a different set of sources will contribute to the forward-
propagating wave, as seen by the upper limit z in the first
integral. What this means is that the z-dependence is not
only a result of the z-dependence of each wave separately
but also a result of the fact that the set of contributing sour-
ces to the left of the observation plane is dependent on the
position of the observation plane.

This provides a different perspective compared to the
analysis by James and Griffiths,” who viewed the response of

1.5 T
1.0 1
0.5 1
~
5 0
-0.5 1
-1.0 1
-1.5 - .
-10 0 10 20
z
Fig. 2. A plane wave is incident from a source located at z = —oo propagat-

ing through a dielectric slab with constant permittivity €, =4 (enhanced
online) [URL: http://dx.doi.org/10.1119/1.5003810.1].
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—1.5L— ‘ -
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z

Fig. 3. A plane wave is incident from a source located at z = —oo propagat-
ing through a metamaterial slab with e, = 4. The slab is a layered structure
where a high-index medium with €, = 31 fills 10% of the slab volume; the
remaining layers consist of vacuum with €; = 1 (enhanced online) [URL:
http://dx.doi.org/10.1119/1.5003810.2].

the dielectric medium as a perturbation expansion—the vac-
uum electric field induces a polarization, which induces a
field, which in turn induces another polarization, etc. While
such a perturbation series converges to a wave with reduced
speed c/n, the analysis is somewhat complicated and does
not explain the physical mechanism for the altered wave-
length in terms of z-dependent sets of sources.

IV. FINITE TIME DOMAIN SIMULATIONS

Figures 2 and 3 show the resulting electric field of an elec-
tromagnetic wave propagating through a slab. We have used
Finite Difference Time Domain (FDTD) simulations'®™"? of
the conventional Maxwell equations in a dielectric medium,
i.e., the time-domain counterparts of Eqs. (1b), (1c), and (2).
Outside the slab there is vacuum. In both simulations, nor-
malized units have been used. The source produces a wave
with frequency = 1 approaching the slab from the left. The
speed of light in vacuum is taken to be ¢ =1. Using these
units, the vacuum wavelength at =1 is 4 = 2.

In Fig. 2, the slab consists of a dielectric medium with
€ =4, which gives a refractive index n = /e = 2. The
wave propagates at the speed ¢/2, and the wavelength inside
the slab is 4/2, in agreement with the first picture described
in Sec. II.

In Fig. 3, the slab is a composite medium or metamaterial.
The layered structure consists of a high-index medium
(e, = 31) which fills 10% of the slab volume. Between the
high-index layers, there is vacuum (e; = 1). According to Eq.
(5), the homogenized, effective permittivity is e.s = 4. The
high-index layers are distributed evenly throughout the slab,
with a separation distance such that there are approximately four
unit cells over one effective wavelength. In other words, we
have essentially compressed the induced currents in the homoge-
neous slab into thin current sheets surrounded by vacuum.

In some sense, Fig. 3 therefore visualizes the second pic-
ture described in Sec. III—the total electric field is a super-
position of the source field and the fields produced by
induced currents in all high-index layers. When viewing the
field in Fig. 3 in detail, one finds that the variation with z in
the vacuum layers is slow, corresponding to waves in a vac-
uum, while the variation in the high-index layers is rapid.
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Fig. 4. A uniform surface current source J is located in the plane z=0. A
harmonic time dependence ¢ ' is assumed.

However, the resulting wave, if the small features are
washed out, is approximately as in Fig. 2. In the present sim-
ulation, the parameters were chosen such that the nonideal
effects are visible so that one sees the behavior in the differ-
ent layers. A more homogeneous solution could be obtained
by spreading the high-index layers out, i.e., by having more
units cells per wavelength.

V. CONCLUSION

We have described propagation through a dielectric slab
using two different pictures. The first picture, which is the
conventional one, regards the induced charges and currents
as bound, conveniently absorbing them into a relative per-
mittivity ¢. The fact that the wavelength and phase velocity
of the electromagnetic wave are different in the medium
compared to the situation in vacuum is explained in terms of
arefractive index n = /.

In the second picture, the medium is instead considered as
vacuum with source charge and current densities. A superpo-
sition of waves from sources in vacuum seems to imply a
wavelength equal to the vacuum wavelength. However, by
examining the superposition in detail, we find that the altered
wavelength and propagation speed are a result of the fact that
the set of sources to the left and right of an observation plane
z depends on z. Although the calculations become more com-
plicated, this picture provides useful physical insights.

Figures and animations of the resulting electric field from
FDTD simulations are provided to visualize the two descrip-
tions. The second picture, together with the simulation of the
metamaterial slab, may also be useful when it comes to
understanding the homogenized, effective parameters of
metamaterials.
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APPENDIX: FIELD FROM A UNIFORM SURFACE
CURRENT SOURCE

Let a uniform surface current source Js be located in the
plane z =0 and surrounded by vacuum (see Fig. 4). We want
to determine the electric field everywhere. In the region
z> 0, the electric field solution to Helmholtz’ equation must
be of the type E*e’*, while in the region z < 0 we must have
a field E~e ™. From reflection symmetry about the plane
z=0, we must have E- = ET. We choose the coordinate
system such that E* = E*X. From Faraday’s law, this gives
a magnetic field

1 kE* E*
Hf = VxE'=—y=—"1y, (AD)
e oy n
and similarly we find H- = —H'. Now, we apply the
Maxwell boundary condition
H —-H =J,x2 (A2)
to determine the constant E*. This gives ET = —(5/2)J;
and therefore
—nge’k forz > 0,
E(z) = (A3)

7%]56_”‘2 forz < 0.
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We state and compare four different definitions of magnetic permeability for periodic, artificial media, or
metamaterials. The connections among them, and properties in general, are discussed in detail, including causal-
ity, passivity, symmetry, asymptotic behavior, and origin dependence. The analysis is limited to metamaterials

made from linear and nonmagnetic constituents.
DOL: 10.1103/PhysRevB.99.064407

I. INTRODUCTION

In their famous textbook [1], Landau and Lifshitz argue
that magnetic permeability ceases to have any physical mean-
ing at relatively low frequencies and above. The basis of their
argument is that for high frequencies, the electric polarization
current may become comparable or even larger than the
current from the microscopic magnetization, contributing to
the magnetic moment of the sample. The microscopic magne-
tization cannot therefore be interpreted as the total magnetic
moment density.

For metamaterials, such as the split-ring resonator medium
proposed by Pendry [2], the induced current in the inclusions
is actually the main source of magnetism. By defining a
macroscopic magnetization vector to describe a given part of
the induced current, we obtain a definition of magnetic per-
meability which in principle can be used for all frequencies.
However, this raises several questions. First, how should the
induced current be decomposed into a magnetization term,
electric polarization term, and possibly other terms? Second,
will the resulting permeability have the “conventional” prop-
erties that we expect for a permeability?

We limit the discussion to periodic media. Clearly, there is
an infinite number of possibilities to decompose the induced
current [1,3-9]; any transversal part of the induced current
can be described both as a time-dependent, electric polariza-
tion term and a magnetization term. We will consider four
possibilities: In the so-called Landau-Lifshitz formulation
(Sec. III A), all induced current is described by the electric
polarization vector and therefore permittivity. Another natural
and well-known possibility is to define the magnetization as
the magnetic moment density of the sample, using a fixed
origin in each unit cell (Sec. IIIB). A variant of this ap-
proach was proposed by Yaghjian, Alu, and Silveirinha [8],
using a decomposition of induced current in Vinogradov and
Aivazyan [3] (Sec. III C). A final possibility is to define the
permeability to include “as much as possible” of the second-
order spatial dispersion of the Landau-Lifshitz permittivity.
This approach was used by Landau, Lifshitz, and Pitaevskii
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[1] and Silveirinha [5] and is generalized here (Sec. III D).
The method used to construct other decompositions will be
described briefly in Sec. III E.

Dependent on the particular decomposition, the resulting
permeability gets more or less nonlocal (or dependent on
wave number k). However, at least for metamaterials which
mimic natural magnetism, we expect that all four perme-
abilities coincide for low frequencies and that they are local
there. Nevertheless, to obtain a sufficiently large response,
metamaterials are often used for relatively large frequencies
where the lattice constant is comparable to the wavelength. In
this region the permeabilities may differ (Sec. IV).

In Secs. III and IV we will compare the different per-
meabilities and discuss their properties, including causal-
ity/analyticity, passivity, symmetry, asymptotic behavior, and
origin dependence. While some of these properties have been
established previously, at least for certain permeabilities or
with limited generality, the complete list, with associated
proofs, is new, to the best of our knowledge. In particular,
we develop a rigorous framework where the source is treated
as the proper input to the system and obtain analyticity and
invertibility for the tensor response function and the Landau-
Lifshitz permittivity tensor. This framework turns out to be
useful to establish that all inverse permeabilities are causal
(only one of them were known to be causal from Ref. [8]).
Furthermore, we determine the asymptotic behavior of the
permeabilities. We also find analytically and numerically that
all permeabilities may be different even for small ka, where
a is the lattice constant. This may appear surprising when
comparing the definitions of magnetization in Secs. IIIB
and III C. Finally, a novel feature about the formulations is
that even for nongyrotropic media, the magnetizations are
allowed to depend on the longitudinal electric field. This is
necessary to obtain a general treatment valid in the absence of
symmetries.

Before reviewing the homogenization procedure, we will
make a couple of definitions. The analysis happens in the
frequency domain. The fields and parameters are clearly
dependent on frequency in general; however, for simplicity in
notation, we will usually not write this dependence explicitly.
We use the standard notations O(k") and ©(k") for the
asymptotic behavior near zero or infinity; O(k") is used for
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expressions that are less than or equal to Ck" (C sufficiently
large constant), while ® (k") means expressions that tends to
CKk" for some constant C.

A time-domain function or distribution f(¢) is said to be
causal if it vanishes for ¢ < 0. A frequency-domain function
f(w) is said to be causal if

(i) f(w) is analytic in an upper half-plane Imw > y,
where y is some real constant;

(i) f(w) = O(|lw|") as w — oo in this half-plane, for
some integer 7.

This definition makes sense because of the following result
from the theory of Laplace transforms [10]: Any function
f(w) satistying (i) and (ii) above can be represented as a
Laplace transform of a causal time-domain function or dis-
tribution f(¢), setting the Laplace variable s = —iw.

II. HOMOGENIZATION

We consider a cubic periodic metamaterial. The meta-
material inclusions are assumed to be linear, nonmagnetic,
passive, and time-shift invariant. The microscopic, complex,
relative permittivity in a unit cell will be denoted e(r). The
permittivity and permeability in vacuum are €p and p, re-
spectively, and the vacuum light velocity is ¢ = 1/,/€gito.
Angular frequency is denoted w. The microscopic Maxwell
curl equations in the frequency domain are

V x e(r) = iwb(r), (la)

iV x b(r) = —iwepe(r) + j(r) + jo (1), (1b)
with time dependence convention exp(—iwt ). Here j(r) is the
induced current density, which includes the “bound” current
due to time-dependent, electric polarization density. More-
over, j.(r) represents an external source current density,
which can be expressed by an inverse Fourier transform

1
(2m)?

To probe the metamaterial in the appropriate regime, it is
natural to assume that the source is slowly varying over a
unit cell size a, so that essentially only k values with ka < 1
contribute in the integral. However, this assumption is only
necessary if we want our macroscopic fields to be true spatial
averages [see the paragraph with Egs. (8) and (9)].

It is convenient to consider each spatial Fourier component
in (2) separately to enable the use of Floquet theory. Rather
than (2), we will therefore use a source!

Jext () = Jeu(K)e™ T 3)

Then Floquet theory ensures that the fields can be written in
the forms

o (1) = / Jeu(K)e™ Tk, @

e(r) = ue(r, k)e*r, (4a)
b(r) = uy(r, k)e*T, (4b)
Jr) = uj(r, ke, (4c)

The dimension of J. (k) in (3) has an extra m=3.

where ue(r, k), uy(r, k), and u;j(r, k) are periodic functions
with periods equal to those of the material. Thus we can write

Ue(r k) =Y Epp(K)e™ ", ®)

Imn

where by,,,,’s are the reciprocal lattice vectors. In other words,
the resulting field e(r) contains a discrete Fourier spectrum,
with a fundamental component

E(K) = Egoo (k). (6)

This component is the zeroth Fourier coefficient of the peri-
odic function u,(r, K):

Ek) = é / u(r, K)d*r = é / e(m)e 3, (Ta)
|4 14

where V' denotes the volume of a unit cell. Note that (7a) is
not a Fourier transform, as e(r) is dependent on k. Similarly,
we have

B(k) = L / uy(r, K)d’r = L / b(r)e *Td3r,  (7b)
vy vy

Jk) = L f uj(r, K)d’r = 1 / jme ® 3y (Tc)
vy vy

As in Refs. [5,7,8], we define the macroscopic field associ-
ated with the single-Fourier-component source as

E(r) = E(k)e*T, (8a)
B(r) = B(k)ekT, (8b)
T () = J(k)e*T. (8c)

This definition, from the fundamental Floquet mode can
in principle be used for all k and w. Only when ka < 1
can we view the macroscopic fields as true spatial averages
according to

E(r) = / f)e —r)d*r, (9a)
B(r) = /f(r’)b(r — r’)a'3r’, (9b)
T = / FEN@ — ). 9¢)

Here f(r) is a test function whose Fourier transform is
negligible outside the first Brillouin zone and normalized to
unity for k = 0. The equivalence of (9) and (8) under these
conditions is established by Fourier transforming (9) [11].
Starting from the microscopic Maxwell equations (1), us-
ing (4) and (5), we can prove (see Appendix A for details):

ik x E(k) — iwB(k) = 0, (10a)

Miik x B(k) + iwegE(k) — J(k) = Jexi(K).
0

As will become clear in the next two paragraphs, Egs. (10)
should be viewed as the k-space counterparts of Maxwell’s
equations for macroscopic fields E(r), B(r), and J (r). They
are not the k-space counterparts of the microscopic Maxwell
equations.

(10b)
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In this work we will mostly use the single-Fourier-
component source. However, we will now discuss the macro-
scopic field after superposition of the spatial Fourier com-
ponents according to (2). Rather than (8a) we then have the
macroscopic field

E(r) = f Ek)e®Td’k, (11)

1
Q)
which is the inverse Fourier transform of the fundamental
Floquet mode E(k). The macroscopic fields B(r) and J (r)
are expressed similarly. It is important to note that £(r) #
e(r) in general. Even for wave-number spectra with ka < 1,
the microscopic field e(r) may vary rapidly in the unit cell,
as described by the periodic function (5). The operation (7a)
picks only out the constant term in (5), and the inverse Fourier
transform (11) is not able to restore the rapid variation.

By inverse Fourier transforming (10) we obtain the
Maxwell equations for the macroscopic fields (or fundamental
Floquet modes):

V x E(r) —iwB(r) =0, (12a)

Miv x B(r) + iweg€(r) — J(r) = jo (r). (12b)
0

In principle, the Maxwell equations (10) and (12) are valid
for all @ and any spectra of k’s. In other words, although it
is natural to assume that ka < 1 for the contributing modes,
such that the macroscopic fields are true spatial averages, we
may in principle use the macroscopic fields for the entire
k and o spectrum, as long as we recall their meaning as
fundamental Floquet modes. A natural question then is if the
macroscopic fields have any physical significance for arbitrary
ka. Indeed, it turns out that they can be used to calculate
the work done by the source in each unit cell, provided the
wave-number spectrum is sufficiently narrow (Appendix B).
Note that in the presence of a source, w and k are free
parameters [5,7,8,12], resulting from the Fourier decomposi-
tion of the source with respect to ¢ and r. For example, the
homogenized electric field is described in (w, k) space by the
quantity E(k), which is dependent on w and k separately (the
o dependence is suppressed in the notation). For discussions
on causality and asymptotic behavior we will hold k fixed
and vary . This corresponds to considering the frequency (or
temporal) dependence of a single spatial Fourier component
of the source and the associated response. As seen below, this
leads, e.g., to a causal Landau-Lifshitz permittivity [1,12].

III. INDUCED CURRENT

Now the big question is how to decompose the induced
current density to obtain a macroscopic permittivity, perme-
ability, and possibly other parameters. In the most convenient
and conventional case, we can express

J(k) = —iwP(k) + ik x M(k), (13a)
P(k) = ¢g(e — 1)E(k), (13b)
M(k) = 15" (1 = = )B(K), (13¢)

for some relative permittivity and permeability tensors € and
1 independent of k. Then we have a local description of the
constitutive relations. By defining auxiliary fields

D(k) = ¢oE(k) 4+ P(k), (14a)
H(k) = B(k)/uo — M(k), (14b)
Maxwell’s equations (10) can be written
ik x E(k) — ioB(k) = 0, (15a)
ik x H(k) + ioD(k) = Jexi(K). (15b)
Transforming to the spatial domain,
V x E(r) —iwB(r) =0, (16a)
V X H(r) + ioD(r) = jou (1), (16b)
with
D(r) = €g€(r) + P(r) = €pe&E(r), (17a)
H(r) = B(r)/uo — M(r) = puy'w'Bx), (17b)

where P(r) and M(r) are the inverse Fourier transform of
P(k) and M(Kk), respectively. The equation set (16) with (17)
is a local description of the electromagnetic fields.

In general, it is not always possible to express the induced
current exactly as in (13) with local constitutive parameters €
and p (independent of k). In Secs. III A-III D we will consider
four possibilities of how to decompose the induced current.
All decompositions have appeared in previous literature, al-
though the one in Sec. IIID has been generalized. In each
subsection, we will discuss the properties of the different,
resulting permeabilities. In Sec. III E we discuss how one can
construct other decompositions and analyze their properties.

We want Maxwell equations in the forms (15) and (16) to
be valid in all cases, however, with different expressions for
the auxiliary fields D(k) and H(k). The strategy will be, first,
to define a magnetization M(k) and then put

k) — ik x M(k
D) = () + 10—

. (18a)

H(k) = B(k)/ 1o — M(k).

Substituting (18) into (15), we recover (10).

From now on, we will omit the k dependence in the nota-
tion, i.e., we will, e.g., write J rather than J(k). An exception
is the Landau-Lifshitz permittivity in Sec. III A, which always
will be denoted €(w, k), i.e., with arguments. Note that the
fundamental fields, i.e., E, B, J, and J., are the same in all
formulations. We will often, without loss of generality, orient
the coordinate system such that k points in the X direction, i.e.,
k = kx.

(18b)

A. Landau-Lifshitz (11) formulation

In the Landau-Lifshitz formulation [1], we describe all
induced current in terms of a electric polarization density P":

J=—iwP". (19)

This means that the magnetization is zero (Mll = 0), and the
permeability is trivial, p; = I. The displacement vector is
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D' = eE + P!, or
D" = ¢E — J/iw. (20)

In a linear medium, there is a linear constitutive relation
between D! and E:

D" = ¢)e(w, k)E. 1)

This defines the Landau-Lifshitz permittivity €(w, k). We note
that the constitutive relations are described in the form of
a single parameter, €(w, k). Considering terms up to second
order in k,

€ij(@, k) — 8ij = xij + aujki /€0 + Buajkikic? Jo?,  (22)

for some tensors y;;, & j, and By, ;, independent of k. In (22)
summation over repeated indices is implied. In the presence
of strong spatial dispersion, where higher-order terms are
not negligible, we let the By jkkklcz/a)2 term absorb the
remainder. For such media the Bj;; tensor gets dependent
on k.

Maxwell’s equations (10) take the form

ik x E —ioB =0, (23a)
1
— ik X B 4 iwepe(w, K)E = Jex. (23b)
Mo
By eliminating B, we obtain
o?
[kzh ~ (. k)]E = ioptodex (24)
&
with I, = I — kk/k?, where I is the identity, or
0 0 O
I,=(0 1 0], (25)
0 0 1

expressed in a coordinate system where k = kX. The matrix
in the brackets in (24) can be inverted (Appendix C) to obtain
an input-output relation

E= G(ws K)Jexts (26)
where G(w, k) is a (matrix) response function given by
o?
G(w, k)" = (iwp)™ [181 L= €, k)]. 27
c
For an isotropic medium, the permittivity tensor can be written
€ 0 0
ewk)=10 e 0|, (28)
0 0 €]

for a longitudinal €| and transversal €, permittivity, respec-
tively. In this case the response function G(w, k) becomes
G(w, k) = 1/iwege| or

Glo.ky = 0 (29)

2
kZ — CTEL

dependent on the direction of the source Jey;.

For each k, we have, due to passivity and causality (Ap-
pendix C):

G(w, k) analytic for Im @ > 0 and fixed k, (30a)
—G(w, k)" — G(w, k)~ positive definite, (30b)
det G(w, k) # 0 for Imw > 0, (30c)
detG(w, k)™ #0forImw > 0, (30d)
€(w, k) analytic for Im @ > 0 and fixed k, (30e)
—iwle(w, k) — €(w, k)] positive semidefinite. (30f)

Here 1 denotes Hermitian conjugate (transpose and com-
plex conjugate). For (30f) we have assumed real w and k, as
is the case for Fourier decomposition of the fields (Sec. II). If
the Fourier integrals in @ and k are deformed into the complex
plane, then the permittivity satisfies (C13) rather than (30f).

For reciprocal metamaterial inclusions, we have

G (w, —k) = G(w, k),
e (w, —k) = €(w, k),

(31a)
(31b)

where the superscript “T” denotes transpose. From (27) the
two equations in (31) are equivalent. The symmetry relation
(31b) is well known in the literature [1,12]; a proof can be
found in Ref. [8].

For nongyrotropic media, we have €(w, —k) = €(w, k)
[1,12]. This will be the case if there is a center of symmetry in
the medium. Then the odd-order term in (22) vanishes,

Qikj = 0. (32)

The asymptotic behavior of €(w, k) as w — oo can be viewed
in two different ways. In principle, for sufficiently large fre-
quencies the permittivities of the inclusions and host medium
tend to unity [1]; thus eventually €(w, k) — I. Nevertheless,
in some cases it can be convenient to describe the asymptotic
behavior as €(w, k) — const, where the constant tensor limit
can be different from identity. This may be the case, e.g., if
the permittivities of the inclusions and the host medium are
considered nondispersive in the frequency range of interest.

With either of these asymptotic behaviors, the tensors
e(w, k), G(w, k)™', and G(w, k) are causal functions. This
follows from the definition of a causal function in Sec. I and
(27) and (30).

B. Multipole decomposition

The traditional way to decompose the induced current is
by multipole expansion [7,9,13]. Consider the unit cell that
contains the origin. Using

exp(—ik-r)=1—ik-r—(k-r)?/24+0[(k-1)’], (33)

we obtain from (7¢) to second order in k:

J= %/Vje"'k'rd%’ (34)
1 ;73 : ;13 1 2: 13
:V-[/V.]d r—lk-[/rjd r—E‘/V(k-r)‘]d r]
= —ioP+ik xM—owk-Q/2 —iwR, (35)
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where
P ! f jd* (36a)
= °r, a
1
M = o /V r x jd’r, (36b)
1
Q=—— f (rj + jr)d’r, (36¢)
—ioV Jy
! / (k- v)’jd’r (36d)
21wV Vv ’

Here we have decomposed the tensor rj into its antisym-
metric and symmetric parts,

k- (rj—jr)/2+ k- (rj+jr)/2
=k xrxj/2+k-(rj+jr)/2. 37)

k-rj

In addition to the polarization vector P, magnetization vector
M, and quadrupole tensor Q, the extra term R includes electric
octupole and magnetic quadrupole. All these multipole terms
are dependent on k although not explicitly specified.

A convenient feature of the multipole decomposition is that
the terms have a clear physical interpretation. In particular,
M quantifies the amount of circulating, induced currents. For
example, if a 2D metamaterial unit cell consists of a cylinder
inclusion with a circular symmetric current in the azimuthal
direction, we obtain P =0, Q =0, and R = 0, while M is
nonzero.

From M we define, as usual,

H=B/n —M. (38)

The remaining terms in (35) go into the displacement vector,
according to(18a)%:

D=¢E+P—ik-Q/2+R. (39)

In a linear medium, we can write the associated constitutive
relations

Py = €oxijE; + i jkeEj + Niajkiki Ej/(uow®),  (40a)
M; = w§iiEj + vijkiE; [ (Low), (40b)
Qi = 2iou;E; + 2iviikiE; [ (ow?), (40c)

Ri = Y jkiki Ej /(110w (40d)

for some tensors x;;, &ixj» Nikij» Oikj» Yicij» Wikij» and pseu-
dotensors ¢;; and v;;;. Treating the (pseudo-)tensors as Taylor
coefficients independent of k, we have included the necessary
orders of k such that J is second order when substituting in
(35). We can consider higher-order spatial dispersion by let-
ting the highest-order term in (40) take care of the remainder.
For example, in (40b) this will lead to a v;;; which is dependent
on k.

From Faraday’s law B = k x E/w, we note that any de-
pendence on B is taken care of by the k-dependent terms

2 Alternatively, the electric octupole-magnetic quadrupole term R
could be split such that the magnetic quadrupole is included into (38).

in (40). For later convenience we have included certain k-
independent quantities (such as Jow?) in the tensor elements.
Magnetoelectric coupling is taken into account in terms of &
and g e

We are interested in the magnetization (40b). Choosing a
coordinate system such that k = kX, we can write

M; = & E; + kvit i E;/(ow)
= wgiiEj + kvinEr/(uow) + 15 (1 = = ")iB;j, - (41)

with
-V v
|t = [ 213 212]. 42)
—V33 V312
Here ' is identified as an inverse permeability, resulting

from the magnetization M defined as the averaged magnetic
moment density (36b). Note that in the coordinate system
where k = kX, the inverse permeability is described as 2 x 2.
The reason for this is that B is transversal (i.e., B; = 0) and
that only the transversal part of M contributes to J by (35). In
an arbitrary coordinate system, (42) can be written

_ kik,
[Q’2 l)im:&‘mkj%‘)ilj’ (43)

where &, is the Levi-Civita symbol. This means that 1 —
1! is a tensor.

We will now compare the Landau-Lifshitz formulation and
the multipole decomposition. By eliminating D from (20) and
(21), and comparing with (35), we obtain

co€(@w, K)JE=¢E+P—-KkxM/w—ik-Q/2+R. (44)
Using the constitutive relations (40), this gives
Eij(a)v k) — 51‘/
= xij + Gixj + oikj — Eikm&mj)kx /€0
+ (Viktj + Wity + Niwrj — EitmVn ki . (45)

Comparing (22) and (45), and noting that Bix; j, Vi j, and ;g ;
can be taken to be symmetric in k and /, we have

aixj = &ixj + Oikj — EikmCmj» (46a)
Viklj t Yikj  EikmVilj t EitmVinkj
By = Yty + Mgy + L Em IR
2 2
(46b)

For nongyrotropic media, if there is a center of symmetry
in the medium, then we can take the center of the unit cell to be
the center of symmetry. For k = 0, from symmetry and (36),
it follows that M = 0 and Q = 0. This means that ¢;; =0,
Oikj = 0, and from (32), %‘ikj =0.

In other words, for nongyrotropic media, M and Q contain
only first-order terms in k, which means that all terms in (35)
except P are second order in k. This means that the electric
octupole-magnetic quadrupole term R can be of the same
order of magnitude as the magnetization and quadrupole
terms [9]. Thus, when concerned with the magnetic response,
the R term and Q should in general be taken into account in
addition to M.

Even when considering an asymptotic behavior of the mi-
croscopic permittivity e(r) — 1 as w — 00, it turns out that
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for fixed k, we have ! 4 I in general [14]. An asymptotic
value different from identity does not violate causality, as
u~' — I is only required for eigenmode propagation where
w and k are connected. Even though the asymptotic behavior
for fixed k may have limited direct physical importance,
it has implications for the Kramers-Kronig relations, being
formulated for fixed k. The asymptotic behavior of u is
found as follows. The asymptotic behavior of any microscopic
permittivity is of the form [1]

W2(r)

w?

e(r)=1- +0(™), 47)
where w)(r) is the plasma frequency. As @ — oo the fields
will tend to those we would have if the metamaterial were
replaced by vacuum. Thus we can write

e(r) = Eexp(ik - r) + f(r), (48a)
i(r) = —iweole(r) — 1][Eexp(ik - 1) + f(r)], (48b)

for some f(r), with
f(r) > Oas w — oo. (49)

Here we have assumed a source such that E is independent
of w for large frequencies (this condition can be removed).
Having an expression for j(r), it is straightforward to obtain
M by (36b):
M = 290 « / rle(r) — 11e*7d*r
2V 74

ia)é()

2V
According to (47) and (49), the last term in (50) tends to zero
faster than w~'. Comparing with (40b), this means that the
term will not contribute to v;;; in the limit @ — oo. The first
term in (50) can be written

/ r x f(r)[e(r) — 1]d°r. (50)

—iéo
20V
The integral in (51) is clearly nonzero in general. Then (51) is

O(w 1), which by (40b) means that v A 0. We therefore find
that

E x / roX ()™ d’r + 0(w ™). (51)
14

1—p ' =0()asw— oo, forfixed k, (52)

and, in general, n! 4 L

For diagonal p it is straightforward to find examples
where Im g is both positive and negative, depending on the
frequency (see Sec. IV). This is not a violation of passivity;
it is just an indication of the phase relationship between
the magnetization and the macroscopic field in the unit cell.
The fundamental passivity condition is only that the Landau-
Lifshitz permittivity satisfies (30f).

We will now consider the causality and analyticity of the
inverse permeability. Note that E is the same in all formu-
lations, so we can use the Landau-Lifshitz formulation to
express

E = G(0, K)Jexis (53)

with a response function G(w, k), as in (26). According to
(30c), G(w, k) is invertible in the upper half-plane Im @ > 0.

Hence, we can choose Je such that only a single component
of E is nonzero, say, E;, and such that E; is any analytic
and causal function. The required J.y is analytic in the up-
per half-plane from the analyticity of G(w, k)~!. Taking the
asymptotic behavior of G*I(w, k) as w — oo into account,
the required J.y, is realizable as a causal source.

We have from (41) that

M; = wgiiEj + kviiEj/(ow), (54)

where now only a single component E; is nonzero. Clearly, the
microscopic, induced current j is causal, since it is causally
related to the source. Thus M;, as given by (36b), is causal.
Putting k = 0 in (54), and remembering that E; is any causal
function, it follows that ¢;; is analytic in the upper half-plane.
By letting k # 0, we find that v;;; is analytic there, since M;
and w¢;;E; are. From (42) we conclude that 1~ is analytic in
the upper half-plane. Moreover, taking (52) into account, g~
is causal. Writing ! (w, k) — p~'(00, k), we can establish
Kramers-Kronig relations (C10) for x(w, k) = = (w, k) —
' (o0, k) [15].

It is also possible to combine ¢;; and /,Lijl into a single,
inverse permeability tensor [8] and consider its causality. In
a coordinate system where k = kX, Faraday’s law (10a) be-
comes E; = Bzw/k and E3 = —Bw/k. We can then express
(41) as

M; = winEr + kvinE1 /(jow) + 0*¢oBs /k
— &’ ti3Ba/k + py' (1 — p™")isB, (55

or
M; = 0t Er + kv Er/(ow) + g (1 — B1B;  (56)

with the modified inverse permeability

2
. o Moo [ 83 szi|
pl=pt - . (57)
k [—§ 33 I
In the two previous paragraphs we found that p~! and ¢;; are

analytic in the upper half-plane; thus so is jz !

It is interesting to note that all (pseudo-)tensor elements
in (40) are analytic in the upper half-plane. This is seen as
follows. First, recall from (53) and (30c) that the source can be
chosen such that only a single component of the electric field,
say, E;, is nonzero and such that E; is any analytic function.
Also, P;, M;, Qjx, and R; are analytic, since they are given by
the induced, microscopic current through (36). We now apply
the general result in Appendix E to the expansions (40), with
the result that all (pseudo-)tensor elements in (40) are analytic
in the upper half-plane.

Finally, we note the well-known fact [16] that, in general,
the multipole quantities are dependent on the choice of origin.
We have assumed that the origin is inside the unit cell V, but
we are free to move the origin inside the cell. Substituting r =
r' +ro in (34) and expanding the exponential exp(—ik - r’)
give

J=e " (—jwP 4+ ik x M —wk - Q' /2 —iwR’), (58)
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with
M ! " x jd? (59a)
= — r X T, a
W ), jd’r,
1
Q = — f ('j + jrd’r, (59b)
—ioV Jy
1
R = k-r)jd’r. 59
2l.wva( r')’jdr. (590)

By changing ry, the different multipole quantities will
change, however, such that the sum of contributions to the
induced current [right-hand side of (58)] is constant. Since

ia)r()
2

we have M’ ~ M when waP < M.

Since the magnetization vector is dependent on the choice
of origin, so is the resulting u in general. This dependence is
not only a consequence of the difference between M' and M
but also the exponential factor exp(—ik - rg) &~ 1 — ik - r¢ in
(58). This factor will mix the ®(1) and ®(k) terms in (54) in
the presence of magnetoelectric coupling (g;; # 0).

M/:M—F

x P, (60)

C. Vinogradov-Yaghjian (vy) decomposition

In Vinogradov and Aivazyan [3] the microscopic current is
decomposed into three terms:

J=-rV . j+iVx@xj)+iV. (@j+jr. (61)

Equation (61) can be verified by straightforward calcula-
tion. The microscopic current satisfies continuity V -j =
iwo, where o is the microscopic induced charge density.
Yaghjian, Alu, and Silveirinha [8] suggested to decompose
the macroscopic induced current by substituting (61) into (7c¢),
resulting in

J = —ioP% + ik x MY + wk - Q%/2, (62)
where
1 .
PY = _ / o(myre ™ d’r, (63a)
vy
1 .
MY = v /V r x jir)e ®Td3r, (63b)
1 .
W= ———— /(jr +rje * T3 (63¢)
iV Jy

The integrals are over the unit cell containing the origin. To
obtain (62) it is assumed that the boundaries of the unit cells
lie in free space. Equation (62) is not a multipole expansion,
due to the factor exp(—ik - r) in the integrands of (63). All
induced current is described by the three terms in (62), as
opposed to a multipole expansion with an infinite number of
terms. Note that the sign of the “quadrupole” term wk - Q" /2
is opposite of that resulting from a conventional multipole
expansion (35).

From the magnetization M"Y, we can define a permeability
exactly as in Sec. III B. From a constitutive relation

M;’y = a){i\}ij + vi\z.klEj/(;Loa)), (64)

set
kik
—1 kRl
(1 - ILVY )im = Smkj k2 V’\Z (65)
or
_UV)’ vVY
-1 _ 213 212
- ’LV)’ - |:_ vy vy (66)
Viiz Vsio

in a coordinate system where k = kX. (Alternatively, as in
Ref. [8] and in (57), we can define a new permeability fty
by combining ., and ¢* into a single tensor.)

The asymptotic behavior of ;Lv’yl turns out to be different
from that of g~ in Sec. I1I B. Substituting (48b) into (63b):
iwé()

vy __ — 3
MY = VEX/Vr[e(r) 11d°r

ia)éo

2V

The first integral is independent of k and therefore cannot
contribute to the last term in (64). The second term in (67)
tends to zero faster than ™! [see (47) and (49)] and leads to
a vlvly, that tends to zero. We therefore find that

r x f(r)[e(r) — 1le " *Td3r.  (67)

—1

Ry — I as w— oo. (68)

The definition of M"Y in (63b) can be used to prove that uv’yl
is analytic in the upper half-plane Im @ > 0, using the exact
same method as in Sec. III B. This result is already known
from Ref. [8]. Taking (68) into account, we conclude that ;Lv’yl
is causal for each, fixed k.

The connection between the constitutive parameters for
P, MY, Q%, and the Landau-Lifshitz permittivity can be
obtained directly from (45) by setting v;; = O (and adding
superscripts “vy”).

At first sight, the multipole quantities in (36) and in (63)
seem to be quite similar; the difference is only a factor
exp(—ik - r) in the integrands. The connection between the
multipole quantities can be established by expanding the
exponential (33). Note that since we are interested in magnetic
effects, which are known to be a second-order @ (k?) effect
in the Landau-Lifshitz permittivity, we include terms for the
induced current up to order ®(k?). Expressing iwo =V -
and using integration by parts, we obtain from (63a):

1 ) K- )
—iwPY = — / jekrgd, - 28 / jre® T3 (69)
Vv V.
Expanding the exponential we find to second order in k:

1
—iwP%W = —iwP — wk - Q — iwR — v /(k P&k - ord’r.
\4

(70)
Furthermore, we obtain

k
ikvay:ik><M+—~/(jr—rj)(k~r)d3r (71)
ZV 1%
and
v k . . 3
wk-Qy:wk-Q—f—V- Gr+rjpk-r)d’r. (72
14

Equations (70)—(72) show the relation between the “dipole”
and “quadrupole” terms in (62) compared to the usual ones.
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For example, (71) shows that the difference ik x (M"Y — M)
is given by a magnetic quadrupole term.

Summing the contributions to the induced current, we
obtain

—iwP" + ik x MY + ok - Q¥/2
= —iwP + ik x M — wk - Q/2 — iwR. (73)

Equation (73) could have been found directly by comparing
(35) and (62).

One may think that M"Y and M, and the corresponding
permeabilities, are equal in the limit ka — 0, since then the
exp(—ik - r) factor in the integrand in (63b) tends to unity.
Surprisingly, this is, however, not true in general. As an
example, consider a metamaterial with a center of symmetry
in the unit cell, which is taken as the origin. We must have

j(=r)=j(r) whenk — 0, (74)

which means that M — 0 as k — 0. In other words, M =
O(k). This can also be realized from Faraday’s law: When
there is no magnetoelectric coupling, M is proportional to B,
ie.,, M= xB = x(k x E)/w = O(k) for some tensor x. By
expanding the exponential in the definition of M"Y (63b), the
connection between M"Y and M can be written

MY =M+ — / (k - o)r X j(r)d*r. 5)
2V \%

The factor k - r in the integrand destroys the odd inversion
symmetry, so the integral does not vanish in general. Thus the
integral is ®(k) and may be equally important as M in the
limit ka — 0. Recall that the permeabilities are found from
the O(k) part of M"Y and M, respectively. In other words,
even though both M"Y and M tend to zero, the permeabilities
derived from MY and M may be different. The difference
between the permeabilities will be explored numerically in
Sec. IV.

Finally, we note that in general, the quantities P*Y, M"Y,
and Q" are dependent on the choice of origin inside the cell
V. Since M"Y may be origin dependent, so is the resulting
permeability p,y. From the definition (63b) it follows that the
relative size of the origin dependence of M" is negligible
when waP" « M"¥. Numerically, the origin dependence of
My turns out to be minor, as discussed in Sec. IV.

D. Transversal-longitudinal (tl) decomposition

Starting from the Landau-Lifshitz permittivity, it is natural
to use a strategy to put “as much as possible” of the k-
dependent induced current into the magnetization and there-
fore the permeability. The resulting permeability is a gen-
eralization of that in chapter XII of Landau and Lifshitz’s
textbook [1] and in Silveirinha [5].

The induced current can be divided into two parts:

J = —iwP" + ik x M". (76)

In (76) the part which is independent of k is put into the first
term —iwP"'. Moreover, the k-dependent part is divided into a
longitudinal part (which is parallel to k) and a transversal part.
The longitudinal part is also absorbed by the —iwP! term,
while the transversal part is taken care of by the magnetization

term ik x M. In a coordinate system oriented such that k =
kX, we can write

J = (—iwP)', —iwP) — kMY, —iwP} +ikMY),  (77)

where P4 and P! are independent of k. As in Sec. III B (41),
Wwe express

M} = wC{iE; + kv}} E;/(now)

kVFl E1 _ _
= wg'il/l'E.i + AL + Wy 1(1 — Ry l)ijB.i
kvl E 1
d i1k .
=wlEi+ ——+4+ —|(1 - k x E|. (78
a)g-u J + How + M(]w[( My ) ]z( )

for some ¢, v, and py.
The induced current density can also be expressed
Ji = —iwegle;j(w, K) — 8;1E;, (79)

—iweol xij + ki) €0 + Bujkikic? /@*1E;, (80)

where we have substituted the Landau-Lifshitz permittivity
(22). Equating the 0k?) part of (77) and the last term in (80),

we obtain
1 Bz —Ban
l—py = _ :
Bz Pan

In an arbitrary coordinate system, the tensor (81) can be
written

(81)

_ kikik,k
(1 =ri'l.= Smipsnjq%ﬁiklj- (82)

For strongly spatially dispersive media, we have let the last
term in (80) contain the remainder [® (k%) and higher order].
Then Bi;; and the resulting i, become dependent on k.

The symmetry (31b) means, according to (22), that
Bik1j(K) = Bjxi(—=k). This means that

1l (k) = py(k). (83)

In particular, if we only consider terms of €(w, k) up to second
order in k (weakly spatially dispersive media), then we have
ﬂ;{ = Ry

As for the asymptotic behavior of py as w — oo, recall
that the microscopic field tends to a plane wave in this limit,
approximately unaffected by the structure. Using (7c) and
(48), we find

= Zlosk /[e(r) — 11d3r + AJ, (84)
Vv v
where
AJ = 0% f [e(r) — 1f(r)e * T, (85)
Vv

The asymptotic behavior of (r) as @ — oo is of the form
(47). From (49) it is clear that AJ — O faster than J. By
comparison to (79) the resulting Landau-Lifshitz permittivity
becomes

€j(o, k) = ’SVJ /‘; e(O)d’r + Fj(, k), (86)

where F;;(w, K) tends to zero faster than 2. The first term
in (86) is independent of k; thus it does not contribute to the
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©O(k?) term of the Landau-Lifshitz permittivity (22). The term
F;j(w, k) may contribute but gives a fj;; that tends to zero as
w — o0. In other words,

[Lal — I when w — oo. 87)

Since By ; are the second-order coefficients of €;;(w, k), we
can apply the general result in Appendix E to deduce that B
and therefore p' are analytic in the upper half-plane. With
(87) we conclude that u !is causal.

The relation between the permeability resulting from the
magnetic moment density (Sec. III B) and that in (81) can be
found by subtracting (81) and (42):

1 -1 [ (v +¥ +mas

ul - *(V+'lf+77)3112]
ﬂ -+ ¥ +maui '

v +¥ + 0
(88)

In other words, the difference is due to the electric quadrupole,
magnetic quadrupole + electric octupole, and ©(k?) part of
electric dipole. The difference p ;! — "y ! can be expressed
similarly as in (88), however, without the v tensor.

We have chosen, somewhat arbitrarily, to associate the
entire ®(k) term of the transversal current with the magnetiza-
tion M". The ©(k) term could be associated with polarization
P! instead or shared between the two. This has, however, no
influence on the permeability (81), being defined from the
O(k?) term.

Since the permeability u, is derived from the Landau-
Lifshitz total permittivity €(w, k), which in turn is found from
J and E with (7a) and (7c), it follows that g is not dependent
on the choice of origin.

E. Other decompositions

Clearly, there are infinite number of ways to decompose the
induced current, obtaining “P,” “M,” and possibly other “mul-
tipole” terms. The possible decompositions fall roughly into
two categories. In the first category the magnetization vector is
defined from an integral of the microscopic current. Examples
include (36b) and (63b). The analyticity of the resulting
inverse permeabilities, asymptotic behavior, and connection
to the Landau-Lifshitz permittivity follow in the same way
as in Sec. III B. In the second category the magnetization is
defined from a certain division of the O(k?) part of the induced
current by including any desired part of the Bj;; tensor in
(22). Then the properties of the resulting w~" can be explored
along the lines in Sec. III D. Of course, not all such definitions
lead to an analytic w~'; this must be ensured by carefully
considering the frequency dependence of the division. Also,
to ensure that g~ is a tensor, the division of Bixij must be
possible to formulate in tensor form.

IV. NUMERICAL RESULTS

‘We will now consider some concrete examples of 2D meta-
materials, using a finite-difference-frequency-domain numer-
ical method [9,17]. The metamaterial unit cells, and the
associated, inverse permeability element 33 (perpendicular
to the unit cell figures) are shown in Figs. 14 for k = 0.
For all examples except that in Fig. 1(b), we have used

(a)

0.8

"”1'“;/y

4
STy

-,

0 . . !
0 0.4 0.8 1.2

walc
(d)

FIG. 1. (a) Unit cell with an annulus; (b) 1 — permeability’]

when the annulus is a lossless dielectric (¢ = 16). Real (c) and
imaginary (d) parts when the annulus is made from silver,a = 1 um.

silver inclusions described by a Drude-Lorentz model with
parameters from Ref. [18].

We observe that the different permeabilities are identical in
the low-frequency limit. However, for the dielectric inclusions
[Fig. 1(b)], the relative differences are relatively large and
do not vanish in the low-frequency limit. For wa/c > 0.6,
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walc
(b)
—1-,
40t ~1ngy
- 1'“;|1
E
20 +
0
0 0.4 0.8 1.2
wa/c

(©)

FIG. 2. (a) Unit cell with a split-ring resonator made from silver,
a =1 um. Real (b) and imaginary (c) part of 1 — permeability .

corresponding to a/A > 0.1 (A is the vacuum wavelength), the
differences between the permeabilities are quite visible for all
examples except the split ring resonator medium (Fig. 2).

Note that although the definition of g, is similar to that of
., in the examples f,y is closer to g in magnitude.

In Fig. 4 we observe the origin dependence of the per-
meabilities. The permeability g, is origin independent by
definition, while p and u,, are dependent on the choice of
origin. The origin dependence is, however, rather weak in the
considered frequency range. In general, the origin dependence
of p., seems to be weaker than that of . In fact, for the
examples in Figs. 1-3 the origin dependence of ., turned
out to be negligible (not shown).

In Fig. 4 we find that for larger frequencies, the imaginary
parts of the three permeabilities can be negative. Clearly, the
medium response must be highly nonlocal in this region; in
the presence of spatial dispersion the condition for passivity
is formulated in terms of the Landau-Lifshitz permittivity
€(w, k) [see (C14)].

walc

(®)

0.15
0.1
£ 0.05
0
-0.05 - - -
0 0.4 0.8 1.2
walc

(c)

FIG. 3. (a) Unit cell with two bars made from silver, a = 1 pum.
Real (b) and imaginary (c) part of 1 — permeability '

The causal properties of the inverse permeabilities u~',

/L;yl, and p; 1 proven in Sec. III, have been verified nu-
merically for the metamaterials in Figs. 1(a)-4(a) using a
Lorentzian model for the microscopic permittivity. This is
done by first computing the (3,3) elements of the inverse per-
meabilities over a large bandwidth (such that the asymptotic
limit can be seen). Then the results are Fourier transformed
and verified to be vanishing small for negative time.
Although the inverse permeabilities are causal, the per-
meabilities are generally not. This was noted for the p.,
permeability in Ref. [19]. Note that the inverse permeability
is the natural response quantity appearing when expressing
M from the fundamental field B [or expressing M from
the applied current density Jex, using (54), (53), and (42)].
Therefore, the inverse permeability is causal. Proving that the
permeability itself is causal, from the causality of the inverse
permeability, is possible only in certain special cases [1,19].
For example, when the inverse permeability is scalar, and
Im 1! takes only negative values, the inverse permeability
turns out to be zero free in the upper half-plane Imw > 0.
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12" O shift
vy

i
[ 1hy

1.2

walc
(d)
40
-,
-1
L
Sl A )
E 0 = =
o0k
-40
0 2 6
walc

(e)

FIG. 4. (a) Unit cell with a “U” made from silver, a = 1 um.
Real (b) and imaginary (c) part of 1 — permeability™'. Also shown
are the results when the origin has been shifted from the center of
the cell (0,0) to top right corner (a/2, a/2). In (d) and (e) the results
are plotted for higher frequencies, demonstrating that the imaginary
parts can have either sign in this region. This does not mean violation
of passivity but that the medium response is nonlocal.

Then the permeability becomes causal. Otherwise, as for
the metamaterials in Figs. 1(a)—4(a), the permeabilities are
noncausal despite the inverse permeabilities being causal.

V. DISCUSSION AND CONCLUSION

In conclusion we have considered four definitions of per-
meability for periodic metamaterials and their properties. The
properties of the induced current decompositions and associ-
ated permeabilities are summed in Table 1.

Having considered several different definitions of the mag-
netic permeability, it is natural to ask which is preferred.
Of course there is no simple answer to this question. The
Vinogradov-Yaghjian decomposition has the advantage of
representing all induced current with only three terms. On the
other hand, the conventional multipole decomposition has a
clear physical interpretation; in particular, the permeability p
is induced from the magnetic moment density M. However,
the asymptotic behavior for @ — oo and fixed k is not nec-
essarily p — I, and the origin dependence is generally larger
than that of p,. The permeability sy has a less direct physical
interpretation compared to g but has the nice properties that
it is independent of the choice of origin and symmetric. In
addition it is appealing that it contains “as much as possible”
of the O(k?) part of the Landau-Lifshitz permittivity.

For weakly spatially dispersive media where the higher-
order O(k?) terms are ignored, all permeabilities are indepen-
dent of k. For p and p,,, higher-order terms are included
by allowing v;;; in (40b) and (64) to be dependent on k.
For p, higher-order terms are included by letting B, in
(22) be dependent on k. In all these cases the highest-order
term in the Taylor expansions absorbs the remainder, making
the permeabilities dependent on Kk in a straightforward way.
For strongly spatially dispersive media, this could perhaps be
useful in certain cases where the magnetization part of the
induced current dominates.

Despite the induced current being exactly represented by
the expansion terms, neither of the permeabilities can alone
describe the entire ®(k?) part of the Landau-Lifshitz permit-
tivity. Therefore, even for weakly spatially dispersive media,
we cannot always use one of the permeabilities in addition
to a permittivity in Fresnel equations to describe reflection
and transmission at an interface. When using the Fresnel
equations, the errors will be dependent on the impact of the
missed terms but also induced by the fact that the conventional
boundary conditions are not necessarily valid for the funda-
mental Floquet mode fields [20]. In the multipole expansion,
the missed terms are the ®(k?) part of P, Q, and R. In the
Vinogradov-Yaghjian decomposition, the missed terms are the
O(k?) part of P* and Q. In the transversal-longitudinal
decomposition the missed term is the ®(k?) part of P". Here
we have assumed a nongyrotropic medium.

The semi-infinite case has been studied numerically in
a separate work [20]. It was found that Fresnel equations
with the three permeabilities in Secs. III B-III D give accurate
results for 2D metamaterials which mimic natural magnetism
in a frequency range with nontrivial magnetic response. The
frequency range where the prediction of Fresnel’s equation is
accurate is where the three permeabilities are approximately
equal. Considering the numerical examples in Sec. [V, we can
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TABLE I. General properties of induced current expansions and associated permeabilities; i.g. = in general. For the Landau-Lifshitz
formulation the permeability is trivial, and the table column displays the properties of the permittivity tensor €(w, k).

1B mc 108D A
Multipole Vinogradov-Yaghjian  Transversal-longitudinal Landau-Lifshitz, p;, = I

Number of J expansion terms oo (P,M,Q,R,..) 3 (PY, MY, Q%) 2 (P', M") 1 (P"
Causal, u~" analytic for Imw > 0 Yes Yes Yes G(w, k) causal
Causal, p analytic for Imw > 0 No (i.g.) No (i.g.) No (i.g.) €(w, k) causal
For w — oo and fixed k 1 — const Ry =1 g — I e(w, k) —> 1
Sign of Im p (for diagonal p) Both (i.g.) Both (i.g.) Both (i.g.) wle(w, k) — €(w, k)] pos.
Symmetry - 1K) = py(K) (@, —k) = e(@. k)
Origin dependence Yes (i.g.) Yes (i.g.) No No

therefore expect that the permeabilities (except the trivial one
in Sec. III A) are useful in Fresnel’s equation in the range
where they approximately coincide.

For media with strong electric quadrupole response, and/or
higher-order multipoles, the basic Fresnel equation will not
give an accurate prediction. The permeability can still be
relevant, provided additional boundary conditions for the par-
ticular structure are found [21-25]. In these cases, a better
alternative could perhaps be to calculate the reflection and
transmission using exact mode matching techniques or even,
e.g., finite-difference time-domain simulations.

It is natural to ask whether the permeabilities are useless
in the frequency ranges where they cannot be used to predict
the reflection from a semi-infinite structure. Although the
permeabilities have limited use in these cases, it is convenient
to have definitions which are valid for all frequencies. This
makes it possible to apply Kramers-Kronig relations and other
theoretical constraints which are formulated for the entire
frequency range. Although the permeabilities lose their usual
physical interpretation for sufficiently large frequencies, they
are still physical in the sense that they are found from the
physical, microscopic fields using the particular definition.
For example, u in Sec. III B results from a magnetization M
which quantifies the magnetic moment of the unit cell.
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APPENDIX A: DERIVING k-DOMAIN MAXWELL
EQUATIONS FOR HOMOGENIZED FIELDS

Our starting point is the microscopic Maxwell equations:

V x e = iwb, (Ala)

LV x b = —iwege + j(r) + Joxie™T.
Mo
Since the structure is periodic, and the source is of the
form Jeqe®™ with constant Jey, all fields can be written in
Floquet form. For example, e = u.e™®T. Substituting into (A1)
we obtain

(Alb)

V x ue + ik X ue = iouy, (A2a)
1 1
—V xup + —ik x up, = —iwegue + Uj + Jext-  (A2b)
2] Mo

Recall that the periodic u functions can be written in
terms of their Fourier components, as in (5). Equations (A2)
[and therefore (A1)] are satisfied if and only if the Fourier
components of (A2) satisfy:

i(blmn +K) X Ejpp = i@Bjn, (ASa)

1, .
;l(blmn +K) x By = —iweoEpn + Jimn,  (A3b)
0

for all Z, m, n except [ = m = n = 0, for which the set can be
written

ik x E = iwB, (Ada)

1
—ikxB = —inOE +J + Jexl~
Ko

(A4b)

Equations (A4) are the Maxwell equations for the fun-
damental Floquet modes, which we have taken to be the
macroscopic fields. Equations (A3) are the equations that the
other Fourier components must satisfy.

The induced current J;,,,,, couples between sets with differ-
ent indices. Defining o (r) = —iwep[e(r) — 1], we have

1 .
Jimn = V /j(r)eﬂk«r—tb;m,,-rd,%r

1 L
V/J(r)e(r)e”k"”b”””'rd3r

1 )
Z Evww - V / U(r)e'(h!’m’n’*blmu)~rd3r (AS)

U'm'n

By eliminating B;,,,, from (A3) and (A4), and using (A5), we
obtain a linear equation set in the form
ZAmnEn = cht‘sm()a (A6)

n

where the matrix A,, depends on w, k, and microscopic
permittivity but not the fields. The three indices /mn and the
index of the vector components have been combined into a
single index n or m, and the coordinate system is oriented such
that Jex is along one of the axes, corresponding to m = 0.
The elements E, of the new field vector contains the three
components of each E;,,,. From (A6) we note that all fields,
e.g., Ej, or E, are proportional to Jey;.
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APPENDIX B: MACROSCOPIC FIELDS
FOR ARBITRARY ka

Here we will prove that the macroscopic fields (or funda-
mental Floquet mode fields) can be used to calculate the work
done by the source in a unit cell, even for large wave numbers.
Consider, first, a source with a single, spatial Fourier com-
ponent, j.,.(r) = Jexi(K)e™® . The work done by the source
per unit volume and per unit time (after averaging over a
period) is

Pext = %RC {jexl . (79*)}: (BD)

where e is the microscopic electric field. Substituting (3) and
(4a) we find

Pext = Re (Joxt - (—u)}, (B2)
which after averaging over a unit cell V [using (7a)] becomes

(Pext) = 1Re (Jox: - (E")) (B3)
or

(Pext) = IRe {fioy - (—EM). (B4)

In other words, we can find the work from the macroscopic
field €.
For a source in the form

Jext () = Jo(m)e™™, (B5)

where Ko is any constant vector, and j,(r) # 0, (B4) remains
valid if the source contains a sufficiently narrow band of wave
vectors around ko. This can be demonstrated by expressing
the Fourier integrals of the source and the microscopic electric
field and averaging (B1) over a unit cell. For more details on
sources of finite sizes, see Appendix D.

APPENDIX C: CAUSALITY, PASSIVITY,
AND KRAMERS-KRONIG RELATIONS

Here we will establish a framework for studying the
analytic properties of the electromagnetic parameters and
the implications of passivity [1,8,12,26,27]. If we use the
Landau-Lifshitz formulation in which the medium is de-
scribed solely by a permittivity €(w, k), then it has been
stated that €(w, k) is an analytic function in the upper half-
plane Imw > 0 for fixed k, at least for sufficiently small
k [1,12]. This follows by regarding the electric field as the
excitation and the displacement field as the response. How-
ever, as pointed out in Ref. [26], such an argument is not
compelling since the electric field includes the response of the
medium. Here we will use the relation between the applied
source and the resulting field to prove that for fixed, real k,
the Landau-Lifshitz permittivity tensor €(w, k) is analytic in
the upper half-plane, even for anisotropic, bianisotropic, and
spatially dispersive media. We will also provide the passivity
condition.

Since the medium is assumed linear and time-shift invari-
ant, the resulting macroscopic field E is related to the source
Jext by a linear relation

E = G(0, K)Jexi, (ChH

where G(w, k) is a (matrix) response function. For simplicity
in notation we have suppressed the @ and k dependence of
the fields. Recall that the medium is assumed to be causal
and passive, so if the time-domain source current is any finite-
duration pulse starting at = 0, then the time-domain electric
field vanishes for + < 0 and does not blow up as t — oo. It
follows that

G(w, k) analytic for Im @ > 0 and fixed k. (C2)

This applies to all elements of the matrix, since Jey can be
chosen to point in any direction.

Since the work done by the source must be non-negative,
we must have —Re J%,, - E > 0 [see (B3)], or

—Re J5 G (@, K)Jex > 0, (€3

for real frequencies. Here  stands for Hermitian conjugate,
i.e., transpose and complex conjugate. We have argued for
(C2) and (C3) using a single k source; however, as shown in
Appendix D, they also follow when using a realistic source
of finite size. Inequality (C3) is valid in the upper half-plane
Im w > 0, as shown in Appendix D.

Define a function

fl@) = =JiG(w, K)Jo, (C4)

where Jy is an arbitrary but constant vector. We have just
seen that Re f(w) > 0 for Imw > 0. In fact, since f(w) is an
analytic function, it must be that Re f(w) > 0 for Imw > 0:
Assume f(w) = 0 somewhere in the upper half-plane. A zero
of an analytic function is isolated, and in the vicinity of a zero,
the function’s complex argument takes all values from O to
2. This would make Re f(w) < 0 somewhere around zero,
which contradicts Re f(w) > 0.
We have proved that

—Re [J{G(w, K)Jo] > 0 forImw > 0 (C5)

for any constant Jo. Thus E = G(w, k)Jex #0 for any
nonzero Jey for Im w > 0. This means that

detG(w, k) #0 forImw > 0. (C6)

In other words, for all w in the upper half-plane, we can invert
G(w, k) to obtain G(w, k)~!. Since G(w, k) is analytic, so is
G(w, k).

In the Landau-Lifshitz formulation, the Maxwell equations
take the form

ik xE—iwB =0, (C7a)

1
—iK x B + iwepe(w, K)E = Jox
Mo

in the frequency—wave-number space. Combining them, we
obtain

(C7b)

2
[kzh - e, k)]E = iopoden. ©8)
C
with I} =T — Kkk/k? [or expressed by (25) in a coordinate

system where k = kX]. Comparing (C8) and E = G(w, K)Jext,
we identify

2
G(w, k)™ = (iwpg) ™! [km - %e(w, k)]. (C9)
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We have already proved that G(w, k)~ is analytic in the upper
half-plane Im w > 0; thus so is €(w, k).

With an asymptotic behavior €(w, k) — €(oc0, k) as w —
oo and k is fixed, we can now state the Kramers-Kronig
relations for x(w, k) = €(w, k) — €(00, k):

 Im x(v, k)v

2
Re x(w, k) = 7P/ ﬁd\), (C10a)
T 0 Ve —
20 [ Re x(v, k
Im x(, k) = ——“’P/ %du. (C10b)
T 0 Ve —w

Here w is real, and P denotes the Cauchy principal value.
To obtain the Kramers-Kronig relations from the analyticity
and the asymptotic behavior, we have used the Titchmarsh
theorem [15]. To this end we have assumed that x(w, k) — 0
sufficiently fast as |w| — oo, and that x (w, k) does not have
singularities for real frequencies.

Substituting Jo = G(w, k)"'Eq in (C5) gives

—Re [EjG(w, k) "Eo] > 0 for Imw > 0, (C11)
valid for any vector Eq. This can be written
—G(w, k)™ — G(w, k)~ positive definite, (C12)

or, using (C9),

e k2c?
i[we(w, k) — —IL] — i[we(a), k) — 7IL:|
1) ®

positive definite. (C13)

In principle, the passivity condition (C13) has been derived for
Im w > 0. By taking the limit Im w — 0, the passivity condi-
tion remains valid for all Re w where this limit exists, provided
we relax “positive definite” to “positive semidefinite.” When
both w and k are real, as is the case when they represent a
Fourier component in time and space, the passivity condition
becomes

—iw[e(w, K) — €(w, k)] positive semidefinite. (C14)

This reduces to the well-known condition Im €(w, k) > 0 for
scalar permittivity and positive frequency.

APPENDIX D: SOURCE OF FINITE SIZE

In Appendix C we imagined a source with a single wave
vector k. This source is somewhat unphysical, since it is
present everywhere. Here we will consider sources of finite
size and rederive the causality and work results (C2) and (C3).

In this section we will write out the w and k dependence
explicitly. Let us consider a causal source in product form,

Jex(@, k) = F(K)W(w). DD

3To establish Kramers-Kronig relations, the Titchmarsh theorem
requires the function to be uniformly square integrable along a line in
the upper half-plane, parallel to the real axis. The assumption is for
example valid if the function vanishes as 1/|w| or faster, but, clearly,
weaker conditions are possible. If the function has singularities
on the real axis, then modified Kramers-Kronig relations can be
derived [1].

From (4a) and (5) the frequency-domain microscopic electric
field is

1 . .
ele.r) = w _/ ZElmn(wy k)elb["'".r+lk'rd3k
Imn

1 ; .
T @n)y > / Ejp (o, K)ePm T
7T
Imn

1 ’ iK' ’
= m Z/Elmn(w7 k' — blmn)ek rd?k
Imn

1

_ ik-r ;3

= o / D Eipn(@, k = by, )e*"d’k, (D2)
Imn

where Ej,,, (w, K) is proportional to F (k). Since e(w, r) de-

scribes a causal field for all r, we must have

> " Eipn(@. k = byy,,) causal, for fixed k. (D3)

Imn

The source function F (k) can be chosen such that

F (ko) = 1 for Imn = 000,
F (ko — by,) = 0 for all Imn # 000. (D4)

In other words, there is a peak at k = k¢ and zeros at k =
ko — by, for Imn # 000. This is achieved, e.g., if

F (K)=sinc?[ (k,—koy )alsinc? [ (k, —koy )alsinc?[ (k. — ko, )a].
(D5)

This source has a finite extent, as seen by inverse Fourier
transforming (D5). By setting k = K¢, and considering (D3),
we find that E(w, k) = Eqy(w, K) is causal.

We can write

E(0, k) = G(o, K)Jex (@, k), (Do)

where G(w, k) is a (tensor) response function. We choose
a source with finite duration in the time domain. Since the
medium is passive, the electric field does not blow up as t —
00. Since Jexi (@, k) and E(w, k) are causal, it follows that they
are analytic in the upper half-plane Imw > 0. As Jex (@, k)
is otherwise arbitrary, the response function G(w, k) must
therefore be analytic for Im @ > 0 for each fixed k (C2).

The properties of G(w, k) in the upper half-plane can be
further explored by considering sources with time dependence
exp(yt —iw't) [28]:

Jext(t,T) =Re [F(r)u(t)e’ "], (D7)

Here u(t) is the unit step function, y > 0, and ' is real. Tak-
ing f(r) to be real, this source can be expressed in frequency—
wave-number space

Jex(w, k) = FKW (0), (D8)

where F(K) is the Fourier transform of f(r), and W (w) is the
Laplace transform of e”’ cos(w't), after setting the Laplace
variable s = —iw.

At least for ¢ > 1/y, the transients can be ignored com-
pared to the exponentially increasing field. Then the electric
field will be of the form exp(yt — iw't), and the power density
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Pext(t) = —jex(t, ) - €(t, T) becomes

t—io't
pext(t) = —Re |:€(V27T)3 / F(k)eik'rd3k:|

eyrfia)’t / ~ .
Re| — Z Elmn (ws k — blmn )etk.rdgki| .
3
|: (271) lmn

D9)

Here K, (w, k) is the same as E,,, (0, k) except that the fac-
tor W(w) has been removed and w = o’ 4 iy. Using Rea =
(o + @*)/2, and integrating the resulting expression over all
space and from time # to #;, we find the total work in this time
interval:

n
Wext :/ fpex1d3rdt
To

e2rit _ p2vio
4y 2m)3

Re /F*(k) : ZElznn(w, k — blmn)d3k

Imn

+Re [C(eZyn —2iw'ty __ eZyIO—Ziw’IO )]’ (D]O)

where C is a complex-valued quantity which is independent
of 7y and #;. Let 7o > 1/y. Since t, is finite, the source has
only done a finite amount of work W, before #,. Assuming
the medium has no stored energy before 1 =0, we must
have Wy + Wex = 0. For a sufficiently large 7, but such that
Ce~%" is imaginary, we obtain the condition

—Re /F*(k) . ZF:I,,,,,((», k — by)d’k = 0. (D11)

Imn

Recall that Ej,,(w, k) is proportional to F (k). Thus, by
picking a source with a sufficiently narrow, effective band Ak
around a fixed wave number ko (Aka < 1, which means that
the source must cover several unit cells), we can make the
terms with /mn 7 000 arbitrarily small. Hence we must have

—Re /F*(k) -E(w, K)d’k > 0. (D12)

We now use (D6), which means E(w, k) = G(w, k)F(k).
Choosing a F(k) which is narrow banded in k compared to
the variations in G(w, k), we obtain

—Re JiG(w, k)Jo >0 (D13)

for all constant vectors Jj.

APPENDIX E: ANALYTICITY OF TENSOR ELEMENTS

Suppose we have an expansion in the form

f(w,k) = a(w) + bi(w)k; + cij(w)kik;,

where a(w), bi(w), and ¢;;(w) are independent of k. We take
¢;j(w) to be symmetric, as any antisymmetric part is irrelevant
for the expansion. Let f(w, k) be an analytic function of
(in a given domain) for any fixed k. We will prove that the
coefficients a(w), bj(w), and ¢;;(w) are analytic.

By putting k = 0, we find that a(w) = f(w, 0) is analytic.
Considering

(E)

flo, k) = f(o, —Kk) = 2bi(w)k;, (E2)
it follows that b;(w) is analytic. We now have that
cij(wkik; = f(o, k) — a(w) — bi(w)k; (E3)

is analytic. By letting k point in the X, §, or Z direction, we
find that ¢;;(w) are analytic for any i. Finally we obtain, e.g.,
that ¢y, is analytic by letting k = k(X + §)/+/2.

The argument can be extended to an infinite Taylor series,
or a series with a remainder term, by noting that the partial
derivatives df/dk; and 3° f /dk;dk; are analytic. This follows
by using the Cauchy-Riemann equations, assuming symmetry
of second-order derivatives.

In particular, if the Landau-Lifshitz permittivity is ex-
pressed in the form

€ij(@. k) = 8ij = xij + ke /€0 + B jkikic? /o, (E4)

then the analyticity of €;;(w, k) means that the tensors y;j,
Qikj, and Bix;; are analytic.
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