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Introduction

Rough metallic surfaces with subwavelength structurations possess extraor-
dinary diffractive properties: at certain frequencies, one may observe fine
localization and very large enhancement of the electromagnetic fields. The
discovery of these phenomena has raised considerable interest as potential
applications are numerous (optical switches, sensors, devices for microscopy).
This behavior results from the combination of very complex interaction be-
tween the incident excitation, the geometry and the material properties of
the scatterer. The main goal of this thesis is to better understand these
phenomena from the mathematical point of view.

In mathematical terms, the localization and concentration of the fields
is the mark of a resonance phenomenon. In our context, the corresponding
resonant field may be surface plasmons, i.e., waves that propagate along the
interface of the grating, and that decay exponentially away from it. Another
type of resonance is due to possible cavity modes. Thus, the study of these
phenomena pertains to eigenvalue problems for the solutions of the Maxwell
system, in geometric configurations where in the whole of a dielectric (gen-
erally air) and a metal are separated by an infinite rough interface.

Our main objective is to derive asymptotic limits for such gratings, as the
parameters that measure the roughness tend to 0. The asymptotic models
are indeed very interesting for optimization and design purposes. They cor-
respond to configurations where the metal and the dielectric are separated
by a planar interface, and one may derive dispersion relations that are better
suited for precise numerical approximation of the resonance frequencies.

We are interested in particular micro-structured devices, namely metal-
lic surfaces that contain rectangular grooves with sub-wavelength apertures,
and thin plane layers. Configurations of this type can be manufactured quite
precisely and have been subject to experimental work and theoretical studies
[1, 2, 3, 4, 5, 6]. The simple geometry of the structures allows to transform
the eigenvalue problem for the Maxwell system into a nonlinear eigenvalue
problem for an integral operator that depends on a small parameter, which,
using tools from analytic perturbation theory, lends itself to a precise asymp-
totic analysis.

In chapter two and three, we considered the spectral problem for Maxwell
equations. where the frequency is the eigenvalue, in unbounded domains de-
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limited by an infinite plane interface containing rectangle cavities of width
w. Our goal is to derive the asymptotic expansion of the resonances as
w goes to zero. Our strategy is (1) to reformulate the eigenvalue problem
in the whole unbounded domain occupied by the structure, as a nonlinear
eigenvalue problem on a small bounded set of lower dimensionality w (such
as the aperture of the cavities); (2) to study the associated integral opera-
tors S(w, k) and determine their asymptotic as w tends to 0; (3) to derive
the asymptotic expansion of the resonant frequencies, using the generalized
Rouché Theorem and Fredholm theory for operator valued functions.

The enhancement and confinement of electromagnetic fields in the con-
sidered metallic structures, can indeed be quantified in term of the imaginary
part of the resonance frequencies. The reduced nonlinear spectral problem
takes the form

S(w,k)p =0

where S(w, k) is a weakly singular integral operator that contains the differ-
ent interactions between surface plasmon waves or cavity modes and the inci-
dent fields on both sides of the interface metal-dielectric. For example, in the
case of a real metal planar interface which contains a single sub-wavelength
rectangular cavity, the operator-valued function takes the following form:

1
(. kptar) = [ (Gelwar,051001,0)+ Gilwas, 05031, 0)) o)y
where (—1,1) is the rescaled opening of the cavity of width w, and G;, G.
are respectively the Green functions of the Helmholtz operator inside and
outside the cavity, which are known explicitly. In the second chapter we
showed that the resonance frequencies of the micro-cavity are exactly the
zeros of the function k — S(w, k). More specifically, based on the Fredholm
theory and a rigorous analysis of the properties of the meromorphic function

we have obtained the following behavior near a resonance frequency say
kpn(w):

S—l,n
k—ky

S Hw, k) = + Ry (k).

The rest Ry, (k) is holomorphic in a small neighborhood of ky,, and S_1
is a finite rank operator. The confinement and exaltation of the electro-
magnetic fields around the cavity occur at a frequency of the incident plane
wave (which is always real), close to Re(ky) if the imaginary part Im(k,)
is small enough. Consequently, the behavior of operator S_;, as tends to
zero can gauge the localization and the enhancement of the electromagnetic
fields near the cavity. Using the Generalized Rouché Theorem, we derived

6



in chapters two and three the asymptotic expansions of k, as w tends to 0.

In the fourth chapter we focus on a simple plasmonic waveguide that
consists in a metallic slab cladded in a dielectric media. Our objective is to
study the quasi-static resonances of the system that correspond to the case
where the thickness of the metal layer is too small compare to the wave-
length. These resonant frequencies correspond to plasmonic surface waves.

The work we propose here intends to apply techniques developed in
[4, 5, 6] to more complex and more realistic situations (real metal, periodic
gratings, thin metallic layers). In the first chapter, we present the physical
setting of the considered mathematical models. We first describe the optical
properties of metals through their dielectric permittivities which are respon-
sible for the response of the material to an applied electromagnetic field.
We focus on the Drude model which gives a good approximate expression of
the dielectric permittivity for the range of frequencies considered. Then, we
introduce the physical modeling of surface plasmon waves via the Maxwell
equations.

In the second chapter, we consider an open sub-wavelength metallic cav-
ity. At the interface dielectric /metal, we consider an impedance boundary
condition called the impedance condition. We present a theoretical study of
the electromagnetic diffraction. We begin by writing an integral representa-
tion of the magnetic field on the aperture of the cavity. The integral problem
is equivalent to the Helmholtz one. We then derive a rigorous asymptotic of
the Green functions outside and inside the cavity which represent the kernel
of the integral equation. Using an operator version of the Rouché theorem,
we show that the resonances are the poles of the kernel and we derive the
asymptotic expansion of the resonant frequencies when the width of the cav-
ity shrinks to zero.

The third chapter deals with a periodic array of rectangular metallic
sub-wavelength cavities. Here we consider a perfect metal and a Neumann
boundary condition is imposed on the interface dielectric/metal. We be-
gin by formulating the problem and unrolling some well-posedness results.
Then, thanks to the periodicity of the geometry, we reduce the problem to
the principal periodicity cell. We find an equivalent integral problem at the
aperture of the single cavity in the principal periodic unit cell. Using the
same strategy as in the second chapter, we compute an asymptotic of the
resonances of the problem when the width of the cavities goes to zero. We
studied two asymptotic regimes: the first deals with the case where only
the width of the aperture goes to zero while the period of the array remains
constant, and the second is related to the case where the period and the
width shrinks together to zero.



In the fourth chapter, we study the enhancement and confinement of
electromagnetic fiels in a plasmonic waveguide that consists of a thin layer
of metal positioned between two infinite dielectrics. The aim of this chapter
is to analyse the resonances frequencies associated to guided modes confined
along the interface between the metal and the dielectric. We start by formu-
lating the problem as a Helmholtz equation with the adequate transmission
conditions. We first compute the Green function of the quasi-static limiting
system using Fourier techniques. We then investigate the set of frequencies
and the spatial region where it blows up.



Chapter 1

Introduction to surface
plasmon polaritons

Sommaire

1.1 Introduction . ... ................. 9
1.2 The dielectric permittivity of a metal . . .. .. 10
1.2.1 Drude Model . . . ... ... ... .. ....... 10
1.2.2  Contribution of inter-band Transitions . . . . . . . 11
1.3 Surface Plasmons Polaritons . . . . ... ... .. 13

1.3.1 Plasmon, surface plasmon, polariton, surface plas-
mon polariton, resonances . . . . . . . . ... ... 13

1.3.2  Surface plasmon polaritons at metal /insulator in-
terfaces . . . . . ... 14
1.3.3 Subwavelength grating . ... ... ... ... .. 23

1.1 Introduction

Surface plasmon polaritons are electromagnetic excitations that propagates
at the interface between a dielectric and a metal. They are evanescent and
confined in the perpendicular direction to the interface. These surface waves
occur via the coupling of the electromagnetic fields to the oscillations of the
metam’s electron plasma. The first part of this chapter describes the Drude

model of the dielectric permittivity of a metal in the visible range.

second part deals with the physical modeling of surface plasmon polaritons
along flat interfaces between metal and dielectric using Maxwell systems.
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1.2 The dielectric permittivity of a metal

In plasmonic field the dielectric permittivity is one of the fundamental mate-
rial parameters that affects the behavior of electromagnetic fields within the
metallic structures. The response of a non-magnetic material to an electro-
magnetic wave is directly related to the interactions between the wave and
the electrons of the material under consideration. The dielectric permittivity
of a material is the physical quantity that manages its linear response to the
propagation of electromagnetic waves inside of it.

1.2.1 Drude Model

An isolated atom has a positively charged nucleus surrounded by core elec-
trons and then one or more valence electrons. In the case of metals, this
atomic structure is preserved with the exception that the valence electrons
find themselves delocalized and free to move in the crystal lattice. Thus,
a metal consists of a lattice of atoms, each with an outer shell of electrons
that freely dissociate from their parent atoms and travel through the lat-
tice. The free electrons are called conduction electrons and form a gas (or
sea) of negatively charged free electrons. Atomic nuclei surrounded by core
electrons form a fixed crystal structure positively charged also known as a
positive ionic lattice.

Drude in 1900 [7], [8] considered the metal as a Free Electron Gas or
plasma and introduced his famous model. The Drude model is based on
certain assumptions about the movement of free electrons. Electron-electron
interactions are neglected and the movement of electrons is only perturbed
by collisions with the crystal lattice. When an electromagnetic field is ap-
plied, the free electrons oscillate and their motion is damped via collisions
occurring with a characteristic collision frequency v = % The constant T
is the relaxation time of the free electron gas defined as the mean time be-
tween two successive collisions. Sommerfeld extended this classic model to

quantum-mechanics by incorporating Fermi-Dirac statistics for electrons [9].

The trajectory of an electron of mass m in the presence of an electric field
F is described by the fundamental relation of the dynamics. The different
possible forces applied to the electrons are: the force produced by the electric
field F itself, and the damping force due to collisions with the ions network.
The temporal evolution of the position x of the electrons is then described

by:

0%z ox

where e is the elementary charge of an electron. Assuming a harmonic time
dependence E(t) = Ege ™! of the driving field and a harmonic motion of
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the electron, a solution to the latter equation is given by:

x(t) =

e

—— _Fpe ™t 1.2.2
m(w? + iwy) 0 ( )

The microscopic displacement of the free electron gas results in a macroscopic
polarization P = —nex(t), that is

2
P=—————Fp ™
m(w? + iwy)
where n is the free electrons density. Recalling that the permittivity in a
linear, homogeneous and isotropic material obeys to

D =¢eyF + P = egegB
where D is the dielectric displacement, one can find that the dielectric per-
mittivity is given by:
2
=1- 2 1.2.3
a(w) w2 + dwy ( )

ne?
eom

where wy, = is the plasma frequency of the free electron gas. For noble

metals (e.g Au, Ag, Cu) an extension of this model is needed for w > wy,
due to residual polarization of ions. More precisely we need to introduce
a dielectric constant e (1 < €5 < 10) to describe this effect. Then, the
permittivity can be rewritten as:

w2

P
e(w) = €00 — i (1.2.4)

The validity limits of the free-electron description for the case of gold
(1.2.4) are illustrated in the Figure 1.1. It shows the real and imaginary parts
of the Drude dielectric function fitted to the experimental dielectric function
of the gold [10]. Clearly, the applicability of the free-electron model fails to
match the experimental graph at visible frequencies due to the occurrence
of inter-band transitions. This will be discussed in the next section.

1.2.2 Contribution of inter-band Transitions

A more rigorous consideration of the electronic structure of materials is pro-
vided by the quantum theory of bands which consists in representing the
possible energy levels of the set of electrons in a solid [11]. The electrons of
an isolated atom can occupy only discrete states of energy, and the associa-
tion of several atoms extends the number of energetic states by hybridization
of the atomic orbitals in various electronic layers. In a solid, the permissible
energies form a continuum in given intervals, called energy bands, and may

11
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Figure 1.1: Drude dielectric function (solid line) fitted to the literature values
of the dielectric function (dots) for gold [7].

have very complex structures, with possible overlaps. The difference between
metallic, semiconductor or insulating materials can be carried out from their
electronic band structure calculated at zero temperature. The valence band
is the last band completely filled, by localized electrons that participate in
the cohesion of the material. The conduction band is the band immedi-
ately higher in energy than that of valence, with a possible overlap between
this and the valence band. The electrons of this conduction band are then
delocalized and participate in the electrical and thermal conduction of the
material. The presence of a band of forbidden energy (band gap) between
the valence band and the conduction band is responsible of the nature of the
material. In the case of insulators, the conduction band is entirely above
the valence band and is empty, and the band gap is wide enough to prevent
the passage of electrons from the valence band to the conduction band. For
semiconductors, the conduction band is also entirely above that of valence,
with a relatively narrow band gap allowing a transition of the electrons from
the valence band to the conduction band by thermal effect or light excitation
. Finally, the case of metals is a little more complex, for the alkali metals
for example, the band which is not completely filled plays the role of both
valence and conduction bands. For transition metals, the conduction band
is partially superimposed on that of valence, each of which may be partially
fulfilled. The metals have a non-empty conduction band, which explains the
excellent conductivity of these materials.

The Drude model presented in the previous paragraph considers only
the conduction electrons in the metal response (this model is said to de-
scribe inter-band transitions). However, electron transitions from one band
to another may in some cases play a non-negligible role in the response of
metals. In other words, the Drude model adequately describes the optical
response of metals only for photon energies below the threshold of transitions
between electronic bands. For some noble metals, inter-band effects already

12



start to occur for energies that exceed leV (corresponding to a wavelength
A & 1lpm). In the case of gold, its validity breaks down already at the
boundary between the near-infrared and the visible [12]. To overcome this
inadequacy of the model for some frequencies, the relative dielectric permit-
tivity can be rewritten taking into account the inter-band transitions [13]

E(W) = 6d(""}) + 6imferbcmd(W) (125)

where €;pterband(w) is the added term due to inter-band transitions. To com-
pute the latter term, we consider the equation governing the motion of a
bound electron:
0%z Ox
Mp—5 + My p— + ax = —eF 1.2.6
b T T (1.2.6)
where my, is the effective mass of the bound electrons, -, is another damping
term, and « is the constant of the potential retaining the electrons in place.
By analogy to the calculations made in the Drude model section, we find
that:

wib(wo —w?) , ’wa;%bw

i
(W —w?)2 +w?y? (Wi — w?)? + w?yf

6interband(C‘J) =1+ (127)

nye?
€My

the metal in the model of Drude-Sommerfeld, wg = 1/n%b, and ny is the

bound electrons density.

where the frequency wy, = is analogous to the plasma frequency of

1.3 Surface Plasmons Polaritons

1.3.1 Plasmon, surface plasmon, polariton, surface plasmon
polariton, resonances

Plasmons

The Drude model considers the metal as a mass of positively charged ions
from which a number of free electrons were detached. These free electrons are
oscillating naturally (due to thermal energy) and their motion may increase
in the presence of an electric field. In fact when the free electrons within the
metal are displaced, the atomic nuclei surrounded by core electrons positively
charged perform a little motion due to their large mass, and hence exert on
these electrons an attractive Coulomb force. The electrons will therefore
return to their initial position, and so on. These oscillations can be similarly
found in plasma state. They are called Plasma oscillations, also known as
"Langmuir waves" (after Irving Langmuir) [14|. Plasmon is a quantum of

13



plasma oscillation. Just like an optical oscillation(light) consists of photons,
the plasma oscillation consists of plasmons. The plasmon can be considered
as a quasiparticle since it arises from the quantization of plasma oscillations.
Thus, plasmons are collective (a discrete number) oscillations of the free
electron gas density.

Surface plasmon

Surface plasmons are plasmons that exist at the interface between any two
materials where the real part of the dielectric function changes sign across the
interface (e.g. a metal-dielectric interface, such as a metal layer in air). The
existence of surface plasmons was first predicted in 1957 by Rufus Ritchie
[15].

Polariton

Polaritons are quasi particles resulting from strong coupling of electromag-
netic waves with an electric or magnetic dipole carrying excitation (polar-
ization wave) [16].

Surface plasmon polariton

Surface plasmon polariton is a special case of surface plasmon when there is
coupling between electromagnetic wave coming from a dielectric medium and
a plasmon in a metal (the electric dipole carrying excitation). At wavelengths
capable of supporting plasmons, the light wave can not penetrate into the
metal, however coupling can take place at the metal / dielectric interface.
Such a surface wave is thus called a surface polariton plasmon [17]. Surface
plasmon polariton can be excited by both electrons and photons. Excitation
by electrons is created by firing electrons into the bulk of a metal however
excitation by photons occurs when both photon and Surface plasmon plariton
have the same frequency and momentum.

1.3.2 Surface plasmon polaritons at metal /insulator inter-
faces

In order to investigate the physical properties of surface plasmon polaritons,
we start by considering the diffraction of an electromagnetic wave by a plane
interface between two media, one is a metal and the other is a dielectric.

Diffraction by a flat interface

We begin by applying the Maxwell’s equations to the flat interface between
a metal and a dielectric. We present Maxwell’s equations at the macroscopic
level in the following form:

14



V.D = peyt

VB=0 (1.3.2)
0B
VoB=-"" (1.3.3)

These equations link the four macroscopic fields : the dielectric displacement
D, the electric field E, the magnetic field H, and the magnetic induction or
magnetic flux density B with the external charge pe,+ and current densities
Jezt- The media is supposed to be linear, isotropic and nonmagnetic. One
can define the constitutive relations

D= 60€E

B = piopH

where €y and pg are the electric permittivity and magnetic permeability of
vacuum, respectively. € is called the dielectric constant or relative permit-
tivity and g = 1 the relative permeability of the nonmagnetic medium. In
the absence of external charge and current densities, the curl of equations
(1.3.3, 1.3.4) can be combined to yield

0°D
E=—pu—— 1.3.5
VeV r (1.3.5)
Using the identity V® V ® E = V(V.E) — V2E, it becomes
2 OB _
VE- 555 =0 (13.6)

To look for the solutions to the problem, this equation has to be solved
separately in regions of constant €, and the obtained solutions have to be
matched using appropriate boundary conditions. We assume a harmonic
time dependence of the electric field E(r,t) = E(r)e™™!, which gives the
following Helmholtz equation

V?E — ki¢E =0 (1.3.7)

where kg = % is the wave vector of the propagating wave in vacuum.

Following the cartesian coordinates shown in Figure 1.2, the plane z =0
coincides with the interface separating the two media, and the waves are

15



e z
B ,\V(directionofpropagation)

y

Figure 1.2: The flat interface sustaining the surface plasmon polariton

chosen to be propagate along the x-direction, presenting no spatial variations
in the y-direction.

Due to spatial invariance arguments, the electromagnetic field can be
described as E(z,y,2) = E(2)e’®® and H(z,y,2) = H(2)e'#*. The complex
parameter 3 is called the propagation constant of the propagating wave
and corresponds to the component of the wave vector in the direction of
propagation. Inserting this expression into (1.3.7) gives

O’E 5 5
o2 T (ke = FHE =0 (1.3.8)
Naturally, the magnetic field H verifies a similar equation. We further solve
these equations in order to recover the spatial field profile and dispersion of
the propagating waves. Back to the equations (1.3.3,1.3.4), we can combine
them in the following system

aaEyZ - % oo, (1.3.9)
‘9;;% _ % — iwpoH, (1.3.10)
8;? - 88E; = iwpoH, (1.3.11)
352 - a;iy = —iwegeE, (1.3.12)
3;? _ %}f — _iweeE, (1.3.13)
3;3 - 3@? — iweoeE, (1.3.14)

Along the z-direction % = {8 and the y-direction 8% = 0, the above system

16



simplifies to

0F .
5, ~ iwnolls
OFE
a; —iBE, = iwuoHy
iBEy, = iwpoH, (1.3.15)
0H, . B e
— = jwege
2 0Ly
OH.
8; —ifH, = —iwepels,

1BH, = —iwegel,

Regarding these equations, one can notice that they can be decomposed
into two sets of self-consistent systems of equations. The first governs the
components E,, E, and H,, corresponds to the transverse magnetic (TM or
p) polarization, while the second governs H, , H, and E, and is related to
the transverse electric (TE or s) polarization.

For TM modes, the system of governing equations 1.3.15 reduces to

. 1 OH,
E, = _ZweoeT; (1.3.16)
p__ Py 1.3.17
2T wege Y (13.17)
and, the wave equation is
O*H,
5.2+ (koe — B%)H, =0 (1.3.18)

For TE modes, the system of governing equations 1.3.15 reduces to

1 O0F
H,=i— % 1.3.19
Zw,ug 0z ( )
p
H,=—F 1.3.20
opg Ey ( )
and the wave equation is

O0*E

azf + (k3e — B*)E, = 0. (1.3.21)

Thus, the recovery of only the magnetic field H, will give a full charateri-
sation of the TM polarization. Similarly the knowledge of electric field E,
is is enough to describe the propagation of electromagnetic waves in TE
polarization.
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Surface plasmons polariton

We consider here a dielectric material occupying the half space (z > 0) with
a real dielectric constant eo > 0 and a metal occupying the half space (z < 0)
with a complex dielectric permittivity €;(w). Our aim here is to show the
existence of surface waves that are confined along the interface between the
two materials, i.e. they are evanescent in the perpendicular z-direction, and
propagate in the x-direction. The transmission relations between the two
media yield
n® (E'-E*) =0 ( )
n. (D! — D?) = p, (1.3.23)
n.(B! - B%) =0 ( )
n® (H' — H?) = J, ( )
where D! = ¢ (w)E! and D? = &E? are the electric displacement fields
in the metallic medium and the dielectric respectively. B! = pH!' and
B? = p;H? are the magnetic field (4 = 1) in the dielectric and metallic
medium respectively. ps is the surface charge density and J; is the surface
current.

Considering first the TM modes, using the equations (1.3.16,1.3.17,1.3.18)
on both sides of the interface, we find:

For z >0
Hy,(x,2) = AgePehez (1.3.26)
Ey(z,z) = 1A2w€062 koe'PTeh22 (1.3.27)
E.(z,2) = _Agwfmeiﬁxe—kﬂ (1.3.28)
For 2 <0
Hy(x,2) = Ajefreh? (1.3.29)
E,(z,2) = —iA; eots kpetPrehiz (1.3.30)
E.(z,2) = —A; wfmewxeklz (1.3.31)

k;,1 = 1,2 is the component of the wave vector in the z direction.
The equations (1.3.22..1.3.25) in the case of TM polarization insure the con-
tinuity of H, and €E,, and E, at the interface, which in turn yields

A = Ay (1.3.32)
ke B2 (1.3.33)
€9 €1
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The surface plamson polaritons are waves that are confined at the interface
separating the two materials. The confinement can be seen in (1.3.26,1.3.29)
from the facts that Im(k;) is too mall compare to Re(k;) (waves are not prop-
agative) and Re(k;) > 0 (exponential decay). We deduce from 1.3.33, that
Re(e1) > 0 if eo > 0. This fact confirms the observations of physicists that
the surface waves exist only at interfaces when the dielectric permittivities
of two materials have real parts opposite signs. The expression for H, has
to fulfill the wave equation (1.3.18), yielding

k2 = 3% — kie (1.3.34)

The equation (1.3.34) combined with the equation (1.3.33) gives us the dis-
persion relation of surface plasmon polaritons propagating at the interface
between the dielectric and the metal.

€1€2

B = ko

1.3.35
€1 + €2 ( )

Considering now the TE polarization, using the equations (1.3.19,1.3.20,1.3.21),
we obtain

For z >0
Ey(x,2) = Age'PTe 2z (1.3.36)
1 ,
Hy(z,2) = —iAg——kpePTek2? (1.3.37)
WHo
H,(z,2) = Agiewme_k” (1.3.38)
WHo
For z <0
Ey(x,2) = AjetPrehr® (1.3.39)
1 ,
Hy(z,2) = iA] ——kePrefz (1.3.40)
WHo
H,(z,z) = Aliewxeklz (1.3.41)
wWHo

The continuity of Ey,, H, and H, at the interface implies

A=Ay (1.3.42)
Ai(k1+k2) =0 (1.3.43)
The confinement of the fields at the interface z = 0 requires that Re(k;) >
0 which is fulfilled only if Ao = A; = 0. Consequently, surface plasmon

polaritons do not exist under TE polarization, they only occur under TM
polarization.
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Dispersion relations

We consider the dispersion relation (1.3.35). We assume that € (w) obey to
the Drude model. For the sake of simplicity we further suppose that the
metal has a zero damping, that is

w?

=1-—.
€1 (w) w2
The plots of the constant (1.3.35) for an air/metal interface with e; = 1 are
given in Figure 1.3. We deduce from the dispersion relation (1.3.35) that

Wp

For w > wp, and w < Jire the propagation constant 3 is real. Other-

wise, [ is purely imaginary.

For \/% < w < wp, B is purely imaginary and thus in this zone, there

is no propagation at the interface.

Therefore the radiation into the metal occurs in the transparency regime
w > wp, whereas the surface plasmon polaritons excitations correspond to
the part of the dispersion curves lying under the light line. Thus, special
phase-matching techniques such as grating or prism coupling are required
for their excitation.

2.0
1.8
1.6j
1.4
1.2‘_

1.0 i
0.8- 1/v1+e,

light line

0.6
0.4+
0.2+
00 F + +
00 0.2 04 06 0.8 10 12 14 16 18 2.0
kyc
Wp

Figure 1.3: Dispersion of surface plasmons polatitons (blue lline) and light
line (red line). Here w is normalized to the plasma frequency w, , the real
part of (3 is the continuous curve and its imaginary part is the broken one.
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Penetration depth in real metals

When the metal is real, the dielectric and the propagation constants €1 and 3
respectively are complex numbers. The real part of 8 determines the physical
wavelength Ay, of the surface plasmon polariton

2T

Re(f) = (1.3.44)

ASPP

while the imaginary part of 5 controls the plasmonic losses during propaga-
tion. The distance at which the SPP intensity falls by a factor of % is called
the propagation length Lg,,, and is given by
Ly, = L 1.3.45
PP = 3m(B)’ (1.3.45)
Due to strong confinement at the boundary between the two materials,
surface plasmon ploaritons are called evanescent waves, i.e the amplitude of
their electromagnetic field decays exponentially along normal direction to
the surface both in the metal and in the dielectric layers. It is described by
the penetration depth in both metal and dielectric L. ;

1
L,;,=——. 1.3.46
= QRG(ki) ( )
In order to quantify the huge confinement of surface plasmon polaritons , we
give some examples at a silver/air interface: for \g = 450nm , L, o = 180nm;
and for \g = 1.5um, L, o = 2.6um |?].

Excitation of surface plasmon polaritons at planar interfaces

We can observe in Figure 1.3 that the surface plasmon polaritons dispersion
curve is located under the light cone. It will therefore never be possible to
excite the surface plasmon directly with a light wave from the air. There
are, however, several methods for coupling the surface plasmon with light
excitation. A plane wave which impinges on the interface with an angle of
incidence 6 can only excite a mode whose wavevector along the z direction
matches kgsinf. As the wavevector of the SPP is greater than the one of
the incident light, one needs to find ways to increase the wavevector of the
incident wave to match that of the surface plasmon polariton.

Prism coupling In 1968 Otto proposed a first approach for coupling pho-
tons to surface plasmons using a prism of refractive index n > 1 [18]. The
total reflection of the incoming light with an incident angle 6 as shown in
Figure 1.4 gives rise to an evanescent wave at the back of the prism with a
wavevector k = nkgsinf. Thus, the wavevector of the evanescent wave is
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increased compared to the initial plane wave one. Which can excite a sur-
face plasmon polariton on a metallic surface facing the prism. The prism is
placed at a distance less than the wavelength to the metallic surface, i.e. at
a distance smaller than the decay of the evanescent wave. The control of the
relative positions of the prism and the metallic surface seems to be difficult.
Kretschmann [19] then proposed a very similar but simpler configuration to
put in place because it no longer requires the control of the distance between
the prism and the surface. The excitation of the surface plasmon is made by
illuminating a prism on which the metal is directly deposited in the form of
a thin film. The surface plasmon polariton is then excited on the side which
is not in contact with the prism as shown in Figure 1.4.

(b)

Figure 1.4: Experimental set -up to excite Surface plasmon polaritons: in
(a) the Otto configuration and in (b) the Kretschmann configuration [20]

Grating coupling. An other way of coupling the surface plasmon polari-
tons with light is to use gratings. The wavevector of the incident light is
increased via periodic metallic grating whose periodicity d induces a pseudo
momentum m%’r parallel to the interface, with m is the order of diffraction.
This pseudo momentum is added to the momentum of light k¢ sin 6 to equal
the momentum S of surface plasmon polariton. More generally, each time
the following condition

2
B = *kosinf + m% (1.3.47)

is fulfilled, a surface plasmon polariton mode is excited. The surface plasmon
polariton excitations by a plane wave impinging with an incidence angle 6
correspond to the intersections of the dispersion branches of the different
modes with the light cone as shown in the Figure 1.5.

Generally, any rough surface may contribute to the coupling of the surface
plasmon polaritons with light.
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B -4xid B -2xW

w (a.u)

wavevector kx (a.u)

Figure 1.5: Dispersion curve of the SPP surface modes of a grating (blue and
green lines). Modes which can be excited by TM polarized light are in solid
lines whereas the modes which cannot are in dashed lines. The red curves
represent the light line (solid line) and the dispersion curve of a plane wave
impinging with an angle 6 of pulsation w (dashed line). The modes excited
by a plane wave impinging with an angle # of pulsation w are indicated by
black dots.

1.3.3 Subwavelength grating

Metallic gratings are one of the most used techniques in applications to cou-
ple directly an incident plane wave and plasmonic surface modes. But the
particularity of the used gratings is that the amplitude of the groove is of
the order of magnitude of the wavelength of the incident electromagnetic
field. This specificity creates an additional cavity resonance contributing to
more localization and confinement of the electromagnetic wave inside the
groove itself. Hessel and Oliner were the first to theoretically investigate
electromagnetic resonances in such subwavelength structures [21], they es-
timate that deep grooves of metallic subwavelength gratings may support
additional modes to the surface modes. The additional modes consist in a
Fabry-Perot-like resonance of a propagative electromagnetic wave guided in
the groove. Many studies after were conducted in the same context by T.
Lopez-Rios and A. Wirgin |22, 23, 5, 6]. An experimental confirmation of the
thesis of Hessel and Oliner was observed later in [24]. Finally, two kinds of
resonances are ooccuring in the subwavelength metallic gratings : waveguide
or cavity modes and surface plasmon polaritons (SPP). One of the objective
of this thesis is to study how the cavity modes can be coupled with surface
waves.
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Chapter 2

Asymptotic of resonances of a
real metallic plane perturbed
by a subwavelength rectangular
cavity
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2.1 Introduction

Optical micro-cavities are structures that can confine light in a small spot,
where the size of the spot is on the order of the optical wavelength. The local
amplification of the fields near the aperture can be strikingly high, sometimes
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up to a factor 10. They are especially useful to enhance light-matter inter-
actions, since light can be strongly localized in the micro-cavities. Optical
micro-cavities have found many applications, including integrated optical
circuits, low-threshold lasers, low-power switches, adiabatic wavelength con-
version, etc. Other applications include spectroscopy and imaging: For in-
stance, commercial devices for detection of single homoglobin proteins based
on local enhancement of optical fields are already on the market [25]. Mod-
eling and numerical simulations are essential in the design and optimization
of micro-cavities for various applications.

In mathematical terms, the localization and concentration of the fields
is the mark of a resonance phenomenon. In our context, the corresponding
resonant field may be surface plasmons, i.e., waves that propagate along the
interface of the grating, and that decay exponentially away from it. Another
type of resonance is due to possible cavity modes. Thus, the study of these
phenomena pertains to eigenvalue problems for the solutions of the Maxwell
system, in geometric configurations where a dielectric (generally air) and a
metal are separated by an infinite rough interface.

We are interested in metallic surfaces that contain rectangular grooves,
which have been studied experimentally in [3, 1]. Our objective is to un-
derstand the role played by the rugosity of the surfaces in the creation of
resonant modes. The case of planar devices with rectangular cavities is par-
ticularly interesting. On the one hand, they can be manufactured with con-
trolled precision by current lithographic processes at the appropriate scales,
and are widely used in opto-electronics. On the other hand, their simple
geometry allows one to develop the mathematical analysis very far. Experi-
mental results suggest that the amplification factors of the fields depend on
the width of the cavities. In [5], the case of a half plane containing a single
cavity of width w was considered. The authors studied the asymptotic of
the Green function as w — 0 using techniques based on integral representa-
tion [4, 5, 26|, which are well adapted to such geometry. The limiting Green
function turns out to be that of an infinite half plane on which a dipole is
placed.
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The paper [6] extended the analysis of [5] to two sub-wavelength cavities
separated by a sub-wavelength distance, and studied the interaction between
the cavities. The authors obtained the localization of two types of cavity
resonances, the symmetric and anti-symmetric in a small neighborhood of
each zero of some explicit function, associated to the limiting geometry. For
the symmetric modes, the fields in the cavities interact in phase, and the
system of two cavities essentially acts as a dipole. In the anti-symmetric case,
the fields oscillate in anti-phase, and the system behaves like a quadripole.

In this chapter, we would like to study the resonances of a single sub-
wavelength rectangular cavity in the case where the metal is real. A first
step will be to consider the case of a single cavity in a half plane, when
an impedance boundary condition is imposed instead of a homogeneous
Neumann condition for a perfect metal. An impedance boundary condi-
tion on the interface is an intermediate regime between the perfect and real
metal. The open problem of deriving the adequate radiation conditions in
unbounded domain with impedance boundary condition is solved recently
by J-C Nédélec and al. [27].

Due to geometrical considerations and to the choice of a time harmonic
incident field [3, 5], the scattering problem can be reduced to a Helmholtz
equation. Using the Green formula we reformulate the Helmholtz equation
as a system of integral equations defined on the aperture of the of the cav-
ity. The formalism of integral equations naturally leads itself to asymptotic
analysis, as the width w of the cavity tends to 0 while the wavelength is
fixed. Using an operator version of the Rouché theorem, we are able derive
the asymptotic of the resonant frequencies k,(w) of our system.

The outline of the chapter is as follows. Section 2 describes the scatter-
ing problem. In section 3, an integral representation of the solution to the
diffraction problem. We reduce the Helmholtz equation in the unbounded
diffraction domain to a linear system of integral equations on the aperture
of the cavity (2.3.10). By rescaling the obtained integral equation we show
that the resonances are exactly the zeros of a given operator valued function

S(w, k).

Section 4 is devoted to the asymptotic expansion of kernel of S(w, k).
Using the fact that this latter kernel is the sum of Green functions in sim-
ple geometries we obtain the asymptotic behavior of S(w, k) as w tends to
zero through the nontrivial asymptotic expansions of these Green functions
(Theorem 8 and Corollary 9).

Finally, we derive the asymptotic expansion of the resonances k,(w) by
using the Generalized Rouché Theorem and the properties of the integral
operators appearing in the asymptotic of S(w, k) (Theorem 10).
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2.2 Formulation of the problem

2.2.1 Notations

We consider the geometry shown in Figure 1 to study the scattering of
electromagnetic waves by an optical device, that contains a small subwave-
length cavity. The scattering domain (the air above the device) is invari-

Metal Qi

Figure 2.1: The diffracting domain €2

ant in the xs-direction and has the form € x R. Its cross-section €2 con-
sists of the union of the upper-half plane Q. = Ri and of the open cav-
ity Q; = (=h,0] x (—w,w), of width 2w and depth h. We denote by
Iy x {ze = 0} = (—w,w) x {z2 = 0} the aperture of the cavity, and by
X = (z1,72) a point in R2.

2.2.2 Problem Formulation

We assume that (2 is filled with a homogeneous dielectric material of mag-
netic permeability u, and electric permittivity €. The time-dependent, linear
Maxwell equations take the form

H
VXE—I—,U% = 0 in QxRxRy,
VxH—s%? = 0 imQxRxR4,

where E € R3 and H € R? respectively denote the electric and magnetic
fields. In this paper we only consider time-harmonic solutions, i.e., special
solutions of the form

E(z,t) = Re(E(z)e”™!) and H(z,t) = Re(H(z)e ™),
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where w denotes the time pulsation and the complex fields E(x) and H(z)
satisfy

VxE—iwuH = 0, (2.2.1)
V x H+iweE = 0. (2.2.2)

Since the open cavity is deposited on a real thick conducting medium the
electric field satisfies on 92 x R the following impedance boundary condition:

nx (VxH)—iw/epBH =0, (2.2.3)

where n = (n,0), the quantity n is the outward normal vector on 02 and
and 8 > 0 is the relative surface impedance that only depends on the electric
permittivity of the metal.

The diffraction of (time harmonic) incident fields E*¢, H" by the sur-
face 9 gives rise to reflected and scattered fields. We write

E = Einc - Eref —|—ES,
H = Hinc+HTef+Hs7

where E™f and H™f are the electromagnetic fields generated by the reflec-
tion of the incident fields by the whole plane interface without the cavity.

Since the scattering domain is unbounded, we require that the scattered
fields (E*, H®) satisfy radiation conditions that fix the behavior of the solu-
tion at infinity. The impedance boundary conditions produce surface waves
propagating along the interface that can not be separated from the total
field. Hence, the scattered field does not verify the classical Sylver-Miiller
radiation condition. Nédélec and al. have obtained recently a new type of
radiation conditions that describe well the behavior of the scattered fields
close and far away from the boundary.

As in [3], we focus on the transverse magnetic polarization (TM), where
the magnetic field is transverse to the invariant dimension. In this case,
H?® = (0,0, H3(x1,x2)) and the xs3—component of the magnetic field verifies
the Helmholtz equation

AH3(X)+k*H3(X) =0, X eQ,

with k = w,/epr. Asin [3], the impedance boundary approximation (2.2.3)
can be formulated as follows:
0Hj3

—— +ikBH; = f X €09,
on

where f = —(& + ikB)(H{"™ + HE). Since E™f and H™/ are the re-
flected fields by the plane interface, we have f = 0 on 99, \ I'y,, and hence
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fe ﬁ_%(—w,w) = (H_%(—w,w)>l (see for instance [5]).

The scattered fields (E®, H®) satisfy radiation conditions developed in
[27]: For large 7 and a fixed o € (0, 3),

0HS
| 3 5 _ikH5| < ereTl for y > cr®
”
OH3
|67T3—z’k: 1+ p%2H;| < cr_%, for cer <y < er®
0H3
]—a 3 _iky/1+B2HS| < er®, for  y<eretd
-

where (7, 0) are the polar coordinates, that is x = rcosf and y = rsin 6.

The whole system is reduced to a Helmholtz equation, as the components
of E can be recovered from Hs by (2.2.2).

The scattering resonances are the values of k € C such that the previous
system satisfied by Hg, has a non trivial solution with f is identically zero.
The asymptotic expansion of the scattering resonances is derived in Theorem
10.

2.3 Integral representation

In this section, we aim to obtain an integral representation of the field H*.
To do so we need to first determine the Green functions of the Helmholtz
equation inside and outside the rectangular cavity.

2.3.1 The Green function in the half-space R%

Let G¢(k, X,Y") be the Green function of the Helmholtz equation with impedance
boundary condition in the half space Ri .

Here the source point Y = (y1,y2) is fixed in Q. with y; is the horizontal
coordinate and ys is the vertical one. Also when k is fixed and if there’s no
confusion, we simply denote G¢(X,Y) instead of G.(k; X,Y).

Since there is no horizontal variation in the geometry of the problem,
we can suppose without loss of generality that y; = 0. Ge(k; X,Y) is the
solution of the boundary value problem:

AG(21,72;0,92) + k*Ge(w1,22;0,59) = (z1)d(22 — y2), X e,

S9Ge L ikgG, = 0, wa—
Oxo
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Considering the fact that €. is invariant in the horizontal direction, and
taking the Fourier transform with respect to x1, we get the following differ-
ential equation (with initial condition) in the vertical variable zo:

92G, - o
W(&a Z2; 07]/2) + (kQ - 52)G€(§7m2; O7y2) = X \;27:/2)7 x2 >0
2 —
_aGe+lk/8@ :0’ 29 =0
Z2

A particular solution of the diffrential equation above is given by:

e~V E2—k2|za—ys|
9p = —
P 2/€2 — k22

The solution of the homogeneous equation has the form:

g = ae /€2 %2 1o + e /€2 k2

The physical solutions of this equation are those which are bounded at in-
finity. So we keep only the following homogenous solutions:

gn = ne V&Ko

Hence, the general solution is:

G peVE Ry _ €Y G
= ne —
‘ /€2 — k22

_0Ge _ [53  13yo—\E—Kwy | e VEKr2-usl
and —%5z &2 — k%ne + T .

The condition —g% (x2 =0) + ikﬁé\e(:cg = 0) = 0 implies that:

(Ve -k —ikp)e VE R
VB2 — k2(\/€2 — k2 + ikp)

7’,:

Thus:

é\ B 1 R /€2 — |2 — ik e~V —k(z2+y2) B e~V E2—k2|za—ys|
¢ /52_k2+ik5 /52—162 /52_]{;2 )

B V8T
é\e is called the spectral Green’s function.
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Using the inverse Fourier Transform, the spatial Green function has the
expression:
Ge(T1,72;91,92) =
1 +o0 \/m — ikf e /€2 k2 (2o +y2) o /€2 k2|zg—ys|
)\ Je—Rras JE-R NGET

In the previous expression, we have taken the general case y; # 0.

2.3.2 The Green function in the rectangular cavity

Let Y = (y1,y2) be the source point fixed in ;. Let G;(w,k; X,Y) be the
Green function of the Helmholtz equation with impedance boundary condi-
tion in the rectangular cavity. If there is no confusion, we simply denote

Gi(X,Y) instead of G;(w, k; X,Y).

Assume that k2 is not an eigenvalue of the Helmholtz equation with
impedance boundary condition. The Green function G;(X,Y") satisfies:

AGi(X,Y) +k2Gi(X,Y)) = §(X-Y) X €,
8anl +1ikBG; = 0, X € aQi/Fw

ansz —ikpBG; = 0, Xely,

Where n; denotes the outward normal vector to 0§, X = (z1,22) and
Y = (y1,42).

Next, we proceed by separation of variables to derive a spectral decom-
position of the Green function. We first determine a complete set of eigen-
vectors in L?(—w,w) associated to a 1d Helmholtz equation with impedance
boundary condition.

Let vy (z1) € HY(—w,w) et k1, € C4 be such that

op(21) + ki on(z1) = 0, x1 € |—w,w]
v (w) + ikfoy(w) = 0 (2.3.2)

—uh (—w) + ikfu,(—w) = 0
Then v, (x1) can be written in the following form

Un(l'l) — ae’klv"xl + Ue_lkl‘"xl
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The boundary condition gives the following relation:

—U_kl’n + kB o~ 2ik1nw
kl,n + kﬁ

Therefore, the eigenvector v, (x1) is given by:

o =

Un(ﬂfl) = Ky, kLn — k/8672ik1’nweik‘1mx1 + e*ikLnIl
kl,n + kﬁ

where k,, € C is a normalization constant that will be choosen later, and
k1 p, verifies this dispersion relation:

e—2ik’1,nw _ kﬁ + kl,n

_ 2.3.3
n kﬁ - kl,n ( )

where 7,, = £1. Hence
vn(x1) = Ky (—Tneiklv"xl + e_iklvn‘“) (2.3.4)

We can easily check that —k8 and kS are not eigenvalues of the problem in
order to ensure that (ki + kB) and (—ki,, + k) are different from zero. In
fact, if —kQ is an eigenvalue, then

Un(xl) — ae—ikﬁxl + neikﬁxl
On the other hand the equalities
o), (w) + ikBu, (w) = 0 and — v} (—w) + ikBo,(—w) =0

imply respectively that n = 0 and o = 0. So v, (z1) = 0, which contra-
dicts the fact that v, is an eigenvector. The same analysis also applies to
the value k(.

We further choose the complex number x,, such that v,, becomes real. Let
k(s) be a fixed complex function that satisfies £(—1) = § and £(1) = —5;.
We set

Kn = K(Th)

According to this choice of normalization, we get

on(z1) = {

We choose the indexing of k1, by:

cos(k1,n21) it 7, =-1
sin(k1 nx1) if T =1

] -1 if n is even
n = +1 if n is odd

this choice is justified in the part of "asymptotic of k1 ,,". Then, we obtain
that:
nm

vn(z1) = cos(ky nx1 + ?) (2.3.5)
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Proposition 1. Let k1, be the eigenvalues of (2.3.2) associated to the eigen-
function vy, (x1) defined by (2.3.5). Then

S Il

Re(k2 = <L-w''nt

( l,n) fiuw "Un|2

2 2(_
e e o1 e )
ffw |vn|

Proof. We proceed by multiplying the equation (2.3.2) by 7, and integrating
by parts to obtain the result. O

Remark 2. The eigenvalues ki, are not real because the spectral prob-
lem (2.3.2) is not self-adjoint. We observe that ki ,, become real and coincide
with the Neumann eigenvalues if = 0.

Proposition 3. Let k1, be the eigenvalues of (2.3.2) associated to the eigen-
function v, (x1) defined by (2.8.5). Then

v B 0 if n#m
/_w””“m‘{ JU 240 if  n=m

Proof. We proceed by multiplying the equation (2.3.2) by vy, and integrating
by parts to find the result. O

Lemma 2.3.1. There exists wg, such that for w < wo the set (vy), is a
complete set of L*(|—w,w]).

Proof. The proof is based on the asymptotic expansion of the eigenfunctions
v as w tends to zero. In fact we will prove later in section 2.4 that v,
converge uniformly to the Fourier basis (subsection Asymptotic of v, (wz)).

O

Now, we reconstruct g(\; z2,¥y2), the Green function of the 1d Helmholtz
equation with impedance boundary condition on (—h,0). For xo # ya, we
have

g"(z2) + N2g(z2) = 6&(z2 — o), x9 € |—h,0]
g9'(0) —ikBg(0) = 0 (2.3.6)
—g'(=h) +ikBg(=h) = 0

We first look for a function ¢~ (x2) solution to the Helmholtz equation
in (—h,0) satisfying the impedance boundary condition at —h, that is:
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e "(x2) + N (x2) = 0,  xp€]-h,0]
—¢7'(=h) +ikByp~(=h) = 0
Then

AT A— k/B —2i\h _—idxo

o (z2) =e A+ k3

Afterwards, we seek a function ¢ (z3) solution to the Helmholtz equation
in (—h,0) satisfying the impedance boundary condition at 0, that is:

et (x2) + N (2) = 0, z2 € |—h,0]

@*'(0) —ikBpT(0) = 0

We similarly find

A A—kB _,
+ _ LiAT2 —iAx2
) =e A+ kB
The Green function g is then given by
. (@)™ (y2), iy <

9()\2;962,%) = 1N
W _ .
) | ot g)o(22), i yo >

where W (ys2) is the Wronskian of o+ and ¢~ at w3 = 2, that means

W(y2) = (¢7) (y2)e™ (y2) — (¢7) (¥2)e™ (2)
AA—kB o
= 28 (e Hh_l)

So,

g(N%; 22, y) = 20N _2];Ah 1){1 . ZgeM(wﬁw)+€_2Mhewx2_y2|+6_M|x2_y2|
INAE — —

(A —kpB) —2iAh_—iX(z2+y2)
4 (7/\ n kzﬁ)e e Ty b (2.3.7)

Using Lemma (2.3.1) and Proposition (3), we obtain

o0

Gi(X,Y) =3 Wg(kz — k7 i 72, 12) (2.3.8)
n=0 —w "N
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2.3.3 Integral equations
We recall that the scattered field satisfies
AH*(X)+k?H*(X) = 0, Xe

s (2.3.9)
+ikBH® = f, X €09
on

Let Y = (y1,y2) € QU Q;. If we multiply the latter system by G. and
integrate over {2, we obtain:

HY (V) ya, (Y) = /

(‘98<x1,o> _kBH (1, o>) G, 0: Y )dor(a1)
I \ OT2

- / F(X)Gel(X: Y)do (X)
00\

And if we multiply the previous equality by G; and integrate over £2;, we
obtain:

0OH?

HS(Y)XQz(Y) = — / <ax2(1‘1, 0) — ’ikﬁHs(xl, 0)> Gi(.%'l, 0; Y)da(xl)

Ty

- / (X)X Y)do(X)
0Qi\T'y

Taking the limit Y — I'y, and adding the two previous equations, we
obtain the following integral equation:

(G 1.0 = H8E01,0) ) (Gie1.0:31,0) + Gelir, 0, 0)) d(an)

= [ OG0 (X [
O\I'w

f(X)Ge(X;91,0)do(X).
O \IMw

(2.3.10)
We further rescale the above equation. Let I' = (—1,1), and consider the
integral operator S(w, k) : ﬁfé(fl, 1) — Hfé(fl, 1) defined by
S(w,k)p(z) = / (Gi(wz,0;wy1,0) + Ge(wz, 0; wy1,0)) ¢p(z)do(z) (2.3.11)
T
We finally have the following integral equation:
OH?®
S(w, k) < (wx1,0) — ikfH® (waq, 0))
(9.1‘2

——uf1 ; Tw o
- /a o TOOG w00 () /

90\

f(X)Ge(X;wy1,0)do (X))
(2.3.12)
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Following the works [5, 6], it can be shown that the plasmonic resonances
are exactly the zeros of S(w, k).

The objective of the next section is to derive the asymptotic expansion
of S(w, k) when w tends to zero.

2.4 Asymptotics

2.4.1 Asymptotic of G;

In this section we aim to determine the asymptotic expansion of G;(wx1, 0; wy;, 0)
when w tends to zero. The spectral decomposition of G; is given by:

Gi(X,Y) =3 U"(ﬁ)v;jz,(‘yl)g(k2 — K} 22, 2) (2.4.1)
n=0 —w N

o0

s, 0w 0) = 3 P )
n=0 f*w Un

g(kQ - k%,rm 07 0)

Asymptotic of k),

Recall that the eigenvalues ki, verify this dispersion relation (2.3.3):

o~ dik1nw _ (k1 + kB)?
(_kl,n + k6)2

We apply the following change of variables t,,(w) = k1 »(w)w, and find that
t,(w) is solution of:
it _ L+ kpw)?
(=t + kPw)?

which leads us to define two functions
frwt) = (t+kfw)e — (kfw —t)
fow() = (t+ kﬂw)em + (kBw —t)

We note {t1,(w),n € I1} and {t2,(w), n € I3} the roots of fi,(t) and
J2,w(t) over C respectively.

Thus
{tn(w), n € I} = {tin(w), n € 1} U{tan(w), n € I},
with I = I1 U I,. We now introduce two following functions:
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fio(t) = tet 4+t
foot) = te* —t

Similarly, we note {¢; ,(0)} and {t2,,(0)} the roots of fi o(¢) and fa(t) over
C respectively.

A simple calculation shows that:

(ha0), nezy = {(EEDT,

{t2,(0),n e Z} = {nm, n € 7Z}

n ez}

We further consider the following indexation

2n+ 1)
tin(0) = (2)
tQm(O) = nm
If we note t,,(0) = %, we obtain

{tn(0), n € Z} = {t1,(0), n € Z} U {t2,(0), n € Z}
Then

@2n+ )7

t1,0(0) = t2n41(0) = >

N t27n(0) = th(O) =nm

Remark 4. Vi = 1,2 : f;,, and f;o are analytic over C, therefore the sets
{tin(w), n € Ii} and {t; ,(0), n € Z} are discrete.

In order to derive the asymptotic of k1, when w shrinks to zero, we will
first determine the asymptotic of ¢,(w). We first localize {t,,(w), n € I} in
the complex plane.

Let

C(0, R) be the ring in the complex plane centered at the origin with ra-
dius R.
D(0, R) be the open disk in the complex plane centered at the origin with
radius R.
D’(0, R) the closed disk in the complex plane centered at the origin with
radius R.
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Proposition 5. VR > 0 such that C(0,R) N {t,(0), n € Z} =0 , Jwq such
that YVw < wg and i = 1,2, we have

card{D'(0,R) N {t;n(0), n € Z}} = card{D'(0, R) N {t;n(w), n € I;}}
Hence

card{D'(0, R) N {t,(0), n € Z}} = card{D'(0, R) N {t,(w), n € I}}

Proof. We first remark that f;o, ¢ = 1,2 is analytic. Therefore

1 A fin(t)
2im Joo,r) fio(t)

dt = card {D'(0, R) N {t;»(0), n € Z}}

and
1 atfl w(t) /
— ————=dt =card {D' (0, R) N {t;(w), n € I;
20t Jeom S tORN finte), n & L3}
. Ofiw(t) .
On the other hand the function W converges uniformly on each
i,W
compact subset of the complex plane that does not contain any isolated zero
A fip(t)
of fio, to : .
fz,O fi,O(t)
Consequently
1 iwl(t 1 iol(t
lim / 8tfz,w( )dt = 8tfz,0( )dt
w=0 2i7 Joo,r)  fiw(t) 2im Jeo,ry fio(t)

Thus Jwg such as  Yw < wy
card{D'(0, R) N {t,(0), n € Z}} = card{D'(0, R) N {t,(w), n € I}}
O

In the rest of this section, we will fix a radius R as specified in the
previous proposition. Let ¢ varies in D(0, R). We note I an indexation of
the roots {t,(0), n € Z} contained in D(0, R), .i.e,

{D'(0,R) N {ta(0), n € Z}} = {t(0), n € I}

Likewise, we note Ip; an indexation of the roots {¢;,(0), n € Z} contained
in D(0, R), .i.e,

{D'(0,R) N {tin(0), n € Z}} = {t;n(0), n € Ir;}

So, we have
card(Ig) = card(Ip1) U card(IR2)
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card{D'(0, R) N {t,(0), n € Z}} = card{D'(0, R) N {t,(w), n € I}} = card(Ig)
and

card{D'(0, R) N {t; n(0), n € Z}} = card{D'(0, R) N {tin(w), n € I;}} = card(Ir;)
fori=1,2.

Proposition 6. Jw; small enough such that Vw < w; < wp, Vi = 1,2,
Vn € Igi: Irn: > 0 such that D' (t;,,(0),75,:) N {tm(0), m € I} = {t; n(0)},
and there exists a unique zero of fzyw( ) contained in D'(t; (0), 7).

For this zero we will choose the same indez as t;(0).

Then
D/(ti,n(o)yrn,i) N {tim(w), m & Iz} = {tm(w)}
Proof. We have

1 O fi
th 0( )dt —
2171— C(ti,n(0),rn,:) fZO( )
atfi,w(t) .
and W converges uniformly on each compact subset that does not
7,W
Ocfio(t
contain any isolated zero of f;o, to }fl’?t()). So, there exists wy,, small
1,0

enough such that for w < wy,, <wp

1 O fiw(t

— tfz,w( )dt — 1

2im C(tim(o),’r‘n’i) flyw(t)

and we can take w; the minimum of {w;,

i,n?

Z':LQ,TLEIRJ'}. O

The last result allows us to use the following notation for ¢, (w) in analogy
with the t,(0):

tin(w) = tops1(w)
t27n(w) = tgn(’w)

Now, consider the following result which will allow us to compute the asymp-
totic of ¢, (w):

1 Oy fiw(t
tin(w) —tin(0) = 5 / (t — ti’n(O))Mdt
2im C(ti,n(o)ﬂ‘n,i) fi,w (t)
) 1 —it
Fori = 1, we have t ,(0) = @nt U e doesn’t vanish on D(0, 7, 1),
’ 2 " sin(t)

72't

sin(t)

s0 t1 ,,(w) is also the unique zero of ——— f1.w(t) on D(0,7y,1), and we have

B 1 t2s1n flw( )
tin(w) = t1n(0) = %r/c*(tl,n(o),rn,l) - tl’n(o))ﬁlw()dt

2 sin(
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—it

c
2sin(t)

cost

sm( ] + 1wkpf.

frw(t) = (t+ kpw)e?* — (kBw —t) and fiw(t) =

cost

Th
sin(t) o

We note m(t) =t

) 0= [ aop 290
20T JC(t1,(0)rn.1) fro(t) + wkpi

On the other-hand

Aol aiolt) fio i( wkﬁz)
Frolt) +wkBi  fro(t)(1+ f’jj;) fl, =0 \ Jro(t)

and also f1(t) = atﬁjg(tlyn(O))(t — t1,,(0)), therefore

tl n(w) — tlyn(O) =

L o O f1 O(t) RaPd
20T J € (t1,1(0)s7,1) pZ::O (t — t1.,,(0))P (5tflo(t1n( )))pﬂ( i)

O fro(t) .
QWPZO/C(“" i) (8= 11,0(0)P (D1 fr0(t1,0 (0 )))p+1( wkpi)

;i f1o(t) (—wkpi)?
=5 Z / Vo) (E— t10(0 ))pdt@tm(tl,n(o»)p“

tln

On the other hand
3tf10 Zamt—tm )™

(m+1)

fio (t1.,(0))

m)

with a;, = , and by applying the Residue theorem, we find

that:

n — t1n( —wkB1)P
tin(w) —t1 pz:;) 8tf10(t1 n( )))p+1( Bi)

@ntr N apa(ikBP

tlm(w) =

2 5 @o(tia0)rr!
(m+1)
We will compute «;,, ot = fl 0 m('h,n(o))
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22m (22m 1)BQm

X2m—-1 = _2m—(2m) (2m—1)!
x 22(m+1)(22(m+1)_1)B m
azm = —(2n+1)3 (2m)!(2(m+1))!2( +1)
and,
— ™
O fro(tin(0))) = =(2n+1)5
For ¢ = 2,
—it
we have t3,(0) = nm, ¢ cos(d) # 0 on D(0,7y,2), so ta,(w) is also the unique
cos
—it
zero of #S(t)fl’w(t) on D(0,ry2), and
1 Ot seosry cos f2 w( )
ton() ~tan0) = 5o [ (t - ta,nm))in—dt
VT JC(ta,n(0),rn,2) 2 cos(t) Jo,u(t)
) —it t
() = (4 kBw)e + (kBw — 1), — o () = it Sk
fow(t) = (t+ kpw)e™ + (kfw —t), 2cos(t)f2’ (t) =it cos) TV B
__ int
We note f2(t) = it%n(t), and so

1 N
o (1) — ton(0) = —— / (t— 10 (0) —2S200)__
20T J Ot (0) rn ) fa,0(t) + wkp

On the other hand

ok 9ol dfaolt) & (—wk5>p
faol®) +wk  Lo®(1+ 22 1ot 1=\ ol
and also m = 8&2\5(1527”(0))(75 — t2.,(0)), therefore
t27n('w) — t27n(0) =
i atf2£)\(f> (—wkﬁ)pdt
20T J O (12,0 (0),7.2) =0 (t = 12,,(0))P(0t f2,0(t2,n(0)))P 1
O f20(t)
—— —wkpB)Pd
2Z”Z/C (O,7n,2) (t = t2,0(0 ))p(atfz,o(tzn(o)))pH( wkerd
1 & B1 fa,0(t) (—wkpB)P
— : At ———
2z'7rpz::0 /C(tz,nm),w) (t —t2,n(0))P ! (84 fa,0(ta,n(0)))PH1
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We have
atf2 0 Z nm t2 n )m

fa0 " (t2.0(0)
with n,, = 20 | 2n and by applying again the Residue theorem we
m]!
find that:
t2,n( —tg n (_wkﬁ)p
;)2:% (O f2, o(tz (0)))”“
ton(w) = nm + lp- Gl wP
=0 (Otf2,0(t2,n(0)))PH1
22m(22m _ 1)BQm
m— = 12
flm—1 = e (2m)!2m —1)!
. 22(m+1 (22('m+1)_1)B2(m+1)
mm = nn 2m)(2(m+1))!
and
1 f2,0(t2,n(0)) = inm
Finally
( o _ _ k‘ P
tin(w) = tonii(w) = MJFZ -1 (kB

= (Oufro(tn(0))PH!

w) = w) =nm 3 ﬁp:l(_kﬁ)p wP
tan(w) fan{0) +I;)(atf2,0(t2,n(0)))p+l

92(m+1) (22(m+1) _ 1)B2(m+1) w2mt1
@m)I@(m+ 1) (mx)Ie

> 22m(22m o )BQm ,w2m

2m
* Z B M) i — )1 (e

to(w) = —+ 3 (—1)™i(kB)*m !

We remark that the first terms in the asymptotic expansion of the impedance
eigenvalues are the Neumann eigenvalues of the same Helmholtz operator.
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Consequently for n # 0:

Fin(10)= (2.4.2)
—+ 3 (—=1)™ i (B)*™ ! 220 (2207 — 1) By 1) w0 ()2
m=0 (2m)'(2(m —+ 1))' (%)2m+1

& 22m(22m _ 1)B2m w2m—1(k)2m

+Z (_1)m (6)2m (2m) (2m)|(2m o 1)] (%)2m+1

m=1

Remark 7. We remark that 0 is a solution to the dispersion relation:

oAk _ (k1 + kB)?
(_kl,n + k/B)Q

So we further denote k1o = 0.

Asymptotic of g(k* — ki ,,;0,0)

We start by deriving the asymptotic expansion of g(k? — kzin; 0,0) for n # 0.
We deduce from (2.3.7) the following equality:

9(/\2;372,y2) =

1 A+ EB iN@otys) | —2iNh id|wa— —iAza—
i e +e e 2—y2| +e iNza—yo|
A2 1) A~k

()\ - k/B) —2i\h fi)\(x2+y2)
Tox° ¢ }

Hence

1 A+ kB PGV (A = kﬂ)e—mh)

2, _
9(A%;0,0) = 2iN(e— 2 _ 1) </\ “ kB (A +kB)

_ 1 —2ixh 1 1
T i(e2idh ) <e (A+kB) - kﬂ)

g(k2 - kin’ O’ O) =

1 e_% [k2—k3 . h .\ 1
e 2R (er kB) (/K2 — k2, — kB

Now, we fix the branch cut defining the complex square root used in the
previous expression:

Vz e C \ iRt \/E — eln\z|+i arg(z)
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Where, arg(z) is the continuous determination of the argument in the com-
plex plane minus the non-negative imaginary axis defined as follows:

arg : C\iRt — (==,7)
z >t such that |z]e" =2z
So, according to this determination of the square root we have: v/—1 = —i

and v1 = 1.

We remark that Re(k? — ki, (w)?) # 0.

)

Then
k2 — ki p(w)? = —in/kyn(w)? — k2

)

and consequently
g<k2 - k%,ﬂﬁ 07 0) =

1 —2,/(k2, —k2)h 1 1
e " +
—2,/(k? ,—k?)h

—1) (—iy/k2, — K2+ kB)  —iy/k2, — k2 — kB

In order to calculate g(k? — kin; 0,0), we need to consider y/k; n(w)? — k2.

We have from (2.4.2) that for n # 0:

i(e

oy (w) = % +3°Cp R
p=1

So, the square of k; ,(w) has the following asymptotic expansion

2

k() = | S5 +> Cpu K
w =
2 Cik
— (2T (T (k) 4 (nmCak?) + O(w)
2w w
Hence
2 .o _ mnm2  nrCik 2 2 2
kin(w)”—k* = (Qw) +(7w ) — k% + (C1k)" + (nwCok?) + O(w)
9 1.2 2 2
- 5 (1+4Clkw+4 k£ (G) jmc?k w2—|—0(w3)>
2w nmw (nm)

A forward calculation gives

16k%(—C4% — 1
ki) — k2 = () (142Gk,,  IFCECT — 1 CianmC) o L o)
’ 2w nm 8(n7r)
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Then, Vp € N

o 2VRa P Bh _ 255 0(1) = ofu?),

and consequently

—2./(k2, —k2)h 1 P
e ’ = o(w”)O(w) = o(w"),
(i /K3, — k2 + kB)
and
1 R S SR SR

z‘(e_2‘ /(K3 —k)h 1) i1 —o(wpP) i

On the other hand
1

ENCIETER -

—2w CL—iB o o2 6012 42 — 2C) — 2nwCy — 8iC1 3 — 432 W+ O(u)

=— —4k 3
T i(nm) i(nm)
Therefore
g(k* = k7 ,30,0) =
-2 —i 242-20, -2 — 8iC1 3 — 432
—w—élkcl wa2—|—2k2 6C1" + G mT302 8iC15 — 4P w3+0(w4)
n (nm) (n)
We finally deduce from (2.4.2) that:
2 —1642
e =20 ana ¢y = 18
nmw (nm)

and the expansion of g(k* — kf,,;0,0) is

g(kz - k%,nv Oa 0) =
-2 2B —i 2 16832 — 4i 2 — 432
- i —ifnm 24 92 ((85 65 i I g >w3+0(w4)

w—4k———w
nm (nm)? nm)® (nm)? (nm)?

(2.4.3)

Asymptotic of v, (wz)
We deduce from (2.3.5) that

nm

vp(wz) = cos(wky p + ?)
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In order to derive the asymptotic expansion of v,(wz), we will use the al-
ready known expansion of k1. From (2.4.2), we have that for n # 0:

why ( ZC wP kP

Hence

— nm . nm P LDy — P 1.p
vn(wz) = cos( 5t :c—i—xZC wP kP) = cos( 5 (l—i-ac +:UPZ:10 wP kP)

After a long calculation, we find for n # 0:

vp(wz) = cos( 5 (1+x))—sm( 5 (1—i—a:))xC’1(wk:)

— sm( 5 (1 + z))aCy(wk)* — %cos( 5 (14 2))22C1 2 (wk)? + o (wk)TR.4.4)

Asymptotic of v, (wz)v,(wy)

Let
R,(z,y) = cos( 2 (1+x))cos( 2 (1+y))
Ta) = oo+ )il )
Qn(z,y) = Sln( " (14 a)) sin( 5 " (1+y)).

Using the previous asymptotic expansion (2.4.4), we obtain that for

n # 0:

Bate) = % VT )0k) = % T o) b
21; 2
‘tiﬂgéf@m W 2 R 9)0h)°
Up (W) v, (wy) = 2,.2
’ fo;ﬁ ;’T (2, ) (wk)? + im)QRn(x,y)(ka
1657z 2 2
WTn(x,y)(wk) + o((wk)?).

(2.4.5)
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Asymptotic of [ v,?(z)dx
We first recall that for n # 0:

/ v} (x)der = / COSQ(k‘Ln:U—Fni)dm

—w —w 2

w
_ L7 ity L -2itnet i) gy
4

(€2i(k1,nw) _ e_2i(k17”w))(ei”7r + e—imr)
8ik1n
cos(nm) sin(2k; ,w)
2k1n
(—1)"sin(2k; pw)
le,n '

:u}—'—

:w—|—

:w—|—

Again, we recall (2.4.2), for n # 0: wky(w) = % + Z Cp wP KP.
p=1
Thus

sin(2k; ,w) = sin(nm + 2 Z Cp wP kP) = (—1)"sin(2 Z Cp wP kP)

p=1 p=1
Therefore
/w o (2)de = w + sin(2>°2, Cp wP kP)
—w 2k1
Hence
sin(2)°02, Cp wP kP) g sin(23°72, Cp wP kP)
2k, Conml4 2 > ey Cp wP kP

On the other hand

sin(2 i Cp wP kp) = 201 (wk) + 2C2(1U/€)2 + 0((’11}]6‘)2)

p=1
1 2 2 2
14+ 255 Cp w? kP nwcl(w )+ nw(nwcl Ca)(wh)” + o((wk)")

Therefore
sin(2)°72, Cp wP kP)
1"’%2;0:1013 wP kP

= 201 (wk) + (205 — ——C?)(wh)? + o{(wh)?)

Consequently
sin(2>°7, Cp wP kP)
le,n

=0 (ZCrwh) + 20— E e + olwr)
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And so

2
nmw

/w vn2(z)dz = w (1 + %Cl(wk) + 20— %cﬂ)(wk)? + 0((wk)2)>

—w

Then, for n # 0 the following equality

1 _1h_2 2
W = (1 nﬂ_Cl(wk‘) + o((wk) ))
holds. Finally, we obtain
1 1 431 9

gk =k ,,;0,0)
Asymptotic of fw on2(2)da

—w

We first deduce from (2.3.7) that
g(k* = k% ,50,0) =

-2 2B —ifnm o [ 88%  16p% — 4ip 2—4B2> 9 3>
w<m 4k T w + 2k <(m)5 s o w? + O(w?)

and from (2.4.6), we obtain

I Un12(at)d:n = % (1 - %(wk) + 0((Wk)2)>

So by multiplying the precedent terms, we find that for n # 0:

g(k* —k7,50,00 2 4ip
T o@de ot (2.4.7)
862  16p8% —4if 2 —4p?
+2 ((ni)5 + ’Emr)‘l & + (mr)g > (wk)? + o(w?)
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vn(wx)vn(wy)g(k2 k%n,O 0)
2, vn?(x)dx

Asymptotic of

By multiplying (2.4.5) and (2.4.7), we find

on (W) v (wy)g(k? —

kl n7

,0)

[ vn?(x)da
%Rn(ac, y)(wk) + (sz)szn(ma y)(wk)
nm 8523@ nm ;
(mT)Q Ty, z)(wk) + WQn(fﬁ,y)l“y(Wk) -
2,2
2, (2, ) (wh)? — 457r)3 Ry (2, y) (wk)? —

+2 8554-165 —4i8 | 2= 452)R (x ,y)(wk)2

om” Tt G’
ST () (wh)” + 25T (y, 2) (wh)? + o(w?)

(nm)?

Asymptotic of G;(wx1,0;wy;,0)

Recall the expression

G’i(wxla 07 wyq, 0) = Z Un(wjiu)vné(wyl) (k‘

v,

n=0 —w n
vo(wz1)vo(wyr) vp (W) Un wyl)
- ™0 g(k? — 10’00 +Z ™ g(k?

_w Y0

A first calculation gives

vo (w1 )ve(wyr)

JZ v

1 2ikh 1 1
Qwi(e2Fh — 1) <€ k+E3) k= kﬁ)

g(k* — k‘io; 0,0) =

Then
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Gi(wz1,0;wy1,0) =

1 2ikh 1 1
2wi(e—2kh — 1) (6 (k+ kﬁ) = kﬁ)
£ ZRuey) + > o ‘”5 ) (k)

Y i’i@;’ T, (, y) (wk) +Z 457:;” ) (wk)

+§ji )3 Qn(, y)zy(wh)’ ij ;i R, y) (wh)”
-3 2 )k - Zf(‘f;;m )(wk)?
_232595 (4.2)(wh)? :Z 662 ) (wh)?
32527_525}3 (,y) (wk) +Z%Rn(w,y)(wk)2
= () = ()

00 9 o >
+ Eiir)ngn(x, y)(wk)? + Z:l (Sni)an(y’ ) (k) + o(w?)

Using the following equalities

cos(%F (14 x)) cos(5- (1 +y)) _
()

n=1

2
— n)

o (2P @) - L@yt —y)

—+—((z xr— — = (= x—

6 32 Y Y 3 Y Y
icos = ( 1+:U))cc;s(%(1+y)) -1 LA 1 xz—imjgf 1(m—y)(£3_x2 )
o0 sln%1+9:)cc;s(%(1+y)):ix3+iw+i 2+}(x—y)(a:72_x)
2 () 96" 18" " 32 2l —y| 2
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we obtain

Gi(wml, 0; wyi, 0) =

1 2ikh L 1
2wi(e—2kh — 1) (6 (k+kB) TEo kﬁ)
1 sin(ﬂx+y+2)sin(7rx_y)‘))
2 4 4
+4i6 (5 + & (<x+y+2>2 <x—y>2) Laty+2+le—y)) (wh)
+>° B 1 (e, ) (k) + Z 46”" y)(wk)

2,2
+foﬂ)§{czn<x y)ay(wh)? Z (f;)’ R, ) (wh)?
n=1 n 1

322—8 S S A
+(328 Zﬁ)(?ﬁs 1849” 1287 Y T8z —y

00 G2
3 A R ) (wk)?

— (nm) )
1 1 ly—=)y
2 72 2
— - vo_ k
+88%y <96y +48y+32 I |(22 zy) | (wk)
1 1 1 1(z—y) , x
+85%x <96x3 t gt Tt 3—2xy2 t3 (|$ — y|) (? - MJ)) (wk)* + o(wk?)

We further denote

I T e T 1
e(k,B) = 2i(e—TF 1) (e k) + kﬁ> (2.4.9)

Let

r(B.9) =435 (3 + 35 (G +u+ 27+ - 0)) —;<x+y+2+1x—yr>)
> 4ﬁzy 4ﬁzx
+ ) +
nzzl (mr) Z
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as (B, x,y) =(2.4.10)

S/J’Zwy — 45%y* — 325%
Qn(x y):cy - Rn(x,y) - 7Tn(x’y)
422 32532z
—zﬁ -3 6My+z
= (nm)
1 1 1 l(x—y)
3962 _ 8§ 4 L+ 2 L 29 1
+(326 ZB)<768 1847 T 128" Y T 8r gy
o~ 4 — 832 e 1 1 5, 1(y—=x),y?
7Rn , 8 P _ g
+n§:1 ()’ (z,y) + ﬁy<96y + gy T Y +2|x_y|(2 zy)
1 1 1 1(zx—y), °
8582 [ — -+ L2 L r
+5x<96x TR R T, W

So, we can rewrite G; as follows

Gi(wa1,0;wy1,0) = e(lfyﬁ) + % (ln(2) + %ln( Sin(ﬂ%w)sin(ﬂm i y)D

+a1 (B, 2, y) (wk) + az(B, z, y) (wk)? + o((wk)?)  (2.4.11)

2.4.2 Asymptotic of G,

From (2.3.1) we have that:
Ge(21, 2391, Y2)

12— k2 —ikp e~ V&R (z2ty2) o=k [z2—ys|
B /€2 k2 + ikf /g2 — k2 /g2 — k2

>e_i(zl_yl)£d§.

Then
Ge(wz1,0;wy;,0)

1 VE-R-ikp 11
A\ Ve k2 ikﬂ VE -k @k
— i +oi 1 2y 52 — k? e*i(wxlfwyl)ﬁdg
o0 \/52 k:2 VE — k2 +ikp

+0o0

—z(wml wy1 gdg
—o0n/E2 — k2 + iks

Operating the change of variables £ = k(, we get

e—i(wxl—wy1)§d€

1 [t —2

Ge wxT ,O,U/ ,O = — —e_iwk(xl_yl)cd
(wzy, 0;wy1,0) = — TE T ¢

We further denote
a=wk|(x1 —y1)l.
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Then
1 [t -2
Cdm /21418

Assuming x1 < y; snd applying the change of variables x = —(, we find

Ge(wzy,0;wyp,0) e‘iaCdC

—1 [t
Ge(wzy,0;wy;,0) = — cos(ac)

T Jo /C2—1+ip

To derive the asymptotic expansion of G, we first calculate the leading
terms in the integral defining the Green function. We first have

¢

1 1 1
Ve —1+is I 1oL il
Hence
L1 1 1
GRS
Then
1 B Bo1 1
H+2C:1+zc—2<2_8&+0(c)
Therefore
1 _ 1
1-&+i 140 —om —gw +o(a)
; _ 942
- 1—15 12?26 +i(63—5)23+0(<{1)
Consequently
;zl_zﬂ 1_21 23 1 Oi:oo i
\/C27_1+zﬂ ¢ (2 (2 6)C3+Z(B 6)C4+ (<5) ;%(5)@7

which gives

T cos(aC) > T cos(aC)
——d( = d
0 V¢-1+ip ¢ ;ap(ﬁ)/1 P ¢

+o00o 1 3 1
- T P len(© | esteo
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_/ h g Lo A gy Iy ) cos(aoydc
o ‘/ —f—zﬂ 2 9 3 {¢>1}

+2° cos(a) . 20 cos(a) 1 5 20 cos(a)
el e

I Al S SR SN BN BN
_/0 (\/Czi—lﬂﬂﬂ cta G 5)<3)1{<>1}>d§

+o0 2 1 92
- 1/ (C + (—=C+ip — (3-8 ))1{<>1}> d¢a? + O(a*) +
0

2h e o
*cos(af) .. > cos(a() 1 > cos(a()
| s [ e G- [ 5

+2° cos(a) +°° cos(C) B
We have / c ——2d¢ = / R ——=d( = —Cj(a)

with C;(«) is the cosine integral, so we obtain the following expansion:

+o00 COS(aC) o0 o2n
d¢ = —y — In(a) — —1”7
[ @ =2 V" g
where 7 is the Euler—-Mascheroni constant.

More generally the following expansion of the exponential integral holds

+o00 e—iaC T 0 ,ia)n
/1 7=~z - ; (m)1(n)

By differentiating the latter expression with respect to «, we find that :

+o00 e—wz( 1 n+1
/1 CTdC—g—l—z(fy—i-zE)a—i-z(ln —a) —HZ n+1'n
So,
+o0 cos(aq) 1 > a?n
/1 2 %=3 20‘“;( D e =)
and : ) )
oo i 11 (v+1i%) 1 1 a > ™t
€ Ca=1_2 2) 212 121 _an_ @7
/1 & ¢ 1 Sza—i— 5 5o At n(a)—l-nz:l( i) (ot 2
S0,

o0
a2n+2

t®cos(el) . 1 4y 3 o’ n
[ (3D )+ 3 (1




Finally, we find

T cos(@l) e
o VCZ-1+if
Ll R SRS S CANNE BN

/0 (mm (C e /3><3>1{<>1}> d¢

1 2 B
_’Y+(2 46)—7?4—/8 Oé—l() (%_g—i_ll—’_ /82 ,82)a2
1 400 g? . (*—/82) )
2/0 (\/m+(C+zﬁ 2( )1{4>1}>dga
(*—ﬂ )fln( )+ O(a)

Therefore

Ge(wzy,0; wy1,0) =
-1 +oo 1 1 ﬁ 1 1
o <C2‘+(_€+22_(2—52)C3)1{c>1}> d¢

1_ 32 . .
+l—(2 B)+Zﬁ_l2ﬁa

+o0 Zﬂ 1 1
77/0 <\/7+zﬂ (_ tTas (5 - 52)43)1{@1}) d¢

1 g2 : N
L G=pY) B ﬁw,ﬂx )+ 2R e =)

7r 47 3 s T
+ln(w) 1 (-1 _ Zﬁ 52 ﬁ2> (21 — 1) 2k

T T\ 8 2

1 oo C2 (l _52) 212 9
+27T/0 (C2—1+Zﬂ (—¢+iB — -2 R )1{<>1}> d¢(z1 — y1) k*w

11 — 1)’ kPw? 1,1 — y1)*k2w?
—;(5 - 52)(:61 y;) = In(k |z —y1]) — ;(5 - 52)W In(w
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_ +oe 1 1 8 1 51
6(/8)—7T/0 (\/m+(_g+@_(2_ﬁ )C3)1{C>1}> dg¢

2 G5 +(%€r4.12)

T A7

n(Bhng) = -2 (5 =5+ ]+ 300 - 18 ) (o - )

8 2
1 [t ¢2 . (L — B2
=y (%?—Lm5+“<+w‘izgﬂ«»ﬂdam—mf
2
(- ﬂQ)(xl;“) In(k a1 — 42}.13)

Then G, can be rewritten as follows

Ge(wz1,0;wyy,0) = 6(8) + w — g |1 — y1| (wk)
+ln<:fk) + b2(8, k, 2, y) (wk)?
—1(1 - ﬁ%Mﬁuﬂ In(w) + O(w?) (2.4.14)
T2 2 o

2.4.3 Asymptotic of S(w, k)

From the previous asymptotic expansions (2.4.14) and (2.4.11), we obtain
the following result.

Theorem 8. Let 0 < w < wy, the kernel of S(w, k) has the following ex-
pansion

Gi(wzy,0;wyr,0) + Ge(wzxy, 0;wyr,0) = Oy + S1 + Sow + s3> In(w) + s4

where
Ou(k) = <B4 5(p) 4 k)
si(@yr) = TInfA(zr — ) sin(TEERE) gin (T
sa(k 21, 91) = _%‘xl—yﬂk‘i‘al(ﬁ,x,y)k
sy(kyr,y) = _i(;_52)($1—291)2k2
[ sa(w, by e,m1) = a2(B,21,51) (wk)? + ba(B, k, w1, y1) (wk)? + o (wk)?)
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The functions e,az,d(5) and by are given respectively in (2.4.9), (2.4.10),
(2.4.12) and (2.4.13).

We then have the following asymptotic behavior of S(w, k).

Corollary 9. The operator valued function S(w, k) verifies
S(w, k) = Oy(k) + S1 + wSa(k) + w? In(w)Sz(k) + w?Sy(w, k)

where:

Ouw(k)o(z) = Ou(k) f,ll o(y)dy
Sig(x) = [1) s1(z,y)é(y)dy
Sa(k)p(x) = [ sa(k,x,)p(y)dy
Ss(k)(x) = [, s3(k,z,y)d(y)dy

1
Sa(w,k)p(x) = [} sa(w, k,z,y)d(y)dy
The asymptotic expansion is uniform with respect to k within a compact set
of the complex plane.

2.4.4 Asymptotic of resonant frequencies

We derive in this section the asymptotic expansion of the resonant frequen-
cies. We will show that they converge to the zeros of the function e(k, 3)
when w tends to zero.

Define the £,,(0) to be the zero of the function e(k, ), that is e(k,(0)3) =
0, ordered with respect to their real values and imaginary value of the real
parts coincide.

Let
L(w, k) = S1 + wSs(k) + w? In(w)S3(k) + w?Sy(w, k)

L(w, k) is invertible for w small enough. Using the Neumann series, its
inverse can be written as:

LM w, k) = 87"+ (=57 (S2(k) + win(w)Ss(k) + wSa(w, k)))” Sy 'w?
p=1

Fix wg small enough. For w < wq the following expression holds:

Lkl oy p=Yw, k)

1 _ 1 B .
57w, k) (w, k) 00 (K) L~ (w, k)1 + 1

The resonances ky(w) in D =, are exactly the zeros of the function:
wo
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fuw(k) =04, (k)L™ (w, k)1 + 1 := 0, (k) {1, L™ (w, k)1) + 1

where

it = B 55 Inlw) |

We observe that

(1, L7 w, k)1) = (1, Sy 1) — (1, 87185 (k) Sy 1) w + o(w)
(1,00 L H(w, k)1) = O(w)

We further denote note

g = (1,87'1) (2.4.15)
q(k) = —(1, 871 Sa(k)ST ). (2.4.16)

Therefore, the function (‘)’}fi’fé;ﬂ) tends to % when w goes to zero, uni-

formly on every compact far from the isolated zeros and poles pf the function

e(k, B).
For r, > 0 small enough, we have

1 / 8k€(k76)
— ———dk =1
207 Jjp—kn(0)=r, €K, 3)

w5 =

circle |k — kn(0)| = 7y, we deduce

uniformly with respect to k£ on the

1 akfw(k)

w—0 207 [k—kn (0)|=rn Jw(k)

Recall that the zeros of e(k, 5) are noted k,(0) and those of f, (k) are
noted ky,(w). Then

k(1) — ka(0) = — 5 ( — ko (0)) 2L (®)

- dk
207 =k (0)|=rn fuw(k)

From the explicit form of the function 6,,(k) we have

Fuh) =+ (et a0 + Lota(w) + 630 + o + el Bar + 1w + ofw))
0 fu(k) = - (Ohell B)ao + Prell, B)ar + 2+ Dhaa(K)e(k, /) + o(uw)
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1

The asymptotic expansion of (f,(k))™" is as follows

w 1 B +E g 1
(k. ) (1 T T ) S () P

Therefore

akfw( ) _ Oke(k,B) 3k€(k7ﬁ)wln(w)
fuw(k) e(k,B)  me(k,B)?
a 6(B)0ke(k,B)  Oxe(k, B)In(k) —qi(k)Oke(k, B)
e(k, B)? me(k, 3)? e(k, B)qo
e(k, B)  aqi(k)oke(k, B) 1 a1 (k)

Twelk B2 T ek B ek Bk T g YT o)

On the other hand, we have

8k6(kaﬁ) _
/k o (0= rn £(0)) e(k, B) dh =0
8ke(k,/3) o m
/|k enon, T O T = G e (0). B)
1
/|k e (0)] = rn 0))6(k75)kdk:0
a(B)e(k, B)
/|k o (0= rn £ (0)) e(k, B) dh =0
| (0011 (K)k = 0
oo, Orc(k, B)In(k) Ik, (0))
€ s n . ’iﬂ' Nn(~n
/ oy, T R O ek = T e (0, B)

Using the previous equalities, we find

. akfw(k) _ 21 wIn(w

/|kkn(0)|:rn(k £ (0)) fuw(k) = Ore(kn(0), B) ()

B 2im ; In(k,(0)) 2 w - ofw
(%0 st * a5 @) o

Therefore
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(1) = o 0) + (ki )
| (k) 1Y
@ OO+ L otw)

Recall the expression (2.4.9)

S S gy 1
e(k,B) = 2i(e—2ikh — 1) (e (k+kB) s k,@’)

A simple calculation gives

h o2ikh_ L
k(e—2ikh —1)2 (1+8) 1-8
1 o 2ih + 1 1
<€2mh sl )

T o (e 1)

e 2 (1 — B)(2ih + (2ih + 1) (e > — 1)) 4+ (1 4 B)(2ihk + (e >*" — 1))
21k2(6—2ikh — 1)2(1 — 52)

ore(k,B) =

We resume the previous asymptotic expansions in the following main
theorem.

Theorem 10. Let k,(0) be a fizred zero of the function e(k,B) given by
(2.4.9), that is, it satisfies the dispersion equation

—2ikh f-1
e = —. 2.4.17
g+1 ( )
There exists wg > 0 small enough such that for 0 < w < wy, the unique
resonance k,(w) located near ky(0) has the following asymptotic expansion

o (1) = hin(0) + Afrﬁ)wln(w) + A(B) (5(5) | nka(0) 1) w + o(w),

d 4o
where 6(B) is given in (2.4.12), and A(f) is defined by
A(B) =

Qikn(0)2(672ik”(0)h _ 1)2(1 _ ﬂ2)
e—2ihn (R (1 — B)(2ih + (2ih + 1)(e-ZFn @k — 1)) 4 (1 + B)(2ihkn(0) + (e 20n Ok 1))

61



In particular, as w tends to zero, the imaginary part of resonance k,(w)
behaves as

1 Re(In(k,(0)) 1
) (00 = W)
1 Im(In(k,(0))) 1
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Chapter 3

Asymptotic of resonances of a
periodic array of metallic
subwavelength cavities
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3.1 Introduction

Metallic surfaces containing subwavelength cavities have been studied inten-
sively for the last two decades, and that is due to their exceptional optical
properties. These exceptional properties can be resumed in the enhancement
and the localization of the electromagnetic field inside the cavities. In fact,
at the resonance frequency, the electromagnetic fields can be enhanced lo-
cally by several orders of magnitude, first due to the multiple back and forth
reflections between the cavity’s walls, and secondly due to interaction of the
incident electromagnetic field with independent surface plasmon modes on
the surface of the metal. These amazing features could find application in
many domains like imaging, microscopy, spectroscopy and communication.
In this chapter, we study a particular case of a periodic array of subwave-
length metallic rectangular cavities.

Due to geometrical considerations and to the choice of a time harmonic
incident field [5], the scattering problem can be reduced to a Helmholtz
equation in an unbounded planar domain. Using the Green formula we
reformulate the Helmholtz equation in the whole domain as a system of inte-
gral equations defined on the aperture of the cavity in the unit periodic cell.
Rescaling the integral equation, and using the explicit spectral expression of
the periodic Green function, we determine the asymptotic expansion of the
integral operator. Using an operator version of the Rouché theorem, we are
able to derive finally the asymptotic expansion of the resonant frequencies
kn(w) of our system.

The outline of the chapter is as follows. Section 2 describes the physical
problem. In section 3, we study the well posedness of the associated scatter-
ing problem through a classical variational formulation.

In section 4, an integral representation of the solution to the diffraction
problem is derived. We reduce the Helmholtz equation in the unbounded
diffraction domain to a linear system of integral equations on the aperture
of the single cavity in the unit periodic cell (Lemma 3.4.3). By rescaling the
obtained integral equation we show that the resonances are exactly the zeros
of a given operator valued function S(w, k).

Section 5 is devoted to the asymptotic expansion of S(w, k) and the reso-
nant frequencies k,(w) as the width of the cavity w tends to 0. We consider
two asymptotic regimes: the first is the case where the period of the array
d is fixed and is independent on w, and the second case is when d depends
linearly on w, that is, d = mw for some constant m > 0 The asymptotic
expansions of the associated integral operator S(w, k) are provided Corollar-
ies 21 and 29. Using the generalized Rouché Theorem and the asymptotic
expansion of the integral operators we obtain the asymptotic behavior of the

64



resonant frequencies for two different regimes in Theorems 26 and 33.

3.2 Position of the problem

3.2.1 Description of the geometry and notations

Let (e1, e2, e3) be an orthonormal basis of R3. The device is made by a per-
fectly conducting metal and consists on a periodic array of metallic cavities
of the same width w. It is invariant in the x3 direction and periodic in the
x1 direction with period d > 0.

The scattering domain is the air above the optical device, characterized
by a constant electric permittivity € and a magnetic permeability p. It has
the form  x R.

Figure 3.1: The grating of stripes {2

Its cross-section €2 as shown in Figure 2 consists of the union of the
upper-half plane Q. = Ri and the set of the open cavities Q; = Ujez]jd —
w/2,jd + w/2[x] — h,0].

Figure 3.2: The diffracting domain €2
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We likewise define the unit cell of the grid U x R by

d d

=12 %R

and introduce the following notations:
O=QnU, 0.=0n0, 0;=9Nn0, Ty =(—w/2,w/2), and 0 =
(X eo—4% <z <4}

3.2.2 Formulation of the problem

Assume ) is filled with a homogeneous dielectric material of magnetic per-
meability u, and electric permittivity €. The time-dependent, linear Maxwell
equations take the form

H
CurlE—}-Maat = 0 in QxR xRy
curlH—e%—}f = 0 mOQxRxR;

where E € R3 and H € R? respectively denote the electric and magnetic
fields. In this chapter we only consider time-harmonic solutions, i.e., special
solutions of the form

E(z,t) = Re(E(z)e ™! and H(z,t) = Re(H(x)e ™)

where w denotes the time pulsation and the complex fields E(z) and H(x)
satisfy

curl £ —iwpH = 0 (3.2.1)
curl H +iweEl = 0 (3.2.2)

We assume that the surface of the device is a perfect conductor, so that E
satisfies the following boundary condition on 992 x R

curl E xn=20

where n = (n,0). Here n denotes is the outward normal vector to 0€2.

As in 3], we focus on the transverse magnetic polarization (TM), where
the total magnetic field is transverse to the invariant dimension. In this
case, H = (0,0, H3(x1,22)) and the zg—component of the total magnetic
field verifies the Helmholtz equation

{AHg(X) +EH3(X)=0  Xeq, (3.2.3)

OnHs =0 X € 90,

with k = w,/ep.

We assume that the metal is illuminated under the incidence angle S by a
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harmonic incident plane wave, and we denote by k; = kje; + kaes its wave
vector, that is

Hznc($1’x2) _ H(z)ncek’lxl—l—kz:cg,

k=il = /K% + k3,

Let 8 be the unique real verifying

and

_ _ 2pom T
ki = keos(8) = 0+ =20, ee} E’E} (3.2.4)

We consider the diffraction of (time harmonic) incident fields E¢, H'"¢
by the surface 92 . Then
E = Einc o
H = Hinc + Hs,

where E and H are the total electric and magnetic fields, and E*, H® are
the diffracted electric and magnetic fields. Since H"™¢ verifies the Helmholtz
equation, so from (3.2.3) and taking into account the linearity of the A
operator, we can show that

{ AHS(X)+ K H3(X)=0  Xe€Q, (3.2.5)

O HS = f X € 0Q.

where f = —0, H{".

Since the scattering domain is unbounded, we require that the scattered
fields (E*, H®) satisfy a radiation condition that fixes the behavior of the
solution at infinity.

We further denote H,H" and H*® the third components of the total,
incident and scattered fields respectively.

3.2.3 Quasi-periodicity
Regarding the periodicity of the domain the incident field H*"¢ satisfies
H" (21 4 pd, x3) = H™ (21, 22)e",  V(21,22) € Q, Vp € Z (3.2.6)

In fact, if we assume that H is a solution of (3.2.3). Then, by the periodicity
of the domain ©, every field H® of the form

H®P) (21, 25) = H(z1 + pd, v2)eP?

for p € Z is a solution of the same problem. Of course, the associated
diffracted field(H))* has the same behavior for |zs] — 400 as H®, and
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there is no physical criterion to eliminate some of these solutions. In order
to avoid to have infinitely many solutions, we will search solutions that are
f—periodic, that is

H(zy + pd,22) = H(z1,22)e P, V(21,39) € Q, Vp € Z.

The 6—periodicity condition will allow us now to write a radiation con-
dition in the zo-direction. Indeed, if the diffracted field H* is #—periodic, it
means that the function

Hper (1, 22) = H® (21, 29)e 01

2
is periodic. If we suppose furthermore that d < A = % then we get 8 =
k1 = kcos(B).

3.2.4 The radiation condition

The radiation condition that we consider has been used in [28] and [29].

Let Lo > 0, the Fourier decomposition of Hpe, for x2 > Lg leads to the
so-called f—periodic Fourier decomposition of H*®:

H*(w1,m9) = Y Hy(g)e’ @001, (3.2.7)
PEL

2mp s ¢ s —i(0+0p)x
where 6, = = and Hj(z2) = H?(x1,m9)e P)TL .
0
Since H*® satisfies
AHS(X)+K*H*(X)=0,X €9,
the Fourier coefficient Hy must solve the following differential equation:

d*H
dx?

+ (K* — (0 + 6,)*)HS = 0. (3.2.8)

This 1d-equation has two linearly independent solutions but only one of them
is physically admissible.

Classical radiation condition

Here, we deal with the physically significant case where w is positive, which
in turn implies that k is also positive and hence k% — (6 + 6,,)? is real. The
following radiation conditions are developed in [29].

Let
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Z%k) ={p e Z;(0+0,)*—k*=0}, (3.2.9)
Then, the radiation conditions consist on:

1. For p € Z*(k), we choose the exponentially decreasing solution

H;(ZLQ) = H;(LO)G_W(OUQ—LO)'

2. For p € Z%(k), we choose the constant solution

H; (2) = Hj(Lo)

3. For p € Z7(k), we choose the solution which satisfies the outgoing
Sommerfeld radiation condition

HS($2) = H;(Lo)ei\/m(rz—llo).

Finally, the diffracted field H® has the following expression for o > Lg:

H*(w1,3) = Y | Hy(Lg)erF @2 Lo) i@ +bp)m (3.2.10)
PEZL

where «y, is given by :
—\/(0+6,)% -k if peZt(k)

ap(k) =140 it peZz°k)
in/ (0 + 0,)% — k2 it pez (k)

We notice that Z°(k) and Z~ (k) are finite sets, so that the previous
series expansion contains only a finite number of non decreasing terms.
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Generalized radiation conditions

The radiation condition stated first deals with real positive frequencies. In
order to apply the complex integration contour method needed in the asymp-
totic expansion of resonances we will deal with solutions to the problem
(3.2.5) with complex frequency k.

The continuation of the problem to the complex domain requires to fix
the branch cut of the complex square root function.

We further extend 0(k) to the complex domain by (k) = k1 = kcos(3)
where (3 is the incident angle.

We first need to define the square root of (6 + 6,)% — k?

4 4 2,2
O +6,)% k> = —sinQ(B)kz—i-%pcos(ﬁ)k—&— Zf

= —sin?(8)(k — k1p)(k — kayp)

where

27p

kip= m(cos(ﬁ) +1) and kg, = ﬂ(cos(ﬁ) —1).

dsin?(B)
We define the square root of ((6 +6,)* — k?) as the product of (— sin? (ﬁ))%,

(k — k:l,p)% and (k — k:27p)% using the following choice of the determination
of the complex square root function:

; T o7

VzeC, 2%= \zﬁelarg(z)ﬂ where arg(z) € ]5, ?[

The previous square root is defined using the analytic branch of argument in
the whole complex plane minus the positive imaginary axis. We then obtain

N

((0+0,)% — k)2 = i| sin(B)|(k — k1) 2 (k — ko) (3.2.11)
It’s clear that the term ((6+6,)? — kQ)% is defined and analytic with respect
to k in the region C\ ({k1, + iRT} U {k2, + iRT}). Consequently, the
expression (3.2.7) is defined and analytic on the region D that occupies the
whole complex plane minus all the axis {k1, +iR"} and {ko,+iRT} for all
p € Z (see Figure 3.2.4).

D= k; Rt 2.12
(C\pGZ,iLEJ{l,Q}{ p 1 } (3 )

The generalized radiation condition consist of choosing one admissible
solution to (3.2.8). So we write Hy(z2) as H;(Lo)e%(k)(@_LO) where
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Im(k)

1 K11 Ki,z K13 Kia

Figure 3.3: The Domain D

((0+6,)* — k)2 if Re(((0+6,)° — k%) <0,
((0+0,)* — k)2 if Re(((0+06,)% — k2)2) =0

o) and  Im(((0+6,)2 — k%)2) > 0,
8 (040, — K> if Re(((0+6,)% —k»)2) =0
and Im(((0+6,)2 — k%)2) < 0,

—((0+0,)> —kH)z if Re(((0+6,)% —k%)2) > 0.

Now, we study the sign of Re(((6+6,)? —kZ)%). we deduce from (3.2.11)
the following

Re(((0+6,)% — k2)2) = —| sin(B)|Im((k — k1p)2 (k — k2,p) 7).

The term Im((k — kl,p)%(kz — kzp)%) is equal to zero for k in the interval
| — 00, ko p[U]k1 p, +00].

is positive if k is in the region {Im(k) >

(k= k1p)2 (5 = koyp)2)
|k1,p, +00[} and negative if Im(k) < 0 or (Im(k) >

0 and Re(k) €]—o0, kg p[U
0 and Re(k) €lkap, k1p[).
Then
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Re(((0+0,)2 —k2)2) >0 if Im(k) <
or (Im(k) > 0 and Re(k) €]kap, k1))
Re(((0+0,)2 — k%)2) <0 if Im(k) >

and Re(k) ] — 00, kg p[U]k1 p, +00]
) 0 if k E] — 00, k&p[U}kLP’ +OO[

[NIES

Re(((6 + 0,)* — k?)

Im(k)

© © ©

Kzp Kip

Re(k)

® ®

Figure 3.4: The sign of Re(((0 + 0,)% — k2)%)

When Re(((0+9p)2—k2)%) = 0 which is equivalent to k €]—o0, kg p[U]k1 p, +00],
the sign of Im(((0 + 0,)% — k:Q)%) is as follows:

Im(((0+6,)% —k2)2) >0 if k> ki
m(((6 + 6,)* —k)2) <0 if k < kap

Finally, we have the expression of o, (k):
oy (k) = (84 6,)* — k2)21 if k> kip orIm(k) >0 and Re(k) €] — o0, k2 p[U]k1,p, +00[
P —((046,)* —k?)2  otherwise
(3.2.13)

Hence the generalized radiation conditions are equivalent to write for
xo > Lg:
(w1, a2) = Y HS(Lo)erW@2=Lo)i@+0r)e (3.2.14)

PEZL
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where o, (k) is given by (3.2.13).

Remark 11. From the expression of oy (k), we remark that Vk € C , 3M (k)
such that Vp > M (k), ap(k) = —((0 + 6,)* — k:2)% So we define M (k) by

M (k) = min{p € Z, ap(k) = —((0 + 0,)2 — k?)2} (3.2.15)

3.2.5 The periodic problem
Let Hper(21,22) be defined by:

H (21, 22) = 0% Hpop (1, 22). (3.2.16)

Consequently, Hper (21, 22) is a periodic function with respect to x; of period
d.

Lemma 3.2.1. The z1-periodic field Hye, solves the following boundary
value problem:

AQHPW(X) + k2Hper(X) =0 X € Oe U OZ

H,.. _ 3.2.17
OH, (x1;5m0) = f (z1,22) € 00 ( )

Opn

where Ag = (0z, + 16)? + 02 9 = Oy, +0,05,) 0 and 90 ={X €

27 Ogn
._d d
0Q; —5 < a1 < g}

Proof. We substitute the expression (3.2.16) in (3.2.3), and we use the
formula Ae?®1 = %1 Ay, By considering the fact that H, is periodic, we
find the result.

O

Remark 12. The previous lemma, allows us to reduce the problem (3.2.5)
defined in the whole Q2 to the problem (3.2.17) defined in the unit cell O.
The problem (3.2.17) is more suitable for the integral equation representation
method developed in chapter two.

3.3 Wellposedness of the problem

In this part we will prove the wellposedness of the problem (3.2.3) on C
except for a discrete family of values which are the resonance frequencies.

We will first consider the case where k € R and use the classical radiation
condition (3.2.10) to prove the wellposedness of the problem. Then we
extend the solution to the whole complex plane C using a clever integral
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representation and the Steinberg Theorem.

Since we look for #—periodic solution, the problem can be rewritten on
a unique cell of the grating. Let us consider the following problem (verified
by the total field):

Po-problem:
AH(X)+KH(X)=0,X €O (3.3.1)
%—5(1’1,3:2) =0, (z1,22) € 00 (3.3.2)
(L ay) = H(—g; 22)eif (3.3.3)
O sy = I (L e (3.3.4)
H® = H — H™ has the form (3.2.10) for x5 > Lg (3.3.5)

Thanks to conditions (3.3.3) and (3.3.4), every solution of the cell prob-
lem can be extended by pseudo-periodicity to a solution to the diffraction
problem (3.2.3) in the whole plan.

For L > Lg, we set

O, = {X€O;ze< L}
I, = {XGO;(L'QZL}

Now we will set an equivalent problem set in the bounded domain Oy,
where a boundary condition on I'y, is introduced. This condition will be
derived from the expression (3.2.10) of the diffracted field for x9 > Ly.

Before doing that, let us define some useful functional spaces that have
been already extensively studied in [30, 31], and recall some Green formulas.

3.3.1 f-periodic functional spaces

We consider the following spaces:

1. C§°(R?) is the set of all functions which are C*°(R?), satisfy (3.2.6)
and vanish for large xs.

2. C°(O)(resp C°(Opr)) is the set of restrictions to O (resp Or) of all
functions of C°(R?).
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3. H(O)(resp Hj(Or)) is the smallest closed subspace of H!(O)(resp
H'(Or) ) which contains C3°(O)(resp C5°(Or)).

The following Green formula holds for ¢ = lor 2:

ou 0v
Vu,vGHlO,/ ﬁdx:—/u dm+/ uvn;d
(0) o 0x; o Oz 80 7

where n = (n1,n2) is the outward normal to 0. We also have

Vu,UEH})(O),/ —Am—}dm:/ VuVodx — Ou —vdy (3.3.6)
0 0 a0 on

Notice that these formulas involve no term on the lateral boundaries {x; =
—4% and {z; = ¢} of O. Likewise, we have

0 0v
Vu,v € Hy(O1), u‘ vdr = —/ up dx—i—/ uon;dy (3.3.7)
7 oour'

Vu,v € Hy(Or), —Auvdx :/ Vqu‘;dm/ %UdV (3.3.8)
oL Or, aoury, on

We also introduce the following space:

HE (D) = Qv =3 (L) 0w 3 (14 (04 0,)) 2w, (L) 2 < +00

pEZL PEZL

|~

1
H; (I'z) is a closed subspace of the usual Sobolev space H%(I‘L), and the
norm

[vli =d > (1+(0+0,))% v, (L)
PEZL
1 1
is equivalent on H; (I'r) to the classical % -norm. The dual space of Hy (I'r)

is

Hy () = Qv =3 up(L)e 07 37 (14 (04 6,)) o, (D) < +oo

pEZL pEZ

and the associated norm is

= (1+(8+6,)) 2 |u,(L)]?

PEZ

1
HZ (T1) is exactly the space of the traces on I'z, of all functions of Hj(Op).

1 1
The duality product between H; (I'r,)and H, *(I'z) is given by

(u,v)or, =d Z up(L)vp(L)

PEL
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3.3.2 Truncation of the domain

If H is solution of Py -problem ,then by (3.2.10),H satisfies on I'z, the
following boundary condition:

OH

% = —T(k,Q)H , on FL (339)
where the operator T'(k,#) is defined as follows:
1 _1
T(k,0) - Hi(T'r) — Hy* (')
Z vp(L)ei(OJr@p)zl N Z Np(ka e)vp(L)ei(9+€p)x1
PEL pEZL
where

046, —k2 if pe Zt(k,0)
Mp(kae) = 0 if p € Zo(k70)
iJk2— (046, if peZ(k6)

One can check easily that T'(k, 6) is continuous. Consider now the following
truncated problem:

Po,-problem: Find H € H}(Or,) such that

AH(X)+ K H(X)=0,X €Oy, (3.3.10)
%5(331;332) =0, (z1,22) € 90, (3.3.11)
OH d . _OH d . ia

87(5’332)_%( §a$2)6 ) (3.3.12)
OH  oH" .

I on T(k,0)(H— H"™) on T'p, (3.3.13)

Proposition 13. If H is a solution of Po such that H = Hp, € H(Op),
then H is a solution of FPo, . Conversely, if H is a solution of Fo, , it can
be extended to a solution H of Pp.

Proof. The first part of the proof is obvious. Conversely, if H is a solution
of Pp,, then

H if x9 <L
H = Zﬁp(LO)e—,up(k‘,G)(xz—Lg)ei(0+9p)ar1 if 29> L
PEZL

This function is clearly continuous through xs = L. Moreover the continu-
ity of the normal derivative is obtained thanks to the boundary condition
(3.3.13), and one can check easily that H is a solution to Pp.

O
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3.3.3 The variational formulation

The problem Py, has the following variational formulation:

{Find He Hé(OL) such that (3.3.14)

a(H,v) =1(v) Vv e Hy(Or)

where the forms a(H,v) and [(v) are defined by
a(H,v) = / (VH.V© — k*Hv) dz + (T(k,0)H, v)gr,
Or,

o H e
l(v) =( 5 +T(k,0)H™ v v)or,

We now establish a Freedholm decomposition for formulation (3.3.14). The
following identity holds

a(H,v) = b(H,v) + ¢(H,v) (3.3.15)

where

b(H,v) = / (VHNv+ Hv)dx + (T'(k,0)H,v)or,
Or
and

c(H,v) = —(k* + 1)/0 (Hv)dx

Since b(H,v) and c(H,v) are continuous sesquilinear forms on H}(Op), we
can define two bounded operators B and C of H}(Oy) by the identities

(BH,v)y1(0,) = 0(H,v) and (CH,v)y10,) = c(H,v) VH,v € Hel?(oL)-

Lemma 3.3.1. The operator B is an automorphism of Hi(Or) and the
operator C is compact on Hy(Or)

Proof. By definition of T'(k,#), we have

Vu € Hy(OL), Re((T(k,O)u,uhor,) =d >/ (0+6,)" =k [v,(L)]> >0

peZ+(k.0)
and consequently b(.,.) is coercive on Hj(Or),
Vu € H)OL), Re(b(u,u)) > / (1Vul? + [uf?) da
Or
This proves that B is an automorphism of #}(Or). The fact that C is
compas is a direct consequence of the compact embedding of Hé(OL) into

L?*(Or) O
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Let us denote by y the unique element of H}(Op,) such that
(yav)Hé(OL) =l(v), Yve HGI(OL)
Then, the problem Pp, can be formulated as follows:
Find u € Hj(Or) such that Bu + Cu = y.

By Lemma 3.3.1 and by the Freedholm alternative, the existence of a solu-
tion will follow from the study of the homogeneous problem:

Find u € H(Or) such that Bu + Cu = 0.
which has the following equivalent form
Find u € H}(Or) such that a(u,v) =0 Vv € Hy(Or). (3.3.16)

Lemma 3.3.2. Let u be a solution of (3.3.16).Then uy,(L) = 0, Vp €
Z=(k,0).

Proof. Tt follows directly from the identity Im(a(u,u)) = 0. O

Lemma 3.3.2 means that a solution of the homogeneous problem is either
exponentially decreasing or tends to a constant function for large xs.

Theorem 14. Problem Pp, has at least one solution and the set of solutions
is at most a finite-dimensional affine space.

Proof. This result is based on the Freedholm alternative. If (3.3.16) has only
the trivial solution, then (3.3.14) has a unique solution.

Suppose now that (3.3.16) has non-trivial solutions, and let us denote by
V the set of these solutions. Then, by Freedholm alternative dim(V') < +o0
and problem (3.3.14) has a solution if and only if

l(v) =0 Yvel. (3.3.17)

Let us prove (3.3.17). We have that

O Hinc )
I(v) = { az +T(k,0)H" v)or,
and
HinC(x17x2) — H(i)nceklxl+kgzg — H(z')nce(9+9p0)x1 ekzxz
Hence '
o Hinc ]
on :ikQHmC on FL.
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We have that k3 = k? — k} = k* — (0 +6,,,)® > 0. Then py € Z~(k,0) or
po € Z0(k, ) and

T(k,0)H™ = pu,(k, 0) H™ = iy /K2 — (0 + 0,y ) 2H'™ = i|ko| H™

which implies

[(v) = i(lke| + ko) (H™, v)o,r -
If po € Z°(k,0) then ky = 0 , and if py € Z~(k,0), then by lemma (3.3.2)
(H™¢ v)gpr, =0 Vv €V, and consequently (3.3.17) is proved. O
3.3.4 Characterization of singular frequencies

We further call k£ a singular frequency for the problem Pp, if (3.3.16) has
non-trivial solutions.

Define
3 _1
Tr(k,0) : Hi(T'r) — M, 2(TL)
Ppen (L) 0T 5 ) (B, O)up (L)l O)
and set
ar(H,v) = VH.Vods + (Tr(k,0)H,v)er,, Vo€ Hp(OL).

Op

Lemma 3.3.3. If H is a non trivial solution of (3.3.16), then it is a solution

of

H#0, ap(Hv)=k | Huvdr, YveHOp). (3.3.18)
Or,

Proof. 1t is a direct consequence of lemma 3.3.2. 0

The converse statement is false. Indeed, a solution u of (3.3.18) is a
solution of (3.3.16) if and only if u,(L) = 0 for p € Z7 (k, 6).

In fact, we introduced the problem (3.3.18) because ag(.,.) is hermitian
while af(.,.) is not.

Let us consider the following eigenvalue problem:

Find X such that there exists H € Hy(Or), H # 0, satsifying
ar(H,v) =\ Hodx, Yve Hy(Or).
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(3.3.19)

Since ar(H,v) +/ Hudz is coercive on Hj(Op), the study of problem
O

(3.3.19) is forward (cf. [32]), and we can state the following proposition.

Proposition 15. The eigenvalues of problem (3.3.16) form a sequence
(Am(k))m>1 which tends to 400 and one has the following characterisation:
: ap(u, u)
Am(k) = min sup 3.3.20
m (k) EE€En(H}(0L)) ueBuz0 Jo, |ul*de ( )
where B, (H;(0L)) denotes the set of all m-dimensional subspaces of Hy(Op)).
A direct consequence of the previous proposition is the following corollary.

Corollary 16. Problem (3.3.18) has solutions if and only if k solves for
some m > 1 the equation

Am (k) = k2. (3.3.21)
Theorem 17. Problem Po is well posed for every value of k € RT except

for the values k = kp,(0, L) the unique solution to the equation (3.3.21).
Moreover, the sequence (kpm(6,L))m>1 tends to infinity as m — +oo.

Proof. To prove that the equation (3.3.21) has one and only one solution,
it suffices to check that the function & — A, (k) is continuous and non-
increasing. The monotonicity is given by the expression (3.3.20). The proof
is detailed in (cf. [33]). O

3.4 Reduction of the problem to an integral equa-
tion
3.4.1 The Green function in ),

Let G; be the Green function defined by

A _4Gi(w1,22;y1,y2) + E*Gi(z1, 22591, 92) = 6(21 — y1, 22 — ), X € O;
0G;
87977,

(X;Y) =0, X € 00;

Lemma 3.4.1. The Green function G; is given by

Gi(w1,22;91,y2) =
de?mmm) X cos(F (o +
hw k2 —(

m,n=0

3ole

) cos(%F (y1 + 5))

cos@azz h cos@ 2+h
)2_(%)2 (h( +h)) (h(y+))

:|

(3.4.1)

Proof. We obtain the result by combining the Green function derived in [5]
and by using the formula e?@1—v)A = A_yeif(z1-11),
O
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3.4.2 The Green function in ),
Let G, be the Green function defined by

A _4Ge(w1,29;y1,y2) + E*Ge(21, 225 Y1, y2) = 0P (21 — Y1, 72 — 2), X € Qe

(

G, is periodic in x1 and y; (

0G,

o — (21,22 = 0;91,92) =0 (
T2

G. verifies the radiation conditions (3.2.14) (

where 6P (x1 — y1, 22 — dZe (1-11) & Oo—ys

leZ

Lemma 3.4.2. The expression of G is given by the two following equivalent
sums:

Ge(T1, 72591, 92) = — et (@) (ea”“_”' + eo‘"”ﬂ’?') (3.4.6)

Ge(w1,22391,92) = — Z =D L (kg — g1+ 1d, 22 — 1a)

l—foo
+ HY (klay — g1 + 1d, 22 + )}
(3.4.7)

where Hél) is the Hankel function of the first kind of order zero,
|z1—y1, 22— 12| = \/(371 —y1)? + (w2 — y2)? and oy (k) is defined by (3.2.13).

Proof. We develop the solution of (3.4.2) in Fourier basis, and we compute
the coefficients of this expansion. We find

1 X1
il Z 7€—i%(ﬂcl—y1)eal|w2—y2|.
2dl (87

By eliminating the case where a; = 0 (see [29]) by the method of images we
obtain the expression (3.4.6) of Ge.

On the other hand, from [5], and using the formula e?@1—¥)A =
A_pe®@1-v1) we find
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T 0(p—
Ge = =767 (D (klay = g1,z — yal) = H (ks = g1,z + o)

satisfies
A _Ge(21, 72,91, y2) + k2Ge(21, T2, 91, y2) = 6(x1 — Y1, T2 — Ya), X €O,
G, d d
O (w1, 22 = 0;y1,y2) = 0, x1 € [—57 5]

We then periodize it in the whole €2, using the Fourier series expansion, and
obtain

= 21 2!/
jatm jat ™
Ge(xth;yl,yQ) = g Cl,l/€Z d xlel a Y1

Ll/=—00

with ¢; 7 is the Fourier coefficient of G. given by

d d
1 2 2~ - 2/
. 1—X 11—
ar = Ge(w1,T2;y1,y2)e" @ et a ¥

_d
2

Wl

Finally by the Poisson summation formula, we find that

+oo
Ge(z1, 22351, 92) = > Gelm1 +1d, xa591 — I'd, o)

Ll'=—
O

Remark 18. The Green functions G; and G, have different spacial singu-
larities. In fact G; is singular when X tends to Y whereas G, is singular
when (1 —y1) =0 or |z1 — y1| = pd.

3.4.3 Integral representation

Lemma 3.4.3. Let Y = (y1,y2) € O U Oy, a regular solution H of the
problem (3.2.17) admits the following integral representations in O; and O,

2 a];Iper
w (Ge(xlao;ylao) + Gi(ﬂfl,o;yl,o)) 8362 (xlvo)dxl = F(y17y2)
-2

(3.4.8)

where

w

2
F(y1,y2) = Ge(21,0591,92) f(21,0)dxy

(V]IS

d
2
+/ GE(xlao;yhyQ)f(wlaO)dwl - / \ G’L(xhoa ylny)f(xlax2)dQ?1-
% 00;\I'w
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Proof. We multiply the equation (3.2.17) by G; and we integrate over O;.
By Green formula we find

Hper (y1,y2)x0; (y1,y2) + 2710/ (02, Gi (X, Y ) Hper (X) + Oy Hper (X)Gi (X, Y)) dX
O,

G ‘I 8H
ZXYHMX X per
o, T Y (X000 + [ =

(X)Gi(X,Y)do(X) =0

which is equivalent to:

OHper 9G;
———(X)Gi(X,Y)do(X) —
T oex e~ [ S0

Hper(y1,92)x0; (Y1, y2) + X, Y)Hper(X) =0

After taking into account the boundary conditions satisfied by the different
functions, we obtain

OHpe,
Hper(y1,y2) X, (Y1, y2) = — Gi(z1,0;y1,92) 8;2 (x1,0)dzy

_w
2

(3.4.9)
— / Gi(21,0;y1,y2) f (21, x2)dxy
80:\T'w

We apply the same method in O, U {z9 < L}, and get

B OHper
Hpe”‘(y17y2)xge(y17y2):/w Ge(z1,0;91,92) 8;2 (w1, 0)dz
-2

d
T2 OHper 2 0G,
—L T;;(M,L)Ge(wl,L;yl,yz)dm +/‘21 Tm(xlyl/;yhy?)Hper(mhL)dwl

d
2 2
—/d Ge(z1,0;y1,92) f(21,0)dz1 — Ge(z1,0;91,y2) f(x1,0)dxy
-2

w

From the radiation condition, we have

Ge(21, 2,91, Y2) 2d Z —i 2%k (21 —y1) (eazlm—ygl + eaz\$2+y2\)

leZ
and
1y g2ml
Hper .%'1,.@2 E per,l LO QL(IQ Lo)ez a1
lEZ
So

d

d
~% OHper -4 0G.,
’ e y L3 ) a.. s &y ) per ) =
’ 78 (2131 L)G (:El L;y1 yg)dl’l +/ (:El L;y1 yg)H (371 L)dxl 0
T2 % 8%2

!
[\J‘Q‘\
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We deduce the following integral representation

w

2 OH,
Hper (Y1, y2)x00 (Y1, 92) = Ge(z1,0591,y2) a;;r (71,0)dxy

VIS

d
2 2

— Ge(xla0§yl,3/2)f(x170)d$1_/u Ge(x1,0;91,92) f(21,0)dx;.
3

[NIISW

(3.4.10)

We take the limit y» — 0 and we add (3.4.9) and (3.4.10), we obtain
the wanted result.

wlg

0H, er
[ (Gl 051,00+ G, 05n,00) 0 =
T2

_w
2

d

2
Ge($1,0;y1,y2)f(x170)d$1+ﬁ Ge(21,05y1,y2) f(21,0)day

2

[SlI=H

— Gi(x1,0;y1,92) f (21, x2)dxy
8Oi\Fw

We now rescale rescale the integral equation (3.4.8) to obtain

1
2 0H, er
/ (Ge(wzy,0;wy1,0) + Gi(wz1, 0; wyi, 0)) 8; (wz1,0)dxy = F(y1,0),
_ 2

NI

(3.4.11)
] — 3, %[ Let S(w, k) be an integral operator from I:V%(—%, 3) to

for all y €
%, %), defined by

H(—

N

S(w, k)d(y1) 32/ (Ge(wmy, 0;wy1,0) + Gi(wry, 0;wyr, 0)) p(x1)dBi4.12)

1
2

O0H
Then, P (w1, 0) satisfies the following integral equation

81‘2
OHper B 11

Following the same analysis developed in [5], based on the radiation con-
dition and Green formulas, we can prove that the scattering resonances of the
gratings are exactly the poles of the operator valued function k — S~ (w, k)
(or the zeros of the function k — S(w, k)).
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3.5 Asymptotics

Here we first derive the asymptotic expansion of the operator S(w,k) as
w tends to zero. Then using complex contour techniques we determine
the asymptotic expansion of the resonances. We consider two asymptotic
regimes: the first is the case where the period of the array d is fixed and
is independent on w, and the second case is when d depends on w linearly,
that is d = mw for some constant m > 0.

3.5.1 The case d is independent of w

Asymptotic of G;

Gi(wzy,0;wyp,0) = elfw(z1—u

4 X cos(mam(z 4+ 1)) cos(ma(yr + 1))
)hw Z g )

m,n=0

We deduce from [5], the following asymptotic expansion

) | ey — yo) + 2222

Gi(wx1,0;wyp,0) = —=
w T

+ %1n(| s1n(§(1:1 - 1)) Sln( (1 4+ 31+ 1))

2 /1 2 1
_h<6 g(( 1+y1+1) + (1 —v1) )_4(x1—|-y1+2+|x1—y1|)>w

(2225 LinqsinG o s 41+ 1)) 0
— e(k)02 (1 — y1)?w + O(w?)

where
1
e(k) = (% + cot(hk)) =7 Z 2 (e (3.5.1)
h
Asymptotic of G,
1 X1 em
Ge(way, O5yy, 0) = o} e (mw) (3.5.2)

The latter function series is divergent when x1 = y; or w = 0. In fact, in
this case, the general term of the series is —— which is equivalent to ————
d (07 2 ‘l ‘

as |l| = +oo. If 21 # y1, the series is simply convergent by Abel Theorem.
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Extraction of the singularities and expansion of G,

M

1 1 _2niw
Ge(wzy,0;wyp,0) = = Z — e ¥ @) L W (w(z — 1)) (3.5.3)
dl:—M o
1 1N (- 1 2m
Ge ,O7 ,0 = — — N —_\p _ Py P
(wz1,0; wy,0) da0+dpz::0 2., +a_l)(z y P (x1 —y1)Pw

+ W(w(z1 —y1))

where M = M (k) defined in (3.2.15) and W is the function defined on
R\{0} by:
+oo

Wx) =3 w(x)

=M
with
w(X) = % <1€_i2dﬂX + 1ei2)clﬂX>
l

(&7 a_

To extract the singularity of G, which is also that of W, we will proceed
with a development of w;(X) when [ is big ( I > M (k))

Ckl(k,e) = —\/(0 + Qdﬂ-l)Q — k2

2
= \/92k2+wfrl+(2ﬂ-) 12

d d?
21 0d1 (62 —k2)d? 1
= L1+ =
d \/ Tt (2m)2 12
Then
1
1 d 1 d1 (9> —kHd*> 1, 2
- = 1 - B A
ay 27rl( L (2m)?2 l2)
o d1l N 0d® 1 (20 +k*)d® 1 (1296° — 1440k%)d" 1 +0(l)
- 2ml 8m2 2 1673 I3 48(2m)4 14 B
On the other hand
+oo +oo
1 n 1 n
- = Z % and = al —
(e%} 1 e A (— )



+o0
W(X) =) w(X)
=M
1 +oo 2wl x 1 +oo 27l x
= — + -
d = o« d —
4 +oo _;2ml +o00
1 e ' d 1 1 ap, j2ml x
I S DU I
n=1 =M = =1
4 +oo 27l x +o00 4
1 e'd 1 1 an, 2rl
+gzan (=1)" +g (oz _Z (_l)n)el
n=1 =M I e |

Denote

Then, we can rewrite W (X) as follows:

+oo ,LLWlX

1 2rl
+gzw i
=M
4 oo _j;2nlx 4 +oo  ;2mlx
1 e ' d 1 e
S ST SLALAEES S pEe
n=1 = n=1 =M
1 400 +o00 ( ZQL) +00 400 2%)}7
d
DI IE e G oy
=M p=0 l M p=0
1 I 642—”)( it X —iZZlx
- o I
=M

e 'd e d 1 +0062ng
S TS e s
M M M

1=
+oo  2mlx +oo  j2nlx 3 4oo 2ml
1 v 1 e 1 (— d )
- g% IE + ga4 4 d Z Z | A x?
= = p=01=M
400 +00 2ml 3 too (;2ml
1 (=) o 1 Gril P
St e Ly SO
=M p=4 p=01=M
400 400 27l
1 i)’
I PIPILNEEES
=M p=4
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We deduce from some known sums given in [34], which are valid for 0 < X <
27, the following equalities

+too X
) X - X
c :—hn(l—e’X):—ln(QSill—)—i-z'7T
— l 2 2
T _ilx
: X - X
c :—ln(l—e*?’X):—ln(2sin—)—z’7r
= l 2 2
T GIX 2 3 5
e T X X X
=l 2r—X)—i(XIn(X)-X - -
; F =~ qr X)) —iXIn(X) 75 " 1m0
too X 2 3 5
e T X X X
= - X)+iXI(X) - X -2 - =
; 12 g~ 2~ X)X In(X) 72 " Tado0 )
oo GIX +oo 2 3 2 4
e 1 T T X X 3 X
=) 4= X - X2+ )+ (E—In(X) - EX%2 -
; E nzn?)ﬂ(ﬁ ) O S R
+oo  _ilx +oo 2 3 2 4
e 1 s s X X 3 X
=) i XX+ )+ (In(X) - SX2 - .
ZZ; 3 ;nd i 1 ) Tl () =7 988 T
1T00 41X +oo +oo 2 4 3
e 1 1 s s X X
=) i) )X - (=X?- X34+ ) +i(—InX
> 4 Zl4+l(zn3) (12 X tgg) Tl X
=1 =1 n—1
5 X°
—2xd oSy
12 1440
+oo  _ilx +oo +oo 2 4 3
e 1 1 T T X X
— =) i) )X (=X X34+ ) —i(——In(X
l; T Z(nzlrﬁ) (33 X g~ )
5 X°
' -
12 144leL )
Consequently
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1 IR ix Eo ifx M—1

- L U oy
w0 = LS SR 1 S e iy
=1 =1 )
1 +0o0 eZQTTrlX “+o0o e_iQTﬂ'lX 1 M—1 1 ‘
t &CLQ(Z T B Z l2 ) — a2 E(GZQTZX — e_i%ﬂ—lx)
=1 =1 d 7!
| IR pegmx o Mol
B g“3(z B + Z T) + 503 ﬁ(e—z%ﬂx + ei%ﬂX)
=1 =1 =1
1 +o00 €ZZT7TlX 1 —+oco e 7,2ng 1 M—1
— — 1 Lﬂl _s2ml
+ da4(lZ: 14 at /A )—ga4 Z l—4(el Xe 50 X)
- = 1=1
3 o) .
1 (77/27rl)p +o00 +oo J)p
‘QZZT@X”—*ZZQ Cisgy
p:O l:M l Mp 4
1 3 x ) 400 +o00 . )
— p
T B XP 4 5 Z Zﬁ i
27rl
|X‘ +oo e Zgl X| 27rl|X‘ 400 —ZLﬂ-llX‘
=g Cyreti
Z lzj:w l + a2|X’ Z ZZ l2 )
=M
oo _;2ml .
_ lag(f eidm n io ﬂ Z 2’”|X| 1 i" e~ x|
3 — Za e <
d Py l = 3 |X| d 4l:M I )
M—
+ - (ﬂ + %)( X itxy 1 IS a2 | @4, izlx 2l x
de="1 "7 ted )_EZ(T ol —e T )
=1 1=1
3 4 2nl 400 +00
1 (—’L )
322 BzX”—fZZ@
p:()le l Mp 4
3 00
1 ( ) 400 +o00 .
taX L DIP LA !
p=01=M l M p=4
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| X| 22 X 27

2

:galln(2sin y ) — ]X\ |X]1n\X\+—ln( )]X]
27 3| X3 (27r)5 |X|° )

- — X[ - - - = X In|X
AR 12400 ) 3{2 T n|X|
o2 2 372 4 2t X 2w 1
71 - X2 77X4 .

T X X g }+da4X|{dnz::1 s

43 2m 1073 (27‘(‘)5 X
X[¥In|X X - S ukall ERE
X X AT e CTERE
oo M—1
2 ar a3z, 1 2wl ., o

PSS @y P

dp:O P l B72p)" d
oo M-1 3 +4oo -27r

2SS e S e -4 55 A
dg = P T 2pr 1) d d =
1 “+o0 +o0o (—ZLﬂ)p 1 3 +4oo (ZLﬂ)p

3 Zﬁl p;j XP+ 7 Z B XP

=M p=4 p=01=M
g (127”1)
)M aloy
=M p=4
2 . 7| X| 2i 2r . 2m. 21 O X|?
:galln(Qsm ¥ )_E 2X{—ln(|X’) = n(j)—j_ e
(2m)® |1X|* 1 2 T2
- - = Xl X 1 —)X
& 14100 ) 3{2 3t | |+ (=)
LSS }+—a X{—Z— |X|21n\X|
d2 184 4 3 3d3
473 2r 1071' ( )5 ]X\4
5 In(— X -
oo M-—1
2 ar az, 1 ,27r12 9
Py L e
dp:() — l B72p)" d
oo M-—1
2 a9 ay 1 ,27Tl 2941 v 2p+1
R B NS LU A
dp:() — l M 2p+! d
3 oo - o7l +00 400
1 (—z )p
—gZZ ZZ@ X7
p=01=M z M p=4
1 3 oo ) +o00 400 .
+gz B XP + = 225 l
p=01=M sy o
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We then get

1 X
W(X)=Cy+ — ID(QSlnﬂd|

n= 1

Z lel J(Bi+ B-)} X — 5(292 +E)X?In|X|

(292+k2) 1. 2n 1 '  4nl
M TSR Z:(dQ
+00 /.27l\2
1 (i%7°) 2 4 2
— = — Bo)}X? + — (436
P (B —B-1)} +967r(
M—
™ 1 1
0{——— + ——(430% — 48k?) + =
+ =352 * 007 (3 ) +5 l:l
0o /.27l\3
1 1=
2 5 g gyxt +o(x)
=1
and Cy can be computed as follows:
SRR VR AU & < Vil N
07 4 o 2nl’ ' d ay
=1 =1

Consequently
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d2 2 2 .
2 (436% — 48k )Z —1+ Z M

) + iinn | X + ﬁ{ln(Q—W

(12903 — 1440k*)d?

24(2m)313 )

202 + k2
27l
— 48k X3 In | X |
! 2m9l i(12963 — 1440k2)
487l
LEUES op!
27l T l

)



+ W(w(z1 —y1))

1 1 . T .6
=——+4+C+ - In(2 sm(gw\ml —y1])) +i—w(z1 —y1) In(w|x; — y1])

idVk? — 62 2
i 21 d? ) |
+ 5 AIn(S) + 555 (4307 — 48k )nz::l -1
j i(1290% — 1440k?)d?
+ Z 27rl ampE el )
M-1 .
1 27l 2wl 1 1
{ Z (=) (B + B-0) + 2 T(E_El)}w(xl — 1)
1
= - (20" + K)w* (@ — y1)* In(wlzr — w1l
M-1
(202 + K% 1 2« 1 4l 202 + K, 9
ASabL A Sl Sy gull _Z =2 T _
e ()3 2223(012Jr ol @)
+o0o M-1 .
(202+k2 1 (i25L)2 27l o, 1 1., 5 5
+A= = Z (B =B+ ;< 7 G o @ )
it
(4 2 4 2 3 _ 31 o~
+ 96n (430 8k )w’(z1 — y1)° In(w|z1 — y1|) + 96 36d2
1 —227r9l (12963 — 1440k2?)
4362 — ARK2) + = 3/, . \3
* 1927r( 867 -4k + 5 ; * 4871 Jhw (@ =)
+o00 ﬂ-l M-1
= 27Tl 1 1
i0 i) Z 0 S D: JONG: 3
+ib{~ Z : 6+ 0+ 2O G = g @ =) o)
M-1
where C = C’o—i—d =1 a%—i—i
1 In(2) 1, 27 1 1
G 0; wyp,0) = c “In(7)+ 1 ~In(|z1—
(w1, 0;wyy,0) dao(k)+ + - (d) - n(w)—i—7T n(|xy
Y Y r>>+zi<x —yywhn(w)+ 2 {in(2T)+
A Tw|zy — 1| PR on 1YL 27 d
d?(430% — 48Kk2) X 1 i (12908 — 1440k2)d?
1 - _ —
3272 Zl BT ; (5 A A

0 13X on Mliomi 1 1
%{g lz;(ld)(ﬂl-i-ﬁl) + lz; 7(?_1 - El)‘i‘hlkﬁl —y1|}(z1 —y1)w —
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(202 + k2) 1 le (Al

2. 12 2, 2
477(29 + k%) (x1 — 1) *w” In(w) + 8 {—fln( d)+3—§l 1 ¥
202 + 2 o (202 +k2 1 I (421t)2 M1227rl 1
Tﬂ)}(wl_yl) Wit QZ 9 1)+ - E
1 6
El) —2In|z; — y1 [}z — y1)2w? + 967(4302 — 48K (21 — y1)3w? In(w) +
, T (4302 — 48k%) 1= —2in6l (12903 — 1440K?) 5 3
0f_ - _
7 R T Z 1( " 487l o=y et
2ml\3 M-1 2 2
(i22) 2l L1 (30— 452)
i0 d i WA S A | —
{3 Z 6 (Bi+ Bt +; d oz_l al)+ 967 nlo
yl!}(xl y1)*w® + o(w?)

Simple calculation gives

sin(I

In( 7

172 2.2 4
_ wlry — = ———z1 —y1[*w* + O(w
e E—— 21 — 1)) 6d2‘ 1= 1 (w®)

Hence
Ge(wzy,0;wy1,0) =

In(2) 1, 27, 1 1
2 2m.  d’(430° — 48K%) <
vil) + z%(xl — yp)wln(w) + 7{111( ) + 5 Z

M-1 . .
0 i(1290° — 1440k2)d> 1 27l
l:l(m_ 2iampe @ y“”*{ ZZ e s
M-1 .
iorl 1 1 1
= (— = =)+ |z -y} a1 —y)w— — (20°+ k) (z1—y1)*w? In(w)+
=1 d a_; o 47
M-—1
(202 +K* 1. 2« 1 4l 20+ K%, 1n? 5 o
M T T n(ZEy 43— = T
sr L)+ ;(d2+ ol ) gty
00 4. M-1 .
(202 + k2) 1R (i288)? 2l ., 1 1
S A _ 3 RN Ty 9] _
. { 122 (B — B1) + ;1( 7 (a_z + al) n |z
i9 T (4307 — 48k?)

i} =)+ g (436° 48K (1= ) In(u) +6{ —

1 ]‘il —2m01 i(1290% — 1440k2)
6 487l

36al2 + 1927T

+o0

e — )P+ (L z 2Ny

1
M-1
Z%l 1 1. (436% —48k?) 3,3 3
— )t 1 — _ '
+ 1:1 a ) Oéz)+ 96 n\LL’1 y1!}(x1 yl) w +0(w )

=
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Asymptotic of S(w,k)

Lemma 3.5.1. The kernel of S(w, k) has the following asymptotic expan-
sion:

Ge(wz1,0;wyr,0) + Gi(wz1, 0;wyr,0) = 0y + s1 + sow In(w) + ssw + sqw? In(w) + 5511)27

where

bu (k) = da;l(k) + eETk) P20 oy %ln(%ﬁ)

s1(o1,31) =~ In(2lsin(3 (21 = ) sin( 3 (or + 91+ D)) + 1 Inlfor )
+ie(k)0(x1 — y1)

.0
sa(w1,y1) = Z%(wl — 1)

2 2

2 /1 1 1
53($17y1):_ﬁ 6+§(($1 +y1+ 1)+ (x1 — 1) )—Z(l’l +y1+2+|m1—y1|))
1

(2In(2 . .
+i (2B 4 Lin(lsinG o ) sinC o+ n + D)D) 0or —32)
) 2 2 4012 oo o i 3_ 2y 2
+32 (In(Zp) + LOLEID 520 | b1 DM (G - DN (2 — )
0 1<% om Ny
—e(k)0% (11 — 1) + — = i B hntlh O
e =00+ g 36+ B+ 30 )
+Infzr — 1]} (21 — 1)

sa(zr, 1) = — = (20% + k%) (21 — 11)?

ss(w, z1,y1) = O(1)

Let H3 (—%, %) be the classical fractional Sobolev space and o3 (—%, %)
its dual. We define the following integral operators from H _%(—%, %) to
HE(=3,3):

(0w K)6() = (k) [ olw)da
$100) = J*, a1 )o(a)ds
Su0ly) = [, sala,y)ola)ds
Su0(y) = J, sa(e,)o(a)de
Sioly) = [, sila,y)élads
Ss6(y) = J*y salw,z,y)o(e)ds

Theorem 19. The linear operator Sy is invertible near the zeros of e(k).
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Proof. The operator S1 can be split into two operators:
S1 =S50+ 26(1{:)951

where

So?(y) =
/_2

and 510() = [ (o~ )ola)da.

1

(3 mC2lsinC (e~ y)sin(G -+ 9+ 1)) + 1 1l — ) ) o)

N

N|=

2 ~
In [5], it was proved that Sp is invertible and S; is compact. Simple calcu-

lation gives
Sl = So (I + i@(k)950_15~1>

So near the zeros of e(k), the norm of ie(k)#Sp~1S) is small enough (< 1)
and consequently I 4 ie(k)0So~1S] is invertible.
U

Theorem 20. The linear operators Sj,j = 2,3,4,5 are compact .

Proof. The proof is provided in [5]. O

Corollary 21. S(w, k) is bounded and satisfies the following asymptotic:
S(w, k) = Oy + S1 + win(w)Ss + wS3 + w? In(w)Sy + w?Ss

We deduce from the previous corollary that S(w,k) is a compact per-
turbation of the operator S; which is invertible. Therefore S(w,k) is a
Freedholm operator with index zero. Next we shall derive the asymptotic of
its inverse and of its characteristic values as w tends to zero.

Theorem 22. 1. The operator-valued function S(w,k) is finitely mero-
morphic and of Freedholm type in D given by (3.2.12).

2. The operator-valued function S(w, k) is invertible except at some dis-
crete values.

3. The operator-valued function S='(w, k) is finitely meromorphic on C\R_
and its poles are exactly the resonances of the scattering domain Q.

Proof. G is meromorphic in D. On the other hand, we deduce from the
explicit expression of G; that the kernel of the operator S(w, k) is finitely
meromorphic in D.

95



The integral representation shows that the uniqueness of the Helmholtz
problem Pp is equivalent to the invertibility of S(w, k). In theorem (17),
we showed that the Helmholtz problem Py is well-posed for every real value
of k except some discrete sequence.

Finally, we deduce from the Steinberg Theorem that the operator-valued
function S(w, k) is invertible on C except some discrete points, the operator-
valued function S~!(w, k) is finitely meromorphic on D, and its poles are
exactly the resonances of 2. O

Define
L(w, k) = 81 + win(w)Sy + wS3 + w? In(w) Sy + w?Ss.

Since Sy is invertible near the zeros of e(k) and S;, j = 2, 3,4, 5 are compact,
the operator L(w, k) is Fredholm of index zero, and it is invertible for w
small enough near the zeros of e(k). Using the Neumann series, its inverse
can be written as:

L7 (w k) = 87"+ (=S (In(w) S + S5 + win(w)Sy + wSs))” Sy 'w?
p=1

Theorem 23. Fix wg > 0 small enough . For w < wq the following expres-
sion holds near the zeros of e(k):

L k)L o 1w ).

Sil(w, k) = L*l(w, k) — Ou (k)L L(w, k)L + 1 w

The resonances of 2, are exactly the zeros of the function
fuwl(k) = Ou (k)L™ (w, k)1 + 1.
We further denote {k, (w),n € Z} the set of the zeros of fi, (k).

Asymptotic of the resonances

Lemma 3.5.2. The function f,(k) has the following asymptotic when w
goes to zero

k) = SO0 (B gk ) + (14 Cul)ao — e(k)ar)
—(C1(k)q1 + %)w In(w) — %wan(w) — 1 (k) gow + o(w),
where C1(k) = da;(k) +C+ %m(%”),
and
o = (1,87'1)

q = (1,87'8.571)
¢ (1,5,1538,11)
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which are well defined as functions of k near the zeros of e(k). Here (,) is
the dual product between H™/? and HY/?.

Proof. Recall fi,(k) := O (k)L™ (w, k)1 4+ 1 = 0,,(k){(1, L7  (w, k)1) + 1.
On the other hand
L w, k) = STt — 571808 M n(w) — S71S387 M w + o(w).
Hence
L™ Hw, k) = 0p ST — Op(S7 1 S28 HwIn(w) 4 0 (ST S35 w + o(w)
(1, L7 (w, k)1) = (1, 8711)—(1, 871 S ST D w In(w) — (1, ST S350 D wo(w)

(1,0,L™ (w, k)1) = (1,0, ST 1) —(1, 0 (ST 18257 ) 1) w In(w) — (1, 9k (S7 18357 1) 1) wo(w),

which imply

k) = 0u(k) (1, 27 141 = (LD 4 0 )y g g )~ g 1
where C (k) = da(j(k) +C+ %ln(léTﬂ)
Therefore
k) = SO (B e0)) In(a) + (14+Cx (o e ()az) — (Cr () +
%)w In(w) — %w In?(w) — C1(k)gaw + o(w).
Consequently
k) = L0 o (B0 o)) n(w) + 041 + Cu (K)o — (b)) —

O (C1(k)q1 + %)wln(w) - @whﬂ(w) — 9(C1(k)g2)w + o(w).

Lemma 3.5.3. qo(k) = <1>S1_11> is different from zero.

Proof. We begin with computing ¢ = 5’1_11. We have that S1¢ = 1 which
can be written as

So¢p +ie(k)0(p, x)1 —ie(k)0(p, 1)z =1

= ¢ +ie(k)0(p,x)So™ 1 —ie(k)0(¢p, 1)So a = Sy~ 1
= ¢ = —ie(k)0(¢p,2)So ™1 +ie(k)0(p, 1)So x + Sy~ 1 (3.5.4)
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By multiplying the last equation by 1 and x respectively, we find the following
system verified by (¢, 1) and (¢, x):

{ (6, 1) +ie(k)(p, x)(So~1.1,1) —ie(k)0(p,1)(So L., 1) = (Sp~'1,1)
(b, x) 4 ie(k)0(p, ) (So~ .1, z) —ie(k)O(p, 1)(So L, x) = (Sp~11,z)

So by resolving the latter system, we can compute (¢, 1) and (¢, x) and then
compute ¢ by (3.5.4).

Therefore, we can determine qo(k) = (¢, 1), and finally we obtain:
d0(k) = (50711, 1) (1 -+ e(k)02((So ™2, 1)% — (591, 1) (S 1, 2)))

In [5], it was proven that (So~'1,1) is different from zero. So, we conclude
that go(k) is different from zero.

-1

O

Remark 24. The poles of qo(k) are different from the zeros of e(k). So near
the zeros of e(k), qo(k) is well defined, different from zero and has no poles.

We denote {k;(0),j € J} the set of all the zeros of e(k) in D=, the
wo

complex disc centered at zero and of radius wlo, that is

e(k;(0)) = 0 (3.5.5)

Theorem 25. Let k,(0) be a fized zero of the function e(k), that verifies
kn(0) < X, and rp, > 0 be a fized positive real such that the set {k;(0),] €

wo ’

J} N B(kn(0),7y) is reduced to ky(0). Then, for w < wy < wy where wy is
small enough, there exists a unique resonance ky(w) in Dy, (k,(0)).

Proof. For k far from the zeros and poles of e(k) and go(k), we have

Outfulk) _ Oule(()ao)
fw(k) e(k)QO

ion Qkfw(k) Ok (e((K)q0)
Therefore, the function o B tends to cb)do

uniformly on every compact far from the isolated zeros and poles of e(k) and

QO(k)'

+ O(w).

when w goes to zero,

zeros of e(k) are simple and intertwined with its poles @ < kn(0) < 5F.
So, there exists r, > 0 small enough such that

1 Oulelba) ,

207 Jjk—kp0))=rn  €(K)q0

Moreover, as lim,,_,q a’}i 1(”136) — O (:(gf()’;)oqo) uniformly with respect to k on the

circle |k — k,,(0)| = r,,, we see that

i 5+ [ Dfull) gy, 1,
w—0 297 lk—kn (0)|=rn fw(k)
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and it follows from the Rouché theorem that % f\kfkn(o)\zrn 8}5‘?2’;) dk =1,

for w small enough. Thus, there exists a unique resonance k,(w) in the
complex disc |k — k,(0)] < 7. O

Theorem 26. Let k,(0) a fized zero of the function e(k), that verifies
kn(0) < wlo. Then, for w < wq, the unique resonance kn(w) located near
kn(0) has the following asymptotic expansion:

1 1+ Cl (kn(O))QO(kn(O))
T el () ) on (0)Bre (hn0))

In particular, as w goes to zero, its imaginary part behaves like:

w + o(w)

Im(k,(w)) =
(0]
Ike(kn(0)) \ Re(qo(kn(0))? + Im(qo(kn(0))?

Proof. Since ky(0) is a simple pole of the operator-valued function, the gen-
eralized Rouché theorem yield :

- Im(Cl(kn(O)))> w+o(w)

akS(w, /C)

L I
) — i (0) = — 51t [/k o e R 0157 e 0
which reduces to
_ — _L o 8kfw(k)
Fn(w) = kn(0) = 27 |k_kn(0)|:7~n(]~C £ (0)) fuw(k) b
We have
Lo (Y Foaek) L 1+ CRg—ek)e
Fulk) = <e<k>qo GO B T )>
Hence
Aelull) S0 4 (0,1~ gre()winw) + 0(Cr(K)aw — e(baz)o)
. D —qre (k)w 2w) — 1+ C1(k)go —e(k )qu
e v oz
_BelBm) | Al o) (2 aek)(em),
T PR 1 O
I (Cr(k)go — e(k)g2) (1 + Ci(k)qo — e(k)ga) Ok (e(k)qo) w - ofw
M (cE)a)? yuotw)
Consequently 51 (e((6)a0)
_ _ k(e((k)qo
T |k—kn((ol§|:rf”(0)) e(k)qo dah
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1 0% —ae(k) (7 —aek)Ole(k)a)\ .
B Rl ) ( o e ()(dk) 1) )

1 Ok (C1q0 — e(k)q2 1+ C1q0 — e(k)q2) Ok (e(k)qo
_27 ')’“(;Ifn_olffl(rn» < e(k)qo - (e(k)qo)? ) e
+ o(w

By Residue Theorem, we find

o Okle((R)ao)
/|k kn (0)] rn(k £ (0)) e(k)qo dk =0

(L —que(k))
/|k—kn(0)—rn(k = ke(0)) e(k)qo dk =0

B (C1(k)qo — e(k)q2)
/|k—kn(0)|:rn(k £ (0)) e(k)qo k-
Then
(1) — ki (0) =
1 (T — qre(k))ok(e(k)qo)
2im Ik_kn(o)\:rn(k ~Fa(0)) (e(k)qo)? dhuw Inw)
1 B (1+ C1(k)go — e(k)q2)0k(e(k)qo) o
2t Juspn ) ()10)? A olw)
We have equivalently
(L — qre(k))Or(e(k)qo) ,, m%" — qre(kn(0))
fo ) s R = i
B (1+ Ci(k)go — e(k)q2)0k(e(k)qo)
/k kn(lg\ rfn o) (e(k)qo)? an
=9 1+ Cl(kn(O))qO - e(kn(o))(.h
8k e.qo)(kn(O))
Then
B o —q1e(kn(0))w a(w) e LT C1En(0)q0 — e(kn(0))az |
En(10)=hn(0) = 3, o) () ) Or(e-10) (b (0)) Folw)
_ % _‘he(kn(O))w () o+ L C1kn(0)g0 — e(kn(0))az
kz“)”)"“"“’) 0r(e-0)ha(0) T T O(eiao) (ba0)) y
S L Gk )ik 0)
worelon ()" o (0)kehn(0)) )
which finishes the proof. O
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3.5.2 The case d = mw

In this part, we consider the asymptotic regime where d = mw where m > 0
is a fixed constant. The asymptotic expansion of the Green function G; is
the same as in the previous section.

Asymptotic of G,

Recall the expression of the Green function
1 = 1 27l
G 0; wyp,0) = — — e~ @1my) 3.5.6
e(wxh ; WY1, ) mw l_Zoo O[le ( )

Vk > 0, Jwy(k), such that Yw < wo(k) we have Re((6 + 22L)2 — k2) > 0.
Then Yw < wo(k),¥I # 0, we have

orl 2
= — _— _ 2
ay(k,w) \/(9+ w) k2.

Therefore

1 1 &1 21l (g1 1) 1 gemiy g
Ge(wz1,0;wy;,0) = +— E e i @mmy) i (@i—y),
magw  mw = o a_y

To extract the singularity of G, we proceed by a expansion of «y(k,0)
when [ goes to +00 and w goes to zero.

ay(k,w) = —\/(0—1—) — k2

27 1 Omw (02 — k?)m? w?
= o e e

mw It (2m)?2
Then
L mw mw (0 kmtut
ay 27 1 T 1 (2m)2 12
and
1 _@ngem? w?  (20° + E*)m® w®  (1296° — 1440k%)m* w74+0(w75)
o  2ml 8m? [2 1673 13 48(2m)4 14 ke
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We can write the following expansion:

“+o00
1 w"
o = 2
n=1

and
“+o0o
1 w"
 — a 7
oy nz=:1 t (=0
with a;, 2 =1,--- ,4, are known explicitly.
Therefore

Ge(wxla 0; wyn, 0) =

+o0o
R UR  GP =T
maow - mw — o
—+00
i Lei%(m—yl)
muw oy
=1
—+00 400
e 9D SUI L
moow  mw {n
=1 n=1
400 400 n
I SPRLANC B
mw (=)
=1 n=1
1 1 4 I efi%ﬂ(xlfyl)
TP v
maow  Mw 4— — m
+o0o 4
_LZ i _ E anw ) —i22L (2 —y1)
n
mw " ap — l
1 4 400 ei%l(mfyl)
Fo Dy w
muw —L)"
n=1 =1 ( l)
+o0 4 n
+L L _ § anWw )e‘%"l(wl—yl).
muw a_g

102



Then

Ge(wzy,0;wy,0) =

1 1 24: oo e_lw(‘rl_yl)
moow — mw an( n
n=1 =1
2 il (@1—y1)
-y " + O(w?)
—~ (="
1 1 ™ e—i%ﬂl(rl—yﬂ
- maoow - mal(lz; l
+oo i22l (g —yy) F0o —iZml(zy—yy) 00 i2%l(zy—yy)
e’ m 1 e € m
+Z )~ > v
=1 =1
+oo M M
1 e (w1-y1) eZm (x1—y1)
——as() + Z Jw? + O(w?)
=1
1 1 o —12il|331—y1|
= _ —al( —_—mm
magw Mmoo l
(357)
— l m |z — iy — l2
(3.5.8)
too 1m\3€1 yl\ 1 oo eflm\xl y1| too Zmb«“l -1
- Z Jw — E%(Z + Z Jw? + O(w?).
=1
(3.5.9)

Using the explicit sums cited in the previous section, we obtain
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Ge(wz1,0;wy,0) =
b + Eal In(2 sin M)
mag(k)w ~ m m

Too =iz, —y|

I (1 —) €
_fa (; P

[z1 =y
I> ei%l\xl*yﬂ
>
=1

1 +o00 _ZLwl|$1 —1 +o0 12—”1|z1 —y1

+Ze - Jw? + O(w?),
and finally

Ge(wzy,0;wy;,0) = + — In(2sin

1 1 . 7T|l‘1 —3/1|)
mag(k)w — w m

+o00 _,Mk“ —1] 400 th;l y1\

Om (z1 —y1) e'm
+@ ‘.7}1 - (Z B Z

1

(292 + k2)m3 too eflm\xl y1| %l\xl y1|

163 (Z + Z Jw? + O(w?).

=1

Asymptotic of S(w,k)

Lemma 3.5.4. The kernel of S(w, k) has the following asymptotic expansion
as w tends to zero

Ge(wzy,0;wy1, 0) + G (wx, 0; wyr,0) = Oy + 51+ Sow + s3w?, (3.5.10)

where
Ow(kz) :mﬁ-#%—%@ﬂ-ln() ln( )
s1(z1,y1) = 2 In(2|(z1 — y1) sin(§ (z1 — y1)) sin(5 (21 + y1 4+ 1))]) + de(k)0(x1 — y1)
mlzy—yq |
1 SIDT
—l—;ln( \11 Y1l ) )
sa2(z1, Y1) = —% (é + ((231 +y1 + 1) +(x1—y1)7) — i(wl +y1+2+ |21 — y1|))

+i (211,1,(2) + LIn(|sin(3 (1 —y1)) sin(5 (z1 +y1 + 1))|)) O(x1 — y1)
te —ﬂil\wl —y1l too i2mligy — 1/1|

Y I L it T o e

87T2 ‘1’1 7y1‘ =1

ss(w,z1,y1) = O(1)

We define the following integral operators from H 2 (-3, 3) to o2 (-3, 3):

104



O(w, k)p(x) = Gui(k)<1,¢>>
S10(y) = [7y si(w)é(a)ds
Se6y) = 2, sala,y)ola)de
Ss6(y) = 2, ss(x,y)o)da

Theorem 27. There exists mg large enough such that for m > mgy the
linear operator Si is invertible if k is in a small neighborhood of the zeros of

e(k) + mag(k)w

Proof. The operator S; can be decomposed to two operators:

Sl = So + SO,m + ze(k)@gl,
1
2 1 .o .o
- In(2[(z1 —y1) sin(5 (21— Y1) Sln(g(% +y1+ 1)) é(z)d,

% 1 Sin“\ﬂﬁl—yl\
m — Tlp(=2F/—m ’
Somdl) = [  (E = Do)

and

In [5], it was proved that Sp is invertible. We can show that 3m;, such that
VYm > mg the norm of SoflSom is less that 1. Consequently, Ym > my,
So + So,m is invertible.

Then .
S1 = (So + So.m) (1 +ie(k)8(So + so,m)—lsl) :

On the other hand, there if k is close to a zero of e(k) + , there

mayg (k)w
exists mg large enough such that the norm of ie(k)0(So + So.m) 151 becomes
less than 1 for m > mas.

In conclusion there exists mo = max(mi, mg) such that Vm > mg and

1
mag (k)w

, 51 is invertible.

O

inside some neighborhood of the zeros of e(k) +
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Theorem 28. The linear operators S;,j = 2,3 are compact.

Proof. The proof is provided in [5]. O

Corollary 29. S(w, k) is bounded and satisfies the following asymptotic
exPansion:

S(w, k) = Oy + S1 + wSs + w?Ss. (3.5.11)

We deduce from the previous corollary that S(w, k) is a compact per-
turbation of the operator S; which is invertible. Therefore S(w,k) is a
Freedholm operator with index zero. In the next subsection, we derive the
asymptotic expansion of its inverse and of its characteristic values.

Theorem 30. 1. The operator-valued function S(w,k) is finitely mero-
morphic and of Freedholm type in D.

2. The operator-valued function S(w, k) is invertible except some discrete
points.

3. The operator-valued function S~ (w, k) is finitely meromorphic on C\R_
and its poles are exactly the resonances of the scattering domain 2

Proof. The proof is similar to the one of Theorem 22.

Define
L(w, k) =51 +wSs + w?Ss.

Since 57 is invertible and S;,j = 2,3 are compact, the operator L(w, k) is
Fredholm of index zero and it is invertible for w small enough and k near
the zeros of e(k). Using the Neumann series, its inverse can be rewritten as

L7 w, k) = S71+ ) (—1)P (wSr 'Sy + w?Sy ' 85)" S
p=1

Theorem 31. Fiz wy > 0 small enough. For w < wqg the following expres-
sion holds near the zeros of e(k):

(k:LL(l wki)$1 T Ou(RILT (w. k).

S w, k) = L™ w, k) —
(w.k) = L7 w, k) - -
The resonances frequencies are exactly the zeros of the function
fuwl(k) = Ou (k)L™ (w, k)1 + 1.
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Lemma 3.5.5. The function f,(k) has the following asymptotic when w
goes to zero,

Ful) = = (a0 (g () + (1 + ao(k)em) — a1 (K)gm () )
where:

w(k) = (LS

a(k) = (1,878 1)

gm(k) = m—&—e(k)

c(m) 23 | n(r) — In(m)

Proof. Recall fi,(k) = Oy (k)L™ (w, k)1 + 1 = 0, (k)(1, L~ (w, k)1) + 1.
Froward calculation gives
L Nw, k) = Syt — 871828 w + o(w).

Then
(L L7 (w, k)1) = (1,87'1) — (1, 8718257 L )w + o(w).

- 1 e(k)
= 1, L1 +1= —
Fulh) = 00 () (1 E7 a0 1) +1 = (o + S8 ) a0 — v +
o(w)) + 1.
Therefore:
Fulh) = = (aofelk) + ——) 4+ (Lt gocm) — ar(-— < + (k)
]
Lemma 3.5.6. The function qo(k) = (1, 5’1_11> is different from zero.
Proof. The proof is similar to the one of lemma 3.5.3. O

We note {k;(0),j € J} the set of all the zeros of g,,(k) in D=, that is
wo

gm(k;(0)) = 0. (3.5.12)

A long computation shows that these zeros are all simple and located in the
low complex half plan.

Theorem 32. Let k,(0) be a fized zero of the function g, (k), that verifies
kn(0) < 4, and ry be a fived positive real such that the set {k;(0),j €

J} N D, (kn(0)) is reduced to kn(0). Then, for w < wy < wy where wy s
small enough, there exists a unique resonance ky(w) in Dy, (k,(0)).
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Proof. We first observe that

Opfuw(k) _ Ok(gm(k))
fuw(k) gm (k)

Therefore, the function a’}i 1(“1856) tends to a’“g(gmi”(llg)k)) when w goes to zero,

+ O(w).

uniformly on every compact far from the isolated zeros and poles of g, (k).

There exists r, > 0 small enough such that:

207 )kt (0)=rn,  9m(k)

Moreover, as lim,,_,q 6’}1 U(JISC) = a’féi”(’lgc)) uniformly with respect to k on

the circle |k — k,(0)| = rp,, we have

. 1 8kfw(k;)
lim / dk = ].,
w=0 207 S|k _p, (0)| = S (K)

It follows from the Rouché Theorem that 5 f| i (0)[=rn 8’}7{ “(’,g))dk =1, for

w small enough. Thus, there exists a unique resonance ky,(w) in the complex
disc |k — kn(0)| < 7. O

Theorem 33. Let k,(0) be a fixed zero of the function g, (k), that verifies
kn(0) < wlo. Then, for w < wy, the unique resonance kn(w) located near
kn(0) has the following expansion:

S ! 4 dm)
27 8kgm(kn(0))QO(kn(0)) akgm(kn(o))

Jw + o(w).

Im(ky(w)) = Im(kn(0))
L b Im(Okgm (kn(0))qo(kn(0)))
2i Re? (O gim (kn (0))qo(kn (0))) + Im? (Orgm (kn(0))qo(kn(0)))
+i c(m) Im(9kgm (kn(0)))
2im Re2(Oggm (kn(0))) + Im?(Opgm (K, (0)))

Proof. Since k;,(0) is a simple pole of the operator-valued function, the gen-
eralized Rouché theorem yields

kn
)

w + o(w).

akS(w, k)

on 9kl

o (1) — o (0) = —;ﬂtr[/k o (005 (w. k)

0)|=rn
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which reduces to

. o _L _ 8I<:fw(k)
kn(w) — Kk, (0) = i |k_kn(0)|:m(k: kn(0)) () dk.
On the other hand

akfw(k) —

fu(k)
ak:(‘]()(k)gm(k)) + C(m)ak’gm(k) - 8k‘]1(k)gm(k) - 8kgm(k)QI (k)w

QO(k)gm(k) QO(k)gm(k)

_ (0 ao(k)elm) = 0 (R)gn (D) el R D) o
(q0(K)gm (K))? '

Since k,(0) is a simple zero of the function g,,(k), we deduce from the
Residue Theorem that for every holomorphic function ¢ in {|k — k,(0)| < r,}
the following equalities hold

_ Ok gm (k) _
/m_kn(o)':rn(k b0 222 6 0k) k0
. akgm(k) _ ¢(kn(0))
/wn(on:rn(k (0D 2 PR = G hn(0))
Then

o (1) — kn(0) =
s o (L e Pulao g (B)
2im |k—kn(0)\:rn(k £ (0)) (qo(k)gm(k))? dhuw +ofw),

1 (1+4qo(kn(0))c(m))
kn(w) — kn(0) = ~ % B (dogm) (o (0)) w ~+ o(w),

1 (1+qo(kn(0))c(m))

kn(w) — Ky (0) =

w + o(w),

which achieve the proof of the theorem. O
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Chapter 4

Green’s function for a real
metallic slab cladded in a
dielectric media
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4.1 Introduction

The first works on plasmonic waveguide date back to the end of the nineties
with the discovery of nanowires that have the ability to highly confine plas-
mon modes [35]. The metal ribbon waveguides then have been widely studied
thanks to their particular optical properties and to the fact that they are
easily realizable by lithography methods [36, 37]. Their shape is somehow
similar to rectangular section guides studied in [38]. However, they are much
thinner than the latter: about 50nm thick for a width of a few micrometers.
Moreover, their localized modes are resulting from the lateral confinement
of the surface plasmon polariton, which differs clearly from the modes of the
dielectric waveguides interpreted as resulting from the confinement of volume

111



electromagnetic modes of the dielectric. The plasmonic waveguides can be
found in many high-technology products such compact lasers, electro-optic
modulators, and biosensors.

In this chapter we focus on a particular structure of plasmonic waveg-
uides which consists in a metal slab cladded in a dielectric media. Our
objective consists in studying the quasi-static resonances of the system. We
first compute the associated Green function using Fourier analysis. We then
investigate the set of frequencies and the spatial region where it blows up.
These frequencies correspond to plasmonic surface waves resonances.

The chapter is organized as follows. In the second section, we introduce
the physical problem. The second section is dedicated to the reconstruction
of the Green function of the quasi-static problem, and its behavior with
respect to the contrast and the spatial position. The explicit expression
of the Green function is given in theorem 36 while the discussion on its
singular behavior is provided in subsection 4.3.3 (Theorems 37, 38, and the
discussion at the end of the subsection). In section 4, we present some
numerical examples that validate the asymptotic analysis performed in the
previous section. This chapter is the subject of a research report [?].

4.2 Position of the problem

For simplicity many studies on scattering problems dealing with metallic
structures have considered the metal as a perfect conductor. In that case
the electromagnetic permittivity ¢ is a real function, and the electromagnetic
waves are totally reflected, and do not penetrate the metal. However, the
permittivity of real conductors is a complex function, does depend on the
frequency w of the incident fields, that is e = &,,(w) € C, and the electro-
magnetic fields can propagate inside the metal layer. In this context surface
plasmon resonances may occur. Resonance phenomena related to the surface
waves along the interface may be responsible of the extraordinary transmis-
sion of electromagnetic waves through thin metallic layers.

4.2.1 Description of the geometry and notations

We consider an homogeneous infinite conductor layer of thickness 2h (Fig-
ure 4.1). We denote M = {(x,y,2) € R3 —h < 2 < h} the region occupied
by this layer. We assume that the conductor is real, that is the electric
permittivity €,,(w) is a complex function of the frequency w of the incident
wave. In other words, the incident wave can change the optical properties
of the metal layer [39]. The regions z > h and z < —h are denoted D, and
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Dielectric D

Dielectric D_

Figure 4.1: Problem geometry

D_ respectively. We assume that D = D, U D_ is filled with an homoge-
neous dielectric media with a positive permittivity ;4 € R™. Therefore, the
permittivity is given by

(z) = €d for |z| > h
TN enlw) for |z < h

We also denote by I'" the plane = h and '™ the plane z = —h.

4.2.2 Problem formulation

We restrict our work to a non magnetic media with permeability u = 1 and
a magnetization M = 0. Let us consider the Maxwell’s equations:

V.D=0
V.B=0
VAE =—iwB

VAB=—¢w)E

Where D is the displacement field D = epe(w)E, ¢ is the light of speed in
the vacuum and g is the vacuum permittivity.

The metallic layer is illuminated by an harmonic incident plane wave
Einc — EB“cei("JHK'X). We can suppose without any loss of generality that
the incident wave vector K lies in the zOx plane. The problem geometry and
the incident electromagnetic field are invariants by translation in direction
y. Consequently, the fields B and E do not depend on variable y.
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We have chosen the transverse magnetic polarization to excite the SPP
as seen in the first chapter. In this case the electric field has the expression
E = (E,,0,E.) and the magnetic field is given by B = (0, B,,0). Then,
Maxwell’s equations can be reduced to the following equation on By (z, )
for (z,2) € R*%:

w2

1
div(=VB,) + —B, = 0,
1V(€ y)+ 02 Yy

with the transmission conditions at metal-dielectric interfaces:

[By]ri =0,

1
{&By] 0,
(3 r+

The electric field components can be easily found using the relation

V/\B:%EE.
c

Finally, this problem rewrites

Au+egk’u=0 in D,UD_
Au+ep(w)k?u=0 in M
[ulps =0

[%@Cu] r+ =0,

(P) (4.2.1)

with k£ = %

The physical radiation conditions required to close the system and ensure
the uniqueness of solution can be found in [40].

4.2.3 Drude’s model for real conductor permittivity

According to the first chapter, the permittivity of a real metal can be de-
scribed by the Drude model

2
“p

) =1 e

where v = 1/7 is the characteristic electrons collision frequency and w, the
plasma frequency of this metal. The real and imaginary part of €,,(w) are:

L
Re[em(w)] =1 — Tl
I . OUZT
miem(W)) = St orry
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Re[e(w)]

For noble metals (e.g Au, Ag, Cu) an extension of this model is needed
for w > w, due to residual polarization of ions. More precisely we need to
introduce a dielectric constant e (1 < e5 < 10) to describe this effect.
Then, the permittivity can be written as :

2
“p

€m(W) =0 — m

Figure 4.2 illustrates the validity limit of the previous description for silver.
We observe that the Drude model does not fit the experimental data anymore

Im[e(w)]

LT
e
e
.

hE |

Energy [eV] Energy [eV]

Figure 4.2: The real and imaginary part of £(w) for silver (dots) determined
by Johnson and Christy [41] and Drude model (continuous curve).

for high energy. This is a consequence of inter-band transitions regions, seen
in the first chapter, leading to an increase of Im[e,,(w)]. Then we restrict
ourselves to regions where the Drude’s model is still valid and we assume for
metal permittivity that

{Im[am(w)] >0
Relenm(w)] <0

We recall that the dielectric permittivity e4 is a positive real number.

4.3 Thin layer limit model

4.3.1 Motivation

Our objective here is to understand the optical response of the considered
metallic structure to an electromagnetic excitation in the dielectric layer,
when the metal layer thickness h goes to zero. We first formally derive a
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limiting model called the quasi-static approximation, and we calculate the
its Green function. Based on the explicit expression of this Green function
we shall quantify the electromagnetic fields localization and confinement de-

pend in terms of the contrast E’ZS"), and the frequency w of the excitation.

Let u = u(x,y) be a solution of the problem (4.2.1). We apply the
rescaling uj, = u(%, %) and we get the following equivalent problem (radiation
conditions are omitted):

Auy, + h2egk?uy, =0 in Rx]—o0,—1[U]1, +00[
Aup, + h2ep (w)k?up, = 0 in Rx[-1,1]
[uh]y:il =0

[%Oyuh] y=F1 0

(Pr)

We then write the limit problem when h — 0:

Aug =0 in R2
(FPo) §  [uoly—gy =0

[%ayuO]y:il =0

Or equivalently
1
(PO) le(gVUO)($, y) = 07 (‘Ta y) € RZ

The problem (Pp) is physically meaningful when the coefficient |h?k%e| =
|h2°5—225| is much smaller than 1. This condition is satisfied when h << L
where L is the wavelength. So the limit model is acceptable when there is
no propagation at the scale of the layer. The problem (FP) is called the

quasi-static limit of the problem (P,), and ug the quasi-static solution [42]
[39].

4.3.2 The Green function of the limiting problem

We further study the Green function Gy of the problem:

Av(ZVGo) (@, 9) = boy (@), (w9) € B2

The physical radiation conditions satisfied by the Green function will be
fixed later in the reconstruction of its spectral expression.

The first step in deriving Gy is to consider Go(t,y) = FT,(Go(z,y)),
where F'T, is the Fourier transform with respect to the x variable.
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Forward calculation shows that @0 solves the following equation:
2

[_6(1/)@0 0 (eé)aﬁ'@oﬂ (ty) = e ™5, (y),  (t,y) €R?

We can rewrite the previous problem as @0 solves the next equation for
(t7y) S RX] — 00, —h[U] - h7 h’[U]ha +OO[

[~ + Dy Go(t,y) = e(y)e™ 06, (y), (4.3.1)
with the following jump conditions:

[Golan =0 (4.3.2)

1~

[gayGo]ih =0. (4.3.3)

We now construct the Green function using the Wronskian method.

Let &4 (t,y) in the region y > vy, be the homogeneous solution to the
previous problem, decaying as y — +o00:

‘1)+(t,y) = e—|t|y, Y > Yo

Let ®_(¢,y) in the region y < yo, be the homogeneous solution to the previ-
ous problem, decaying as y — —oo:

eltly, y<-—h
d_(t,y) = { Ael'lV + Be~lly 4 €] — h b
Celt‘y + ‘De_lt‘y7 y E]h7 y0[7

where A, B,C, D € C need to be determined using jump conditions at +h.

Remark 34. Here we are looking for solutions decaying in the dielectric and
propagating along x direction. Indeed we suppose that t is real so we restrict
the calculation only to propagating modes along the x direction, and decaying
along the y direction. Physicists call this family of waves surface plasmons.
The constant t may also be viewed as the x component of the wave-vector
of a wave propagating along the x direction. In our case the source point
generates a family of plasmons waves and we sum all the contributions (we
do the summation overt € R so we remove the propagation along y) to obtain
the Green function corresponding to our physical radiation conditions.

Using the continuity condition (4.3.2) at y = —h, we get:

e~ th — Ae~lth 4 Beltlh (4.3.4)
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The derivative continuity condition (4.3.3) at y = —h implies:

Lot = L et _ peltiny
Ed Em

Then

2Ae7 1 = (1 4 k)e It
2Bellh = (1 — g)e~ P,

where
K = Em/cd, (4.3.5)

is the contrast at fixed frequency w. So, we get

1
A= 5(1 + k)
1

Continuity (4.3.2) and derivative continuity (4.3.3) conditions at y = +h
give
Aeltlh  Be~lth — Celtlh 4 pe~ltih

L (At — pe-tiny — 1
Em &d

Then

(Celtlh — peliihy

1 1
2Celth = A(1 + Z)eltlh 4 B(1 — —)e R
KR KR
1 1
2De 1M = A(1 — Z)elh 4 B(1 + =) P
K K
Hence

1 1 1 1
=1 14+ =)+ (1 —r)(1— =) Hh
C={1+m)(1+5)+ (1R = )e
1 1 1 1
D= (1+r)(1- E)emtlh + 1+ )0 - k) 2ltlh
We now consider
N 1 @ t7y(1)— tvy()a Y > Yo
GO(t7y7x07y0) = g +( ) ( )
(I)—(t7y)q)+(tay0)7 Yy < Yo,
with d the Wronskian such that

1 .
2(2-0,®4 — 1.0, )(t, o) = eqe OVt € R
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The fact that

ayq)+(ta ?/0) = —|t‘€_|t|y0
Oy®_(t,y0) = |t|(Ce|t‘yO — De—lt\yo)

implies

1 .
d = —2C|t|—e"*°
Ed

with
oL (1+rk)?* (1-r) o) _ 1
4 K K 4 I
and
_1+/-£
T,_l—li’

is the normalized contrast |7, 43].

Finally, under the conditions k # 0 and k # 1 we have

_MéWW1—nV(ﬁ_%;mm)

d =
2e4 K

Lower dielectric part of (A;g

Let y < —h < yp, then we can write

~ 1
GO(ta Y, o, yO) = gq),(t, y)q)+(t7 yO)
1 w0

Finally for y < —h <yp and t € R

~ 2key e~ iro  ltl(y—yo)

Go(t, y, zo, -
0( Y, Zo ?JO) (1 — K)Q ‘t‘ e—Altlh _ 772

(4.3.6)

(4.3.7)

This expression corresponds to the transmitted part of the Green function.
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Upper dielectric part of @0

For the upper dielectric part we have two case: y > yp and y < yp.
Let first y > yo > h > 0, then

~ 1
GO(ta zo,Y, yO) = gq)* (t7 yo)q)+(t, y)
_ % (Oe—m(y—yo) n De—\t|<y+yo>)
Using
2
-1
D= (”%> sinh(2|¢[h)
We get
R —itxo —itxo o} h 2|t|h)
_ €T pi(y—yo) _ ,EdC "0 sinh( 1t (y+w0)
t -z _
GO( 7x07y7y0) 2‘1/.‘ e n ‘t’(6—4‘t|h _772) €
(4.3.8)
R N I P sinh(2[t|h)e~11¥+v0)
1] ¢ S —r o
(4.3.9)

This expression corresponds to the reflected part of the Green’s function.
The first term is the wave generated by the source going upward and not
interacting with the metal layer. The second term is the reflected wave. It
vanishes when h = 0 (no perturbation) and when 1 = 0.

Let now h < y < gy then

~ 1
Go(tvx(]vyvyO) = E(b—(t,y)(b+(t7y0)
_ 2 (Cem(y—yo) N Defltl(y+y0)>
So we get
it i ~ltl(y+vo)
A €de 1 _ sinh(2|t|h)e
Go(t,xo,y,90) = — m <2e|t(y o) 4 n (6_|4|t|])1 . )

(4.3.10)
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Metal part of @0

Let h > y > —h, then

~

1
Go(t,z0,y,¥0) = gq)—(ta y)®+(t,90)
1
i [t (y—yo) —[t|(y+yo)
; (Ae + Be )
We get

R Em e*itl'()

(ne\ﬂ(y—yo) i e—\tl(y+yo+2h)>
(4.3.11)

Remark 35. In the case n # 0 the function @0 is always decaying exponen-
tially when |t| — 4+00. However when k = —1 we have n =0 and then

éo(t,fﬁo,y,yo) _ %e—imoe—\tl(wyo—?h)

CA;Q is decaying exponentially when |t| — +oo under the condition y-+yo—2h >
0. Because h > y > —h the condition rewrites yo > 3h. If y+yo—2h =0 we
get a delta Dirac function at x =0 and y = 2h — yo. In the case y + yo — 2h
s negative then @0 s not integrable with respect to t for all the values of y
satisfying the previous condition. In other words if the source is close enough
to the metal layer with n = 0 we expect that the Green function blows up.

We easily verify that éo as a function of variable ¢ decays exponentially
as t — +oo. However it is not integrable at 0 and then does not belong to
LY(R) space for ¢ variable. So the inverse Fourier transform is undefined in
the classical sense of integration. For the same reason @0 is not a tempered
distribution with respect to ¢ variable. To give a sense to inverse Fourier
transform we are going to regularize such an integral using Hadamard finite
part method.

éo can be interpreted as the amplitude of a wave propagating along the
x direction with a wavevector t. Moreover zeros of the dispersion relation
n? — e~4th correspond to the poles of the amplitude. In other words if
t is such that the relation dispersion is almost zero then the amplitude of
the wave propagating along z direction with wavevector ¢ is highly amplified.
The value of ¢ in this case is called surface plasmon wavevector by physicists.
In Figure 4.3, we plotted the absolute value of Gg in the lower dielectric part
for different values of the parameter 2. We observe that when Imn? — 0
a propagating wave along the x direction appears. That corresponds to the
surface plasmon described by physicists. Moreover the frequency of this
wave corresponds (visualized using a FFT) to to/2m where tg is a zero of the
relation dispersion: to = — - In(n?).
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Figure 4.3: Plots of |G| in the lower dielectric part (=10 <y < —h, —20 <
x < 20 with h = 1) for different values of n? such that Imn? — 0. For figure
(a): n? = 0.05+ 0.5i, (b): n? = 0.05 + 0.14, (c): n* = 0.05 + 0.014, (d):
n% = 0.05 + 0.00014

Hadamard finite part
Let f € C},(R) such that f(t) = o(4) when t — +oo. Here Cp(R) is the

space of continuous functions with piecewise continuous derivative. We now
consider the following undefined integral

1= [f®,
r |

To regularize it we denote the truncated integral by

. f()dt/ 10, [ 0,

it=p It 1>t>p [t =1 |t
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We first remark the second integral is finite, then we denote the first integral

by
e [ 0,

>|t|>p I

Now using f(t) = f(0) + (f(¢t) — f(0)) we write
_ £(0) f(t) = f(0)
= Dy T e,

Because f derivative is piecewise continuous on R we can state the second
integral is finite when p — 0:

L f0 - S0)

dt < 40
P20 Jisp>p |

So we isolated the part of I, which diverges when p — 0:

(/’ FO 4 = 270 Inp)
1

>it>p ]

Then by subtracting the divergent part of I, to I, itself we get the finite
part of it:

im n — lim @ M 00
;ao{Ip+2f(O)l (p)} ;ao{ . m dt+/12|t|2p i dt} < +

The Hadamard finite part of I is

I= lim {1, + 2f(0) In(p)} = lim { fg)dt +2£(0)In(p)}
= P9 Jlt>p

Inverse Fourier transform of Gy

Because we denoted by F'T, the Fourier transform with respect to x variable
we now denote F'T, ! its inverse formally defined by:

FT7 Y (®)(t) = / ®(z)e™dx
R
Let ® € S(R) where S(R) is a Swartz space. In the sense of distributions

I =< FT;4Gy),® > =< Gy, FT; 1 (®) >

oy e—itio ollu—vo)
Ao
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Because the last integral is undefined we will give it a sense using Hadamard
finite part introduced in subsection (4.3.2). We now consider the regulariza-
tion of the previous integral

7 1 2
I= ;1_1%{]/) + 1.}
Where

L h(t)
Ip_/|t|>p TP L(®)dt

2 __ -1
I, =2h(0)FT,(2)(0)In(p)
2[Q€d e‘tl(y_yo) itz

h(t) = (1 —r)2 e 4R —2°

We observe that

2 2keq 2111( )
P (1 — ,€)2 1—
2keq 2In
= ﬁ . _(p2) /R@(m‘)daz
_ 2Keq 2111( )
T (1-k)21-
=< C,,® >

S T, L(®)(0)

<1, >

With C, = (12“'20; 211117(7) Moreover

/|>p§/ Ye®tda.dt
/
=< P,

thdt dx
\>p | |

With P,(x) = flt\Zp }L‘T?emdt which is a convergent integral Vo € R. So
1, 72
I+ 1, =<P,+Cp,®>
And then

I=1lim <P, +C,, & >
p—0

Lemma 4.3.1. Let ® € S(R) then

I= hm<P +Cp, @ >= <hm{P +Cp}, @ >
p—0
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Proof. The proof relies on convergence dominated theorem. We first know
that Vo € R, lim,,0{P, + C,} is finite. Moreover we can write

it wxt
Il 4 12 :/ hlt)e dt+/ he™ = h(O) 4,
g>1 ] 1>[t>p I

The first integral is uniformly bounded for x € R. For the second integral
we write

h(t)eist —h(0) . [* h(t)eist — h(0) =0 h(t)e*t — h(0)
/lzwzpdt_ / L / t)e™ = mO) 4

|t] » . —t
Then, we can use the Taylor formula with integral reminder:

h<t>€mt_ h(O) _ 1/0 (h’(r)ei”—i—ixh(r)em)dr

So we get

1 t
;[ Wl lalihars
0

/1 h(t)e”’;— h(0) dt‘ <

sup(h) + |z| sup(h)dt
[0,1] [0,1]

< sup(I') + || sup(h)
[0,1] [0,1]

Similarly we get:

—p it
‘/ h(t)eh(o)dt‘ < sup (R') + || sup (h)
-1 —t [—1,0] [—1,0]

Let us remember that Imn? # 0 therefore e~ " — »? is never zero. So it
can be said that h € C®°(R") and h € C*°(R™). We deduce supy 1)(h'),
supjo 1] (), sup|_y o)(h') and sup|_; g)(h) are finites. Consequently ‘I; + IPQ‘
is bounded by A(|z|) where A is affine. As ® € S(R), A(|z|)®(z) is inte-
grable over R. Finally the lemma is proved using the dominated convergence

theorem. O
We proved the regularization of FT;l(@g) with y < —h <wyjg is
GO(l" zo, Y, yO) =

2em eltl(=2o0) e 2e 21n(p)
I it(x xo)dt + m
26 g,y L= el — 2)© A= P12
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The expression of the Green function

Here we finally provide the expression of the Green function.

Theorem 36. The explicit expression of the Green function in different
TEGLONS.
In the upper dielectric part y > yo > h:

1 inh(2ltlh) et w+yo) A
Go(x, z0,y,90) = lim{ cd (e—ﬂ(y—yo) +nsm (2[tlh)e Git(a—0) gy

p—0 [t|>p m 2 6_4|t‘h — 7’]2
+eaqln(p)}

In the upper dielectric part yo >y > h:

, eq (1 _ sinh(2[t|h)e~1Uu+v0) \
G -1 cd [ = |tl(y—yo) it(x xo)dt
0(z; 20, y,y0) = lim{ o T <2e ke T e

+ealn(p)}

In the metal part —h <y < h:

Em eit(x—xo)

Gy (z, 0, y, = lim
0 ( 0 y yO) p%o{ |t|2p (1 _ ,{) |t|('l72 _ 674‘t|h)

Em 2111(,0)}
1-k1-—n

(newy—yo) n €—|t\<y+yo+2h>> it

In the lower dielectric part y < —h:

%2 eltl(w—yo) .
Go(@, 70,9, 90) = lim m =) gy
0( 0,Y ?/0) pﬁo{ > (1 — /{)2 |t|(e*4|t|h _ 772)
2em  2In(p)

}

(=R T2

4.3.3 Behavior of GGy as a function of the contrast 7,

Assuming that the source is located at (xo,y0) € {y > h}, we are inter-
ested in the behavior of the Green function Go(zo, zo,y,yo) in terms of the
contrast parameter 7 in the lower dielectric region {y > h}. Recall the ex-
pressions (4.3.5) and (4.3.6) of the contrast x and the normalized contrast n
respectively:

— _ 1+
K=¢em/ed, 1= Tn-
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The following quantity corresponds to the transmitted part in the lower
dielectric region of the waves generated by the point source in the upper
dielectric region:

oy = [ e d 4.3.12
(n)—/p mCOS(t(l’—xo)) t. (4.3.12)

Let us now investigate the behavior of I(n?).

Lemma 4.3.2. Since Re(ey,) < 0 and Im(e,,) > 0, the contrast n lies in the
unit disk, that is

| <1.

Case 2 # 0
We first investigate the regularity of the function I(n?).

Theorem 37. I(n?) is piecewise continuous as a function of n? for 0 <
m?l < 1.

The proof will be provided in three following lemmas.

Lemma 4.3.3. Let C be a compact set included in the unit disk and such
that it does not intersect the positive real azis. Then, I(n?) is continuous on

C.

Proof. Since e~4" ¢ [0,1], there exist a constant 0 < ¢ < 1 such that
Vn? € C,Vt € [p, +oo[, |e™*" — n?| > ¢. Consequently

et(y—yo) 1
- tHx — = oty—vo)
e =) cos(t(z — xp))| < cpe

Since (y — yo) < 0, the lemma is proved using the dominated convergence
theorem. O

Lemma 4.3.4. If ? is a positive real number such that 1 > |n?| > 0, then
I(n?) is finite.

_ _In(»*) —4th _ 2 :
Proof. We denote by tg = —=;;—= > 0 the only root of e —n°. We verify
that
(e =) (to) = De(e™H" — ™M) (t0) # 0

Then tg is a root of order one. So there exists a smooth function R such that
close to tg it satisfies

e~ —n? = (t — to) R(to)

where R(to) # 0. Consequently, the integral I(n?) is an improper integral
that converges by Cauchy principal value. O
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Lemma 4.3.5. If Re(n?) # 0, then the function I(n?) has a finite limit when
Im(n?) — 0% or when Im(n*) — 0.

Proof. We use the Plemelj formula to prove this lemma. O

Considering the previous lemmas we conclude the Green function does
not blow up for n? # 0 in the closed unit disk. In other words, 7% = 0 is the
only candidate to be a resonance. In the next part, we study the behavior
of I(n?) as n? goes to zero.

Case 7° goes to zero

Let us denote o = —% — 1. We distinguish two different cases depending

on the sign of . These kinds of conditions are called localization conditions.
For example, knowing that y < —h and yg > h, the condition a > 0 is always
(Vh < —h) fulfilled when yo > 3h. We will see below that this condition
corresponds to the case where I(n?) remains bounded when 1> — 0. So if
the source if far enough from the metal layer, then I is bounded for all values
of y < —h.

The case y < yo — 4h (or a > 0)

Lemma 4.3.6. If y < yo — 4h, then I(n?) stays bounded when n? goes to
zero.

4t

Proof. We first apply the change of variables z = e~*"_ and obtain

674ph

0 (2)(z = n?)

which implies

Let now ¢(z) = |1§é)|'
Then

—4ph z< —4ph —4ph
e e
)] 1

e o) e [T 1
A u—w“‘é =] “*““A PRI

Since ¢ is Holder continuous there exist constants C' > 0 and 0 < # < 1 such
that

5
A
S

[6(t) — o(n*)| < Clt = n?)’
So the first integral is finite when 72 — 0. Moreover a primitive of 1/|z —n?|
is —In(|z — n?| + Re(n?) — z). Then
—4ph

| s = —male = 4 Re(a) - ) +1n((g?] + Relo)
A
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We easily see that

lim (1 %) |—In(le"*" — n?| + Re(n?)) + In(|n?| + Re(n?))| < +o0
77 —

So we deduce |I| is bounded when n? — 0.

The case y > yp — 4h (or a < 0)

Theorem 38. For x = xg, we have

—-Ch 1 1
1 ds
)l = eel =@ 1n(e) aln (€) (s — cos(7))? + sin?(y) g1-agm(o
C = 1 a1 gTn(e
— 26 € S S nle
1) < 2 / R
€ 11(6) 0 |S —¢€ | (1 — 6_18 ln(e))
2 _ y ~ —
where n° = e’ and & = =¥ > 0.

We will begin by proving a useful result for our coming analysis.

Lemma 4.3.7. There exist two positive constants C7 and Cy such that,
vt €]0,1[, V6 >0,
Cat? (1 —19) 4
0 oo
Proof. On the one hand, we have that 3C; > 0, Vt €]0, 1], |[tIn(¢)| < Cy. In
particular, V0 > 0, [t/ In(t%)| < C1.

< ()| <

Cy

Vt €]0,1[, V0 > 0, |In(t)| < o0

On the other hand, 3Cy > 0, V¢ €]0, 1], |tf111(_t§)] < Cy. In particular, V6 > 0,

1
91n :))‘ < CQ
t9(1 — %)

2

vt €]0,1[, V0 > 0, < |In(t)]

Back to the Green function and the quantity

s +oo oty —yo) p
= —+ t(x — t
o= [ ey st — )

dt

1 [t gtly—yoti(z—=0)) 1 [to0 etly—yo—i(z—=0))
1) =3 [ /
p p

Z g+ = B
2 t(e—th — p2) Ty t(e—4th — p2)
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We apply the change of variables z = e~#". We note a@ = y — yp and
B = 4h. Then

_Bh _a+i(:c—x0)_ _Bh _a—i(ac—:co)_
B P —5 1 1 B P —©5 1

1 e e
W=/ Seeomt i), weeH®

—gp _otilz=we) 4 —Bp _%—Io)_l

1 [¢ z 1 [¢ z
In) = 2 /0 In(z)(z — ee™) dz = 2 /0 In(z)(z — eei’Y)dz

By a change of variables z = es, we find

efﬁp 771(1‘710) cfﬁp i(z—xq)
B

1

. (es _1 c (es)” 7 s
I = =3 /0 (es) 5 ™ In(es)(s — eiv)ds 2 /0 (es)5 ™ In(es)(s — eiv)d

We note & = —§ = —¥72 > 0.
—Bp

e _i(z—=zq) e—Bp i(z—xq)

ds

1 c (es)” 7 1 € €s) B
In) = 2]€ (c5) 1= In(es) (s — 1) zjﬁ (es)1=4 In(es) (s — ei)

On the other hand
e—Bp ii(zfzo) e—Bp

N R L,
| 2/0 (es)1=%1In(es)(s — e”)d = 2/0 (es)1=%1In(es)|s — e”]d

Therefore

Bl 1
I <—| ° - —d
HOI<= | e atntes)s — e

Lemma 4.3.8. There exist two positive constants C7 and Cy such that Vs €

Jo, <,

_Cl —1 < —026
eel—a ln(e)sl_dsﬁ In(es)(es)!=* = c1-a ln(e)sl_ds_ﬁ(l — e‘ls_ﬁ)
Proof. 1t suffices to apply lemma 4.3.7 with 6 = —ln%e). 0l

Proof of the theorem.
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Proof. By applying lemma 3.3.2, we find:

e—Bp

~ 1

—C a—1 (e

1I(n)| < 2 / G ds. (4.3.13)
1 Oé‘ln ‘ |S_€Z’y’(1_e 15 ln(e))

We are in the case where & — 1 < 0. So, the integral

—Bp - 1
e 1 0~ 1gm(e

ds

0 ’S_ei’y‘ (1_6_13_ﬁ)

is convergent. Moreover, |I(n)| > [Im(Z(n))|.

elﬂp cos( =20 1 (es
e )

es)1=%In(es)(s — e'7)

—Bp ) (z—=0)
. . e sin(y) cos(~—5 In(es)) <
Im(I(n)) = /0 (s —cos())2 + sin?(y) (es)1=%In(es) d

If we take x = xg.

e—Bp

. < 1 -1
[tm(Z(m)] = [sin(~)| /0 (5 — cos(7))? + sin(7) (es)! =% In(es) ds

By lemma 3.3.2, we find that:

Cy | sin(y 1 1
1 > |Im(I ds,
’ (77)\ - ’ ( (77))’ = 661 °‘|ln S —COS 7))2 —l—sinz(’y) 81_5‘8ﬁ
(4.3.14)
which finishes the proof of the theorem.
O

Discussion

Theorems 37 and 38 show that the Green function remains bounded if the

contrast 1 is not degenerated (k = —1). When 7 tends to zero (or x goes
to —1), the Green function G(xg, zo,y,yo) blows up like ﬁ in the
In| 4R 1m(lfi\)

region close to the metallic layer, that is ¥

Then, the only plasmonic resonances w; of the metallic slab are the solutlons
to the following dispersion relation:

em(w) = —eq4. (4.3.15)
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Simple calculation leads to

These resonances correspond exactly to the plasmonic resonances of a
plasmonic spherical small nanoparticle (see for instance Lemma 2.1 in [39]).
We observe that when the attenuation v tends to zero, these resonances con-
verge to the real axis, that is Im(w;) — 0. Moreover, when v becomes large,
which means that the metal becomes a perfect conductor, these resonances
move away from the real axis and will have no influence on the confinement
and localization of the electromagnetic fields.

4.4 Numerical results

Qu

2h] Qm

Qi

Figure 4.4: Simulation domain @)

We propose to calculate a numerical solution to the scattering problem
(4.2.1) defined on an unbounded domain. To do this we need to restrict our-
selves to a square bounded domain Q). We denote by Q,,, Q., @; the metal
part, the upper dielectric part and the lower dielectric part of () respectively
(see Figure 4.4). We solve the following problem on @:

Au+ egkduy, = f in Q,UQ
Au+ em(w)kdu =0 in Qnm
[uh]y:ih =0

[éayuh]y:ih =0

Additionally, we set appropriates absorbing boundary conditions on 9@ to
avoid reflection on the boundaries. The source term f is a compactly sup-
ported function whose support is included in the upper dielectric region Q.
Because we study a limit model when the layer thickness h is small compared
to the wavelength we suppose that ky << 1. For the numerical simulation

132



we chose kg = 107* and €4 = 1. Firstly we simulated the previous problem
with €, = —1 (n? = 0). We showed earlier that n? = 0 is a critical value.
Indeed we proved the Green’s function is always well-defined for n? # 0.
However in the case 7?2 = 0 it may not be well-defined when the source
comes close to the metal layer. We now explore the numerical behaviour of
the solution when n? = 0 and when the source comes close to the metal layer.

The results of the simulation are given in Figure 4.5. The constant dg.
controls the source position yg such that yg = h+ dgyc xh. So here we moved
the source from yg = 2h to yg = h. Then, we measured the L? norm of the
solution denoted Ecoy, s (confined energy) in different regions (see figure 4.5
for the corresponding region to each curve) and we plotted the proportion of
the total energy (E}y) confined in this region Ec,, ¥ /Eior. We observe that
when the source becomes very close to the metal layer, the energy confined
in the region —3h < y < 3h growths to reach 90% of the total energy
(black curve). We also plotted the repartition of the confined energy, inside
and around the metal layer (red, green, blue curves). We observe the same
growth in the tree regions when dg.. goes to 0. The difference between the
region —3h < y < —h and the region h < y < 3h can be explained by the
presence of the source in the second region increasing the measured energy.
So we showed that moving the source very close to the metal layer increases
the proportion of the energy confined around the layer. However some could

0.9

0.0 0.2 0.4 0.6 0.8 1.0

Figure 4.5: Black curve: Proportion of total energy confined in the region
—3h < y < 3h. Green curve: Proportion of total energy confined in the
region h < y < 3h (reflective part). Red curve: Proportion of total energy
confined in the region —h < y < h (metal layer part). Blue curve: Proportion
of total energy confined in the region —3h < y < —h (transmission part).
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argue the previously observed behaviour is just the consequence of moving
the source very close to the layer, such that the growth of the confinement
is only explained by the proximity between the source and the metal layer.
But that is not the case. We plotted the energy ratio confined in the region
—3h < y < 3h when the source come close to the metal layer for different
values of &, close to —1 (see Figure 4.6). That we observe is when the source
comes close to the metal, the confined energy growth rate highly depends on
em. When g, is far from —1 (Im(e,,) > 0.001), the growth rate is almost
constant (green curve). But when we come close to —1 the growth rate
increases.

0.9

0.8

Ec.‘on f/ Efof
o
o

o
n

031

0.0 0.2 0.4 0.6 0.8 1.0

Figure 4.6: We observe the proportion of total energy confined in region
—3h < y < 3h for different values of €,,. The black curve corresponds to the
case &, = —1. The red curve corresponds to the case €, = —1 + 0.000015.
The blue curve to €, = —1 4+ 0.0001:. The green curves corresponds to the
cases €, = —1.1, &, = =14+ 0.0014¢, £, = —1 4+ 0.01¢, €, = —1 4 0.1¢ which
gives identical results at the figure scale.
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Conclusion

We derived the asymptotic behavior of the plasmonic resonances of rough
metallic surfaces containing subwavelength apertures and thin metallic plane
layers. We showed that the these resonances converge to the zeros of some
dispersion equations when the ratio between the roughness parameter and
the wavelength tends to zero. The obtained dispersion equations (2.4.17),
(3.5.12), (3.5.5), and (4.3.15) are independent of the roughness parameter,
provide a precise localization of the resonances in the complex plane, and are
suited for numerical approximation, shape and material optimization. We
are confident that the derived results will help physicists and engineers in
understanding the amplification and confinement of electromagnetic fields in
sub-wavelength metallic structures. We plan in future works, to derive the
asymptotic expansion of the electromagnetic fields and to validate numeri-
cally the obtained results.
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