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Abstract

Although usually negligible for natural materials for optical and lower frequen-
cies, spatial dispersion is a significant effect for metamaterials. In this thesis the
electromagnetics of such media are investigated using a second order in k approx-
imation for the polarisation and assuming centro-symmetric inclusions. Boundary
conditions derived by Lange and Raab to electric-octopole - magnetic quadrupole or-
der are taken a step further by also accounting for multipole surface effects. Yaghjian
and Silveirinha’s boundary conditions and Fresnel equations are taken a step fur-
ther by also accounting for dipolarisations for a medium with a non-zero electric
quadrupolarisation. Lastly, two attempts at modelling interface behaviour for a gen-
eral second order spatially dispersive medium are made. For one of the attempts,

Fresnel equations are obtained.

Acknowledgements

This thesis was supervised by professor Johannes Skaar and co-supervised by
PhD candidate Hans Olaf Hagenvik. The continuous and close collaboration and
guidance from Hans Olaf throughout this semester has been interesting, rewarding
and invaluable for the work that has culminated in the writing of this thesis. Equally
important were the less frequent meetings with Johannes, where difficult questions
and the overall direction and flow of the work was discussed. I am very grateful and

proud to have been a part of their small group working on this challenging topic.

1l



v



Contents

1__Introduction| 1
2 Polarisation and Homogenisation of Nonlocal Medial 7
[3 Halfspace Model for Analysis of Interface Behaviour of Waves| 13
[4  Boundary Conditions for Media with Higher Order Multipoles| 15
[4.1  Explicit Polarisation up to Electric Octopole - Magnetic |

[ Quadrupole Order, with a o-term in the Multipoles| . . . . . . . .. .. .. 15
4.2  General Polarisation| . . . . . . . . . ... oo Lo 18
[4.2.1  Derivation of Boundary Conditions| . . . . . . . .. ... ... ... 18

[4.2.2  Comparison with the Boundary Conditions of Yaghjian and Silveir- |
[ mhal . ... 21

[ Boundary Conditions and Fresnel Equations for a Realistic Quadrupolar |

[ Mediuml 23
[5.1  Fresnel Eiquations| . . . . . . . ... oo 23
[5.2  Energy Conservation . . . . . . ... ... ... ... ... . ..., 30
[5.3  Dipolar Behaviour tor a Negligible Quadrupolarisation| . . . . . .. . . .. 32
[5.4  Purely Quadrupolar Medium|. . . . . . . .. ... ... ... ... ... .. 34
.5 Ivanescent Transmission Wave Vectorl . . . . . . ... .. ... ... ... 34
[5.6  Yaghjian and Silveirinha’s Exact Fresnel Equations| . . . . . .. .. .. .. 35

[6 Boundary Conditions and Fresnel Equations for a Medium with an |

[ Asymmetric Quadrupole Moment| 37
(7__Discussion| 43
8 _Conclusion| 47
Append 49
[References 61



vi



1 Introduction

Electromagnetics is an important branch of physics, describing the vast number of phe-
nomena involving electromagnetic waves. In astronomy, the typical range of frequencies
practical for measurements are from around 1kHz (generated in the interstellar medium
plasma) to gamma rays with frequencies higher than 10%° Hz. There are a lot of instru-
ments and applications utilising waves within this massive spectrum, perhaps most im-
portantly in telecommunications. Together with weak nuclear force, strong nuclear force
and gravitation, the electromagnetic force is one of the four fundamental forces shap-
ing nature. In electromagnetics, one is concerned with charged particles and magnetic
moments. Charged particles at rest are usually described as an electric charge density,
whereas charged particles in motion are usually described as an electric current density.
Both of these generate electromagnetic fields, as is described by Maxwell’s equations and
are therefore called electromagnetic sources. However, they are also influenced by elec-
tromagnetic fields themselves, in a way that is described by the Lorentz force. Thus,
electromagnetic sources and their effects is a neatly coupled system compactly described

by Maxwell’s equations, which on the differential form using index notation are as follows;

1
ViEi——p=0, (1)
€o
€ijx VB + Bi =0, (2)
€ijk Vi Br — podi — fio€o E; = 0. (4)

The induced electric current density J; and the bound electric charge density p are given

as

J; = P, (5)
P = _vipia (6)

where P; is the polarisation. Throughout this paper only dielectricsﬂ will be discussed, so

there are no free charge or current densities to account for. The Lorentz force is given as

F =¢(E+v x B).

1As can be understood from reading this paper, the name "dielectrics" for describing polarisable
media is a somewhat misleading name. It is due to the dipole approximation, which entails that only the
electric dipole moment is significant beyond the electric monopole (electric charge). While this is true in
most natural materials with negligible spatial dispersion, it is not so for materials with significant spatial
dispersion, which is seen in metamaterials. For such media, higher order moments become significant as
well, and a name like "multi-electrics" would be more suitable.



Since the observations relating magnetism to electrical current, most notably by Hans
Christian Orsted in 1820, the theory of electromagnetism flourished from the efforts of
numerous scientists. To mention some, there was André-Marie Ampére, with his descrip-
tion of the force interaction between two electrically conducting wires. His description
was later called Ampére’s law, and was motivated by the observation made by Orsted.
Another contributor was Michael Faraday, who in 1821 put forth his description for the
generation of current in an electric circuit from a time varying magnetic field. It was
named "Faraday’s law of induction", and was later reformulated by Maxwell, to give one
of Maxwell’s four fundamental equations of electromagnetism. Maxwell’s equations, pub-
lished in "A Dynamical Theory of the Electromagnetic Field" in 1865, together with the
Lorentz force law, fully describe all classical phenomena of electromagnetism. Through
the separate work of these contributors, they laid the foundation of the electromagnetics

together.

In order to describe a whole medium (e.g. a gas, a metal or an insulating solid) using
the laws of electromagnetism, as opposed to a simple set of discrete charges, one needs a
homogenisation method. That is, rather than taking account of every single one of the
innumerable charges that constitute the medium of interest, one should find a way to
describe the response of the medium as a net or effective response. In order to do so, it is
common to seperate between the free charges py and the bound charges py. In this thesis
we only discuss dielectric media, so py is zero and p;, will simply be written p. The bound
charges are charges that are associated with a molecule (or an inclusion in metamaterial
arrays) and induced by an external electric field. Normally this induction is described

merely by a dipolarisation obeying the equations (@ and expressed as

P(r) :/Vrip(r)dv.

where 7 is a position vector from some origin to the dipole at the infinitesimal volume dv
and r; is the induced separation vector within the dipole. The integral is taken over the
macroscopic, but small volume V' which of the critical dimension is far smaller than the
wavelength used, so that the polarisation can be locally related to the electric field. From
the definitions and @ and Maxwell’s equations, it can be seen that the dipolarisation
is crucial in the description of the total electromagnetic response of polarisable media.
For all materials the degree of polarisation is dependent on the magnitude and direction

of this external electric field, and for many materials the relation is linear:

P = eoxij £y,
where ¢ is the vacuum permittivity and x;; is the electric susceptibility tensor.

However, the dipolarisation model assumes that there are only electric dipole moments



worth considering in the medium, and this is not generally true. In fact, the electric dipole
moment is only the second term in a series expansion of the scalar potential from which
the fields are derived, the first term being the electric monopole (i.e. electric charge)
[5, section 1.1]. The dipole approximation holds well for most normal materials from the
combination of two reasons: firstly, the higher order multipoles contain increasing numbers

of separation vector factors. For example consider the following multipole moment

M = / ririry . .. p(r)dv.
1%

M is an electric multipole moment of arbitrary order, r is a position vector from some
origin to the volume element dv and r;, r; and so on are the induced separation distance
vectors within the multipole. The vector factors r;,r;, ... are on the length scale of the unit
cell or molecule. Secondly, for normal materials the unit cells are usually of dimensions
much smaller than the wavelength of the electromagnetic waves applied. This means
that increasing orders of multipoles are of decreasing importance. For larger unit cells,
or for shorter wavelengths, the higher order multipoles beyond the dipole become more
important |7]. A non rigorous motivation for the importance of this ratio of between the
unit cell and the wavelength, and the consequent higher order moments is the following:
for a higher ratio, more change in the electric field associated with the wave happens
over the distance of the unit cell or molecule. Therefore, spatial derivates of increasing
order of the electric field become important as the ratio becomes larger |5l section 2.12].
This effect is called spatial dispersion, and because of it we would expect a more complex

expression for our total polarisation. This is discussed in the next section.

As fabrication technology is evolving, more advanced materials can be fabricated than
before, and materials with structures not seen in nature are becoming feasible to make.
An example of such a material is the electromagnetic "cloak" made by Pendry et al
in 2006 [6], where they investigated the degree of electromagnetic "footprint" reduction
achieved by shielding an object with the cloak for a specific frequency band of radiation.
Although development in fabrication technology permits of creating arrays of smaller
and smaller inclusions, they will typically be much larger than the unit cell in a natural
material E] Therefore, we expect the spatial dispersion in these to be significant, and for
a good description of the electromagnetic response of such metamaterials we therefore
need updated theory. The modern era of the field properly started off with a publication
by J.B. Pendry in 2000 [§], in which it was described how a metamaterial slab with
simultaneous negative permittivity and permeability would be a perfect lens [4]. Since

then, new interest was found in formulating such new theories for metamaterials, with

2An important point to make is that even if inclusions the size of natural material unit cells were
possible, such a metamaterial would not be very interesting as a certain spatial dispersion is needed for
the artificial magnetisation and higher order multipoles to contribute significantly, which is the whole
purpose of metamaterials.



considerable contributions from Lange and Raab, A.D. Yaghjian and M. Silveirinha among

others.

Among the potential applications of metamaterials, there are materials leaving weaker
or no electromagnetic traces (given the fancy name of invisibility cloaks). Such an effect
is obtained from constructing a metamaterial from which scattering and shadow effects
are dramatically reduced as compared to normal materials. Other examples are gradient-
index lenses, negative refractive index superlenses with a resolution not limited by the
normal diffraction limit, flat lenses that produce highly collimated beams from an em-
bedded antenna or optical source, beam concentrators, polarization rotators and splitters,
metamaterials that perfectly absorb electromagnetic radiation and many more [9]. There-
fore, there is good reason to study electromagnetic metamaterials not only for the sake of

understanding the physics, but also for industrial applications.

In this work, the polarisation model and homogenisation method used are introduced and
described in section [2] These must both account for nonlocality as the aim is to model
a spatially dispersive medium. More specifically, we want to investigate the electromag-
netic behaviour at an interface between such a medium and another, and thus a half-space
model must be applied. In works by M. Silveirinha, the half-space model differs slightly
in its form from the one applied by Lange and Raab, but in section |3| these are shown to
be equivalent. Studying Maxwell’s equations for such an interface, boundary conditions
for the electric and magnetic fields can be obtained. Furthermore, from the combination
of these boundary conditions and an appropriate constitutive relation, the Fresnel equa-
tions that govern reflection and refraction can be derived. The method of obtaining the
boundary conditions is therefore important. Different methods are used and tested in the
sections that follow, and they are largely based on the approaches used by Lange and
Raab [10] and Yaghjian and Silveirinha [15]. In the first part of section [}, boundary con-
ditions for media with multipoles to the order of electric-octopole - magnetic-quadrupole
are derived in the fashion of Lange and Raab, but where the multipoles are allowed to
contain a J-term to account for surface effects. In the second part, general boundary
conditions are derived for a medium with a general polarisation, i.e. for multipole contri-
butions up to an arbitrary order. This is of interest because all spatial dispersive effects
to a chosen order would be accounted for, with contributions from all potentially con-
tributing multipoles. In section this is done for spatial dispersion to the second order
in k. This approximation is used for the sake of simplicity, but the results obtained would
be precise for weakly spatially dispersive media. In section [5 boundary conditions and
Fresnel equations are derived for a quadrupolar medium in the fashion of Yaghjian and
Silveirinha, but where in addition to the electric quadrupolarisation the medium also ex-
hibits electric and magnetic dipolarisation. Such a medium might be more realistic than
a purely quadrupolar medium. Contributions to the second order spatial dispersive effect

in that case come from both the magnetic dipolarisation and the electric quadrupolarisa-



tion. In section[6] the attempt in section at deriving boundary conditions and Fresnel
equations for a general second order spatially dispersive medium is repeated, this time
with inspiration from Yaghjian and Silveirinha, but still using the method of Lange and

Raab. The findings are then discussed and finally a conclusion is given.






2 Polarisation and Homogenisation of Nonlocal Media

In order to efficiently describe the electromagnetic behaviour of macroscopic media con-
sisting of innumerable charges, one is dependent on a way of averaging out the microscopic
field variations that would not contribute significantly to the macroscopic fields. Doing
the average renders the macroscopic fields, and this procedure is called a homogensation
method. For normal media, the homogenisation procedure can be carried out as described
in Appendix A. As is described at the end of the appendix, the described procedure can
also be used for metamaterial media, replacing the normal media unit cell with the meta-
material unit cell. However, this is still only valid under a continuum criterium d/\ < 1,
where d is the unit cell dimension. This criterium is described by Yaghjian in [12]. Al-
though it is usually fulfilled for normal media, with unit cell dimensions typically around
d ~ 0.1nm |8, chapter 10.2], for metamaterials the dimension would typically be much
larger, even comparable to the wavelength: d/A ~ 1 [12|. This causes spatial derivative
terms of the electric field to be significant contributions to the polarisation, and therefore
the homogenisation theory introduced in Appendix A is generally not adequate. In what
follows, we will briefly explain this difference between so-called locality for normal me-
dia and nonlocality for spatially dispersive media, and present a current homogenisation
theory for nonlocal media as described in [8]. Instead of using the notation of [8] where
a capital letter F is used for microscopic fields and (F) for macroscopic fields, we use
instead the notation of [3] where the microscopic fields are denoted by small letters, and

the macroscopic fields by capital letters.

For normal polarisable media that are linear, the induced (macroscopic) fields D and H
at a given point in the medium can be related directly to the macroscopically averaged

fields E and B (over small volumes of integration) at that same point:

D(r) = &, - B(r) + y/aioé - H(r)
B(r) = yeomoC - B(r) + pofi, - H(r).

where €, and fi, are the relative permittivity and permeability tensors respectively and
€ and ¢ are the magnetoelectric coupling paramters [8]. If the medium of interest has
an inversion symmetri, then the magnetoelectric coupling parameters are zero. If the
medium is isotropic as well, then the above equations collapse down to the simpler and

often used constitutive relations



D(r) = epe, E(r),
B(r) = pop H(r).

This one-to-one spatial relation between the induced fields and the source fields is what
is meant by the term "local" in the context of homogenisation theory. The locality is
possible as for normal media the criterium mentioned above holds, and therefore the
spatial variation of the electromagnetic fields over the size of the unit cell is negligible.
However, as the ratio of the unit cell dimension to the radiation increases, the importance
of the spatial variation increases. A significant spatial variation means that the field
values in a neighbourhood around the observation point influence the field value at the
observation point, and the medium is said to be "nonlocal". For such a medium, instead

of the constitutive relations above, we can write

D; = eyl + B, (7)
1

Hi = _Bi7
Ho

where . .
P=Puy,—Vx—M+-V-Q+--
W 2

In this formulation, all of the polarisation (both electric and magnetic) is included in the
definition of the electric response field D;, and the magnetic field constitutive relation is
simply that of vacuum. The first term of P is the electric dipolarisation, and the second
is the magnetic dipolarisation. The third term is the electric quadrupolarisation and the

next would be the magnetic quadrupolarisation.

The spatial dispersion of our nonlocal medium is clear from the following expression for

the electric response field

D(r) = /V(-:S(w, r—r1') - E()dr,

where r is a position vector to an observation point in the medium of interest, r’ is
a position vector to an infinitesimal volume within the medium and also the variable of
integration and €, is the space domain electric permittivity accounting for all polarisations.
As the Fourier transform of a convolution is simply a product, the equations become

simpler in the wave vector domain:



]:N) = EoE + f) = EQE(W,k) : E, (8)
~ 1 -~
H= B,

Ho

where the wave vector domain permittivity is given by

€ij(w k) = Ijj + / / fii (7, 0)e &= By, 9)
0

€;; is a tensor dependent on both the angular frequency and the wave vector [2, chapter
12]. The effective volume of integration is determined by the function fi(7,r), which
would typically only be nonzero in some neighbourhood around the observation point.
Consequently, the response field at the observation point is dependent on the value of the
electric field in this neighbourhood. For most natural materials, the spatial dispersion is a
very small effect, negligible compared to the temporal dispersion [2|, and the permittivity
can be taken as independent of the wave vector. However, for a metamaterial with sizeable
inclusions (relative to the wavelength), the spatial dispersion can be significant. This is
reasonable as for such a case the electric field associated with the wave would have a

significant variation over the length scale of the metamaterial inclusion.

In order for the homogenisation method to be successful, we need to obtain the macro-
scopic Maxwell equations by some means from the microscopic ones. An efficient way
to do this is by Floquet theory. To start off, one can assume the standard microscopic
Maxwell equations - given in appendix A. transformed to the frequency-wave
vector regime. In order to obtain the macroscopic equations, these equations need to be
averaged, so that microscopic variations that do not contribute to the macroscopic scale
field variation vanish. As described in the appendix, the spatial and temporal derivatives

commute with the averaging integral, and therefore the following can be said to hold

V-E=-V- P/e,
V-B=0,

V x E = —iwB,

V x B = —iwugP — iweguoE.

In the above equations, and @ have also been used, and the capital letters of the fields
signify averaged field quantities. The next step is to find expressions for these averaged
fields and the general polarisation P. Firstly, it is assumed that the microscopic fields e,

b and j are such that f(r)e~™T is periodic, where f represents either of the microscopic



fields. This means that the fields can be Fourier expanded in the following way

f(r) = ZfJeikJ'r, (10)

where kj and fy are given as

ky = k +kj,
1 .
fj = / f(r e*ZkJ'rdSr,
7 ‘/cell cell ( )

where kg = jlbl + j2b2 —+ j3b3.

The different bs are reciprocal unit lattice vectors and the js are integers. For a general

averaging integral over all space

F(r) = /f(r — 1) f(r")d*r,

where f is a macroscopic field to be averaged and f is the weighting function. Its Fourier

transform is

F(K) = £(K) f(K).

The ~is meant to signify the Fourier transformed quantity. f can be expressed by taking
the Fourier transform of (10)),

(27r)3/f(r)e_ik,d3r = (2W)3/Zf_]e_i(k=1_kl) -rd°r,
J
(k) = (2m)* ) / fye a7k rdr,
= (27)? XJ: f30(k' — ky),
J
where in the last equation the property
/ e KT Py — §(K — ky)

was used. This leads to the following equation for the averaged field in the wave vector

domain,

F(K') = (2r)° Z f30(k" — ky) f(ky),

10



where the argument of f has turned into ky as the right hand side only is non-zero for
k' = kj, as dictated by the d-function. Now doing the inverse Fourier transform of the

equation above, we obtain

Fr)=Y_ (FJ f(kJ)eikJ-r>.

The weighting function f is the function that expresses the spatial dependency (or nonlo-
cality) of the fields. Typically the dependency only reaches out to the unit cell boundary
[8], so that f ~ 0 for |r| > d, d being the unit cell dimension. The corresponding Fourier
transform f is therefore approximately zero for |k| > 7/d. This means that f(ky) ~ 0 for
J £ 0, and provided that k is close to the Brillouin zone origin we also have f (ky) =~ 1 for
J = 0. In other words, only the zero order Floquet harmonic is significantly contributing
to the macroscopic field for a realistic choice of the weighting function. Using this, the

inverse Fourier transform above simplifies to
F ~ Fye'kT,
where Fy is the zero order Floquet harmonic amplitude given by

1 )
Fy = / F(r)e %7 d’r.
° ‘/cell cell ( )

By the procedure described here, the macroscopic fields E, B and J are derived from

the microscopic fields e, b and j. The macroscopic current can be expressed in terms of
the general polarisation via the relation ({5)), and thus we have expressed the terms of the

macroscopic Maxwell equations above.

As shown above, k should be close to zero, and therefore a Taylor expansion of a general
permittivity €(w, k) with respect to k around k = 0 can be made. Doing so renders the

expression below [1, section 3.1.2]

€o€ij(w, k) = €00ij + €0Xij + Cijikr + Nijrikiki.

Here the the factors ¢ and 7 are derivatives of €, and the expansion is written out to
the second order in k [14]. The reason for this choice is that it is a first approximation
to the spatial dispersive effects for all media (of any geometry), as for centro-symmetric

geometries, the first order term vanishes. This can be seen from the criterium for centro-
symmetry €;(k) = €;;(—k)f|

3Centro-symmetry could be achieved in a metamaterial structure by e.g. using opposed split-ring
resonaters.

11



Now using the definition for the response field (|7)), we can by comparison with — with
€, inserted from @ — express the polarisation for our linear, spatially dispersive media

(weak as such) as

P, = EOXijEj + CzjkkkE] + Th'jklkkklEj-

12



3 Halfspace Model for Analysis of Interface Behaviour

of Waves

An interface between two media can be illustrated as in figure [Ii The transition layer is
the region of space from the surface of medium two to a distance [ within the bulk of the
medium. In this region the electromagnetic behaviour changes from that characteristic

for the medium of incidence to that of the second medium.

Medium 1 ,1\ Medium 2

Yy z

Figure 1: Coordinate system used to model the electromagnetic response across an inter-
face between two media. k; and k, are the incident and reflected wave vectors respectively,
both with an angle #; to the normal. k; is the transmitted wave vector with the corre-
sponding refraction angle 65. The transition layer [ is the region of space in which the
electromagnetic behaviour changes from that characteristic for the medium of incidence
(Medium 1) to that of the second medium (Medium 2). For right hand side media with
higher order multipole contributions, there might exist additional modes. As is shown in
section b} for a medium with electric quadrupole contribution, there exists an evanescent
wave. This mode is confined to the transition layer [12].

For an interface such as that illustrated in figure [I, we want a mathematical model for
how the electric fields change across the interface. We expect that for unlike media the
electric fields at the different sides of the transition layer are different. Furthermore, we
expect this change to be smooth, which is physically reasonable. Thus, demanding that
Ei; = E1;.—0 and Ey; = Esj|.—; are constants in the transition layer (and otherwise

arbitrary functions of z), we can express the net field everywhere as

E](Z) = CL(Z)ELJ' + b(Z)EQJ‘, (11)

where a(z) and b(z) are smooth functions. Furthermore, the equation must obey the

13



following criteria,

This formulation complies with the expression for E; used in [10], as for the limit { — 0,
the criteria above imply that a(z) and b(z) must approach the step functions u(—z) and
u(z) respectively. The two field components in are plotted for an arbitrary sine
squared form of a(z) and b(z) for illustration.

Writing instead
Ej(z) = Evj + c(2)(Bay — Euy), (12)

the criteria above can also be met. ¢(z) is a smooth function obeying the conditions

Q ﬁ
o
1
o~ O
S— S—
[
— (@]

When the limit [ — 0 is taken, ¢(z) approaches u(z), and thus equation complies
with the formulation of Yaghjian and Silveirinha in [15]. As is seen in this section, the
two electric field formulations for the transition layer are equivalent, and the choice of
formulation should therefore not affect the expressions of boundary conditions derived

using them.

Figure 2: Example plot of the two field components in for an arbitrary sine squared
form of a(z) and b(z) (with a /2 phase shift between the two functions). The coordinate
system is the same as introduced in figure [I| and the same colours represent the same
regions of space, but here the transition layer is wider for the sake of illustration. The red
curve represents the magnitude of the incident electric field, and the blue the transmitted.
These curves are both representing functions that approach step functions (times the
factors Ey j|,—o and Es j|.—;, respectively) as the limit [ — 0 is taken. E j|,—o and Es |,
represent the values of the electric field at the transition layer boundaries. Note that E ;
is arbitrary (determined by the source and the nature of the medium of incidence) for
z < 0 and similarly for Fy ; for z > 0 in Medium 2.

14



4 Boundary Conditions for Media with Higher Order
Multipoles

4.1 Explicit Polarisation up to Electric Octopole - Magnetic
Quadrupole Order, with a )-term in the Multipoles

Given the charge density p™ on the form derived in [5],

. 1 1
p= _Vi<Pi - §VjQij + évjkaijk + - '>,

we have an expression for a charge density throughout all of space. However, as we
want analyse the electromagnetic behaviour at the boundary of an octopolar medium,
we need to modify this expression to be valid for a half-space medium. Rather than just
multiplying the multipole moments with the step function u(z), as is done in |10], we allow
for the multipole moments to have surface contributions expressed by delta functions to
first order. E.g. P — u(2)P + d(z)PY, where P is a surface electric dipole. Writing
out the terms and grouping them according to the singular functions of increasing order,

we obtain for the half-space charge density

1 1
P2 = u(2)p™ = §(z) [Pz +v,PY —v,PY - v,Q,. — 5%%@5}) +5ViViQi:

1 1 1 1 1 1
+ gvivjkal('jl)g] +6'(2) [ - P+ 5@=x — Vil - 5 (Vz'Qm + vivaz(j;>]
1 1 1
—0'(9)] = 5@+ 2Quns + 5V.QL] 4 07(2)Q0. (13)
Equation corresponds to and contains all the terms of equation (5) in [10]. The new
terms in the equation above are the surface terms marked by a superscript. Similarly, a
new expression for the current density J can be obtained, and its expression can be found

in Appendix B.

As multipoles of order up to the electric octopole - magnetic quadrupole is of concern

here, the following expressions for the electric and induction fields are used:

w(—2)Ey + u(2)Ey + 6(2)EW + §(2)E® + §'(2)E®, (14)

E
B (—2)By +u(2)By 4 6(2)BY + 6(2)B?. (15)

The reason for this specific number of terms in the expressions for the fields is that
the 6 and d-derivatives terms should match the highest order d-derivative terms in the
charge density p and current density J as dictated by the multipole order. For e.g. the

dipole order, a ¢ in E would entail an uncompensated d-derivative term in Gauss’ law

15



and Faraday’s law |10]|, which is easily seen if the Maxwell equations are written out
explicitly. The B-field has one less term than the E field as otherwise there would been

an uncompensated B-field term in Ampére’s law.

Having thus all the expressions for E, B, p and J, we can express the left hand sides of
Maxwell’s equations ((I)-(4)). The left hand side of () becomes

1 1 1 1
8(2) | o= B4 Vi B+ = (PﬁV,-P}”—viQiz—év,-vj@g)+§vivj@ijz+avivjka(”

« ijk
1 1 1
+8(2) [E@ +V,E? — 6-( — P 4 5@+ v,QY — 5[ViQi: + VN]-QSQ])]
0
1

1! 1 1 1 1 11
§'()[E? + (= 50 + 5Qus + Vi) - 072 Q.. (10

The equivalent expressions for equations — can be found in Appendix C. With our
new expressions for the left hand sides of —, we see that we have equations on the

form
0(2)f(x,y,2,1) + 0'(2)g(w,y, 2, 1) + 0" (2)h(w,y, 2, 1) + 6" (2)i(w,y, 2,t) = 0. (17)
Taking the integral of equation with respect to z results in the condition

fo = (Vzg)o + (V2h)o — (Vii)o = 0. (18)

Taking instead the second order derivative of the left hand side (LHS) of equation (|17)
with respect to x, multiplied with 22, and taking the integral of this with respect to z

results in the constraint

/ V2LHS(T7)2%dz = (VZh)o + 2(V.VZ2i)g = 0
so (V2h)o = —2(V,VZ2i),. (19)
Subjecting to the constraint , we obtain an expression for F,, — E;, in terms
of multipole and E-field terms. To arrive at an expression solely consisting of multipole
terms, consider equation ({116 on the form of . For this Maxwell equation, the i-term
is zero, and taking the integral of the derivative of LHS with respect to x, times z,
with respect to z gives the constraint
/VmLHSzdz = (V.9)o — 2(V.V.h)y =0,

so (Vzg)o = 2(V,V.h)o. (20)

16



Subjecting (116]) to (20)), and inserting into the expression for F», — E1,, there are only
two E-field terms left. These can be expressed in terms of multipoles by subjecting
to the constraint , rendering our expression for Fy, — Fy, only in terms of multipoles.

Thus, the first boundary condition is obtained as

1 1

€0
5 (7200 + 7200 - 9200 - v2Q0)) - V9,04
45 (Ve Ve — 5 (V2492 = V) Qe 4 29,9, Qupe + V.0 + Y, V-0 )
+5VTVQ + 3 (7AW - ViVl - ViV - V.01
+2(V.v2QUL + v.v2QU ) + QW

The other five boundary conditions are found by deriving constraints similar to and
(20), and applying the constraints to the appropriate Maxwell equations on the form of

[17) (equations ((16), (116), (117) and (118))). The boundary conditions can be found

in Appendix D. Note that the terms in the boundary conditions (24)-(29) of |[10] are also
found in the boundary conditions derived here, but that in here there are additional terms

due to the new delta term of the multipole expressions.
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4.2 General Polarisation

4.2.1 Derivation of Boundary Conditions

Assuming smooth electric field variation over a transition layer [0, ], in which the fields’
behaviour change from that of the incident medium to that of the other medium, we have
a case as that illustrated in figure [Iand 2] Assuming now that [ — 0, the fields’ variation
at the interface is described by step functions. As opposed to in the previous section, the

following set of definitions for P, E, B, J and p are used,

P, = u(=2) Py + u(z) Po; + 6(2) PY + 3'(2) P, (21)
By = u(—2) By + u(2) By, 22
B; = u(=2) By + u(2) By + 6(2) B,

Ji =D,

p=—V;P;.

The motivation for using these definitions is that this way leads to cleaner and more
transparent calculations, and to let the general polarisation account for weak spatial dis-
persion. This is an effect due to the polarisation’s dependency on the second order spatial
derivative of the electric field as described in section [2] and contributions to this second
order effect may come from higher order multipoles in addition to the electric quadrupole
and magnetic dipole. Similarly to in the previous section, the reason for the different
number of orders in the singular functions of the expressions is due to the nature of the
Maxwell equations and that singular functions in the fields should be compensated by
singular terms of the same order in other fields or sources. Consequently, the polarisation
needs singular terms of one and two orders of differentiation higher than that of the elec-
tric field. Also, from it can be seen that the induction field needs a term one order of
differentiation higher than the electric field. The model of [10] is used where two separate

step functions are used to describe the electric field on each side of the interface.

The left hand sides of Maxwell’s equations — thus become

1 1
V-E-—p=i() (EQZ B+ [PQZ P+ V,-PZ.“)D
0

€0

1 1
+8(2)— (PV +V:p) + 6" (:)— P, (23)

€0 €0 §
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V xE+B = §( z)< By + By + BW: By, — By + By>;3;1>), (24)
VB =i(:) (B Bu+v35)+ﬁa&% (25)
V xB — ppJ — ,uoeoE =9 z)( By, + B, +V, B VZBE) — uopél);
Bay = By + V2B = VB — g PV, BY = ¥, BY — 1PV

+ 5’(,2)( — BY — g P®; BY — 11 P?); — g O >) (26)

T

Using the same approach as that indicated in 4.1 boundary conditions can be derived
from Maxwell’s equations — with the left hand sides expressed as in — above,

rendering

Bz, — iy = poP,
FEyy — By = MOP( );

By — B = —— (PQZ = P+ VPO + 9, P = V. |[V,PP + V,PP]),

€o

BQJ: - le = Mo <P(1) - VZP(2)>
Bay = Biy = o PV = V.2

By, — By, = —H0<V X P( )> .

z

Assuming that our medium is linear and exhibits weak spatial dispersion, the general

polarisation can be expressed as

P = eoxij Ej + Gk By + Nigikiki ;. (27)

This expression comes from a series expansion of the permittivity tensor as described in
section 2

In order to isolate the second order contribution to the spatial dispersion, centro-symmetric
inclusions can be assumed in the bulk of the medium. This causes the first order term in
k of equation to be zero, as the polarisation should not change for the transformation

P(k) — P(—k). The new expression for the polarisation therefore becomes

P = eoxij By — niki; Vi Vi, (28)

where the property V; = ik; of our plane wave electric field is used. In order to model our
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half-space medium, we insert our expression for the electric field into this expression
and define x;; = u(—2)0;; +u(2)O;; and My = w(—2)irtj + u(2)Ciryy- For the case where
the left hand side medium is vacuum, 6;; and ~;;; would be zero, but that is not assumed
here for the sake of generality. Grouping the resulting terms in singular functions leads

to the expression

P, = u(—2) (609@' — %k;ljvkvz)ELj + u(z) (600ij — Cz’kljvkvz> Es ; (29)

+ 0(2)u(=2)2%ike; Vi(Ery — Eay) + 8" (2)u(—=2)Yizz5 (Ery — Eay).
+ 0(2)u(2)2Gik25 Vi (B — Eaj) + 0'(2)u(2)Gizzj(Brj — Faj).

Comparing this expression with the one in , it is clear that P;; and P»; are as
given below in and . Expressions for Pz-(l) and PZ-(Q) can be found by equating the
integrals of and with respect to z over some range [—[, (] containing the interface
plane z = 0. As the two first terms in are already identified as the two first terms
in , these terms can be left out. Doing this calculation, using the convention that

u(0) = 1/2, results in an equation

d
Pz'(l) - VZPi(Z) - (%kzj + Cikzj)vk(El,j - Ez,j) - /5(2)% [U(—Z)%zzj(El,j - Ez,j) dz

d
- / () == [W(=)izes (Br — Bay)|da (30)
= /52(2)(%zzj — Gizzj) (Bry — Foj)dz + (Vikzj + Ginzy) Vi(Ery; — Eaj)
1
- §<’Yizzj + <izzj)vz<El,j - E2,j) (31>
1
= [(’Yixzj + Cixzj)v:r: + §<7izzj + Cizzj)vz:| (El,j - E2,j)- (32)

In , the first term is obtained directly from the integrals in (29) with a §-function in the
integrand, whereas the second and the last terms are obtained from a partial integration
of the terms in with a 0'(z)-function. Evaluating the latter ones gives the first and
the last term of , and from the first term we must have that

(Vizzj = Gizzg) (Bay; — Erj) =0, (33)

otherwise the integral would be infinite. Using the final form , we can define Pi(l) and

Pi(2) as in the following set of definitions;
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Pl,i = (609@' - %’kljvkvl> El,j> (34)
P2,i = (€ooij - Cikljvkvl>E2,ja (35)
P = —(Yigej + Gianj) Vo By — B ), (36)
Pi(z) = %(%‘zzj + Gizzj) (B2j — E1j). (37)

Using these expressions, the phase matching condition V, = ik, and the criterion
from above the boundary conditions can be expressed as

1 . .
FEop — Fip = Eﬂo(%zzj - szzj)(EQ,j - El,j) =0, (38)
1 . .
Eoy — Eyy = Euo(%/zzj — Gyezj) (Boj — Enj) =0, (39)
1
Bz = Br. = —— (002 = Gy VeV Bay = oy = 1201 VaV| B (40)
0

- |:(7xa:zg + Cxxzy)v;% + (’nyzj + Cyzzj)vxvy

1 1
+ _(szzj + C:vzzg)vzvz + _(’yyzzj + Cyzzj)vyvz} (EZJ - El,j))’

2 2
1 . .
By, — Bz = —juo <(’nyzj + Cyozi) Ve + 5 (yazj + Cyzzj)vz) (Ez; — Evy), (41)
1 . .
BQy - Bly = MO((’Y&C:{:ZJ + Cxxzy)vx + 5(7&02&2] + szzg)vz> (EZ,j - El,j)7 (42)
1 . .
By, — Bi. = Ho ((%zzj + szzj)vy> (Eayy — Evy). (43)

4.2.2 Comparison with the Boundary Conditions of Yaghjian and Silveirinha

In [15], Yaghjian and Silveirinha analyse the case of a purely quadrupolar half-space in
vacuum, with its interface being the plane z = 0 and the plane of incidence the zz-plane.
An incident plane wave of transverse magnetic polarisation is assumed, implying that the
induction field only has a nonzero y-component: By = [0, By, 0] and the electric field only
has nonzero z- and z-components: E; = [E1,,0, F1,]. Furthermore, there is no variation
in the y-direction, so spatial derivatives of the fields with respect to y are all zero. As the
medium of incidence is vacuum, 6;; = 0 and y;,;; = 0 in —, and the fact that there
are no electric dipoles in the quadrupolar medium means that O;; = 0. Using this, the
tangential boundary conditions — become
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EQx - El:r; = _§<J:zzj(E2,j - ELj) = 07 (44)

E2y - Ely =0,
BQx - Bl:r: = 07
. ) 1 ) )
BZy - Bly == ,UO (CILEZZVI(EQZ - Elz) + §szzxvz(E2x - Elx)) . (45)

becomes zero due to the criterium (33) (the temporal periodicity of the electric
fields means the temporal derivatives only amount to a linear scaling). Assuming that
Es, — Fy, # 0, the same criterium gives (..., = 0. The corresponding tangential boundary
conditions derived in |15] are

Ey, — E, =0, (46)
Egy - Ely — O,
BQx - le - 07
W . = . .
By — By = — 0% (2.QY = %(vszz V. By, (47)

where the right hand side (47)) is obtained using the definition for Q introduced in Sil-

veirinha and Yaghjian’s article (and motivated in [13]):

1

Q = ageo [%(VE +EV) - 2(V- E)T]. (48)

The term EV is meant to signify the transpose of the tensor VE. As can be observed,
the general boundary condition cannot express the specific boundary condition (47)
of Silveirinha and Yaghjian.
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5 Boundary Conditions and Fresnel Equations for a Re-

alistic Quadrupolar Medium

5.1 Fresnel Equations

In [15], Yaghjian and Silveirinha find boundary conditions for a hypothetical material ex-
hibiting only electric quadrupolarisation and no magnetisation, placed in vacuum. In this
section we apply their approach for finding the boundary conditions for a TM polarised
wave incident on a quadrupolar medium also exhibiting electric and magnetic dipolarisa-
tion. This means that instead of having a total polarisation P = —(V - Q)/2, we have a

total polarisation

1— ! 1_
P:(eoxﬁﬁvaX)E—f@, (49)

where the dipolarisation is accounted for by the first term, the magnetisation by the
second and the quadrupolarisation is expressed in the third term as in [15] (the definition
of Q can also be found in the previous section, equation (48])). With the magnetisation

accounted for in the polarisation, the magnetic field is given as for vacuum,

H- D

Ho
The second term of the polarisation above comes from defining the total polarisation of the
medium as consisting of an electric and a magnetic part, as is done in |14], equation (17).
To arrive at the form above, one can use the definition M = (u, — 1)H = (1 — p1)B/ o,
and substitute for B using the Maxwell equation . The polarisation above holds of
course only for the multipole medium, which is denoted by a superscript 2 in the rest
of this section. For the vacuum side, there is no polarisation as there are no polarisable

entities. The superscript ! refers to the vacuum side.

Now combining the two Maxwell curl equations ( and ), one obtains
1 9 1 ~
—VxVxE—kO(erE—ﬁv-Q/e()) —0. (50)
e

Substituting Q with Q, from [15] (which is simply defined as Q multiplied with the step
function), €, with 1 + u(2)x. and g, with 1 + w(2)x.m, we get instead the combined curl

equation for the whole system

2 1 —
mv XV x E -k ([1 +u(2)x)E — §v : Q0/€0> —0. (51)
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The step functions associated with the permittivity and permeability terms in are
here taken to be "normal" step functions, abruptly going from 0 to 1 at z = 0. This
is in contrast to the step function in Q,, defined to smoothly increase from 0 to 1 over
the transition layer. Using these normal step functions amounts to assuming that the
electric and magnetic dipole effects really can be said to change abruptly at the interface.

However, this assumption is not evidently valid as is discussed in section [7}

Taking the integral of the z-component of this equation times z over the transition layer,

we get the following

! ! 1 ! !
/ LHS(B1),2dz = —kger/ E,zdz — —(/ (V2E,)zdz — iko/ (VzEz)zdz>
0 0 0 0

fir

l
T / (V- Qy)y2dz,
where the dipolarisation is accounted for in the first term. This integral is the same as
that in [15] (equation (40)), except for the factors €, and pu, here. The first and the third
integrals above will contain the factor [ when evaluated (using integration by parts), and
as | — 0 they become zero. Only the second and the last integral survives, giving similarly
to what is obtained in [15] that

1
(gkbaq—ut) (B2 = E}) = 0. (52)

The second term in the first parentheses was 1 in |15], as there a magnetisation was not

considered. The equation above is implying the boundary condition

E? - FE!=0.

In the same fashion, it can be shown that also the additional boundary condition of [15],

Q.. =0, (53)

does not change for our case.

On the other hand, the last boundary condition does change. In [15]|, the derivation of
the induction field boundary condition is carried out with Ampére’s law as the starting
point. We will now use their derivation for showing how the boundary condition becomes

for our case which includes dipolarisations. The form of Ampére’s law for our case is

%VXVXE:O (54)

1 _
V x B + iwege, o E — §mmv Qo+
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In order for the calculation to be as simple as possible, the last term of the left hand side

above can be rewritten as

_(1 - lu;l)v X B7

using . Equation then becomes

1 1 ~
—V xB+ iWEOET,lL()E — §zw,u0V : QO = 0.
fhr

By doing this, we have effectively moved the magnetic dipole contribution from the total
polarisation to a responsefield H = B/pop,. Now taking the integral of the z-component
of this equation with respect to z over the transition layer, we obtain almost the same
equation as in [15] (equation (45)), with the difference being the factor y, in the denom-

inator of the B!(,Q)—term:

1 /B 1 1
2 _ B(l)) — (—VZE(Q)
/~L0< o M szeoaQ 5 P

1
2

1
iko, E) = Ziko,(BY — EO)). (55)

By

Another expression for the difference —Bl(,l) can be obtained from taking the difference

M
between the magnetic fields on each side of the transition layer, expressed using :

1 /By 1
7Y — g ( v _ By)) = (VzEf) ~VLED ik (B2 — E(”)>,

Y o % Hor W#o ‘
B(2)
so that iw(i - B§1)> =V.E® —V.EW —iky,(E® — EW). (56)
i

Inserting into (56), the following equation can be obtained after some algebra

2
VR VD ik (B - BY) = M (VLB ik, [EO — (£~ EO)]). 67

The left hand side of this equation is now equal to the right hand side of , so by
substituting our left side for ’s left, we obtain the following boundary condition for
the induction field

@
B poy_
Ju v 4w

1.2
_kooq (szg(f) ko, B — %(Ef) - E“))} ) (58)

z

It is straight forward to show that neglecting the latter term of (57), as is done in [15],

we would instead have gotten the boundary condition
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By oy iwno 52
b Q) ,
which is identical to what is derived in [15], except for the factor p, in the denominator

of the Bg(lz)—term.

Having obtained the boundary conditions, we can now proceed to derive the Fresnel
equations governing reflection and refraction. To do this, we need to know what kinds of
modes are present in the bulk of the multipole medium. In that region, €, = (1 + x.),
ttr = (1 + X,,) and instead of Q, we can use Q as defined in equation (48)(or equation
(9) of [15]). With these changes, and applying the identity

Vx(VxA)=V(V-A)-V?A, (59)

where A is a general vector, to equation and then taking the cross product of the

resulting equation with E, we get

1 1 k2 ~

~|V(V - E)xE - (VE) XE} ~KeExE+ 0(V-Q) xE=0.  (60)
o €0

For phase matching along the x-axis of the waves on each side of the interface, we have
V.E = ik,E. As we also have periodic variation of the electric field in the z-direction,
(V2E) || E, and we can write (V?E) x E = 0. Furthermore, using the definition of the

quadrupole moment Q, we have that the last term can be rewritten in the following way

k2 - 1,
§E(V'Q) xE= 5“@7‘30(

1

6(V.E)(V><E)).

Using this, equation becomes

lvxpw.B-L

m (V) X E) ~ Ko (B x B) + %an(%(é(v ‘E)(V xE)) =0,

which can be simplified to

_ 1
(17" + T 0kd)k x B)(k - E) = 0.

This implies that

(k x E)(k - E) = 0.

1
In this implication we have assumed that —agk? # —u,, which is necessarily true for

lossless media as then g should be a positive number (for a material with a non-zero
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quadrupolar effect) |12]. From the last equation above we have that in the medium, there
can be one mode for which (k x E) = 0 which implies that (k- E) # 0, and there can
be one where the opposite holds. For the first, k || E, so this mode is longitudinal, and
for the second they are perpendicular, meaning a transverse mode. Both of these must
fulfil Maxwell’s equations separately. Looking at the longitudinal mode and giving it the

subscript e, the corresponding quadrupole moment becomes

_ 1 _
Q, = agcoi [Eeke — (k- EJI).

as for (k x E) = 0, Ek = kE. For our model, with both a nonzero electric dipolarisation
given by €yx.E and a nonzero quadrupolarisation given by —V - Q/2, the correct version

of Maxwell’s equation becomes

V.E=—V-(V-Q) (61)

2€0€,
which is obtained by inserting the p = —V,P; into (1)), with P, as expressed in the

beginning of this section. For the longitudinal mode we get

~ 2
V-Q,.= —goneo(ke -Eo)ke,
as k. - (E.k.) = (ke - E¢)k.. Furthermore,

V- (V ' Qe) = _gaQGOi(ke : Ee)(ke : k8)7

as V](k. - Eo)k.] = (k. - E.)(ke - k.). Now inserting V - (V - Q,) into equation (61)), we
get that

K, -k, = — (62)
aQ

which means that k., must be imaginary as k, is real and ag > 0, and the longitudinal

wave is therefore evanescent.

For the transverse mode V - E = 0 and V x E # 0. Applying to equation and

using k? = w?egpo (the incident wave is in vacuum), we obtain

1 1
_ _VE, = k2 (eTEt -5V-Q, /eo>, (63)

r

where Q, can be expressed as
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Q, = %aQeo [VEt + Etv]

V - Q, then becomes

1
§QQ€0V2E1§.

Inserting into and doing some algebra results in the following expression

11 -1
k -k =k kie,,(; - ZkgaQ) . (64)

Summarising the three boundary conditions from earlier in this section, choosing the

approximated version of the magnetic field boundary condition as in [15], we have

Etac + Eeac - Ezac - Erm =0 (65)
Bt =By =B = =302 x (2-Q, +2- Q)] -y (66)
z-(Q+Q,) z=0, (67)

Writing out k., x E, = 0 and k; - E; = 0 for the evanescent and transmitted waves

respectively, we get

szez = kezEez (68>
kCL‘EtCC = _ktzEtz- (69)

Inserting the expression for the electric quadrupole moment into the additional
boundary condition (67)), we get

2 1
ktzEtz + gkezEez - gkerx =0. (70)

From we can rewrite to get

|
ok 2= % (a + 50@1@). (71)
aQ

Now inserting and into , and then using , we get

agk?
- 2 2 tx-
€ + Oéle,

ex

(72)

To translate equation into an equation with the magnetic field instead of the electric,
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we need to find expressions for Ey,, E,, and E;, (Ee, is already expressed in terms of Ej,)
in terms of the corresponding magnetic fields. Using k; x E; = wBy, (69), recognising
k2 +k2 as equal to k;-k, and substituting this latter expression with k2e,(1/p, —agk2/4) ™"
(from equation ((64))), we get for the propagating wave

wke, 71 onk:g
E,, = 2= (— - )B . 73
! /{;Z-Zer . 4 ! (73)

Now using k; x E; = wB; for the incident wave, and likewise for the reflected wave, and

k- E =0 (both of these are transversal) we get the expressions

wki,
Eiy = k—gBi (74)
wk1,
B,y = —k—;BT. (75)

Combining equations and , and inserting — into , we get

_ ke (/e — gk /4)
ke (6 + agh?/2)

B, — B, B, = fB, (76)

From equation we can derive another equation relating B;, B, and B;. The y-

component of the vector term in the square brackets of becomes

zZ X [Z : (Qt + Qe)] Y = &QQEOZ [ktzEtx + k:cEtz + k@ZE(iCC + kerz]

— _ok2) —
2ktz |:(kt kac)

aok2ke.ky. ]
e + agk2/21 7

where in the second equation (68), (69), k7 = k7 + k2 and have been used. Now
inserting the last equation above into , and using , we get

1 1
Bi+ By = (- = 22(—— — aqk?/4) [k} — 242 -

From equations and , we have

Bi _Br = th7
B; + B, :gBt7
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rendering the reflection and transmission coefficients

Br g_f

== - 78

" B  f+yg (78)
B; 2

tE_:—7 79
B,  f+yg (79)

respectively.

5.2 Emergy Conservation

To evaluate further the validity of the expressions for the transmission and reflection coef-
ficients derived in the previous section, one can check for energy conservation of radiative
energy in the two media by investigating the normal component of Poynting’s vector on
both sides of the transition layer, assuming the evanescent mode is confined there [15].
These should equal each other, as we are considering a lossless material. Mathematically

expressed, S;. + S,, = S, must be fulfilled, where S is Poynting’s vector,

w O¢;
Sk = R ik By — — 4 —FE7
b= g etem BB = e

as defined by Landau and Lifshitz |2, equation 103.15|. The equation is here given in SI
units instead of CGS units. ¢ is the Levi Civita symbol, so that {e;;EfB;} = E* x B,

and ¢;; is the permittivity. The second term comes from the spatial dispersion in the

E;, (80)

quadrupolar medium: D;(k) = ¢;;(k)E;. Equating this expression for the response field
to the expression in (7)) (where P; is given as in (49)), we have

2
W lo

Using the vector identity , the identities

_ -l _
EE—G()ETE—FMVXVXE—%V'Q.

V-(EV)=V-(VE) =V(V-E),
V-(VE) = (V-V)E,

and writing out V - Q, we obtain the following:

b (1—u:1 aQ) > (1—u:1 aQ)
— & — (— Iy Re)wep, gy (— 2 B,

However, as the evanescent mode is left out, the property V - E = 0 associated with the

propagating modes can be applied, and therefore the last term above is zero. Using that
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V - E =ik - E and dividing both sides by E, the equation above thus reduces to

-1
g [Tty %
€ k% + A h-

Differentiating with respect to ki, and using 0k,/0kg = d4p, this becomes

l%:—2(1_'MT 1 )klélk

€0 8k:k ]{3(2)
1—p ' ag
= —2( r —)k .
R

For our transmitted propagating mode, the first term of can be expressed as

E;|"k
2/,60&}' t| )

as k1 E1B and the direction of E x B is in the k;-direction. In the above has also
been used.

Now inserting this into equation , we get for Poynting’s vector in the right hand side

medium

1/, — apk? /4
g, = M/Hr — oqki/ E.[’k;. (81)
2w

From equation we can also find the expressions for S; and S,. The incident and
reflected waves are on the vacuum side of our two media space, and ¢;; is simply equal
to €. This means that the second term in is zero. Using again , k!l1EIB and
that E* x B is in the direction of k, we can express Poynting’s vector for the incident and
reflected waves as

S, = —— Bk,
2/_L0k‘2
w
S, = —— Bk,.
2[10]{32

Equating the z-components of the above vectors with the z-component of , recalling
that k., = —k;, = —ky., we get

Wklz 1/,“7“ (07 k?22/4
— <B2 32) ; QNi/% g2y
HoR; How
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Expressing E? as EZ, + E?

tz)

and dividing by B;, we get after some simplifications that

inserting the expressions derived earlier for £2, and E? , using

L—|r]* = alt]’, (82)

k
where a = —2—(1/p, — agk? /4)2.
klzer

Plotting the difference between the left and right hand sides of equation using the
script in appendix F, it can be verified that the difference is zero with deviations on the
order of the computer’s numerical uncertainty. The equation is therefore seen to hold,

and the energy is conserved.

5.3 Dipolar Behaviour for a Negligible Quadrupolarisation

For a negligible quadrupolarisation (ag ~ 0), the expressions for f and g become

ke 1
B klz 67‘,“7"
1
g=—".
b

Using the definitions of the reflection and transmission coefficients and , we
obtain by some algebra that

o klze’r - ktz

"o Erklz + ktz7
2€rﬂrklz

- Erklz + k'tz.

which are the normal Fresnel equations for the the reflection and transmission of a dipolar
medium in vacuum. Using the script in appendix F with a very small value for aq, this can
be plotted. For an angle of incidence of 0°, the coefficients for an air-water interface are
plotted in figure [3| as a function of the incident wavenumber times the critical dimension
d of the hypothetical inclusions. In figure [d] the transmission and reflection coefficients
are plotted for the same interface, but this time at an incidence angle of 53°, which is the

Brewster angle for water.
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Figure 3: Absolute values of transmission and reflection coefficients (¢ and r respectively)
for air-water as a function of the incident wavenumber times the critical dimension d of
the hypothetical inclusions, for an incidence angle of 0°.
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Figure 4: Absolute values of transmission and reflection coefficients (¢ and r respectively)
for air-water as a function of the incident wavenumber times the critical dimension d of
the hypothetical inclusions, at the Brewster angle (53°).
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Figure 5: The absolute values of the transmission and reflection coefficients are plotted
above as a function of the incident wavenumber times the critical dimension d of the
hypothetical inclusions. Both the angle of incidence and the quadrupolarisation density
ag are set to be the same as that in [15], namely 80° and 0.27d* respectively, for easy
comparison.

5.4 Purely Quadrupolar Medium

For a purely quadrupolar medium, the dipolar permittivity and permeability have to have
the value of one, and we obtain from the script in appendix F the plot seen in figure [5
As can be observed from comparison with the plots above, the quadrupolarisation is the

only source of frequency dependence in the model used.

5.5 Evanescent Transmission Wave Vector

As can be observed from equation ((64]), the transmission wave vector k; becomes imaginary

for when

1 1

and is ill-defined for when the left hand side above equals zero. From the inequation
above, the following inequation can easily be derived using the definition of [15] for the

quadrupolarisation density (g = 0.27d2),

1
kod > )
Vo027,
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Figure 6: Plot of the absolute values of the reflection and transmission coefficients squared,
normalised with the use of Poynting’s vector (giving the scaling factor a), as a function
of the incident wavenumber times the critical dimension d of the hypothetical inclusions.
In this plot an incidence angle of 80° was used.

As an example, for the electric permittivity €, = 4 and magnetic permeability p, = 4.84,
it can be calculated from the last equation that the transmission wave vector is evanescent
for frequencies kod > 1.75. The scaled and squared transmission and reflection coefficients

for this example are plotted in figure [0 using the script in appendix F.

5.6 Yaghjian and Silveirinha’s Exact Fresnel Equations

In order to arrive at the boundary condition above, an approximation of was
done as in [15]. There it is stated that "For a highly accurate continuum, k3ag < 1 and,
thus, the kZag/12-term in (47) can be neglected". This assumption is not necessarily
valid, or at least might be a very rough approximation, as the comparable kfag/4-term
is kept. Expressing E’Q(EQ) as B, + F., and Eg(gl) as F;, + E,,, and going through the same
calculations as those following — for this exact B-field boundary condition instead
of the approximated , the exact Fresnel equations can be derived. This is possible as
the different electric field components are related to each other through , and
(with the incident and reflection waves being related in the same way as the transmitted
one, as they are all propagating modes) and these components can further be related
to the induction fields through equations , and . Doing this, one obtains a
coefficient ¢ that is different to the one in and , and reads

35



1/p, — O‘fng[(ktZ +ky + k2 /3) + (2K /3 + ku) B

1 —agk?/12 ’
where A is the total factor in so that F,, = AB; and B is the total factor in
so that E., = BE,;,. Using this expression for ¢ in our formulae for the reflection

and transmission coefficients, the exact Fresnel equations (according to the derivation of

g:

Yaghjian and Silveirinha) are obtained. Applying these coefficients in the equation for
the energy conservation and plotting the difference between the left and right hand
sides using the script in appendix F, we can obtain a plot such as that in figure[7} As can
be seen from the green curve in the plot, the difference is non-zero, so energy conservation
is violated.
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Figure 7: Plot of the absolute value of the difference between the left and right hand sides
of equation for the exact expressions for the reflection and transmission coefficients
(the green curve) and for the approximated expressions (the red curve). This plot was
obtained for an angle of incidence about 60°, with an electric permittivity of 3, a perme-
ability of 2 and a quadrupolarisation density of 0.27d?. The angle was chosen so that the
deviation from zero would be maximised (given the values of the other parameters used).
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6 Boundary Conditions and Fresnel Equations for a

Medium with an Asymmetric Quadrupole Moment

In section [f] a medium exhibiting both electric and magnetic dipolarisation and also
electric quadrupolarisation was analysed in order to investigate the weak spatial dispersion
of a hypothetical metamaterial. By weak spatial dispersion is meant contributions to the
total polarisation that are second order in k or lower, in reciprocal space. In the case of
section o], the second order effect consists of contributions from the magnetic dipolarisation
and electric quadrupolarisation. However, there might also be second order contributions
from higher order multipoles, and these would be missed in the case of section 5] Defining
instead a general multipole Q that is asymmetric, all second order effects can be included
in Q. Using the same reference system as in (that described in Section, the polarisation

of an infinite medium of such kind can therefore be expressed as

o 1
P =P - 5 Vilis, (83)

where P¢ is the electric dipolarisation. In order to model an interface, the half-space
equivalent expression should be used, which is obtained simply by multiplying the mo-

ments with the step function u(z). Using and @, the source densities thus become

1 1
p=u()p = (). + 36(2) (ViQis + V,@ ) + 500Quc

L—u@ﬂm—%&d@?

Just as argued in [10|, it is reasonable to assume that the fields must have a form so that
in Maxwell’s equations, there are field terms in singular order that match those of the
sources above. Consequently, just as for the electric quadrupole - magnetic dipole order

we can write

(—2)E; + u(2)Ey + 6(z)EW,

E=u
B = u(—2)B; + u(2)Bs.

The boundary conditions can be derived with the sources and fields as expressed above.
The first step to obtaining these is to insert the expressions for the fields and sources
into Maxwell’s equations (equations —). Doing this and grouping the resulting terms
in singular functions of increasing order, one can observe that the step functions are
associated with Maxwell’s equations for the bulk of the media, and these terms are zero.

The remaining terms are then terms in ¢ and its derivative, as shown below;
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5) B — B4V B+ (P - 2004 v,0.)]

€o
, 1
+0 (Z) <E§1) - 2_€0sz> = Oa (84)
62) (| = Bay + Buy, Baw — Bua 0] + V x BV ) 4 8/(2) | — B, BV, 0] =0, (85)
5(2)(322 - BM) =0, (86>

1 . . 1 . )
5(2) |: - BQy + Bly + §N0sz - EO/LOEgg;l)a B2:): - Blz + Q,UOQyz - EOMOEz,(,l)a

1 . .
§M0sz - GOMOES)] = 0. (87)

These equations are on the form

0(2)f(2) +8'(2)g(2) = 0,

from which one can derive two criteria for f and g. The first is gotten from taking the
integral of @ with respect to z over some range containing z = 0. The second is gotten
from multiplying @ with 2z, and then doing the same procedure. The criteria are found
to be

fo—(V.9)0 =0, (88)
9o =0, (89)

where the subscript means that the expressions are evaluated at zero. Applying (89) to
the two equations and , it can be seen that the surface term of the electric field

can be expressed as

1
E(l) = [07 07 _sz] .
260

Using this, the fact that a TM wave is modelled (so that E, is zero everywhere) and
applying the criterium to all of the equations -, the following boundary
conditions are obtained;
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1
E2a: - Elx = E_verza (90)
0

Eyy — Eyy =0,

Ba.— B =~ (P = [VaQue 4 V.@u 4 V.Q.1]).

By — Bia =0,

Boy— Biy = —20Q.. (91)
By, — By, =0.

In [15], the additional boundary condition (Q.. = 0) was derived. There, Q was the
symmetric electric quadrupole moment, but here we are dealing with a general Q with
also an antisymmetric part. By comparison between the expression for the polarisation
(83) and the general expression for polarisation of a centro-symmetric weakly dispersive

medium (equation (28))), we can express Q as

Qi = =2 k1 E;.

Having thus a relation between Q and the electric field, the updated versions of the
boundary conditions , and @ from which the Fresnel equations will be derived

can now be written

Et;c - Ez - Erx = 07 (92)
By — B; — B, = —wjionzziki Ej, (93)
nzzljklEj = Oa ) (94)

respectively. The evanescent mode is neglected for simplicity, and the validity of the
expressions can be verified by carrying out the same derivation as in [15], but using
instead the Q as defined above.

The expression for the polarisation of the medium of interest is

Py = eoxij Ej + nirikiki By,

and consequently the induced current density can be written

J; = —iWEQXijEj - iwnz'kljkkklEj'
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In order to find an expression for the transmission wavenumber squared (k; - k;), the curl
equations for the bulk of the medium can be combined. Using the expression above for
the current density and the property for propagating modes V-E = 0, the equation below

is found,

/{72
/{33 = k’ger + E_Onikljkkkl-
0

When the index [ = k, the rightmost term can be grouped with the left hand side term
as kik, = k?. Also, the fact that the order in which the spatial derivatives Vj and V,
of appear is unimportant, means that 7,,; = 7. Thus, the equation above can be

further manipulated to give the expression

2
kg (67’ + _nzxz]k$ktz>
€0

<1 - _(Thle + nizzl)>
€0

K= (95)

Proceeding now to express the terms of in terms of the induction field B, a relation
between B; — B, and B; can be found. Just as in |5, we use Faraday’s law (equation ([2)))
and V - E = 0 to express F;,, F;, and E,, in terms of B;, B; and B, and thus obtain

2

k
= ul Bt> (97)

2
<€r + _nizzjkxktz>
€o

where in the second equation (95) was used. The expressions for F;, and FE,, remain
identical to the expressions and of section . Now inserting into the boundary
condition and applying the boundary condition , it is found that

(1 D (et + ))
ktz € Nizal Nzl

2
kflz <6,- + _nzxz]kxkt2>
€o

b

f=

where f has the same role as in section |5| of being the factor relating B; — B, to B;.

A second factor g also relating By, B; and B, can be found from the boundary condition
. Writing out 7.,k E; yields

Bt - Bz - Br = —Wlo (nxzmxkxEtr + T]mzmzkxEtz + nmzzxktzEtx + nxzzzktzEtz>
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Using V - E; = 0, inserting for E;, using and applying , the expression for g
becomes as follows,

2

k
(1 - _O(nzxml + 77mzzl>)
g=1+-—-

2 ((nxzm:r - nwzzz)kxktz + nxzzzkgz - nxz:vzkfg) .
€0 (er + E_nz:vzjkwktz>
0

From this, the reflection and transmission coefficients are found as the simple functions
of f and ¢ in equations and , just as in section .
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7 Discussion

Throughout this thesis, the permittivity, permeability and quadrupolarisation density
have been treated as frequency independent, which is why the reflection and transmission
coefficient curves in the plots of section are constant. This is not true, but in order
to investigate the spatial dispersion it is a practical assumption as this effect is then the

only source of wavenumber dependency.

The derivation of the boundary conditions for the case of explicit polarisation up to
electric octopole - magnetic quadrupole order in section is relatively straight forward
and interesting for two reasons. Firstly, the electric and magnetic moments are allowed
to have a d-function term. This leads to more complex boundary conditions with the
capability of accounting for surface effects in case these exist. Secondly, a polarisation to
electric octopole - magnetic quadrupole order would account for weak spatial dispersion
quite well by its magnetic dipole and electric quadrupole contribution, as well as the
potential contribution from the electric octopole and magnetic quadrupole. However,
to obtain the Fresnel equations from these would be a quite cumbersome task and is
not attempted in section 4.1 A more appealing way to handle media with higher order
multipoles would be the model chosen in [4.2] where the different orders are not expressed
explicitly, but rather implicitly contributing to the general polarisation. Furthermore, this
general polarisation is in taken as a second order approximation in k, and therefore
all second order contributions from all multipoles can be accounted for. Since in |15] the
polarisation consists solely of the electric quadrupolarisation, and this is a second order
effect, the general polarisation of should be able to express the quadrupolarisation.
Consequently, also the boundary conditions of section should be able to express those
of [15]. However, as is seen in that section, the y-direction boundary condition of the
induction field derived in 15| cannot be expressed by the corresponding general boundary
condition derived in[4.2] One obvious reason one might suspect is the cause of this is that
the general boundary conditions of section were derived using the half-space model of
Lange and Raab [5] for the fields, whereas the boundary conditions derived in [15] relied
on another model. However, as reasoned in section [3 these half-space field models turn
out to be equivalent. This can also be seen from inserting the definition of the electric
field used in [15] into equation (28). This gives exactly the same four last terms as in
, and therefore the same general boundary conditions follow. Instead, the difference is
likely due to the location of the step functions in the expressions for the polarisations. In
[15], the polarisation can be expressed as proportional to V- [u(z)Q] , whereas in the term
Nik1; Vi Vi E; the corresponding step function is found in the n-factor and thus outside the

scope of the nabla operator.

In section[5], dipolarisations were added to Yaghjian’s quadupole medium, thus resulting in

the description of a more complex medium that might be closer to what a realistic medium
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would actually be like. In the derivation of the boundary condition for the x-component of
the electric field, an assumption was made concerning the step functions associated with
the permittivity and permeability. These were assumed to changed abruptly at z = 0.
Although this might hold for the permittivity, the permeability is associated with the mag-
netic dipolarisation, which is of second order in k just as the electric quadrupolarisation.
Thus, if the electric quadrupolarisation needs to be modelled using smooth step functions
over the transition layer, this must also be the case for the magnetic dipolarisation. In
order to do this properly, the permittivity and permeability step functions should also be
taken as smooth step functions. Multiplying the whole of equation (51)) with (14 wu(z)xm)
and z and integrating over the transition layer would then imply a contribution from an
integral term —%wQ,uo fol u(z)(V - Qo)zzdz. This integral must be evaluated in order to
know whether the assumption used in section [5| is really valid. Most likely, this would
only lead to a somewhat different first factor of equation , and therefore the derived
boundary condition would still hold.

Although the analysis of the medium and the derivation of its Fresnel coefficients in
section [5 seem successful, contributions to the second order spatial dispersion only come
from the magnetisation and the electric quadrupolarisation. As higher order multipoles
beyond the electric quadrupole and magnetic dipole might also contribute towards the
second order spatial dispersion, these possible contributions are not accounted for in the

model of section [5| and this possible limitation should be kept in mind.

As can be seen from section [5.3] the expressions for the reflection and transmission coef-
ficients for our realistic quadrupolar medium collapse down to the normal dipolar coeffi-
cients for when the quadrupolarisation density is set to be of a negligible magnitude. The
normal TM reflection effects such as the Brewster angle (figure [4)) and the zero reflection
at normal incidence for an impedence matched medium (¢, = p,.) can then be obtained
using the script in appendix F. Thus, in the limit where ag — 0, dipolar behavior is

obtained as expected.

Assuming instead that the medium of interest is purely quadrupolar (¢, = u, = 1), the
electromagnetic response exhibits a significant wavenumber dependency as can be seen
from figure 5| Comparing with the corresponding plot in [15], it can be observed that the
two plots are in agreement, disregarding the evanescent mode free curve and accounting
for the fact that it is a slab medium that is modeled in [15].

The validity of equation for the case where exact expressions for the reflection and
transmission coefficients are used, can be discussed based on the green curve of figure
[l The red curve shows the difference for the case of the approximated expressions,
and plotting this separately it can be verified that the deviation from zero is about 15
orders of magnitude smaller than the values of the left and right hand sides. Thus, the

difference is only due to intrinsic numerical uncertainty and the energy is conserved from
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the first medium to the second along the normal over the frequency range of interest, as
neededﬂ The green curve, on the other hand, shows a different situation. At k;d = 0.5,
the deviation is about 1% of the values of the left and right hand sides of (82)), and it
increases proportionally to the incident wavenumber squared. At lower frequencies, the

deviation is negligible as stated in [15].

In section [5.6|the exact expression for g is derived, and it is found that using this g leads to
violation of energy conservation across the boundary condition. Inserting the expressions
for the reflection and transmission coefficients (equations and ) into the energy

conservation criterium , it can be seen that the equality requires

a=gf.

As the expression for ¢ for the exact case is different to the approximated case, but the
same expression for a is used in both calculations, it is not surprising that energy conser-
vation is violated for one of the two cases. However, it is not obvious how the expression
of a should change, or why it apparently results in energy conservation for the case that
after all is only an approximation. This apparent problem was not mentioned in [15],
but it was claimed that the energy conservation was demonstrated (for the approximated
case) in [11]. However, clarity on this matter has not been achieved by the author of this

thesis, and the issue remains unsolved.

In section [6] Fresnel coefficients for the case of a general second order polarisation were
derived. This is the same as what was attempted in section [4.2] but due to the fact that
the derived general boundary conditions could not be unified with the specific boundary
conditions of [10] and [15] it could not be carried through. In section [f] the second order
term of the polarisation is expressed as the divergence of a general moment Q to which
the second order effect of all multipoles is attributed. Thus, the form V - |u(2)Q| can
be used in the fashion of [10] and [15] instead of the form 7,;V,V,E; of section ,
but for a Q that accounts for all second order contributions and not only those from the
magnetic dipole and electric quadrupole. The motivation for this choice is based on the
difference between these two forms discussed earlier in this section. As shown in section
and in [15], for a non-negligible quadrupole contribution there will exist an additional
mode in the quadrupole medium. This means that an additional boundary condition was
needed in order to derive the Fresnel coefficients, and the derivation of that boundary
condition depended on the quadrupole moment’s expression in terms of the fields, i.e. on
the constitutive relation Q(E). For multipole orders beyond those of section |5 or [15],
there might be more modes present, implying the need for more additional boundary
conditions. However, as we want to limit ourselves to weakly spatial dispersive media, we

operate with the second order approximation in k and may assume that the number of

4The evanescent wave in the transition layer does not carry energy.
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modes remains the same. This way, one can go through with the derivation as done in
section [6] The reflection and transmission coefficients obtained are expressed in terms of
n-coefficients. These coefficients are defined as the factors that multiplied with the second
order spatial derivative of the electric field constitute the second order effect in k of the

polarisation.

As is described in section [2| and in [12], the criterium |ko|d < 1 must hold in order for
the fundamental Floquet mode approximation to the macroscopic Maxwell equations to
be valid, and thus for the medium to be considered a continuum. The problem with
this is that the approximation prevents us from modelling the case of sizeable inclusions
(d < ) precisely, which is the case for metamaterials and the reason for them exhibiting
significant spatial dispersion. However, the results obtained here and in 15| can still be
of importance for materials with a less strict frequency criterium. According to [12], the
criterium |ky|d < 1 can sometimes be permitted, and even |ky|d > 1 for special inclusion

arrays.

Another point worth mentioning concerning the plot domain is that depending on the
given values of p, and ag, the transmission wave vector might become negative within
the plot domain, as described in 5.5 This means that there is no propagating mode in
the medium of interest, and therefore there is only reflection. This is seen in figure [6] for
kod > 1.75.
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8 Conclusion

In |15], Yaghjian and Silveirinha modelled a purely electric quadrupolar medium in order
to look at the quadrupole response isolated. In section [} the quadrupolarisation is mod-
elled together with electric and magnetic dipolarisation in order to describe a medium
closer to what would be the case for a realistic material. As the Fresnel equations derived
here are in agreement with the standard Fresnel equations for the dipole approximation,
and likewise in agreement with [15] for the purely quadrupolar case when the dipolar-
isations are negligible, it is likely that we have been successful in our derivation of the

Fresnel equations for a medium with both dipolarisations and electric quadrupolarisation.

A goal for this thesis was to derive Fresnel equations for weakly dispersive media, defined
as a second order approximation in k to the polarisation. In section [5], the magnetic dipo-
larisation and electric quadrupolarisation contribute to the second order effect. However,
as it might be that also higher order multipoles contribute significantly to the second
order effect, it was of interest to investigate whether it is possible to obtain Fresnel equa-
tions for a general second order approximation to the spatial dispersion of a hypothetical
multipole medium. This was successfully done in section [6] under the assumption that
higher order multipole contributions to the second order effect do not entail additional

modes. The evanescent mode was also neglected for simplicity.

For further development of the field that has been the topic of this thesis, it would be
productive to repeat the derivation of the tangential electric field boundary condition in
section [5| without using the assumption stated there. Furthermore, it would be profitable
to gain clarity in the issue concerning the energy conservation discussed above. A first
step in order to do so would be to more thoroughly go through the article by Silveirinha
[11] to see whether the normal component of the Poynting vector for the approximated
case is really shown to be continuous across the transition layer. However, the answer to
this question will not explain the lacking energy conservation for the exact case, so this
should also be investigated. A last point for further improvement would be to derive the

Fresnel equations in section [6] without neglecting the evanescent mode.
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Appendices

Appendix A: Homogenisation theory for local media [3,

section 6.6]

The microscopic Maxwell equations read

V-e=p/e (98)
V-b=0 (99)
Jdb
= 1
V xe BT (100)
1 Oe .
VXb—EE—MOJ, (101)

where p is the microscopic charge density, j is the microscopic current density and the
macroscopic equations (equations (111)-(114))) can be derived from these through an av-

eraging operation of the form

(F(x,t)) = /f(x*)F(x —x* t)d>x*, (102)

where f(x) is a test function and F(x, t) is the function to be averaged. From the equation
it can be seen that the averaging operation commutes with the spatial and temporal

derivatives, mathematically expressed as

0 OF
Fect)) = (G5)
0 OF
e (%)
8t< (1) ot
Applying the averaging function to the microscopic Maxwell equations - (101)), we

get directly to the macroscopic ones for the homogenous equations and (100). On
the other hand, the inhomogenous equations become

eV E = (p(x,1)) (103)
iv X B — 60‘98—? = (j(x,1)). (104)

To continue, one will need to find expressions for (p(x,t)) and (j(x,¢)). The microscopic
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charge density can be expressed as
)= o(x—x;)+ > palx,1), (105)
7 n

where

pu(X,t) = qid(x —x;).

i(n)
The first term in equation (105]) is the contribution from the free charge carriers in the
medium, whereas the second term is the contribution from bound molecular charges.

Applying the averaging function to p,(x,t) gives

UM&W—/ﬂfm&—fﬁfﬂ
_Zq]/f d(x — X" — Xjp, — Xn)

J(n)

= g f(x =X, — Xn), (106)

j(n)

where x; = x,, +X;, is the jth charge of the nth molecule. As f(x,t) changes significantly
for small deviations of the argument (x — x,, — x;,) from (x — x,) (%, on the atomic

scale), a valid Taylor expansion of (p,(x,t)) around (x — x,) can be made;

82
(pn(x,1)) Z%[ X —x,) —x Vf(x— Xn)+%Z(Xjn)i(xjn)jmf(x—xn)+"'
j(n) ij B
0? — X,
= a0 x) = oo T x =)+ D@ e (aon

ij

where the second equation is obtained by identifying the microscopic multipole moments
in the first;

Gn = ZQj
j(n)
Prn = ZQijn
j(n)
Qn)is = Y 4 (Xjn)i(Xjn);- (108)
j(n)
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Rewriting equation (107)), we get

(pn(x,1)) = (420(x = Xn)) = V- (Prd(x — x,)) + % d ax?;xj

)

and it can be seen from this equation that we can interpret the averaged charge density as
a collection of point multipoles (located at the same point) in the place of the molecule.
Now summing up over all the molecules, and adding the average of the free and mobile

monopole charge carriers, we get the following expression
1 *
ij
with
p(x,t) = < D qo(x—x;) + Y and(x — Xn)>
i n

P(x,t) = < Z Pro(x — Xn)>
Qi 6,t) = { D2 (@)igdx —x0) ).

n

being the first three macroscopic electric multipoles. The index j counts the free monopole
charges and n counts molecules. Note that the definition for the macroscopic quadrupole
moment in used here is different to the one used by Jackson [3|, by a factor 3. The
reason for this choice is to get the equations on the same form as those used by Lange
and Raab [5, 10] and Silveirinha and Yagjian [15].

Inserting equation (109)) into equation ((103)), we get
0 1 0
L eE+P -5 L0 ]:
; oz, [60 * 2 ; oz; Qi+ P
This is now the macroscopic Maxwell equation corresponding to (98)),

V-D =p,

with . 90"
B+ P — ; oz, + (110)

The derivation for the macroscopic current density J(x,t) is done the same way, but is

more complicated due to its vector nature. The starting point is the expression for the
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microscopic current density
i(x,1) = Z q;vio(x — x;(1)).
J

Doing the average of this function (for the sum of the molecules and free charges), and

inserting that expression into equation ({101]), we get

VxH—a—D:J,
ot

with the response field H given through the relation

<iB — H)Z =M, + <Z(p X Vi )i0(x — xn)>

Ho
1 0 .
Py iy @ (V)8 =) )

The last two terms are normally very small, as the velocities of the molecules v, are
low and fluctuate. However, if the whole medium moves (v,, = v for all n), then the

expression for H is simplified to

1
H=—B-M-(D-¢E) xv,
Ho

and if v = 0 we get the familiar relation

1
H=—B-M.
Ho

Thus, we've finally arrived at the macroscopic Maxwell equations:

V.-D=p (111)
V-B =0 (112)
0B
VxEB+ =0 (113)
oD

where p and J are the free monopole charge density (static ions included) and current
density respectively. Although the above derivation is done for a natural material, it also
holds for a metamaterial where the metamaterial unit cell replaces the molecules of the
natural material and the criterium d/A < 1 still holds, where d is the dimension of the

metamaterial unit cell. |14} section 2].
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Appendix B

We use the definition of the current density J in [10] (equation (2)). Redefining the
multipoles as consisting of a step function term and a surfrace delta term, e.g. Q;; —

w(2)Qi; + 9 (Z)QS.), we can express the half-space current density as

) 1 . 1 . 1
I = u(z) [Pi - 5%@5) + e ViMy + Vi Viligr — §€iszijMlk]
1
6
1
+ §(Eijlvalz + € ViMy, + Eijlvjkal(kl))}
1
2
1. 1
= 3"(2) | = SO+ S| (115)

1 . . . .
—0(2) { - P+ 5(Qi: + ViQ4) = (eaxMi + VM) = =(2V,Qiz. + V;V1Q40)

ijk

1. 1 . .
+ (SI(Z) [ — ng) + Giszk(;l) + 6(@12,2 + 2VJQ£J1;) (61'le12 + Eilele(Zl) + Eizlkal(]j)>:|

Appendix C

The expressions for the left hand sides of Maxwell’s equations — are given below.
Using and , the following is obtained for :

0(2) ( [Ely — Eay; Eye — Ena 0] +VxED 4+ B(l)) +6'(2) ( [ - EM; EY; 0] +V x E(2)>
+6"(2) ([ ~ E®, E®), o] ) (116)

Y T

Equation (3)) is obtained by simply taking the divergence of , and this gives

5(2) (BQZ — B+ VZ-BZ-(”> +§'BW, (117)

Lastly, (14)), and (115]) are used to express (4)),
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5(2) [Bly—32y+(v BY V. BM) 4 <—P<1>+1sz+va§§)+My—(vyM§1>—VZM;U)
Qe 2V VRO (VM Vo My VMt 0, VMY V.V o Y )
B —Bl$+V BY = V,BY + po( — P +—Qyz+va§/§) —M$—VZM§1> — VMO

JQW v ViQ+3 L (V. M,V Mzz+vk Mt VoV MG =V, VM) e D)
va(l) - v,B +N0< Py + sz +V; Q(l) Vjszz - évjvk
QY + (v My, = VyM,. + V. VM) — V, VM) — EOE@)ﬂ
+8E) = BY — o 500~ M 4 £ (e +29,01))

1
——(—M + v, MY —vZMyQ VM) + eED);

1 1
Bé”—m(—QQ( >+M (Qyzﬁgv]cgw) 5(Jw;,;zjtsz V. MO+v, M )—l—GQE( ))
1 .
1. 1
+ 5"<z>[ <——@§;L S MDY o~ SO0, + §M<1>> o @m] (118)

Appendix D

B~ B = 5 (VaQer = V2 [VaQuus + V,0pss + V-0 )

1 1
+— (- V.PY 4 VIQU 4V vy@;? — SVaVV,Q + V.V VL +3V2V.QL)
0

1

+NO( Q:Ezz+ 2

——Qm Dy Vjngz [v MO +v, i szzz“)]).

1 1
E Ely 2 < szz - [Vzszz + vayzz + gszzzz:|>
1
+— ( v,PY +V,V,Q - —v ViV,Q4) - V.V,QY + V.V, V,Q\l + 3V vagQZ)
0

+uo(gcl2yzz—1 ——Qyz MW + = vay§L+ [VMz — V. M,z — V.M ])

o4



11 1
B2z - Blz - §MO <—V szz - _vayzz + vamz + vyMyz>
m( VY0P~ V.V, + Y, 9,04, - V.9,Q4
[0 — v, + VA - M) - V2]
1 1 1 1 2 1
= VoMY = VMO - V.9,ME - V.9,MP - VM),

1. 1 . . 1 . .
Boy — Bz = — o [_Qyz - M, — 3 (VzQﬂsyz + VyQyy- + szQyzz - §Vszzz>
) ) ) e
— 5 (VM 4 V.V, MY + 7,00 - ¥,9.08 + 7.00)

+ 3v ViQW — (v ViQW) + vg@;g)].

1 .
BZy - B [ sz + M - ( xwaz + Vy@xyz + Vz@xzz - §V1szz>
— S (Ve = VM) = PO+ V,08 - VM0 +27.9,00)
+ 5 (VT MY + VRN - V.00 + V. V.0 - 7.01)
T AR AR i

Appendix E

VXE+B = §(2) [Ely—Egy—i—VyES) —V.EW+BY; By, — By, +V.EN -V, EN + B

V,EQ) — v, EN + Bg“]
+5'(2) [—E;1>+vyE§2>—sz;2>; EWv, ED v, B, vfoLvyEf)} +5"(2) [—Eﬁ; E®. o] .
VB =0(2)(Bs — Bi. + ViBY) + () BY.
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V xB —ppd — MOGOE = 0(2) [ — Byy + By + VyB,E” - VZBS) - MOP;,EI) - MOEOEQ(UI);

ng — Blm + VzBél) — vaz(,l) — M()Py(l) — M()E()E.Z(/l); vaél) — vyBS) — [,L()Pzgl) — MOEOES)]

Y

+0'(2) [ — BV = 1o P? — poeo BY; BY — 1o ByY — poeo EYY; =g P — uoeoE§2)] :

Appendix F

1 from numpy import pi, sin

2 import numpy as np

3 import math

4 1import matplotlib.pyplot as plt

5 from matplotlib.widgets import Slider, Button, RadioButtons
6 from matplotlib import rc

7 from numpy.lib import scimath

9 # Constants and definitions
10
11 global mu_0, mu_r, epsilon_0, epsilon_r, B_i, d, alpha_Q #, k_e_ dot_k_e

12

13 epsilon_r = 3 # relative permittivity
14 mu_0 = 4xpixle-7 # vacuum permeability
15 mu_r = 2 # relative permeability

16 epsilon_0 = 8.85418782x1le-12 # vacuum permittivity
17 #B_1 = le-6

18 d = 100x1le-9 # dimension of inclusions

19 alpha_Q = 0.27+d*%2 # quadrupolarisation density
20

21 def transmission(angle, k_i):

22 #allocating global variables

23 global k_e_dot_k_e, mu_r_, k_x, k_2x, k_ex, k_1z, k_t, k_tz,
k_ez, £, g, a,\

24 g_exact_no_evan, E_tx_B_t_ratio, E_ex_E_tx_ratio, g_exact

25 k_e_dot_k_e = —-3xepsilon_r/alpha_Q

26 mu_r_ = 1/ (1/mu_r-alpha_Qxk_1ix*x2/4)

27 k_x = (math.sin(math.radians (angle)))* (k_1i)

28 k_2x = k_x

29 k_ex = k_x

30 k_1lz = (math.cos(math.radians (angle)))* (k_1)

31 k_t = scimath.sqgrt ((k_1i)**2xepsilon_r*mu_r_)

32 k_tz = np.sqgrt(k_t*x*x2 - k_2x%x%2)

33 k_ez = 17 » np.sqgrt (k_exx*x2 — k_e_dot_k_e)
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34

35
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68
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72

73

74
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76
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(k_tz/k_1lz)*(1l/mu_r_)/(epsilon_r + alpha_Qx*k_x*x2/2)

g = (1/mu_r)-alpha_Q* (1/mu_r_) * (k_t**x2-2+k_x*x*x2-\
(alpha_Q+k_x**2*k_ezxk_tz)/(epsilon_r +
alpha_Qxk_xxx2/2))/\
(4+«epsilon_r)
g_exact_no_evan = (1/mu_r-(alpha_Q/4)*(k_1i*x2/3 +

k_tzxmu_r_/epsilon_r))/\
(1-k_xx**2xalpha_Q/12)
E_tx_B_t_ratio = k_tz/(k_i**2*epsilon_r+mu_r_)
E_ex_FE_tx_ratio = —alpha_Q=*k_x**2/(2+«epsilon_r + alpha_Qxk_x*x2)
g_exact = (1/mu_r-E_tx_B_t_ratiox(k_i*x2*xalpha_Q/4) %\
((k_tz+k_x+k_x*%x2/(3xk_tz))\
+ (2+xk_ez/3+k_x)*E_ex E_tx_ratio))/\
(1-k_x**2+xalpha_Q/12)
a = k_tzx(1/mu_r_)*+*2/(k_lzxepsilon_r)
return (2/ (f+g))

def reflection(angle, k_1i):
return ((g-f)/(f+9))

def transmission_exact_no_evan (angle, k_i):

return (2/ (f+g_exact_no_evan))

def reflection_exact_no_evan (angle, k_1i):

return ((g_exact_no_evan-f)/ (f+g_exact_no_evan))

def transmission_exact (angle, k_1i):

return (2/ (f+g_exact))

def reflection_exact (angle, k_i):

return ((g_exact-f)/ (f+g_exact))

axis_color = 'lightgoldenrodyellow'
fig = plt.figure()

plt.rc('font', family='serif')
plt.xlabel ('$k_1 ds$'")

fig2 = plt.figure ()

plt.rc('font', family='serif')
plt.xlabel ('$k_1i ds'")

fig3 = plt.figure ()

plt.rc('font', family='serif')
plt.xlabel ('"$k_i ds$'")

# Draw the plot
ax = fig.add_subplot (111)
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80

81

82
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84
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90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

110

111

ax.text (0.9, 0.9, '$S\epsilon_r = §' + str(epsilon_r) + '"\n' + \

'S\mu_r = $' + str(mu_r))

fig.subplots_adjust (left=0.25, bottom=0.25)

ax2 = fig2.add_subplot (111)

ax2.text (0.9, 0.8, '$S\epsilon_r = $' + str(epsilon_r) + '"\n' + \
'S\mu_r = $' + str(mu_r))

fig2.subplots_adjust (left=0.25, bottom=0.25)

ax3 = fig3.add_subplot (111)

ax3.text (0.9, 0.8, '$S\epsilon_r = $' + str(epsilon_r) + '"\n' + \
'S\mu_r = $' + str(mu_r))

fig3.subplots_adjust (left=0.25, bottom=0.25)

k_i = np.arange(0.01/d, 2/d, 0.01/d)

angle_0 = 80

[line] = ax.plot (k_ixd, abs(transmission(angle_0, k_1i)), linewidth=2,
color='red', label="|t|")

[line2] = ax.plot (k_ixd, abs(reflection(angle_0, k_i)), linewidth=2,
color="'blue', label="|xr|")

[line3] = ax2.plot (k_ixd, abs(reflection(angle_0, k_1i))*x*2,
linewidth=2, color='blue', label="|xr|["2")

[lined] = ax2.plot (k_ixd, axabs(transmission(angle_0, k_1i))*%*2,

linewidth=2, color='red', label="ax|t|"2")
[lineb5] = ax3.plot (k_ixd, abs(reflection(angle_Q0,

k_1i))~**2+axabs (transmission(angle_0, k_i))**2-1, linewidth=2,

color='red', label="approximated case") # label="diff"

#[1line6] = ax.plot(k_ixd, abs(transmission_exact_no_evan (angle_0,
k_i)), linewidth=2, color='black', label="|t|")

#[1line7] = ax.plot(k_i*d, abs(reflection_exact_no_evan (angle_0,
k_i)), linewidth=2, color='orange',6K label="|r|")

[line8] = ax.plot (k_ixd, abs(transmission_exact (angle_0, k_1i)),
linewidth=2, color='green', label="|t| exact")

[line9] = ax.plot (k_ixd, abs(reflection_exact (angle_0, k_1i)),
linewidth=2, color='purple', label="|r| exact")

[linel0] = ax2.plot(k_ixd, abs(reflection_exact (angle_0, k_i))*%*2,
linewidth=2, color='purple', label="|r|"2 exact")

[linell] = ax2.plot (k_ixd, a*abs(transmission_exact (angle_0,

k_i))#*%2, linewidth=2, color='green', label="ax|t|"2 exact")
[linel2] = ax3.plot (k_ixd, abs(abs(reflection_exact (angle_0,
k_i))+**x2+axabs (transmission_exact (angle_0, k_i))*x2-1),

linewidth=2, color='green', label="exact case")

ax.set_x1im ([0, 2])
ax.set_ylim ([0, 1.5])
ax2.set_x1lim ([0, 217)
ax2.set_ylim ([0, 1.5])

ax.legend(bbox_to_anchor=(0., 1.02, 1., .102), loc=3,
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ncol=2, mode="expand", borderaxespad=0.)
ax.grid()
ax2.legend(bbox_to_anchor=(0., 1.02, 1., .102), loc=3,
ncol=2, mode="expand", borderaxespad=0.)

ax2.grid()

plt.legend (bbox_to_anchor=(0., 1.02, 1., .102), loc=3,

ncol=2, mode="expand", borderaxespad=0.)
ax3.set_x1im ([0, 2])
#plt.legend (bbox_to_anchor=(0.8, 0.95), loc=2, borderaxespad=0.)

# Add two sliders for tweaking the parameters

angle_slider_ax = fig.add_axes([0.25, 0.10, 0.65, 0.03],
facecolor=axis_color)

angle_slider = Slider (angle_slider_ax, 'angle', 0.0, 90.0,

valinit=angle_0)

def sliders_on_changed(val) :
)))
))

_1)) xx2)
k_i))*%2)

line.set_ydata (abs(transmission (angle_slider.val, k_1i
line2.set_ydata (abs (reflection(angle_slider.val, k_1i)
line3.set_ydata (abs (reflection(angle_slider.val, )
lined.set_ydata (a*abs (transmission (angle_slider.val, k_i
lineb.set_ydata (abs(reflection(angle_slider.val,
k_1i))*x2+axabs (transmission (angle_slider.val, k_i))x%x2-1)
#line6.set_ydata (abs (transmission_exact_no_evan (angle_slider.val,
k_1)))
#line7.set_ydata (abs (reflection_exact_no_evan (angle_slider.val,
k_1)))
line8.set_ydata (abs (transmission_exact (angle_slider.val, k_i)))
line9.set_ydata (abs (reflection_exact (angle_slider.val, k_i)))
linel0.set_ydata (abs(reflection_exact (angle_slider.val, k_i)) **2)
linell.set_ydata (a*xabs (transmission_exact (angle_slider.val, k_1i))*%x2)
linel2.set_ydata (abs (abs (reflection_exact (angle_slider.val,
k_i))**x2+axabs (transmission_exact (angle_slider.val, k_1i))**x2-1))
fig.canvas.draw_idle ()
fig2.canvas.draw_idle ()
fig3.canvas.draw_idle ()

angle_slider.on_changed(sliders_on_changed)

# Add a button for resetting the parameters

reset_button_ax = fig.add_axes([0.8, 0.025, 0.1, 0.041])

reset_button = Button (reset_button_ax, 'Reset', color=axis_color,
hovercolor="'0.975")

def reset_button_on_clicked (mouse_event):

#freq _slider.reset ()

29




152 angle_slider.reset ()

153

154 reset_button.on_clicked (reset_button_on_clicked)
155 plt.grid()

156 plt.show ()
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