Universidad Auténoma de Madrid

Departamento de Fisica Tedrica de la Materia Condensada

ELECTROMAGNETIC PHENOMENA BASED ON SURFACE
MODES AND THEIR TRANSFER TO ATOM OPTICS

Memoria de la tesis presentada por
Antonio 1. Fernandez Dominguez
para optar al grado de Doctor en Ciencias Fisicas

Directores:

Francisco José Garcia Vidal y Luis Martin Moreno

Madrid, Mayo de 2009












Agradecimientos

Con estos agradecimientos terminan los casi cinco afios de trabajo que estdn detras de
todos los resultados que presento en esta memoria. Sin embargo, mi tesis ha sido mucho
mas que esos resultados. En estas lineas me gustaria reflejar algunas de todas esas cosas
que han formado parte de este tiempo de doctorado y que no pueden expresarse en
forma de célculos, figuras ni discusiones.

En realidad, mi tesis comenz6 en el verano de 2003, entre cuarto y quinto de carrera,
cuando empecé a trabajar con una beca de colaboracién en el departamento. En aquellos
meses de Julio y Septiembre, ademds de encontrarme por primera vez con la fisica a
la que me enfrentaria durante los siguientes afios, disfruté de la relacién con los deméds
estudiantes, asisti a mis primeros seminarios, tuve mis primeros problemas informati-
cos... fue una experiencia muy divertida. Posiblemente, sea éste el adjetivo que mejor
describa lo que ha sido todo este tiempo para mi. Hacer la tesis ha sido muy divertido.
Por supuesto, también he sufrido, me he enfrentado conmigo mismo y he encontrado
problemas que no he sido capaz de resolver. Por esta razén, ahora que termino siento
una gran satisfaccién, mayor que nunca antes, por el trabajo realizado. Quiza sea la cons-
ciencia de las dificultades superadas lo que hace que esta satisfaccién esté acompanada
de un profundo sentimiento de agradecimiento a todas las personas que, de un modo u
otro, han formado parte de este camino.

En primer lugar, quiero dar las gracias a mis directores de tesis, FJ] y Luis, que me han
ensefiado a hacer fisica, dedicando muchos recursos, tiempo y esfuerzos a formarme.
De ellos he aprendido todas las herramientas necesarias para poder dedicarme a la in-
vestigacion. Me han ensefiado a ser creativo, a pensar en nuevos problemas y proyectar
la forma de afrontarlos, pero también a ser riguroso, obligindome a rehacer y repen-
sar muchos de los resultados que muestro en esta memoria. De ellos he aprendido la
importancia de llevar una linea coherente de investigacién, con objetivos ambiciosos, y
evitando caer en la tentacion del oportunismo. Otra de las grandes lecciones que me
han regalado es la de ser honesto con la calidad y el alcance del trabajo realizado, tanto
para con los demds como para conmigo mismo. Finalmente, quiero agradecerles que me
hayan dado la independencia y los consejos que necesitaba para dar el siguiente paso en

mi carrera.



He formado parte de un grupo de investigacién muy diverso, lo que me ha permitido
trabajar con personas muy diferentes de las que también he aprendido mucho. Quiero
dar las gracias a Juan Antonio, Jorge, los Fernandos y Sergio, siempre dispuestos a
resolver mis dudas (del tipo que fueran), y a Esteban, por su paciencia conmigo y por
haberme mostrado su original perspectiva de la fisica. Gracias también a Johan, Diego,
Ricardo, Paloma, Gianni y Sol, compafieros de doctorado, viajes y conferencias, por las
discusiones de fisica y por los buenos ratos que hemos pasado juntos.

Quiero agradecer también a todos los miembros del departamento el excelente am-
biente de trabajo del que he disfrutado todos estos afios. Por la cercania que da el roce
del dia a dia, quiero dar las gracias especialmente a mis comparieros de despacho, Diego,
Héctor y Laura, porque ha sido muy cémodo (y muchas veces muy divertido) convivir
con ellos tantas horas al dia.

He tenido la suerte de tener amigos muy cercanos en la fisica: Jos, Carlos, Bea, An-
tonio... Quiero dar las gracias especialmente a dos de ellos porque me han marcado
profundamente. En primer lugar a Elena, a la que conoci en la primera hora del primer
dia de primero de carrera, por tantas experiencias juntos y por todo lo que he aprendido
de ella en estos diez afios, que ha sido mucho. En segundo lugar a Javi, por su enorme
generosidad conmigo, por tantos trayectos de tren, desayunos, cenas y por tantas discu-
siones sobre fisica y sobre otras muchas cosas.

He contado también con el apoyo de muchos amigos que, lejos de la fisica, han estado
muy cerca durante estos afios. Alonso, Dani, Javi y Sara, Merche y Moon... la lista seria
muy larga, gracias por las inquietudes compartidas, por las horas de biblioteca, por los
mails en las horas de trabajo o por llevarme y traerme de la universidad.

Gracias también a mi familia, a Tita, que me ensefiaba a multiplicar de camino al
colegio, a Juan Antonio y Maria Jests, sin cuya generosidad no podria plantearme seguir
en la carrera cientifica, y a mi hermano, que siempre me ha aguantado con su paciencia
inagotable. Gracias a mis padres, maestros para mi, que siempre cuidaron mi formacién
(en el sentido mds amplio y profundo de la palabra) por encima de todo. Gracias por
haberme dado todas las oportunidades y toda la libertad para que eligiese mi camino.

Por ultimo, gracias a Maria, que ha estado siempre a mi lado durante este tiempo, por
su capacidad para sostenerme y para exigirme, por su infinita fe en mi, y por llenarlo

todo de sentido.

ii



Contents

Abstract
List of acronyms
1. General introduction

2. Theoretical methods
2.1, Introduction . . . . . . . . . e e e
2.2. Modal expansion formalism . . . . ... ... ... .o o o L
22.1. Periodicsystems . ... ... .. .. ... .. . oo
222, Finitesystems . . . . .. ... .. ... e
2.2.3. Reciprocal space formalism . . ... ... ... ........ .. ...
224, Boundmodes . . . . . ... e e e
2.2.5. Surface impedance boundary conditions . . . ... ... ... ....
2.3. Transfer matrix method . . ... ... .. ... .. .. ... . .. ... . ...
2.4. Finite difference time domain method . . . . .. ... ... ... .......

2.5. Finite integration technique . . . . ... ... ... ... . .. . 0 L.

3. Geometrically induced surface electromagnetic modes

3.1. Introduction . . ... ... . .

3.2. Planar geometries . . . . . .. ... L
3.2.1. Surface Plasmon Polaritons on a flat metallic surface . . . ... ...
3.2.2. Spoof surface plasmon polaritons: groove and dimple arrays
3.2.3. Spoof surface plasmon polaritons: slit and hole arrays . ... .. ..
3.2.4. Comparison with experiments in the terahertz regime . .. ... ..

3.3. Cylindrical Geometries . . . . . . ... ... ... ... .. oo
3.3.1. Azimuthally independent surface plasmon polaritons . . ... ...
3.3.2. Spoof surface plasmon polaritons on ring arrays. . . . . .. ... ..
3.3.3. Conical structures: guiding and focusing of light . . ... ... ...
3.3.4. Helically grooved wires: comparison with experiments . . . . . . ..

3.4. Corrugated channelsand wedges. . . . . ... .................

ix

xi

59
59
60
60

67
71
76
76
79
84
87
92

iii



Contents

3.4.1. Spoof channel plasmon polaritons . . . . .. ... ........... 92
3.4.2. Spoof wedge plasmon polaritons . . . . . ... ... L L 99
35. Conclusions . . . .. ... . e 105
4. Role of order in the phenomenon of extraordinary transmission 107
41. Introduction . . . .. ... .. .. 107
4.2. Finite and quasiperiodic slitarrays . . . .. .. ... ... ... .. .. ... 108
42.1. Infinite array and singleslit . . . ... ... ............... 108
422. Finitearrayofslits . . ... ... ... ... ... . oo oL 112
423. Fibonacciarrayofslits . . . . ... ... ... ... .. ... .. .. 117
43. Quasiperiodicholearrays . . ... ... ... . ... . ... .. 0 ... 124
44. Conclusions . . ... ... ... e 131
5. Resonant transmission and beaming of cold atoms assisted by surface matter
waves 133
51. Introduction . . ... ... . . 133
52. Surfacematter waves . . . . . ... . L Lo e 134
5.3. Resonant Transmission through slitarrays . . . ... ... .......... 139
5.4. Resonant Transmission through hole arrays . . . . ... .. ... ... .... 143
5.5. Resonant transmission and beaming through single apertures . . . . . . .. 148
5.6. Feasible implementation for the case of slitarrays . . . ... ......... 155
57. Conclusions . . .. .. ... ... e 161
6. General conclusions 163
A. Overlapping integrals between Bloch waves and rectangular hole and slit wave-
guide modes 167
B. Circular hole waveguide modes and overlapping integrals 169
List of publications 171
Bibliography 173

iv



List

1.1.
1.2.
1.3.
1.4.
1.5.
1.6.

2.1.
2.2.
2.3.
2.4.
2.5.
2.6.
2.7.
2.8.
2.9.

2.10.
2.11.
2.12.
2.13.
2.14.
2.15.
2.16.

3.1.
3.2.
3.3.
3.4.
3.5.
3.6.

of Figures

Angular intensity distribution emerging from a bull’s eye structure.

Dispersion relation of spoof SPPs on a hole array. . . . ............

View of the periodic aperture arrays considered in our ME formalism. . . .
Sketch of the modal expansion procedure. . .. ................
Schematic representation of the different terms in the ME equations. . . . .
Convergence of ME transmission spectra. . . . ... ..............
Transmission spectra of a periodic array of slits for s and p-polarization. . .
Modifications in our ME formalism to treat finite systems. . . . . ... ...
Structure factor for two different periodic arrays of 1024 holes. . .. .. ..
Dependence of the spoof SPP bands on the number of waveguide modes. .
Dispersion relation of the spoof SPPs supported by slit and groove arrays.
EM fields at metal surfaces under PEC and SIBCs approximations. . . . . .
Comparison among ME and FDTD transmission spectra for a hole array.
Sketch of the transfer matrix methodology and scattering parameters. . . .
Comparison between TMM and FDTD transmission spectra.. . . . . . . ..
Distribution of electric and magnetic field components in the Yee grid. . . .
Space-time sampling in the Yee algorithm. . . ... ... ... ........

Electric voltages and magnetic fluxes within a single FIT cell. . ... .. ..

Dispersion relation of the SPPs on flat metallic surfaces. . .. ... .. ...
Spoof SPP bands for groove arrays of different depths. . . . . ... ... ..
Spoof SPP bands for groove arrays of increasing width. . . . . ... ... ..
Spoof SPP bands for dimple arrays of different depths. . . . . ... ... ..
Spoof SPP bands for square dimples of different sides. . . . ... ... ...

Comparison between the spoof SPP bands for groove and slit arrays. . . . .

10

16
18
23
25
27
29
34
38
39
40
43
47
48
50
51
55

61
63
64
65
66
68



List of Figures

vi

3.7.

3.8.

3.9.

3.10.
3.11.
3.12.
3.13.
3.14.
3.15.
3.16.
3.17.
3.18.
3.19.
3.20.
3.21.
3.22.
3.23.
3.24.
3.25.
3.26.
3.27.
3.28.
3.29.
3.30.

4.1.
4.2.
4.3.
4.4.
4.5.
4.6.
4.7.
4.8.
4.9.
4.10.
4.11.
4.12.

Comparison between the spoof SPP bands for dimple and hole arrays. . . . 70
Spoof SPPs dispersion relation for the two experimental structures. . . . . . 71
Sketch of the experimental setup working at THz frequencies. . . . . . . . . 72
Experimental THz time-domain signals and spectra. . . ... ........ 73
FIT simulations of the spoof SPP propagation on sample IL. . . . ... ... 75
Experimental and theoretical electric field amplitudes as a function of h3. . 76
SPP bands on lossless Au wires of differentradii. . ... ........... 78
Sketch of the structure supporting cylindrical spoof SPPs. . . .. ... ... 80
Dispersion relation of azimuthally independent spoof SPPs. . . . . ... .. 82
Spoof SPP bands including higher azimuthal modes. . . ... ... ... .. 83
THz spoof SPP modes propagating along a finite metawire. . . . ... ... 84
Dependence of the spoof SPP bands on the wire radius. . . ... ...... 85
Focusing of light through spoof SPPmodes. . . .. ... ........... 86
Experimental helical wire and THz time-domain signals and spectra.. . . . 88
Dispersion relation of the spoof SPP bands on a helically grooved wire. . . 89
Field pattern and spectra of the Spoof SPPs on a finite helical metawire. . . 91
Dispersion relation of the gap EM modes between two groove arrays. . .. 93
Dispersion relation and longitudinal electric field of spoof CPPs. . . . . .. 95
Transmission of THz waves through a straight corrugated V-channel. ... 97
Propagation of spoof CPPs through 90° bends. . . . . . ... ......... 98
Sketch of a corrugated PEC wedge supporting spoof WPPs. . . . . ... .. 100
Dependence of the spoof WPP bands on the groove depth. . . . . ... ... 101
Dependence of the spoof WPP dispersion relation on the wedge angle. . . 102

Focusing of THz waves on a corrugated wedge sharpened along its length. 103

Resonant features in slit arrays transmission spectra. ME terms versus A. . 109

Electric field at the exit of a single slit and a periodic array of slits. . . . . . 111
Height of transmission peaks as a function of the number of slits. . . . . . . 113
Transmission per slit at the surface resonance in finite slit arrays. . . . . . . 114
Electric field at the surface resonance for a periodic array of 30 slits. . . . . 115
Transmission at the surface resonance versus the number of slits. . . . . . . 116
Schematic view of a Fibonacci array of slits. . . . .. ............. 118
Structure factor for a Fibonacci, a periodic and a random array of slits. . . . 119

Transmission spectra of a Fibonacci, a periodic and a random array of slits. 120

Transmission peak in Fibonacci arrays of different sizes. . . ... ... ... 121
Transmittance of Fibonacci and periodic slit arrays. ME terms versus A. . . 123
Schematic picture of a Penrose tiling. . . . ... .. .. ............ 125



4.13.
4.14.
4.15.
4.16.

5.1.
5.2.
5.3.
54.
5.5.
5.6.
5.7.
5.8.
5.9.

5.10.
5.11.
5.12.
5.13.
5.14.

List of Figures

Transmission spectra for periodic, quasiperiodic and random hole arrays. . 126
Transmittance of periodic hole arrays of different sizes. ME terms versus A. 128

Transmittance of Penrose hole arrays of different sizes. ME terms versus A. 129

Transmission per hole at resonance in periodic and Penrose hole lattices. . 131
Model square well potential supporting SMWs. . . ... ... ........ 135
Dispersion relationof SMWs. . . . . ... .. ... ... . . 0L 138
Transmission spectrum of cold atoms through a slitarray. . ... .. .. .. 141
Transmission spectrum of cold atoms through a hole array. . .. ... ... 144
Dependence on the hole shape of the transmission properties. . . . . . . .. 145
Modulus of the matter wavefunction at resonance.. . . . . ... ....... 147
Transmission through a single slit surrounded by corrugations. . . . . . .. 151
Radial probability current versus Aggand 6. . . ... .. ... ... .. ... 152
Matter wavefunction emerging form a single slit with corrugations. . . . . 153
Dependence of the transmissivity on the potential inside the grooves. . . . 154
Feasible potential leading to resonant transmission of matter waves. . . . . 157
Potential crosscut and SMWs wavefunction. . ... .............. 158
Realistic transmission spectra for ¥Rb atoms. . . ... ............ 159
Modulus of the realistic matter wavefunction at resonance.. . . . . ... .. 160

vii



viii



Abstract

English

This thesis is devoted to the study of the electromagnetic phenomena assisted by surface
modes bound to metal structures. In order to treat the interaction of light with these
complex systems, we have developed a theoretical formalism based on the modal ex-
pansion of the electromagnetic fields. Within this framework, metals are modelled as
perfect conductors, which prevents the penetration of electromagnetic fields into them.
This approximation provides accurate results at low frequency domains (microwave and
terahertz regimes) and still has semi-quantitative value at visible and optical frequencies.

We analyze the formation of geometrically induced electromagnetic modes in different
metallic structures. The dependence of the modal characteristics on the various geometric
parameters is thoroughly studied. Based on this analysis, we develop several guiding
and focusing schemes featuring subwavelength confinement of electromagnetic fields.
Our models are designed to operate in the terahertz regime, which is being currently
explored due to its high technological potential. The agreement between our theoretical
results and experiments realized in this frequency range is excellent.

Our theoretical formalism also enables us to treat the scattering properties of per-
forated metallic films. In this context, we study the role of order in the extraordinary
transmission phenomenon. Considering periodic and quasiperiodic arrays of apertures,
we link the transmittance to the structure factor and identify the leaky modes supported
by these systems as the main actors in the transmission process.

Finally, the transfer of extraordinary transmission and beaming effects to matter waves
is studied. We show that, as in the electromagnetic case, surface modes are the funda-

mental ingredient for the appearance of these phenomena for cold atoms.

X



Abstract

Espafiol

Esta tesis se ocupa del estudio de fendmenos electromagnéticos basados en modos super-
ficiales de estructuras metélicas. Para tratar la interaccién de la luz con estos complejos
sistemas, hemos desarrollado un formalismo teérico basado en la expansién modal de
los campos electromagnéticos. En este marco tedrico, consideramos que los metales se
comportan como conductores perfectos, lo que impide la penetracién de los campos
electromagnéticos dentro de ellos. Esta aproximacién proporciona resultados precisos a
bajas frecuencias (microondas y terahercios) y tiene una validez semicuantitativa en los
rangos visible y 6ptico.

Hemos analizado la formaciéon de modos electromagnéticos de origen geométrico en
distintas estructuras, y hemos estudiado la dependencia de sus caracteristicas con los
diferentes parametros del sistema. Basdndonos en estos resultados, desarrollamos dife-
rentes disefios que permiten el guiado y focalizacién de campos electromagnéticos con-
finados en regiones menores que la longitud de onda. Nuestros modelos estan ideados
para trabajar en el régimen de terahercios, que actualmente estd despertando un gran
interés tecnolégico. La comparacién de nuestros resultados tedricos con experimentos
realizados en este rango es excelente.

Nuestro formalismo teérico nos permite también tratar las propiedades de scattering
de ldminas metdlicas perforadas. En este contexto, estudiamos el papel que juega el
orden en la aparicién del fendmeno de transmisién extraordinaria. Analizando conjuntos
de aperturas periddicos y quasiperiddicos, relacionamos la transmitancia con el factor
de estructura, e identificamos a los modos radiativos soportados por el sistema como los
actores principales en el proceso de transmision.

Finalmente, hemos estudiado la transferencia de los fenémenos de transmisién extraor-
dinaria y colimacién a ondas de materia, mostrando que el ingrediente fundamental para
la apariciéon de estos fendmenos es, como en el caso electromagnético, la presencia de

ondas de superficie.
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1. General introduction

The enormous development of telecommunications technology during the last century
has led to a growing interest in electromagnetic (EM) surface waves among the scien-
tific community. Already around 1900, Sommerfeld [1] and Zenneck [2] published their
pioneering works accomplishing the mathematical description of the propagation of ra-
dio waves along conductors of finite conductivity. Since then and during the whole 20t
century, surface EM waves have been rediscovered in a variety of different contexts.

Soon after the publication of the Sommerfeld’s work, Wood [3] reported the appear-
ance of anomalous intensity drops in the spectra produced when visible light reflects
at metallic gratings. Only five years later, Lord Rayleigh [4] devised his theoretical de-
scription of the scattering of scalar waves by periodic surfaces. However, it was not until
the early 40’s when Fano [5] connected the Wood’s findings with the former theoretical
works. In the late 50’s, based on experiments studying the diffraction of electron beams
by thin metal films, Ritchie [6] predicted that fast moving charged particles could excite
surface waves in metals, and considered such modes as elementary excitations in solids.
Ten years later, this was confirmed by experiments [7], which demonstrated the close
link between these surface waves and the reflection anomalies observed by Wood more
than fifty years before. By that time, the excitation of surface waves with visible light
was also realized [8], and an unified description of all these phenomena in the form of
surface plasmon polaritons (SPPs) was finally established.

SPPs are guided EM waves confined at the interface between a metal and a dielectric.
Their origin resides in the interaction between light and the conduction electrons in the
metal surface [9]. SPPs arise in metals because of the quasi-free character of conduction
electrons, which allows them to respond collectively to external EM fields. This fact pro-
vides SPPs a mixed electromagnetic-wave and surface-charge nature. Such hybrid charac-
ter is illustrated in the left panel of Fig. 1.1, which depicts the interaction between surface
charges and EM fields associated with SPPs. This interaction binds SPPs to the metal sur-
face and makes EM fields decay exponentially into both the metal and dielectric media.
The dispersion relation (dependence of the mode frequency, w, on the parallel wave
vector, k) that Maxwell equations yields for such surface waves is sketched in the right
panel of Fig. 1.1. At low frequencies, SPPs lie close to the light line (w = ck) and are pre-



1. General introduction

Figure 1.1.: Left panel: Electric field and charge distribution associated with SPPs travelling
within a metal-dielectric interface. Right panel: Dispersion relation for SPPs. Note that
the SPP wave vector is always larger than that corresponding to freely propagating waves,
kspp > w/c.

dominantly light-like. For larger frequencies, the dispersion relation deviates from this
linear dependence and the wave vector becomes much larger than for freely propagating
waves. For most metals, this increase in k takes place in the telecom and visible regimes,
which correspond to wavelengths of the order of hundreds of nanometers up to a few
microns (300nm < A < 1um). There are another two parameters which characterize
SPP modes: the decay length and the propagation length. The first one is related to the
normal component of the SPP wave vector into the dielectric and reflects the binding of
the EM fields to the metal surface. The second one, which is given by the imaginary part
of k, provides the distance that SPPs can travel before they attenuate due to the damping
of the electronic oscillations inside the metal. These two magnitudes are closely related.
Large decay lengths imply that SPPs are weakly bound to the metal surface, which re-
duces energy losses inside the metal and enlarges the propagation lengths. This occurs
at low frequencies, where the SPP band approaches the light line. At higher frequencies,
SPPs become confined and the absorption at the metal surface increases rapidly, which
makes both decay and propagation lengths decrease. This is the well-known trade-off

between SPPs confinement and propagation [9].

Traditionally, the use of metals in optical components has been reduced to the areas

of mirrors and highly absorbing media. The reason for this is the presence of SPPs dec-



orating their surfaces. As we have shown above, the localization of EM fields linked to
SPPs, if uncontrolled, represents an energy sink. However, the scientific and technologi-
cal developments in the last decade has changed this perception drastically. In particular,
modern nanofabrication and characterization techniques have made possible to struc-
ture metal surfaces in order to control the flow of SPPs and to map the associated fields
with unprecedented detail. Although absorption remains a very important issue which
prevents the use of metals for long distance communications, SPPs have opened the
way to the use of metallic surfaces for miniaturized optical and optoelectronic devices.
Up to the emergence of SPPs, dielectric-based optical components were constrained by
the so-called diffraction limit [10], according to which light can not be squeezed into vol-
umes smaller than the wavelength. This meant a crucial drawback for the development of
photonic compact devices, whose sizes could not be smaller than those of electronic com-
ponents. Note that the dimensions of current microelectronic circuits are below 100 nm,
several times smaller than optical wavelengths.

There are several features which make SPPs so promising from the technological point
of view. On the one hand, as we have mentioned above, they present a unique ability
for concentrating EM energy in subwavelength volumes. Moreover, they can propagate
EM fields along distances up to hundreds of wavelengths. Finally, they allow combining
electromagnetic and electronic phenomena in the same material platform. Therefore, it is
clear that the challenge consists in achieving compact SPP-based photonic elements with
specific functionalities. Such devices would allow overcoming the limitations of current
microelectronic technology, which are mainly related to the lost of efficiency as the size
of the chips is reduced. These photonic circuits would operate as follows: first, free
radiation would be converted into SPPs, which would then propagate and be processed
by logic elements, before being transformed back into light. The building of photonic
devices requires the development of a broad variety of active and passive components
such as couplers, filters or switchers [11].

In the last decade, many research efforts have been devoted to the design and realiza-
tion of structures with SPP functionalities. This has converted SPP-based photonics, also
termed plasmonics [12, 13], in a well established research field. One of the main factors be-
hind the fast development of plasmonics is the excellent agreement between experiments
and theory, which is highly non-trivial. From the experimental side, small imperfections
in sample fabrication can ruin the flow of SPPs either by increasing of absorption or by
coupling to radiation out of the structure. From the theoretical point of view, although
the equations that govern EM phenomena are well known (Maxwell equations plus the
constitutive relations describing the material properties), solving them is a very diffi-
cult task due to the very different length scales explored by SPPs: the wavelength, the
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Figure 1.2.: Plasmonic waveguiding schemes. Left panel: Near field map of the SPPs propagation
along a metal strip. Right panel: Comparison between experimental (a) and theoretical (b)

fields distribution in a periodic chain of square gold nanoparticles.

propagation length, the decay length, and the metal skin depth. The good comparison
with experiments means that theoretical results have predictive value, which is crucial
for understanding and discovering new fundamental phenomena as well as guiding the
optimization of structures.

Among the great amount of plasmonic designs with different functionalities proposed
in the last years, undoubtedly, waveguides have been one of the most thoroughly ex-
plored. These could be used to interconnect the various elements within a photonic
device as well as different components comprising a more complex circuit. The hybrid
nature of SPPs enable them to carry both optical signals and electric current, making
plasmonic waveguides also useful as interconnections of microelectronic elements. The
latter offers the potential to combine the technical advantages of photonics and electron-
ics in the same chip [14]. Depending on the characteristics required, SPP waveguides
can be configured using various geometries. In what follows, some of the most relevant
proposals are briefly described.

The most straightforward SPP guiding scheme consists in a two-dimensional flat metal
surface. By creating defects on it, the pathway of the surface waves can be modified, al-
lowing the direct implementation of functional elements such as mirrors or splitters [15].
Another simple routing system is made up of a metallic strip of width comparable to

A. It has been shown that lateral confined surface EM waves are efficiently excited on



these waveguides by SPPs launched in 2D homogeneous surfaces [16]. A near field map
of the SPPs propagation along a metal strip waveguide is shown in Fig. 1.2. Modulated
surfaces can also be used for routing purposes. By structuring periodically a metal sur-
face, a photonic band gap arises in the SPP dispersion relation [17]. In these systems,
SPP waveguides correspond to line defects created in the surface lattice [18].

Thin metallic films embedded in dielectric media have been also used as plasmonic
waveguides [19]. This geometry offers long propagation lengths but large modal sizes.
Considering thin strips instead of homogeneous 2D films [20, 21] allows reducing the
modal size in these waveguides. Metal nanowires have been also tested as routing de-
vices [22]. They display subwavelength confinement in the transverse plane but the losses
associated with resistive heating limit the propagation of light in these structures. A com-
pletely different approach consists of nanoparticle arrays. These guides feature subwave-
length transverse confinement of EM fields but, again, the high localization of EM energy
increases the absorption effects in these systems [23, 24]. The fields distribution (exper-
iment and theory) in an SPP waveguide composed of square nanoparticles is shown in
Fig. 1.2.

The examples above indicate that the main difficulty in the design of plasmonic wave-
guides is finding structures that support EM fields with small modal sizes and large
propagation lengths. In the last years, two different guiding schemes have been proposed
satisfying these requirements. The first of these designs consists in V-shaped grooves
carved in a flat metal surface. The EM modes supported by such structure, termed chan-
nel plasmon polaritons (CPPs), were studied within the electrostatic approximation two
decades ago [25]. Subsequently, several theoretical works analyzing CPPs in realistic ge-
ometries were published [26-28]. Recently, CPPs have been experimentally investigated
at telecom frequencies [29, 30], displaying strong confinement, low damping, and ro-
bustness against channel bending. Thank to these properties, prototypes of basic devices
such as splitters, interferometers or resonators have been demonstrated [31].

The potential of V-grooves in the context of SPP waveguiding has given rise to compre-
hensive theoretical studies on the modal characteristics of CPPs [32]. Importantly, these
works have shown that a strong field enhancement occurs in the CPPs modal shape at
the groove edges. This fact indicates that for relatively shallow grooves, CPPs are hy-
bridized with EM modes travelling along the channel corners. These are the so-called
wedge plasmon polaritons (WPPs). EM modes sustained by metal wedges were theoreti-
cally suggested more than 30 years ago [33]. However, the guiding capabilities of WPPs
have not been demonstrated until very recently [34-36]. These papers have shown that
WPPs, while having propagation lengths similar to CPPs, exhibit smaller modal sizes.
Apart from their advantageous guiding properties, CPP and WPP based plasmonic wave-
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Figure 1.3.: Left panel: Theoretical transverse electric field of CPP (up) and WPP (bottom) modes
sustained by structures of the same dimensions. Right panel: CPP based Y-splitter (left) and
Mach-Zehnder interferometer (right) operating at telecom frequencies. SEM (up) and near
field optical SNOM (bottom) images are shown.

guides can be easily combined with planar metal structures, which is very convenient
for technological purposes. It is also remarkable that edges and corners appear when-
ever a surface is folded. In this sense, CPPs and WPPs constitute building blocks present
in other kinds of plasmonic guides. In the left panel of Fig. 1.3, the modal shape for
the CPP and WPP modes supported by structures of the same dimensions are depicted
[36]. The right panel shows the experimental realization of a CPP-based Y-splitter and a

Mach-Zender interferometer operating at telecom frequencies [31].

The emerging field of plasmonics is not only limited to to the propagation and process-
ing of EM signals. SPPs have been identified as key actors in many other EM phenomena
[12, 14]. Due to both fundamental and technological reasons, one of the most relevant is
the so-called extraordinary optical transmission (EOT) through perforated metallic films.
The diffraction of light by an aperture drilled in a metal film is an old problem. It was
tirstly treated using a full vectorial approach by Bethe [37] in 1944. Bethe’s theory es-
tablished that the transmission of the EM energy through a circular aperture pierced
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Figure 1.4.: Left panel: SEM image of an Au film perforated with a periodic array of 17 x 17 holes.
Right panel: Experimental zero-order transmittance through a 31 x 31 hole array of period
600 nm.

in an infinitely thin metallic film is proportional to (a/A)* (where a is the aperture ra-
dius). Thus, in the limit of aperture sizes much smaller than the incoming wavelength
(a << A), only a negligible fraction of the incident EM flux is transmitted. More than
40 years later, Roberts [38] revisited the problem. By means of numerical calculations,
she demonstrated that the transmissivity of the aperture was even lower when the finite

thickness of the film was taken into account.

It was thought that Bethe’s theory described correctly the scattering of light by aper-
tures much smaller than the wavelength. However, in 1998, Ebbesen and co-workers [39]
found accidentally, while analyzing the optical properties of cylindrical cavities in me-
tallic films, that the transmittance of visible light through a periodic array of nanometric
holes was several orders of magnitude larger than expected. They observed that, surpris-
ingly, at certain wavelengths, the transmission efficiency (normalized to the total area of
the holes) exceeded unity. In other words, for these wavelengths a periodic array of sub-
wavelength holes transmits more light than a large, macroscopic hole of the same area
as the sum of all the holes. This finding indicated that the metal film was not merely a
screen, which blocks the light, but rather an active participant in the transmission pro-
cess, and that a collective response of the periodic array of holes should occur in order to
give rise to such enhancement in the transmissivity. The term extraordinary optical trans-
mission was coined in the seminal paper [39] where the phenomenon was reported for

the first time. Left panel of Figure 1.4 shows the type of structures considered in the
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experiments [40]: a periodic hole lattice pierced in a metal film. The right panel displays
the transmittance spectrum measured from an array of holes of radius 2 = 135 nm. A
transmission peak occurs at wavelengths much larger than the hole radius, where the
Bethe’s theory predicts that the transmissivity should decrease smoothly with increasing
wavelength.

The discovery of EOT gave rise to an exhaustive research to clarify the physical mecha-
nisms behind the effective response of the apertures observed in the experiments. Due to
its simplicity, first theoretical analysis considered the one-dimensional analog of the ex-
perimental structure: a periodic array of slits [41-43]. As a result, it was shown that EOT
also takes place in these systems, pointing out that the phenomenon was more general
than expected. In 2001, the first complete theoretical treatments of EOT in hole arrays
where published [44-46]. These works provided the explanation of the phenomenon
which is generally accepted today. According to it, the light impinging on the apertures
is collected by the SPPs supported by the input side of the film. These explore the film
surface and tunnel the EM energy through the holes. At the output side of the film, SPPs
scatter again with the aperture openings and emit the EM energy out of the structure.
This resonant transmission process is strongly dependent on the incoming wavelength,
as it controls the coupling between light and SPPs at both film surfaces and the transport
of EM energy through the holes. Since these first studies, a great amount of experimental
and theoretical works have been devoted to further investigate the fundamental aspects
of the phenomenon. Remarkably, EOT has also found applications in a broad range of
areas such as sensing or optoelectronics [47].

Four years after the publication of the first experiments, the appearance of EOT in
single apertures was demonstrated experimentally [48]. It was shown that an aperture
much smaller than the incident wavelength can exhibit transmission resonances if it is
surrounded by periodic indentations located at the input side of the film. Moreover, the
light exiting from this system can be collimated into a very narrow beam if the output
surface of the film is also corrugated. This phenomenon was addressed theoretically
only one year later [49, 50]. These works demonstrated that transmission resonances and
beaming effects are almost independent, and that they are due to the presence of SPPs at
the input and output sides of the film, respectively. In Figure 1.5, the structures studied
in [48] are depicted. The angular distribution of the beam emerging from the bull’s eye
geometry (upper image) is rendered. Light is directionally transmitted by the structure
with an angular divergence of a few degrees.

Up to this point, we have focused our attention on the appearance of extraordinary
transmission in the optical regime. However, already in 2001 [45], it was shown that EOT

occurs even in perforated perfect electric conducting (PEC) films. A perfect conductor
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Figure 1.5.: Left panels: FIB micrograph image of a bull’s eye structure (up) and its 1D analog
(bottom). Experimental angular transmission-intensity distribution at resonance emerging
from the bull’s eye geometry.

is a theoretical idealization which models the dielectric response of metals by taking
em = —oo (Where €) stands for the metal permittivity). This makes the conduction elec-
trons completely free and able to respond immediately to any EM disturbance. Therefore,
PEC materials are impenetrable to EM fields, which prevents the presence of SPPs dec-
orating their surfaces. The discovery of EOT in PEC structures led to the study of the
transmission properties of drilled films at frequencies below the optical regime, where
PEC models are quasi-exact and SPPs are not confined to metal-dielectric interfaces. In
the following years, extraordinary transmission was experimentally reported at terahertz
(THz) [51-53] and microwave [54, 55] frequencies.

The formation of transmission resonances in structures which do not support tightly
bound SPPs reopened the problem of the fundamental physics behind EOT. The issue
was clarified by two theoretical papers published in 2004 and 2005 [56, 57] demonstrated
that the texturing of a flat PEC surface makes it behave as an effective metal whose
dielectric response is controlled by geometry. These works also showed that such struc-

tures sustain EM modes whose characteristics resemble those of SPPs. For this reason,
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Figure 1.6.: Left panel: Dispersion relation of the spoof SPPs supported by periodic holes filled
with a dielectric. Right panel: Photograph of the experimental sample supporting SPPs at
microwave frequencies.

these surface waves were termed spoof SPPs. The physical origin of these EM modes is
completely different from conventional SPPs, whose attributes are dictated by the metal
composition. The dispersion relation of spoof SPPs is governed by the geometry of the
structured PEC surface supporting them. The left panel of Fig. 1.6 renders w(k) for the
spoof SPPs propagating along a periodic array of holes [57]. Note that the behavior of
the mode frequency with increasing k is similar to that of conventional SPPs (see Fig.
1.1).

Bound EM modes in periodic metal structures have been studied for decades in the
context of radio waves [58-60]. However, the emergence of the spoof SPP concept has
renewed the interest on the fundamental and applied aspects of these EM modes. As
a result, in the last years, the first spoof SPP models have been corrected [61, 62] and
extended to different geometries [63]. Moreover, spoof SPPs have been recently verified
experimentally in the microwave [64, 65] and THz [66] regimes. The right panel of Fig. 1.6
shows a photograph of the sample in which leaky spoof SPPs at microwave frequencies
were observed for the first time [64].

Although the origin of spoof SPPs is linked to the EOT phenomenon, it was soon real-
ized that these EM modes can be used to guide radiation in the same way as conventional
SPPs [57]. The behavior of conventional SPPs is imposed by the electronic properties of

metals. However, the characteristics of spoof SPPs can be tailored in order to control
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the flow of light just by playing with the geometry of the indentations disposed at the
metal surface. This geometric character of spoof SPPs has allowed considering textured
metallic surfaces as plasmonic metamaterials, since they gain their properties from their
structure rather than their composition.

The application of the spoof SPP concept in the optical regime allows combining intrin-
sic plasmonic and geometric effects. Moreover, plasmonic metamaterials also make pos-
sible to transfer the routing and confinement capabilities of conventional SPPs to lower
frequency domains. Specifically, spoof SPPs are expected to play a key role in the devel-
opment of the emergent THz technology [67]. THz radiation is situated between the in-
frared and microwave parts of the EM spectrum. During the last decades, this frequency
range has remained unexplored because of its resistance to the techniques commonly
employed in these well established neighbor bands. This situation has changed in the
last decade. Advances in material science have led to the development of new routes for
generation [68] and detection [69] of THz waves and the potential of this radiation for ad-
vanced physics research has been demonstrated. Moreover, current THz technology is an
extremely attractive field, with applications in areas such as time-domain spectroscopy
[70], biosensing [71] or security [72] and biomedical [73] imaging. Thus, an intense scien-
tific activity is currently devoted to exploit the opportunities that spoof SPPs provide in
the context THz photonics.

The recent research on SPPs borrows fundamental concepts, approaches and tech-
niques from different areas of physics such as electromagnetics, optics or solid state
physics. The multidisciplinary character of plasmonics has made analogies play a promi-
nent role in the development of the field. They constitute a basic research strategy which
allows the transfer of notions from one area to another, yielding deeper physical in-
sights in both areas. Following this approach, and taking advantage of the broad per-
spective that spoof SPPs have provided on the extraordinary transmission phenomenon,
in the last years, many research efforts have been dedicated to analyze the transferability
of EOT to other physical domains. As a result, enhanced transmission and associated
beaming effects have been reported in photonic crystals [74-76]. Subsequently, the EOT
process have been also applied to other undulatory entities such as cold atoms (matter
waves) [77] or sound (acoustic waves) [78-82]. In these physical systems, the fundamen-
tal ingredient needed for the appearance of extraordinary transmission is the presence of

localized waves playing the same role as SPPs in the original version of the phenomenon.
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1. General introduction

Structure of the thesis

Once we have outlined the research frame within which our theoretical investigation has
been carried out, in the last part of this chapter, the contents of this thesis are briefly
summarized:

In Chapter 2, the theoretical tools employed in our research are presented. First, the
fundamentals of our modal expansion formalism are detailed. We demonstrate the suita-
bility of this approach for analyzing the scattering properties of perforated metallic films
and for studying the electromagnetic modes sustained by structured metals. We show
how both infinitely periodic and finite systems can be treated within this framework.
Additionally, the reciprocal-space version of our formalism is developed. In the last sec-
tions of the chapter, three different numerical schemes employed in our investigation,
the transfer matrix method, the finite difference time domain method, and the finite
integration technique, are briefly described.

In Chapter 3, we study the formation of spoof surface plasmon polaritons in differ-
ent geometries. First, the electromagnetic modes bound to planar structures are consid-
ered. We analyze the modal characteristics in both single surfaces and films. Moreover,
the comparison of our theoretical results with experiments performed in the terahertz
regime is shown. Secondly, we treat the spoof surface polariton modes sustained by
cylindrical structures. We analyze the dependence of the mode characteristics on the ge-
ometrical parameters for the case of milled wires. Based on these results, we propose a
conical design for achieving subwavelength focusing of light. Our theoretical predictions
are verified by experiments performed on helical grooved wires at terahertz frequencies.
Finally, two distinct routing schemes featuring subwavelength confinement in the trans-
verse plane are presented. They combine the spoof plasmon concept with channel and
wedge plasmon polaritons. The dimensions of the designs are chosen so that the optimal
frequencies for guiding lie in the terahertz range of the electromagnetic spectrum.

Chapter 4 studies the transmission properties of finite arrays of apertures perforated in
metallic films. We consider periodic as well as quasiperiodic arrangements of both slits
and holes. By means of our modal expansion formalism, we obtain the transmittance
and the distribution of electromagnetic fields in such structures. In its reciprocal version,
our theoretical framework enables us to link the transmission resonances in these sys-
tems with their structure factor. Finally, we identify the leaky electromagnetic modes
supported by perforated films as the main actors in the transmission process.

In Chapter 5, the appearance of extraordinary transmission and beaming for non-
interacting cold atoms in various geometries is demonstrated theoretically. We show that

the resonant excitation of surface matter waves, the analog of surface plasmon polaritons
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in the electromagnetic case, leads to the formation of efficient transmission channels in
these systems. In contrast to their electromagnetic counterpart, surface matter waves re-
quire an attractive potential close to a solid surface in order to be supported. In our
research, we consider simple models based on square well potentials which nevertheless
contain all the physical mechanisms behind both phenomena. The issue of a feasible
scenario for the implementation of these ideas is also addressed. We propose an exper-
imental setup in which extraordinary transmission of matter waves takes place. In this
system, the realistic attractive potential sustaining surface matter waves results from the
combination of the van der Waals interaction between a neutral atom and a dielectric
surface and an external repulsive optical potential.

Finally, in Chapter 6 a short overview of the main results and the general conclusions

of this thesis are presented.
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2. Theoretical methods

2.1. Introduction

In this chapter we describe in detail the different theoretical approaches used through-
out this thesis. First, we present our quasi-analytical formalism based on the modal
expansion technique. It is illustrated through the analysis of the scattering properties
of arrays of one and two-dimensional apertures perforated in metallic films. We treat
both infinitely periodic and finite systems, and develop the reciprocal-space version of
the formalism. Moreover, we show how the theoretical framework presented allows the
study of the geometrically induced bound electromagnetic modes supported by corru-
gated metallic surfaces. Finally, the incorporation in an approximate way of the dielectric
properties of real metals into the formalism is also described.

In our research, we have also used three different numerical schemes: the transfer
matrix method, the finite difference time domain method, and the finite integration
technique. In the second part of this chapter, the fundamentals of these computational
approaches are detailed. Additionally, the characteristics of the three methods are com-

pared in terms of efficiency, versatility and numerical stability.

2.2. Modal expansion formalism

The Modal Expansion (ME) technique is a very general method for solving linear differ-
ential equations describing physical systems of very different nature. It is a very useful
tool in current research in a broad range of fields such as acoustics, quantum mechan-
ics or electromagnetics. In this section, we present a theoretical formalism for solving
Maxwell equations in complex metallic structures based on this technique.

Due to its suitability for analyzing electromagnetic (EM) processes occurring at tex-
tured metallic surfaces, first ME methods were already used by engineers in the early
50’s and 60’s for the design and analysis of antennas, transmission lines and filtering
devices operating in the microwave regime [83]. ME approaches were also a useful tool
[84-86] for the study of the Surface Enhanced Raman Scattering [87], discovered in the

70’s. Finally, in the last decade ME has become a very fruitful framework for theoretical
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1 Z

Figure 2.1.: View of the periodic structures under study. The geometrical parameters defining the
arrangement of holes are the array periods, dy and d,, and holes sides, a, and a,. The array
of slits is characterized by the periodicity d and the slits width a. In both cases, the film
thickness is denoted by h.

research in nanophotonics, being applied in various fields such as extraordinary optical

transmission (EOT) [43, 49, 50] or metamaterials science [56, 88].

The ME technique is based on the decomposition of the EM fields into eigenmodes
of the Maxwell equations within the various regions comprising the complex structure
under study. Therefore, by imposing the appropriate continuity conditions [89] at the
region boundaries, Maxwell equations can be solved in all the space. We have developed
a ME framework which has enabled us to model and analyze very different physical
systems. Throughout this thesis, our formalism will be presented and all the modifica-
tions performed on it for each problem will be shown. However, the fundamental aspects

of the ME technique are illustrated in the following sections through the study of two
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2.2. Modal expansion formalism

simple problems: the scattering of light by metallic films perforated with periodic ar-
rangements of subwavelength apertures and the formation of geometrically induced EM
modes in these structures. In order to give a general view of the method, two different
geometries are considered, two-dimensional (2D) arrangements of rectangular holes and
one-dimensional (1D) arrays of slits (see Figure 2.1).

The only approximation involved in our model consists in treating the metal as perfect
electric conducting (PEC) [10], i.e., the metal permittivity eyy = —oc. This involves ne-
glecting the penetration of the fields into the metal, which enables us to express EM fields
in the apertures in terms of waveguide modes, which are analytically known for both
geometries (holes and slits). Additionally, the use of PEC boundary conditions make all
lengths involved in the system scalable, which allows transferring the results obtained
in one frequency range to another ones. However, since the PEC approximation prevents
the penetration of EM fields into metallic media, it works properly at microwave and far
infrared frequencies, whereas it is less accurate in the optical and telecom ranges of the
EM spectrum. In Section 2.2.5, we discuss briefly how this limitation of the model can
be overcome by incorporating surface impedance boundary conditions (SIBCs) [90, 91]

in our ME formalism.

2.2.1. Periodic systems
Hole arrays

Panel (a) of Figure 2.1 shows a schematic picture of the most general structure under
study, a periodic 2D arrangement of rectangular holes. The geometrical parameters defin-
ing the system are the film thickness, #, the array periods, d, and d,, and the holes sides,
ay and a,. Slit geometries, shown in panel (b), can be considered as a limiting case of
rectangular holes with d,,a, — co. Here, we present our theoretical framework based
on the ME method through its application to the problem of the scattering properties of
periodic 2D structures. The modifications performed in the formalism in order to deal
with 1D apertures are also detailed.

The ME technique allows writing EM fields in a very compact representation. In prin-
ciple, the full EM field comprises six components, three for the electric field, E, and three
for the magnetic field, H. However, in our approach, EM fields are expanded in terms of
eigenmodes having a well defined propagation constant along z-direction (see Fig. 2.1).
This enables us to keep track of only the transverse components, E; and H; (parallel to
xy plane). The longitudinal components, E, and H,, can be straightforwardly obtained
from the transverse ones through the divergence Maxwell equations, V-H = 0 and
V - E = 0. Thus, we can describe the EM fields through only two bivectors, that using
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11
m

Figure 2.2.: Sketch of the modal expansion procedure for the case of hole arrays. The space is
divided into three regions. In region I, EM fields are expressed as a sum of the imping-
ing plane wave (black arrow) plus reflected waves (red arrows). In region II, the basis is
comprised by waveguide modes propagating (blue) and counterpropagating (orange) along
z-direction. Finally, EM fields in region III are expanded as a sum of diffracted waves (green
arrows).

Dirac’s notation can be written as |E;) and |Hy).

By introducing the index ¢, our ME method incorporates the classification of EM
fields according to the polarization. Thus, fields with E, = 0, which correspond to s-
polarized light or transverse electric (TE) modes, are labelled with ¢ = 1, whereas ¢ = 2
is associated with fields with H, = 0, p-polarized light or transverse magnetic (TM)
modes.

The expansion of EM fields in TE and TM modes with a well defined propagation con-
stant enables us to link magnetic and electric fields associated with free space and wave-
guide eigenmodes by means of modal admittances Yyyode, having —u; X |Ht) = Yiode|Et)-
The modal admittances are defined through the application of the curl Maxwell equa-
tions in the frequency domain, V x E = i?H, and V x H = —ie?E. Note that we
assume a e ! temporal dependence of the EM fields.

Figure 2.2 shows a schematic view of the fields expansion procedure. The system is di-

vided into three regions along the z-direction. Taking advantage of the periodic character
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2.2. Modal expansion formalism

of the structure within the xy plane, we can apply Bloch’s theorem and solve Maxwell
equations only inside a unit cell of area d, x d,, which contains only one rectangular
hole (represented by the black dashed line in Fig. 2.2). Before describing in detail the
expansion procedure, we provide analytical expressions for the eigenmodes associated
with the different regions comprising the structure.

In regions I (z < 0) and III (z > h), EM fields can be expressed in terms of Bloch
waves labelled with index ¢, which indicates the polarization, and two integers, m and
n, defining the transverse wave vector

27 27

Kinn = ki + m——uy +n——uy, (2.1)
dx dy

where k; is the transverse wave vector of the plane wave impinging from the top on the
film (represented by a black arrow in Fig. 2.2). It is convenient to define the components
along x and y-directions, k§§”> = kj-u, + m% and k;n) = ki -uy + n%, respectively.
Therefore, the bivectors associated with s-polarized (¢ = 1) Bloch waves in real space,

r = xu, + yu, = (xy), can be written as

eiknmr _
kyn,oc=1)= — 4 , 2.2
=)= () o

whereas for p-polarized (¢ = 2) waves, we have

ekt k(m)
ky,o=2)=—+— [ 7 . 2.3
<1" o > |kmn|\/m kén) ( )

Note that these Bloch waves are, by definition, orthonormal, i.e., they satisfy
<kmn/ U‘km’n’/ OJ> = /dr<kmn/ 0"1'> <r‘km/n’/ 0J> = Sum' Onn 0o, (2.4)

where the integral ranges the unit cell area dy x d,, and ¢ denotes the Kronecker’s delta
function.

Region II (0 < z < h) corresponds to the perforated metallic film. PEC approximation
makes EM fields vanish within this region except inside the rectangular holes, where
they can be expressed in terms of hole waveguide modes |qys, 7). As Bloch waves, these
modes are labelled with three indexes: the polarization vy, and / and s, which characterize
the transverse wave vector

qis = l%ux + s;;uy. (2.5)
The bivectors for TE modes (7 = 1) are given by

sm_ [22=%0) g % (x+ %) sin % (v + %y)

(rlq,y =1) = [ @IV o , (2.6)
l 2 2755 1 l X
_ux\qzs\ (WyO) smg(x%—%) cos%(y—i—%y)
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and for TM (y = 2) modes

(rlqus,y =2) = [ IV ot - 277 2.7)
—9s l x a
I/ e sin X (x + %) cos S (v + %)
These waveguide modes are also defined as orthonormal, having
(qis, Ylqrs,Y') = /df<CIls,’Y|1‘><r|qlfsf,’Y/> = 0110550y, (2.8)

where now the integral ranges only the hole area, a, x a,. Wavefunctions for TE and TM
waveguide modes for circular holes are provided in Appendix B.

Once we have defined a complete set of wavefunctions for the three regions forming
the structure, we describe the mode matching procedure. EM fields in region I can be
expressed as the incident plane wave |k;, ;) plus a sum of reflected Bloch waves |k, o)

(red arrows in Fig. 2.2) weighted with their corresponding reflection coefficients, 7,

(1) . (mn)
‘Et> = ’ki/ U-i>elkz z + Z rmna’kmn/ 0'>37sz] Z, (29)
mno
(i) o (mn)
—u; x [Hy) = Yi,|kio)e® == Y YL tuno Ky, o)e (2.10)
mno

The longitudinal component of the wave vector associated with the mn" reflected Bloch
wave is kgm") = /k3 — |kyn|?, where kg = ¢ = 27” denotes the wave vector modulus.

c
Finally, the mode admittances are Ylﬁma:l = kg’””)/ ko for TE modes, and Yémn gy =
ko/k"™ for TM modes.
In region II, EM fields can be expanded into hole waveguide modes propagating and

counterpropagating (blue and orange arrows in Fig. 2.2) along the z-direction

i(Is) _i(ls)
‘Et> - Z[Alsyelqz z + Blsye M Z”qlsz '7>/ (2-11)
Isvy
i (Is) _ (s
—u; x [Hy) = Y Y [A,e™ 7 = Bire ™% 7| qus, 7)., (2.12)
Isy

where Ajs, and By, are the expansion coefficients. The wave vector component along
z-direction is defined as g = VKo — laisl, and Y = g% /ko and Vil o =ko/ g
are the admittances for TE and TM modes, respectively.

In region III, EM fields are written as a linear combination of diffracted Bloch waves

(green arrows in Fig. 2.2), with transmission coefficients t,,,,. We have

(mn)

|Et> = Z tmm7|kmn/ U>eik2 Z/ (213)
mno
. (mn)
—u x [Hy) = Y Y ek, o)™ 7, (2.14)
mno
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(mn)

where k; " has the same form as in region I and Ylﬁfn In , =Y

Kyno

The unknown expansion coefficients ¢, Ajsy, Bisy and t,,,,+ are calculated by impos-
ing the appropriate continuity conditions to the EM fields at the two interfaces of the
system (z = 0 and z = h) [89]. The continuity equations for |E;) and |H) at the interface

between regions I and II (z = 0) read

ki, 03) + Z Fno | Ko, 0) = Z[Als'y + Bls'y] Qs 7). (2.15)
mno Isy

Yliiai ’ki/ Ui> - Z Y]£m"(7 rmna‘kmn, (7> = Z YIISIW [AZS,Y - Bls'y] |q15,’)/>, (2.16)
mno Isy

whereas for the interface II-1II (z = h), we have

- (Is) - (mn)
Z[Alsvezqz " + Bls Zqz ”qlsz > = Z tmmf‘kmn/ 0'>31kz h/ (2-17)
Isvy mno
) . (mn)
Z lsfy Als'ye - Bls e qz ”qZS/ > = Z Y]{,,mg tmna’kmn; 0'>elkz h- (2~18)
Isy mno

Equations (2.15) and (2.17) hold within the entire unit cell, as E; is continuous in
the whole space. However, Egs. (2.16) and (2.18), which are linked to Hy, are fulfilled
only within the hole area. The use of PEC boundary conditions in our model leads to
the appearance of discontinuities in the parallel components of the magnetic field at
the structure interfaces (see Sec. 2.2.5). Their origin resides in the formation of induced
surface charge densities and currents at the film sides. For fundamental and technical
reasons, it is convenient to project the continuity equations associated with E; over Bloch
waves (K, 0| (different from zero within the entire unit cell) and equations for H; over
hole waveguide modes (q;s, 7| (Which vanish outside the apertures). Hence, the matching

equations at the interface between regions I and II now read

Om0 Ono 5(7(71 + Tmne = Z[Als'y + Bls'y]sirsz’gm (2-19)
Isy
1 l *
Ylﬁiai(soi)ﬂ{y Z Ykmng' rmna(sniZU) = Ylls{y [AIS'y - Blsv]/ (2-20)
mno

where we have used orthonormality relations (2.4) and (2.8), and we have defined the

overlapping integrals

S;iZU = <kmn/ U‘qlsz ’Y> = /dr<kmn/ 0"1'> <r|qls/ 'Y> (2-21)

In Appendix A, general expressions for these integrals are presented. Additionally, over-
lapping integrals between Bloch waves and circular hole waveguide modes are shown in

Appendix B.
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The continuity equations for the transverse EM fields at the interface II-III have the

form
iq! —ig"™ 1 clsy ik
Z[Als Z +Bls : ]Smna = tmnee™* ’ (2-22)
Isvy
( (Is) . (mn)
11 { —ig! _ i I Ky
Y [Agy @ " = Bigye M = YV tune (Sme) e (2.23)
mno

It is convenient to write continuity equations in a compact form. By combining Egs.
(2.19) and (2.20), we can write the continuity of EM fields at z = 0 in terms of only the

the waveguide mode coefficients, Aj;, and By, as

I ls'y ls'y s’y o
2Yk Oi 00(7 Z |: Z mna an’ San [Allsl'}/ + Bllsl'yl] -

Z/S'}’ mno

= Y, [Alsy — Bigy |- (2.24)

Similarly, from Egs. (2.22) and (2.23), fields continuity at z = h can be expressed as

I (glsy yxgl's' g —ig!"n
2 Ykm,la(smmf) Smno—:| I:Al/s/,)//e 4 —|— Bl/sl,)//e z ] —

I's'y' “mno

( (Is)

= Y [Agy€ " — Bigpe ™). (2.25)

Note that for every |qs, ) we have included in the expansion of the EM fields inside
region II we have two continuity equations, one for each system interface. This is one
of the most relevant characteristics of our formalism, that the number of linear equa-
tions to solve in order to know the expansion coefficients is equal to twice the number
of waveguide modes considered inside the apertures. Below, we will see why this fact
makes this theoretical framework very suitable for analyzing the transmission properties
of apertures smaller than the wavelength.
We define the quantities

Els'y = Als'y"’Blsw (2.26)
(Is)
By, = —[Aisy et "+ Bispe i ", (2.27)

which are related to the amplitudes of the transverse electric field linked to the wave-
guide mode |qy;, ) at the input (Ej;,) and output (E;SV) sides of the holes. Thus, we can
rewrite Egs. (2.24) and (2.25) in their final form

l
(Glz’;’: — 6157)E157 + 2(1/5/7/)#(157) Gls’y El’s”y Gl‘g'yE;s7 = Ils"//
(2.28)

1 I
(Gisl = €159 Efoy + sy £(1s7) Glay” Etiry = Gy iy = 0.
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Isy

Figure 2.3.: Schematic representation of the terms in Egs. (2.28).

This set of linear equations describes the behavior of the EM fields at the illuminated
[upper equation in (2.28)] and non-illuminated [lower equation in (2.28)] sides of the
perforated film. It will appear throughout this thesis when applying the ME technique to
the study of different designs. Although the specific form of the various terms appearing
in Egs. (2.28) depends on the system under study, it is possible to give them a simple
physical interpretation, valid for all cases. An schematic picture of the role played by all
the terms in Egs. (2.28) is shown in Figure 2.3.

The term I}, is only present in the upper equation of (2.28), which, as stated above, is
linked to the input face of the film. It has the form

lisy = ZZYiim(Soi)zfi) . (2.29)

Notice that it is proportional to the overlapping integral between the incident plane
wave and the holes waveguide modes. Therefore, we can relate it to the direct initial
illumination over the holes.

There are two terms involving only the waveguide mode |qys, y)

1sy = Yi cot(gh), (2.30)
1

Gl =Yl — (2.31)

o o sin(qgls)h)

The difference between these two terms can be easily understood by looking at Egs.
(2.28). €15, describes how EM fields in the illuminated (non-illuminated) face of the film
modify the electric field amplitudes at the input (output) side of the holes, E;,, (EJ, ,)-On
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2. Theoretical methods

the other hand, GXW takes into account the effect of EM fields at each surface of the film
on the amplitudes at the other side of the holes. Thus, we can link €, to the bouncing
back and forth of the EM fields inside the apertures, and the term G/ y
of EM fields at the two sides of the film through the holes.

Finally, the term

to the coupling

l ll ! A
lsfy Z Yk U TZ’YYZU' Smsng'/ (232)

mno

reflects the radiation that the waveguide mode |qyy, ) emits into diffracted waves,
|Kyun, o), which is finally collected by the mode |q;s, 7). Note that Gll;iy diverges when-
ever one of the diffraction modes in the sum in Eq. (2.32) becomes grazing. This occurs
whenever kmn = 0 for any m and #n, which makes Ylﬁmn »—p have a singularity. Therefore,
the term G, 5577 governs the behavior of E; sy and Ej 5y when diffracted waves are tangent
to the film surfaces. We will see in chapter 4, that this behavior of Gll;syl can be related
to the appearance of surface EM modes on the sides of the perforated film.

Once Egs. (2.28) are solved, the set of modal amplitudes Ej,, E/__ is known, and the

Isy
EM fields in all the space can be constructed. Additionally, the transmissivity of the film
(ratio between the transmitted and the incident EM power, o/ ;) can be also calculated.
The EM energy carried by the incoming plane wave is given by the integral of the z

component of the Poynting vector within the unit cell,
1 ' i)\
o = 5 [ drRe{(E) x (rH)) =
Lo

1 ' e :
— 5 [ drRe{(rlE) - (—us x ()"} = 5 (L) (233)
The EM power transmitted through the structure can be obtained in two different

ways:

1. Through the holes. By integrating the z-component of the Poynting vector associa-
ted to EM fields within region II (see Fig. 2.2), the EM energy flowing through the
holes in the positive z-direction can be expressed as

7Re{12 ls'y ‘Alsvyz |B157| ]} - Elm{lz:clsyEls'yElsy} (2'34)
5 sy

where we have used relations (2.26) and (2.27). Note that real and imaginary part
functions, Re and Im, ensure that only waveguide modes which are propagating
along z-direction (|qs| < ko) contribute to the summation in Eq. (2.34).

2. In the far field. The total energy exiting from the structure can be written in terms

of the transmission coefficients in region III as

n 1 1
o) = 7 Rel Y Yo ltume|*} = 5 Im{ ) Glsv7 EisyEvo b (2.35)

mno ZS’)/ l’s”y’
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Transmittance

06 08 1.0 12 14

Figure 2.4.: Dependence of the transmittance on the number of waveguide modes involved in the
expansion of EM fields inside the apertures. Left panel: square array (dy = d, = d) of square
holes (ay = a, = 0.5d) perforated in a PEC film of width i = 0.4d. Right panel: slit array
under p-polarization with 2 = 0.3d and h = 0.7d. In both panels, the legend indicates the

number of waveguide modes considered inside the apertures.

/

where the dependence of ¢, with the modal amplitudes E;, .

is given by Eq. (2.22).

The use of PEC approximation in our model translates into that the transmittances
obtained from pt(l) and got(Z) are equal. However, when the dielectric properties of the
metal film are taken into account (see Sec. 2.2.5), absorption effects arise in the model,
and these two magnitudes become distinct. Therefore, in this case, only p@ can be used
to calculate the transmissivity of the structure in the far-field.

The ME technique presented above is a very suitable approach for analyzing the scat-
tering of light with holes much smaller than the wavelength. In this geometric limit,
the EM fields inside the film are accurately described by considering only the lowest
waveguide modes in the summation of Eqs. (2.11) and (2.12), since they are the least
evanescent modes and hence they control the flux of EM energy through the film. As we
have shown above, the size of the set of continuity equations is equal to twice the number
of waveguide modes considered. Therefore, for small enough holes, our ME formalism is
quasi-analytic, which allows us to study the EM phenomena occurring in these complex
structures with very low computational effort. The fast convergency of ME calculations

with the number of modes inside the apertures is shown in Fig. 2.4. The left panel of the
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2. Theoretical methods

figure renders the transmission spectrum for an square array (dy = dy, = d) of square
holes (a, = a, = 0.5d) perforated in a film of width & = 0.4d. The transmissivity of the
structure displays the resonant features characteristic of the EOT phenomenon [39]. It
is remarkable that the spectrum calculated considering only the two lowest waveguide

modes (red dashed line) is already almost converged.

Slit arrays

Once we have presented our ME formalism for the general case of a periodic 2D hole ar-
ray, we describe here how it can be modified to treat 1D slit arrangements [see schematic
picture in Fig. 2.1 (b)]. These systems display translational symmetry along the direction
parallel to the slits, which we have labelled arbitrarily as y-direction. If the illumination
plane is normal to the slits i.e., k; belongs to the xz-plane, EM fields do not depend on y-
coordinate, and the transverse wave vectors associated to the EM modes at the different
regions of the structure must be parallel to the x-direction. Thus, the wave vector associa-
ted with diffracted Bloch waves in 1D systems have the form k;, = kjuy = (k; + m%”)ux,
whereas for slit waveguide modes, they are q; = qyu, = [7u,. Note that, for simplicity,
we have done d, = d and a, = a.

The Bloch waves in free space, into which EM fields are expanded above and below

the film, read now

ik x ik x 1
(xlkp, o =1) = & <O>,<x]km,0:2>:e < ) (2.36)

vd \ 1 vd \ 0

and the slits waveguide modes are given by

2 I a 0
(x|g,y=1) = \/;sma(x—i—z) ( . >,
o - 2—(510 I a 1
(x|q;,y=2) = \/acosa(x—i—z)(()).

In slit arrays, the overlap between Bloch waves with ¢ = 1 (¢ = 2) and waveguide

(2.37)

modes having v = 2 (7 = 1) is zero. This reproduces a well-known property of EM fields
which do not depend on one of the spatial coordinate, that the two light polarizations are
decoupled. This fact translates into that in our ME formalism, s and p-polarized waves
are treated independently. This means that only modes having the same polarization as
the incoming light are involved in the fields expansion. Hence, as 0; = ¢ = <, we can

label the polarization of EM fields in all the space with only one index, . Following
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Figure 2.5.: Transmission spectra for a periodic array of slits under s (green line) and p-polarized
(red line) illumination. The geometrical parameters of the structure are the slits width, a =
0.2d, and the film thickness, i = 0.16d.

the same matching procedure as for the 2D case, we end up with a set of continuity
equations of the same form as Eqgs. (2.28)
v

(G — €El + Lwu GLE) — G "E" = I},

(2.38)
v

(G —€e)E + Lyu GLE) — G/ "E] = 0.
All the terms in Egs. (2.38) have the same form as their 2D counterparts by replacing
the longitudinal wave vectors kgm") and qgls), by kﬁ’") = \/k(z) — k2, and qgl) = ,/k% — qlz,

respectively. Thus, we have

I = 20" (o))", (2.39)
e/ = ¥ cot(q!n), (2.40)
G = Y””%, (2.41)
sin(g; 'h)
Gy = iZYIg,Z(Uer)*Uer“ (2.42)
m
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where we have introduced the 1D overlapping integrals (see Appendix A)

ol = (km,YlqLy) = /dx<km,’YIX><xwz,7> = (qu, Y|km, 7)™ (2.43)

Although, formally, both light polarizations are described equally within our ME
framework, the underlying physics is very different. This fact is reflected by the distinct
behavior of the term G;),. For s-polarized light, the inclusion of a grazing diffracted wave
(kgm) = 0) in the sum of Eq. (2.42) makes the corresponding admittance YkIv:l = kgm) /ko

m
I

vanish. However, for p-polarization, Ysz =ko/ kgm) diverges for diffracted waves tan-

gent to the metallic film. We will see inm chapter 4 that this singularity in G/, is a finger-
print of the appearance of bound modes in the system. The strong dependence of the
transmission properties on the polarization of the incoming light is illustrated in Fig. 2.5,
which shows the transmissivity of a periodic array of slits with a = 0.20d and h = 0.164.
For p-polarization, the spectrum shows the resonant features characteristic of the extraor-
dinary transmission phenomenon [39]. However, for s-polarized light, the transmittance
is much lower and does not develop any resonance, decaying monotonously within the
spectral range considered. In the right panel of Fig. 2.4, the dependence of the ME cal-
culations with the number of slit waveguide modes is analyzed. The figure shows the
transmission spectrum for an array of slits of width a = 0.3d and depth h = 0.7d. Note
that considering only the lowest waveguide mode inside the slits results in a very good
approximation for slits much smaller than the array period. This fact makes our formal-

ism very appropriate for the study of the transmission properties of these systems.

2.2.2. Finite systems

Up to this point, we have applied our ME formalism to the analysis of infinitely periodic
arrays of apertures. In this section, we show how it can be modified in order to treat
structures which are not infinite [92-94], such as finitely periodic, quasiperiodic or disor-
dered aperture arrangements. In what follows, we describe the two steps in which our
formalism is transformed, schematically depicted in Figure 2.6. We focus on the case of
2D holes and, at the end of the section, we provide details for the case of 1D apertures.

First, instead of expanding EM fields within a unit cell including only one hole, as
shown in Fig. 2.2, we consider a supercell of area Ly x L, containing the finite hole
arrangement that we want to analyze. Thus, the structure that we are describing is com-
prised by a 2D periodic array of these supercells, as shown in panel (a) of Fig. 2.6. Above
(region I) and below (region III) the perforated film, the expressions describing the EM
fields have the same form as in Section 2.2.1, where now, the periods dy and d, must be

replaced by the supercell dimensions L, and Ly, respectively. However, inside the me-
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Figure 2.6.: Modifications performed in the ME formalism in order to treat finite systems. Panel

(a): Definition of a supercell containing several apertures. Panel (b): Cell dimensions, Ly and

Ly, are taken to infinity.

tallic film (region II), the EM fields are now written in terms of the waveguide modes

corresponding to the different holes inside the supercell, having

B) = Y [Awe™ '+ Boe 7 |a), (2.44)

o

—u; x [Hy) = ZY”A ¢tz _ et |a), (2.45)

where, in order to simplify the notation, we have introduced the compact index «, which
characterizes not only the position of the holes inside the supercell but also the order
and polarization of the waveguide modes inside each aperture.

As a result of the mode matching process at the system interfaces, we end up with a
general version of the continuity equations in terms of compact indexes « and B, which

reads

(Goax — €a)Eo¢ + Zﬁ;ﬁa Ga,BEﬁ — G[X%/Et; =1,
(2.46)

(Gu — €x)Eg + Zﬁ;&a GtxﬁEl/g - GXEa =0,
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where the definition of the different terms is the same as in the case of periodic arrange-
ments. As we demonstrated in Section 2.2.1, all these terms refer to only one waveguide
mode, except the G term, which takes into account the interaction of EM fields asso-
ciated with different waveguide modes. As the supercell that we are considering now
contains several apertures, G,z in Eq. (2.46) reflects the EM coupling between waveguide
modes which can belong to the same or different apertures. Using the definition of the
overlapping integrals introduced in Eq. (2.21), this term can be written as

Gup =1 Y_ Yo o{a|kn, o) (Kpn, 0|B), (2.47)

mno
where now k., = k; + mZL—Zux + n%uy. Hence, by writing G, = (oc]é]ﬁ), we can define
the operator

G=i) Y o |%nn ) (K, 0l, (2.48)

mnao

which couples EM fields corresponding to different waveguide modes, |a), through all
the Bloch waves, |k, 0).

The second step consists of taking the limit Ly, L, — oo in the continuity equations
(2.46), keeping the holes positions inside the supercell. The geometric interpretation of
this limit is sketched in panel (b) of Fig. 2.6. The supercell containing the holes has
become artificial, as no periodicity is present in the structure. This modification does not
affect all the terms in Eqs. (2.46) that refer to only one waveguide mode, whereas the
transformation of the G, term occurs through the operator G. Taking the limit Ly, L, —
oo translates into that discrete diffraction orders cannot be defined and the spectrum of
Bloch waves becomes continuous. Thus, the discrete sum in Eq. (2.48) transforms into an

integral, resulting in a new formal expression for G, which now reads
A i
G = H//dk LYo [loo) (k] (2.49)

where k = kyu, + kyu, is the transverse wave vector, k = |k|, and the admittances are
Yo—1(k) = \/k3 — k?/ko, for s-polarization, and Y,—» (k) = ko/ y/k3 — k?, for p-polarization.

Plane waves |k, o) are given by

ikr —k ikr kx
(tlk,o=1) = e’k’ < y > (t|k, 0 =2) = e‘k’ ( ) . (2.50)

Operator G can be projected into the position basis, |r), having

A A i e 1 [(R—R ke
G(r,v') = (1| Gl = H//dkek< >k%_k2 ( 3{ykyy k%"_ykz ) (2.51)
Y
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Analytical expressions for the different entries of the tensor

G(r,r') = Cux(r,) Gy(n ) (2.52)
' Gyx(r, 1) Gyy(r, 1) , |

can be given by defining the normalized wave vector, @ = k/ko = (qx,9y), and relative
position, dg = ko(r — ') = (dox,doy). If we make g = |q| and dy = |do|, and using the
relation [95]

elady 1 i
27T/ q 1_ > doe , (2.53)

which corresponds to the Green’s function associated to the Helmholtz’s equation in 3D,

we find the dependence on the normalized distance, d, of each component of G(r/, r)

; 1 i 1 1 3i 3

/ — g ldo . - 2 . - _ =
Gax(r, 1) ie [do + d% dg doy (d% + dé d8>] , (2.54)

; 1 3i 3
- id,
; 1 i 1 3i 3
_ - id,

Gy]/(r, r/) = —ie" |:do + d—é d3 d <d8 + Zé - d8>:| ’ (2.56)
Gyx(r,¥') = Gyyl(r ). (2.57)

The scattering properties of finite arrangements of slits can also be described within
our formalism by following the same approach we have developed for 2D hole arrays.
Again, the starting point is a 1D supercell of length L containing the slit arrangement we
want to study. Then, from the matching procedure, a set of continuity equations of the
same form as Eqs. (2.46) can be built for both light polarizations. Therefore, two different
1D operators G, (where v indicates the polarization) arise. In the limit L — oo, they have

the form

- / dk Y, ( (2.58)

where k is the transverse wave vector parallel to x-direction and Y,—1 (k) = ko//k3 — k?

and Y, (k) = k% — k?/ko. In the position basis, |x), CA}7 for s-polarization (v = 1) reads

\/ K3 — k2
Gs(x, x') = (x|Gs|x) /dkielk(" ), (2.59)
ko
whereas for p-polarization (7y = 2), it is given by

ik(x—x)
G, (x,x') = (x|G,|x") zn/dk . (2.60)
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Analytical expressions for both operators can be obtained from the 1D version of Eq.
(2.53),

ey et 1)
s | 0 = = 21 ) (200
where Hél) is the zero order Hankel function of the first kind. Eq. (2.51) corresponds to
the Green’s function for the Helmholtz’s equation in 2D [95]. By making dy = ko|x — x’|
and g = k/ko, we have that, for s-polarization,

iko

Gs(x,x') = P Hy (kolx = 2')) + Hy (kolx = 2'])], (262)

where HZ(Z) is the second order Hankel function of the first kind, whereas for p-polarized
light,
ik
Gylx,x') = %’Hgl) (ko|x — x')). (2.63)

2.2.3. Reciprocal space formalism

In order to relate the scattering properties of a perforated film to the structure factor [96]
of the aperture array;, it is convenient to transform our ME formalism into the reciprocal
space. As we have seen in the previous sections, the real space version of our ME formal-
ism allows constructing the EM fields in all the space from the electric field amplitudes
at the input and output sides of the apertures. Therefore, these modal amplitudes control
the transmission and reflection characteristics of the film. The set of continuity equations

governing them can be rewritten as

_enEn(R) + Y Rm Gwl}nI}/Em(R/) - GXE;(R) = In<R)r
(2.64)
—€nEp(R) + Triy GRRE, (R') — GYE4(R) =0,

where the definition of the different terms remains the same as in Egs. (2.46) but index
« (B) has been split into two different indexes: R (R’), indicating the hole position, and n
(m), which denotes the order of the waveguide mode. We can expect that the connection
between the geometry of the arrangement and its transmission properties resides in the

Fourier components of the electric field amplitudes, E,(f) (k), defined as

EV (k) = Y B (R)e R, (2.65)
R

where the sum ranges over all the apertures. These k-space amplitudes describe the
dependence of EM fields at the sides of the perforated film on the parallel wave vector,
k.
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The continuity equations for E, (k) and Ej (k) can be obtained from Egs. (2.64) by

multiplying each equation by e~’*R, and summing for all R. Thus, for each k, we find a
system of integral equations in which the structure factor of the set of apertures, S(k) =

Y re R appears explicitly

—enEn(K) + L [ K GpaeS(k — K)Ep(K') — GYEL(K) = L,(R = 0)S(k — k;),
(2.66)
—enEL(K) + L [ K G S(k — K')EL (K') — GYE, (k) = 0.

Note that the €, and G terms remain the same as in real space, as they do not link
EM fields associated to different holes. The illumination term is now given by the prod-
uct of the coupling between the incident light and the n" waveguide mode at R = 0,
I,(R = 0), and the structure factor S(k — k;), where k; is the in-plane component of the
incoming wave vector. The integral term Y, [ dk'G 10 S(k — K’ )E,(q;)(k/ ) represents all
the scattering processes that couples EY (k) to the continuum EY (k). The crystal mo-
mentum needed for the coupling is provided by the structure through S(k — k'), and the

amplitude of each scattering process is measured by
i
Gunk = 7 ZYkg<n]k, o) (k,o|m) (2.67)
4= =

where |k, o) are the plane waves defined by Egs. (2.50), and |n) and |m) are waveguide
modes evaluated at R = 0. Note that G, diverges whenever a p-polarized diffraction
wave goes glancing.

In what follows, we describe how this k-space framework enables us to reach a better
understanding of the scattering of light by perforated films, although from a numerical
point of view it is more convenient to work with our ME formalism in real space. We
define the functions X’ (k), which satisfy

E,(REL () = T [ dK'Gao (i~ K)EL (q). (2.68)

As we showed in Section 2.2.1, for subwavelength apertures it is a very good approxima-
tion to consider only the least evanescent waveguide mode inside the holes (labelled as

n = 0). Hence, for each k, we can rewrite Egs. (2.66) as a set of two linear equations

(Zo(k) — e0) Eo(k) — GY Ep(k) = Io(R = 0)S(k),
(2.69)
(Zo(k) — e0) Eg(k) — GY Eo((k) =0,

where, for simplicity, we have restricted our analysis to normal illumination, i.e., ki = 0.
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Figure 2.7.: Structure factor for two different periodic arrays of 1024 holes.

Let us consider firstly the case of an infinitely periodic array. Taking advantage of
Bloch’s theorem, we can write Eé’) (k+b;) = E(()l)(k) and S(k) = %Zbld(k — b)),
where d, and d, are the array periods, b; are the reciprocal lattice vectors, and 6(x) is the
Dirac’s delta function. Introducing these expressions in Eq. (2.68) we obtain Z(()/)(k) =
% b, Goojrb,- It is well known that, under normal incidence and for wavelengths
larger than the array period, the transmissivity of periodic arrays is governed by the zero-
order diffracted beam. Thus, the transmission features characteristic of such structures

must be reflected in the two k-space linear equations for k = 0

(X0 — €0)Eo(0) — GyE((0) = Io,
(2.70)
(Zo — €0)E(0) — GYEo(0) =0,

where we have done Xy = X((0) = % Yb, Goo;p,- Importantly, this Xy function coincides
with the real space G-term for periodic hole arrangements defined in Eq. (2.32) when
only the lowest waveguide mode is considered. Thus, as €y, G(‘)/ and Iy have the same
form as their Fourier counterparts, we have found that real space (2.28) and reciprocal

space (2.70) continuity equations are exactly the same for the case of perfectly periodic
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aperture arrangements.

The arguments presented above can be applied to any finite distribution of apertures
(periodic, quasiperiodic or disordered arrangements). Bloch’s theorem cannot be applied
to such structures and, in principle, Egs. (2.66) must be solved for a continuum of states k.
However, we have found that for a finite array with a large number of holes, k = k; = 0
is the dominant transmission channel. Therefore, a good approximation can be obtained
by only considering Ey(0) and E{(0). The equations for these magnitudes are written
like Egs. (2.70) where Xy = ZJ(()/) (0) can be calculated numerically from E(()/) (k) [see Eq.
(2.68)]. Note that these last quantities can be easily obtained by a Fourier-transformation
of the set of modal amplitudes in real space, { Eo(R), Ej(R) }. Then, within this approach
we are able to relate transmission features with properties of just two equations, as in
the case of an infinite periodic array.

Although here we have considered only the case of 2D hole arrangements, our frame-

work can be easily extended to 1D slit apertures.

2.2.4. Bound modes

In the previous sections, we have applied our ME formalism to the analysis of the scatter-
ing properties of perforated films. Here, we show how the bound EM modes sustained
by periodically structured PEC metals, the so-called spoof surface plasmon polaritons
(spoof SPPs), can be also studied within our theoretical framework.

Our approach allows treating the bound modes in arrays of both 1D and 2D apertures.
Our starting point are the continuity equations (2.28) and (2.38) associated to holes and
slits, respectively. The EM modes supported by perforated films are characterized by
having strong electric field at the film surfaces even for arbitrarily small illuminations.
Therefore, they appear as solutions of the eigenvalue problem set by the ME continu-
ity equations when the illumination term is removed. Hence, spoof SPP modes corre-
spond to the non-vanishing solutions of the homogeneous version of Egs. (2.28) and

(2.38) which, using the compact notation introduced in Eq. (2.46), read

(szrx - eoc)sz + Zﬂ;&a GaﬁEﬁ - G[‘;E; =0,
(2.71)

(Ga — €Q)E{X + Z'B#“ G“ﬁE//S — G;/Ea = O,

where now index & corresponds to {/,s,y} for 2D holes, and to {I} for 1D slits.

The bound modes sustained by single corrugated PEC surfaces can also be studied
within our formalism. We showed in Section 2.2.1 that each equation in (2.71) can be
related to one of the sides of the perforated film, and that the GV term reflects the
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2. Theoretical methods

coupling of the EM fields at the different film surfaces through the apertures. Thus,
by removing this term, the film sides are disconnected, which enables us to treat the
spoof SPP modes supported by single structured metallic surfaces. Thus, we find that
the bound modes sustained by blind perforations (grooves and dimples) are described
by

(Gua —€a)Ea+ ) GapEp = 0. (2.72)

pFa

where the G, and €, terms remain the same as in Egs. (2.71).

The dispersion relation of the bound modes in such structures is calculated by finding
the values of the parallel component and modulus of the wave vector (k and kg = w/c, re-
spectively) for which the determinant associated with the continuity equations vanishes.
Although, in general, this problem must be solved numerically, analytical expressions

for the dispersion relation of spoof SPPs can be obtained by using two approximations:

® Only the fundamental waveguide mode is taken in the expansion of EM fields
inside the aperture, which allows working with the single mode version of Egs.
(2.71) and (2.72).

® Only the p-polarized zero-order diffraction mode is considered in the G-term,
which provides us simple expressions for this term governing the coupling be-

tween apertures.

The first approximation leads to accurate results for subwavelength apertures, failing
when the size of the indentation is comparable to the array period. The second approx-
imation, which is equivalent to consider the system as a metamaterial represented by
the average EM fields, must be corrected close to the band edges, as it does not reflect
the appearance of gaps due to diffraction effects. Additionally, it has been demonstrated
that this approximation overestimates the binding of spoof SPP modes supported by 2D
apertures [61]. In what follows, we describe how analytical expressions for the spoof SPP
bands can be obtained. Importantly, despite of its approximate character, our analytical
approach enables us to gain physical insight into the problem and to predict the depen-
dence of the exact dispersion relations on the various geometrical parameters defining
the structure (see Sec. 3.2.2).

First, we consider the case of blind apertures, i.e., those which do not pierce completely
the metallic film. Two different periodic structures are analyzed, 1D arrays of grooves and
2D arrangements of dimples. The condition for the existence of bound modes in these

systems reads

G—e=0. (2.73)
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2.2. Modal expansion formalism

Neglecting diffraction effects, the G term in (2.73) is given by G = i \/kgﬂiikz S(k) |2, where
S(k) is the overlap between the p-polarized zero-order diffracted mode and the lowest
waveguide mode inside the indentations. Moreover, for apertures much smaller than the
wavelength, the dependence of the overlapping integral on the parallel wave vector can

be neglected, having S(k) ~ S. Thus, the analytical spoof SPP bands for 1D and 2D blind

apertures is given by
[SI*

Note that, as expected k > kg = w/c, which reflects the bound nature of EM modes.

For groove arrays, € = cot(koh) [see Eq. (2.40)], where h is the depth of the indentation.
The overlap can be calculated from Eq. (A-3), having S = v/a/d for small widths, a.
Therefore, the dispersion relation of the bound modes supported by a periodic array of

grooves reads

k= ko\/ 1+ (g)ztanz(koh). (2.75)

On the other hand, for the case of dimple arrays in the subwavelength regime (kg <
rt/a), Eq. (2.30) yields

(r/a)?—K3
e=t—0—— coth < (rt/a)? — k3 h). (2.76)
0

The corresponding overlapping integral can be obtained from Eq. (A-7), having S = &ﬁ.

T

Thus, the analytical spoof SPP band for 2D arrays of dimples is given by

4
2v/2a k2
k= kOJ 1+ ( o ) (n/a)g e tanh? < (t/a)>—k3 h). (2.77)

Note that, for simplicity, we are considering only the case of square arrays (of period
d) of square dimples (of side a). Figure 2.8 plots the dispersion relation of the bound
modes sustained by an array dimples of side a = 0.6d and depth h = d. The convergence
with the number of waveguide modes considered in Eq. (2.72) is shown. The number of
diffraction orders considered in the calculations is sufficient to reach convergence. For
comparison, the dispersion relation obtained from Eq. (2.77) is also shown.

We now focus on the bound modes sustained by PEC films fully perforated with pe-
riodic arrangements of slits and holes. The existence of bound modes in such structures

requires the condition

(G—e)+G" =0 (2.78)
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Figure 2.8.: Spoof SPP bands for a square array of square dimples of side a = 0.6d and depth
h = d. The convergence of the spoof SPP bands with the number of waveguide modes
involved in the calculation is shown. In all cases, 25 diffraction orders are considered. Grey
dotted line plots the analytical dispersion relation obtained with Eq. (2.77).

to be fulfilled, where the negative (positive) sign in Eq. (2.78) leads to symmetric (an-
tisymmetric) modes with respect to the film center. Therefore, the analytical spoof SPP

dispersion relation for fully perforated films read

/ [SI*

Note that, as in Eq. (2.74), k > ko.
The terms S and the € in Eq. (2.79) remain the same as in the case of blind aper-
tures. For 1D perforations, the GV term can be calculated from Eq. (2.41), having GV =
1/ sin(koh). For 2D square holes, this term can be calculated from Eq. (2.31), having
(t/a)>—k3 1
ko sinh (\/(70/a)2 ~ k3 1)

oV (2.80)

Introducing these two expressions in Eq. (2.79), we find the analytical dispersion relation
of the bound modes supported by slit arrays,

k= ko\/1+ (”)ZW (2.81)

d/ [cos(koh) £1]%’
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Figure 2.9.: Dispersion relation of the spoof SPPs supported by slit (left panel) and groove (right
panel) arrays of the same geometry. The apertures width, g, is fixed to 0.2d. Four waveguide
modes and 21 diffracted waves are considered in the ME calculations. Grey dotted lines plot
the analytical bands obtained from Egs. (2.81) (left panel) and (2.75) for the case h = 0.84.

and hole arrangements,

k—ko |14 22 o sint? (/) ~ 3 1) (2.82)
0 rd (7/a)? — kg (cosh<\/T—k(2)h> +1)2 |

Figure 2.9 renders the dispersion relation of the spoof SPPs sustained by periodic
arrays of 1D apertures of width a = 0.2d. Exact spoof SPP bands for slits (left panel) and
grooves (right panel) are computed from equations (2.71) and (2.72), respectively. In the
calculations, 4 waveguide modes and 21 diffracted orders were considered. Two different
aperture depths, /i, are considered. Grey dotted lines plot the analytical spoof SPP bands
for h = 0.8d obtained from equations (2.81), for slits, and (2.75), for the case of grooves.
Within the frequency range shown in the figure, only a symmetric mode (positive sign
in Eq. (2.79)) is supported by the slit arrays considered.
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Figure 2.10.: Behavior of EM fields at a metal-dielectric interface within the perfect conductor

and surface impedance approximations.

2.2.5. Surface impedance boundary conditions

Surface impedance boundary conditions (SIBCs) [90] allow the incorporation, in an ap-
proximate way, of the dielectric properties of real metals into our ME formalism. Before
describing the basic ideas behind the SIBCs, we review briefly how EM fields behave at
the interface between a PEC metal and a dielectric [10]. The main characteristic of PEC
metals is that EM fields vanish inside them. Thus, just at the metal surface, tangential
electric (E¢) and normal magnetic (H,) fields are set equal to zero. However, this is not
true for normal electric (E,) and tangential magnetic (H;) components of the EM fields.
The appearance of screening charge densities and currents in the surface of PEC metals
gives rise to discontinuities in these two last components of the EM fields. In the left
panel of Figure 2.10 the behavior of EM fields in a PEC metal-dielectric interface are
depicted schematically.

SIBCs allow exploring the changes suffered by EM fields close to a metallic surface
with finite, rather than infinite, conductivity. However, as in PEC interfaces, Maxwell
equations are not solved inside the metallic media. In the surface impedance approach,
the effect of the fields penetration inside the metal is reflected in the EM fields just at
the metallic surface. This is performed by defining a surface impedance Zs that relates
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2.2. Modal expansion formalism

tangential electric and magnetic fields just at the system interface.

The surface impedance approximation is based on the assumption that the spatial
variation of the fields normal to the interface (z-direction in Fig. 2.10) is much more
rapid than the variations parallel to it. This allows neglecting the parallel derivatives in
the Maxwell-Faraday’s equation, V x H = —iekoE, when it is applied to the tangential
EM fields close to the metal surface. Therefore, the tangential fields inside the metal
and close to its surface satisfy E; = %az(n x H), where €) is the metal permittivity
and n is the vector normal to the interface directed outward from the metal. If parallel
variations are much slower than normal ones, then ky, k, << k; and k; ~ \/€pko. Thus,

we find that E; and H; just at the metal interface satisfy

1
Et’S:_\/T—MnXHt‘S:_ZSnXHt‘Sz (283)

where we have defined the impedance of the metal surface Zs = \/174

The surface impedance approach, differently from PEC approximation, allows the exci-
tation of surface plasmon polaritons (SPPs) [6] on metal surfaces. Therefore, the validity
of the approach [91] can be checked by calculating the dispersion relation of conventional
SPPs on a flat surface with SIBCs and comparing it with the exact one. It can be obtained
by combining Eq. (2.83) with the definition of the modal admittance presented in Sec.
2.2.1 (=uy X Hy = Yj,0deEt) which provides us with the condition for the existence of

SPPs under SIBCs, (1 + Zs)Ymode = 0. Introducing the admittance of p-polarized plane
ko

waves, Ymode = we find the dispersion relation of SPPs within the SIBCs approx-

imation

1
k = ko eMe —. (2.84)

epm+1
3.2.1). Thus, we can expect that SIBCs provide accurate results for metals with large

For |eym| >> 1, this expression coincides with the exact one, k = ko,/ -2~ (see Sec.

permittivities. This is true for most real metals in the terahertz and infrared regimes
[97], where SIBCs are an excellent approximation . Furthermore, the surface impedance
approach still leads to reasonable results in the telecom and optical ranges of the EM
spectrum, where metal permittivities are lower [98, 99].

We illustrate the incorporation of SIBCs into our formalism by considering the case
of an infinitely periodic array of holes. They are imposed at all the metal-dielectric in-
terfaces except in those corresponding to the apertures walls, which are still treated as
PEC. Thus, we avoid the application of SIBCs at corners [100], which would increase the

complexity of our model. Moreover, considering the apertures walls as PEC enables us
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to expand the EM fields inside them in terms of analytical wavefunctions. The effect of
fields penetration at the apertures can be considered by enlarging the apertures area, so
that the propagation constant of the approximated waveguide modes can be fitted to the
real ones [101].

SIBCs modify the continuity conditions on EM fields at the interfaces of the structure.
As for PEC boundaries, H; must be continuous only through the apertures. However,
the continuity of E; is now replaced by Eq. (2.83), which must be satisfied over the entire
unit cell. Therefore, it is convenient to define two effective transverse fields, F;_;; =
E: + Zsu, x Hy and Fjj_j;; = E¢ — Zs u; x Hy, whose continuity is imposed at z = 0 and
z = h, respectively (see Fig. 2.1). From these continuity conditions, a new set of linear
equations of the same form as Egs. (2.28) and (2.38) is obtained. However, the various
terms appearing in this set of equations are now different from the PEC ones. For the

general case of periodic 2D hole arrays, they read

Yl£¢7 Is
_ ’ i Yo\ *
fis, = W(Soom) , (2.85)
ey = 1Y e "1 ZSYIISIV) T i "(1- ZSyllslv) (2.86)
sy — I .
! e (14 ZsY[1 )2 — el (1 — Zgy[l )2
II
GL, = M’” (2.87)
el (1 + ZsYil )2 - ~ig!h (] — ZsY[L 2
lol A YI
! / mn 1 % ol
G, = i), "% (Smto) " Smnc- (2.89)

e 14+ ZsY]

mn0

Similar expressions can be obtained for 1D periodic structures and 1D and 2D finite
systems by applying the procedure described here to the corresponding continuity equa-
tions.

Notice how SIBCs modify the G-term (2.88) from its PEC version (2.32). As we stated
in Section 2.2.1, under the PEC approximation, singularities in Yénm » make Gll;“i;w, diverge.
We associated those divergences with the formation of geometrically induced bound
modes in the structure. Importantly, SIBCs shift that resonant condition and G 'Y how
explodes if 1+ ZSYlﬁmn » = 0. This equation coincides with the condition for the exis-
tence of conventional SPPs under the surface impedance approximation [see Eq. (2.84)].
Therefore, we have found that the divergences in the G-term (2.88) are related to the
appearance of conventional SPPs in the system (described with SIBCs).

Figure 2.11 depicts the transmittance of a 200 nm thick Ag film perforated with a
square array of square holes of side 250 nm and period 500 nm. The comparison of ME
calculations and exact FDTD results is shown. The fundamentals of the FDTD method
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Figure 2.11.: Transmission spectrum for a 200 nm thick Ag film perforated with a square array
of square holes. The array period is 500 nm and the holes side 250 nm. The number of
hole waveguide modes and Bloch waves considered in the ME calculation are 4 and 121,
respectively. The square mesh size used in the FDTD calculations is equal to 5 nm.

are detailed in Sec. 2.4. Red dotted dashed and black solid lines correspond to ME cal-
culations under perfect conduction and surface impedance approximations, respectively.
Blue dashed line plots the transmission obtained from FDTD simulations with a square
mesh size of 5nm. The permittivity of Ag has been taken from the fitted Drude-Lorentz
formula considered in [99]. The comparison of the ME calculations with exact FDTD re-
sults demonstrates the predictive value of our approach. It is remarkable that ME results
reproduce, even with PEC boundaries, the main features appearing in the transmission

spectrum of such structures even at optical wavelengths.

2.3. Transfer matrix method

In the early 90’s the experimental realization by Yablonovitch and co-workers [102, 103]
of photonic crystals featuring a full photonic band gap, grabbed the attention of solid
state physicists who, at that time, were working on describing the properties of electrons

moving in periodic structures. Theorists began trying to analyze the behavior of EM

43



2. Theoretical methods

fields in periodic dielectric media with the same tools that they used for calculating
electronic band structures.

Very soon, they realized that the light could not be treated as a scalar quantity, similar
to the electronic wavefunction, and that new approaches were needed for describing the
full vector nature of EM fields. The transfer matrix method (TMM) [104] was then devel-
oped as a high efficient approach for solving Maxwell equations in complex media. In
comparison with other proposed techniques, the TMM had several characteristics which
made it very suitable for addressing the problems that the incipient field of nanophoton-

ics was facing at that time. Some of these characteristics are:

* As a difference with other methods which provide the frequency, w, associated
with each real wave vector, k, TMM allows calculating photonic bands by finding

all complex k’s associated with a single w, similarly to the experimental procedure.

¢ TMM works in real space, which allows avoiding the high computational efforts
required to Fourier transform dielectric constants e(r) displaying abrupt spatial

variations.

e Within TMM, frequency dependent permittivities are treated straightforwardly,
whereas in approaches working at a fixed k, the treatment of media having a di-
electric constant e(w) translates into that the dispersion relation, w(k), must be

obtained in a self-consistent manner.

¢ The fact that TMM works at a fixed frequency, enables the calculation of transmis-

sion and reflection coefficients of complex objects in a very efficient manner.

In this section, we describe the fundamentals of the TMM, focusing on the problem
of the discretization of Maxwell equations, which lies at the core of this approach. Our

starting point are the curl Maxwell equations which, in the reciprocal space {k, w}, have

the form
. .w
ik xE = zc—],t(r)H, (2.89)
0
ikxH = —icﬂe(r)E. (2.90)
0

Note that in this section, in order to avoid confusion with the unit vector that will be
introduced below, the speed of light in vacuum is denoted as co.

Approximations crucial to the transfer matrix approach are now performed. In Eq.
(2.89), we make

ke ~ (e®* —1)/ia, ky =~ (e —1)/ib, k, ~ (e —1)/ic, (2.91)
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where the unit vectors a = au,, b = buy, and ¢ = cu, define the hexahedral mesh in

which Maxwell equations are discretized. In Eq. (2.90), we make
ke —(e” ™9 —1)/ia, ky =~ —(e7® " —1)/ib, k, = —(e” ™ —1)/ic. (2.92)

Fourier transforming back to real space the approximated version of Eq. (2.89), we

have
[t B) Bl B~ B () HL()
i[Ex(r+ c(): —Ex(r)  E(r+ ai - Ez(r): _ _Zﬁoy(r)Hy(r) (2.93)
(BB BE) B 90 )

and from Eq. (2.90), we obtain

e e Bt
[Hx(t—¢) = Hy(r) Hi(r—a)—H:.(n)] _w_ o
1[ c B a I coe( By (1) 299
i[Hy(r_ aa - Hy(l‘) _ Hx(l'— blz _ Hx(r): = %E(r)EZ<r)

Introducing the z-component of Egs. (2.93) into the x and y ones and defining H' =
%H, we can write

?w?

Ex(r+c) = Ex(r) + ?y(r)Hé(r)

2 [al[H;(r—a)—H;(r)] }
ae(r) L —p=1[H'(r — b) — H.(r)]
e o o - Hra) ]

—b~'[H.(r+a—b) — H.(r+a)] (2.99)

> H(r)Hy (1)
oIt —a) (] |
be(r) L —p~1[H.(r — b) — H.(1)]

_CZ[a_l[H;(r—a-l-b)—H;(l“Fb)]}
be(r+b) L —p=1[H.(r) — H.(r + b)] '

(2.96)
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The same procedure applied in Egs. (2.94) yields

H,(x +¢) = Hy(x) + e(r+ 0)E (r+ <)
- c2 [ =l [Ey(r+c) — Ey(r—a+c)] }
aw?p(r—a+c)l —pEy(r—a+b+c)—E(r—a+c)]

% a 'Ey(r+a+c)—E,(r+c)]
aw?p(r +c) [ —b YEx(r+b+¢c) — Ex(r+c)] } (2.97)
H;(H”C) = H;(r) —e(r+¢)Ex(r+c¢)
_ c3 [a—l[Ey(r—l—a—b—|-c)_Ey(r_b+c>] }
bw?u(r—b+c) L —p=1[E (r+c) — Ex(r—b+¢)]
& palE(r+ate)—Ey(r+o)
+bw2y(r—|—c)[ b Ee(r+b + ) — Ex(r+ )] } (2.98)

These equations express the transverse EM fields on a discrete mesh plane as a func-
tion of the fields on the previous plane. Therefore, given E; and H; at one end of the
structure under study, Egs. (2.95)-(2.98) allow integrating through the system to find the
EM fields at the other end. The matrix relating the EM fields on one side of the structure
to those in the other is termed as transfer matrix [104]. Egs. (2.95)-(2.98) can be written

in a more compact form as
F(z+4c) = T(z)F(2), (2.99)

where we have defined the vector F(z) which has 47,1, components, one for each trans-
verse EM field at each point of the plane, and where T(z) denotes the 4n,n,n,n, transfer
matrix [see panel (a) of Fig. 2.12]. If the structure analyzed is the unit cell of a more
complex system, then the eigenvalues of T(z) give the band structure of the system.
In order to calculate transmission and reflection coefficients, we must express T(z) in
the basis defined by the eigenvectors, F()(z), of the transfer matrix in free space, T°.
As, by definition, T does not depend on z, F(*)(z) corresponds to plane waves with

eigenvalues of the form e’*?. If S(z) is the unitary transformation to this basis, we have

ot -
. (2.100)

T(z) =S 'T(2)S = ( F+

where T(z) denotes the transfer matrix in the plane wave basis. It has been decomposed

into four submatrices, which are related to the transmission and reflection matrices of
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Figure 2.12.: Panel (a): Sketch of the TMM approach. The transfer matrix, T(z), expresses trans-
verse EM fields in a given plane, F(z + c), in terms of fields in the previous plane, F(z).
Panel (b): Definition of the transmission and reflection coefficients for a system comprising
a single discrete slice.

the layer by [105]

t— = (T—)7, (2.101)
tt = —(T )11, (2.102)
tt = Tt (T )}, (2.103)
tt = T T ()M (2.104)

The physical interpretation of the matrices t is depicted in the panel (b) of Fig. 2.12: t*+
and t~ T are the reflection and transmission matrices on the left hand side of the slice
and t~~ and t*~ are the transmission and reflection matrices on the right.

In order to calculate the reflection and transmission coefficients of large structures
transfer matrices for contiguous layers are multiplied. Then, the main drawback of the
TMM arises, the appearance of numerical instabilities due to the eigenvalues of the form
ek* (with imaginary k) which grow exponentially as z increases. However, this problem

can be overcome by combining the TMM with the multiple scattering formalism [106].
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Figure 2.13.: TMM and FDTD transmission spectra for a 350 nm thick Ag film perforated with
a periodic array of slits. The array period and slits width are equal to 500 nm and 100 nm,
respectively. TMM and FDTD results are compared. Mesh sizes in both TMM and FDTD

calculations are equal to 5nm.

Figure 2.13 shows the transmission versus wavelength for a periodic array of slits of
width 100 nm and period 500 nm, drilled in a 350 nm thick Ag film. The dielectric
constant of Ag has been taken from [99]. Numerical results obtained with TMM are
compared with FDTD calculations. TMM allows performing simulations in 2D domains
but the necessity of inverting transfer matrices every few discretized layers, makes the
technique not suitable for treating 3D systems. Thus, although the scattering of light by
1D slits can be analyzed through the method, it is not possible to simulate accurately 2D

apertures due to the high computational effort that TMM calculations require.

2.4. Finite difference time domain method

Differently from the ME and TMM approaches, which work in the frequency domain,
the finite difference time domain (FDTD) method aims at solving the time-dependent
Maxwell equations. The origin of the method can be linked to the limitations shown by

frequency-domain techniques employed in defence and communications technologies in
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the 70’s and 80’s. This led to the exploration of a novel alternative approach: direct time-
domain solutions of curl Maxwell equations on spatial lattices. The FDTD method was
the first technique of this class.

The fundamentals of the FDTD approach were established in 1966 by K. S. Yee [107],
who designed the space grid and time-stepping algorithm which lie at the core of the
method. However, it was not until 1980 when A. Taflove validated FDTD models of the
interaction of EM fields with real metallic scatterers and coined the term "Finite differ-
ence time domain" for the method [108]. Since 1990, due to its versatility and modelling
capabilities, the FDTD method has become one of the most extended tools for study-
ing EM fields and their interaction with material structures, with applications ranging
from ultralow-frequency geophysics to microwave communication devices or nano and

biophotonics [109]. Some of the most relevant features of the method are the following:

¢ FDTD methodology avoids the difficulties with linear algebra that limit the size of
the simulation domain in frequency-domain integral-equation and finite-element

techniques.

¢ The time-domain character of the method allows obtaining the response of the sys-
tem under study over a wide range of frequencies with a single simulation in which
a broadband pulse is used as the source. This fact makes the FDTD method very
useful in applications where the resonant frequencies are not known or broadband

results are required.

¢ FDTD treats nonlinear effects naturally, which allows the analysis of a wide va-
riety of EM phenomena arising in linear and nonlinear dielectric and magnetic

structures.

¢ As adifference with other computational approaches where only some components
of the EM fields are tracked, in the FDTD method the whole EM field is obtained
directly. This fact provides high stability to the calculations and make the technique

very useful in applications where all the components of the EM fields are relevant.

¢ Since EM fields are calculated in every point of the space as they evolve in time,
FDTD method provides animated displays of the EM fields propagating through
the system. These pictures can lead to a better understanding of the problem, and

represent a way to check the numerical stability of the simulation.

The FDTD method is based on the volumetric sampling of the unknown electric and

magnetic field vectors within the simulation domain and over a period of time. The
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Figure 2.14.: Distribution of electric and magnetic field components in the Yee grid.

discretization in space provides the spatial resolution of the simulation whereas the
sampling in time is related to convergence and numerical stability of the calculation.
Both are linked through the Yee algorithm [107], which represents robustly the curl

Maxwell equations.

Figure 2.14 shows how the components of the electric and magnetic field vectors are
located in the Yee algorithm. They are placed in 3D space so that every component of
E is surrounded by four circulating H components and vice versa. This gives rise to a
filling of the space by interlinked contours of curl Maxwell equations. Moreover, this
distribution of EM fields components enforces the Gauss-Maxwell relations. Thus, Yee

grid is divergence free with respect to both E and H in absence of charges.

Yee algorithm also arranges E and H components in time, following the so-called
leapfrog fashion. The electric field is calculated and stored at a given time using the
magnetic field data obtained in the preceding time step. Then, new results for H compo-
nents are obtained from the electric field just stored and the previous magnetic field. This
cycle, depicted in Fig. 2.15 , is repeated until the loop in time finishes. The explicit char-
acter of this procedure avoids problems arising in other approaches due to simultaneous

equations and matrix inversions.
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Figure 2.15.: Space-time sampling of the Yee algorithm showing the use of central differences for
the spatial derivatives and leapfrog stepping for the time derivatives.

In order to show how the Yee algorithm is incorporated into the FDTD method, we

build discretized expressions for the Faraday and Ampere-Maxwell equations
VXE = —Vir)atH, (2.105)
VxH = e(cr)atE. (2.106)

We define Ax, Ay and Az as the Yee mesh dimensions, and At as the time increment.
Each node of the spatial grid is labelled with three integers, {i, ], k} (see Fig. 2.14), and
we associate index n with each time step (see Fig. 2.15). Thus, we can denote any function
of space and time, u, evaluated at a discrete point in the spatial grid and at a discrete
point in time as u(iAx, jAy, kAz, nAt) = u’?,j,k'
The discrete version of the spatial derivatives of this function, evaluated at a fixed time,

are
O (i Ax, iy, kAz, nAt) — Ulisas2je — Hlias2n +O[(4x)?]
ox O IEY KA n Ax ’
ul™. — ulm”.
O (i Ax, iy, kivz, nAt) — ij1r2k— i +0[(Ay)3, (2.107)
dy Ay
ou,. . ”fﬁj,kﬂ/z - u|;‘1,j,k71/2 2
a(zAx,]Ay, kAz,nAt) = Ay + O[(Ay)~].
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Similarly, the time derivative of u, evaluated at a fixed space point i, j, k, has the form

n+1/2
ik
At

n—1/2
YE 4 o[(an?. (2.108)

du

ot

(iAx, jAy, kAz, nAt) =

Note that taking increments of the form £1/2A is the most convenient choice in order
to perform the interleave of electric and magnetic field components characteristic of the
Yee algorithm. Thus, we can write the discrete version of Egs. (2.105) and (2.106) in the
grid shown in Fig. 2.14 as

Ex| zn—:_ 11//22,j,k = Ex ’zn+_ 11//22,j,k
oAt [ (Ay) M1 e jop — Hzlfi -1 724 ] (2.109)
€ivi/aik | —(82) Hyll o ik012 = Hylfa o0 , '
E, ;‘1,;;11//22,k = Ex Zﬂll//zz,k
Mt [ (A2) sl 2172 = Halijinjapnzol ] (2.110)
€ij+1/2k —(Ax)_l[Hz|?+1/z,j+1/z,k —He[l o104 , .
E:ll e = Exllld
oAt ! (Ax) Hy 10 i051/2 = Helfo1/24001/2) ] @.111)
€ijk+1/2 —(Al/)fl[Hx ;‘1,]'+1/2,k+l/2 — Hy ij1/2,k+1/z] ’ '
Hy Zj++11//22,k+1/2 = Hy Z;l//22lk+1/ 2
At | (Az)il[Eymj—&-l/Z,k—&-l —Ey ZJ'+1/2J<]
Hij+1/2k+1/2 | _(Ay)_l[EZ’gj+1,k+l/2 — E; Zj,k+1/2] i ,
Hy ’?:11//2%]}k+1/2 = H, ’?Jr_ll/%',kﬂ/ 2
Lot AT ER e~ Bl ] (2.112)
Hir1/2jk+1/2 | —(A2) MExl!y g0 i1 — Exliyajo 0] |
HZ|?++11//22,]'+1 /2k = H, ?4:11//22,j+1/2,k
oAt (Ay)il[Ex’?H/z,Hl,k — Exltia/ 4l (2.113)
€iv1/2j+1/2k | —(80) T [EylP ok = Eulijyayon] | .

where €;;x and y; ; are the discrete version of the permittivity and permeability evalu-
ated at the node {i,j,k}. Egs. (2.109)-(2.113) illustrate the interspersed distribution of E
and H in the Yee mesh and the performance of the leapfrog approach describing the

evolution in time of the whole EM field.
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2.5. Finite integration technique

Finally, we discuss briefly how the dispersive dielectric constant of real metals can be
implemented in the FDTD approach. We consider a frequency-dependent Drude-like per-
2

mittivity [96] of the form ey (w) = €0 — . In time domain, the relation between

w
w(w-:i'yp)
the displacement field, D, and the electric field, E, is given by the convolution

D(t) = eE(t) + 47 /Ot E(t — 7)x(1)dr, (2.114)

where x(7) = —(;}—i’(l — e~ HU(t) is the time-domain susceptibility function, being U (t)
the unit step. This equation describes the causal relation between the displacement and
electric fields, as only T < t are involved in the convolution. Eq. (2.114) can be discretized
following the recipes presented above, and using a linear approximation for E inside the
integral, having

n—1
D" = eoE" + 47 Y [E" )"+ (B "1 —E"")E", (2.115)
m=0
where x" = fnsz:rl)Atx(T)dT and ¢" = Tgtﬂw(r — mAt) x(T)dr.
The combination of Eq. (2.115) with the discretized Ampere’s law, V x H'T1/2 =

(cAt)~1 D"+ — D], yields

n+l __ 600_47—[60 n
B = [600—471'(60—)(0)}]5
cAt nil/2 1 »
+[€m_4n@0_xo)}v X H'H/2 4 {em—4n(§0—;c0)h . (2116)

This vectorial equation allows the updating of the electric field inside a Drude metal.
It replaces Eqs. (2.109)-(2.111) when solving Maxwell equations inside nondispersive
media. In Eq. (2.116), we have introduced the artificial vector

n—1
P o— Z [Enfmocm o Xerl) i (Enfmfl o Enfm)(gm _ €m+1)], (2‘117)

m=0
which reflects the causal relation between D and E without the need to evaluate expli-
citly the convolution integral in Eq. (2.114). Thus, this approach, termed piecewise-linear
recursive-convolution algorithm [110], allows the treatment of metallic media in a very
efficient manner within the FDTD methodology, as vector ¥" can be calculated and up-

dated recursively in time.

2.5. Finite integration technique

One decade after the publication of the seminal paper by Yee [107] establishing the
foundations of the FDTD method, T. Weiland [111] introduced a different computational
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2. Theoretical methods

approach for analyzing complex EM phenomena. Instead of starting from differential
Maxwell equations, this novel method, termed finite integration technique (FIT), aimed
at solving the Maxwell equations in integral form. It used all six vector components of
the electric field strength and magnetic flux density on a dual grid system similar to the
Yee mesh. In 1996, Weiland [112] reformulated the FIT in terms of quantities linked to
space objects: electric and magnetic voltages assigned to grid contours, and electric and
magnetic fluxes assigned to grid surfaces. This fact allows the matrix formulation of FIT,
which made it also valid for irregular and non-orthogonal grids. For the case of leapfrog
time-stepping schemes applied to cartesian meshes, the discrete equations coming out
from FIT are identical to the FDTD ones. Therefore, FDTD method can be considered as
a subset of the most general version of FIT [113].

In this section, we describe how the discrete integral Maxwell equations are con-
structed in FIT [114]. The first discretization step consists in the decomposition of the
simulation domain into basic cells. In principle, these can have any geometry, while they
fit exactly to each other, but for simplicity, here we consider the case of a uniform hexa-
hedral computational grid, I'. We label the positions of the grid nodes as (x;,y;, z), and
the total number of nodes in I as N, = I x | x K, where I, | and K stand for the number
of nodes in the three spatial directions.

We restrict the finite integration procedure to the volume, V, of a single grid cell,

shown in Fig. 2.16. First, we construct the discrete version of the integral Faraday’s law

17/ 0
7§A E(r,t) - ds = —E//Agls(r,t)-dA, (2.118)

where 0A is the contour of the area A. For the face A,(i, ], k) of V [see panel (a) of Fig.
2.16], Eq. (2.118) can be written as

—~
—~

— .. —_ . . —_. . —_ .. 10 ..

ex(i,j, k) +ey(i+1,7,k) —ex(i,j+1,k) —ey(i,j, k) = —Egbz(z,], k), (2.119)
(xi+1yj,2k)
xi,yj,zk)
one edge of the surface Az(i, ], k). This scalar quantity represents the exact value of the

where we have defined ey (i, j, k) = f ( E - ds, which is the electric voltage along

integral of the electric field along this edge. We have also introduced the magnetic flux
Bz(i, pk)y=[J A(ijk) B dA, given by the integral of the magnetic flux density through
the cell surface A.(i,j, k).

The discrete version of the magnetic Gauss equation in integral form,

//av B(r,t)-dA =0, (2.120)

can be obtained following a similar procedure. Applied to the grid cell [see panel (b)
of Fig. 2.16], the closed surface integral in Eq. (2.120) can be expressed in terms of the
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Figure 2.16.: Panel (a): FIT cell showing the electric voltages e on the edges of the face A;(i, ], k))
and the magnetic fluxes b through this surface. Panel (b): Location of the six magnetic facet

fluxes, B, considered in the evaluation of the closed surface integral for the non-existence of
magnetic charges within the cell.

magnetic fluxes through each of its faces as

— (i, j,k) +beli +1,1,k) = by (i, k) +by (i, j + 1, k)
~b.(i,j, k) +b:(i,j,k+1) = 0 (2.121)

Up to this point, we have presented the integral formulation of Faraday and magnetic
Gauss equations for a single cell. However, this discretization scheme can be extended

to the whole simulation domain by introducing the 3N),-sized vectors

€ = (Cunleynlen)i,. v, (2.122)
b = (bualbyulben)ljicr, v, (2.123)

whose entries correspond to all the electric voltages and magnetic fluxes in I'. Thus, the
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equation (2.119) for all cell surfaces can be collected in matrix form as

el bs
11 -1 -1 ... : :—i:t A} , (2.124)
aw, by,
which can be written as
Ce = —liﬁ (2.125)

c ot
where matrix C represents a discrete curl-operator on the grid I'.

Similarly, Eq. (2.120) for a single cell can be expanded to the whole grid I" as

—~
—~

11 1 -1 -1 -1 ... : =0, (2.126)
by,
which enables us to define the discrete divergence matrix S and rewrite Eq. (2.126) as

Sb = 0. (2.127)

Note that both the curl, C, and the divergence, S, are discrete operators that only depend
on the grid topology, and their entries satisfy C;;, S;; € {1,0, —1}.

The integral Ampere’s law in absence of currents reads

1 d
?gAH(r,t) ds = _E//A SD(r,1) - dA. (2.128)
The Gauss’ law in absence of charges has the form
/ / D(r,t)-dA = 0. (2.129)
oV

The discretization of these two remaining Maxwell equations requires the introduction of
a second cell " which is dual to the primary cell I'. For the case of cartesian geometries,
I' and I are equivalent to the electric and magnetic subgrids in the Yee mesh (see Fig.
2.14). Within the dual grid, we define the 3N,-sized vector of magneto motive forces
h, = 15 i, H - ds, which contains the integrals of the magnetic field along every edge
0A, in I'. Similarly, we introduce the 3N,-sized vector of displacement fluxes through
all cells faces, A, ﬁn =[] 4, D - dA. With these definitions, we are able to write the FIT
expressions for Egs. (2.128) and (2.129), having
107
e
0, (2.131)

@l
=D
|

(2.130)

@]
o))
I
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2.5. Finite integration technique

where we have introduced the curl and divergence operators, C and S, defined within .
Egs. (2.125), (2.127), (2.130) and (2.131) define the complete set of the so-called Maxwell
grid equations.

Up to here, we have focused on the spatial discretization of Maxwell equations but we
have not considered the dependence on time of the EM fields within FIT. The algebraic
properties of the FIT Maxwell grid equations allows proving charge and energy conser-
vation within several time-stepping schemes. Some of the most extended time-stepping
approaches are the leapfrog FDTD algorithm, certain second order implicit methods,
and implicit time integration techniques [114]. The versatility and space-time stability
featured by FIT distinguish it from many alternative methods whose range of applica-
tion is much narrower and which may become unstable or inaccurate within long term

calculations.
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3. Geometrically induced surface

electromagnetic modes

3.1. Introduction

The occurrence of transmission resonances in perforated perfect conducting films [45],
which do not sustain surface plasmons, has led to a growing interest in these structures.
Recently, it has been demonstrated that corrugations on the surface of a perfect con-
ductor make it behave as an effective metal whose dielectric response is controlled by
geometry [56, 57]. It has been also shown that the geometrically induced electromagnetic
modes sustained by these systems, termed spoof surface plasmon polaritons, have char-
acteristics resembling those of conventional surface plasmon polaritons in the optical
regime.

At low frequencies, electromagnetic modes bound to metal-dielectric interfaces, the
so-called Zenneck [2] or Sommerfeld [1] waves, are not suitable for guiding purposes
due to their weak confinement to the metal surface. For this reason, surface modes in
periodic metal designs have been thoroughly studied in the framework of telecommu-
nication engineering [58-60]. In this context, spoof surface plasmon polaritons, despite
of being theoretical idealizations, open the way to transfer the technological potential
of plasmonics to low frequency domains, where perfect electric conducting metals are
an excellent approximation. This has given rise to an intense scientific activity in the
last years. Recently, theoretical corrections to the spoof plasmon concept have been intro-
duced [61, 62], and its extension to new geometries has been proposed [63]. Moreover, ge-
ometrically induced surface modes have been experimentally verified in the microwave
regime [64, 65].

In this chapter, we study the formation of spoof plasmon modes on planar and cylin-
drical structures and analyze the dependence of their characteristics on the different
geometrical parameters. Additionally, we propose two distinct guiding schemes featur-
ing subwavelength confinement in the transverse plane which borrow ideas from the
spoof plasmon concept and channel and wedge plasmon polaritons in the visible range

[31, 36]. In order to illustrate the technological capabilities of our work, we set the dimen-
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3. Geometrically induced surface electromagnetic modes

sions of our designs so that they operate at terahertz frequencies. Finally, we present the

comparison of our theoretical results with experiments realized in the terahertz regime.

3.2. Planar geometries

3.2.1. Surface Plasmon Polaritons on a flat metallic surface

We motivate our study of geometrically induced electromagnetic (EM) modes by briefly
reviewing the properties of surface plasmon polaritons (SPPs) supported by flat metallic
surfaces [7, 9]. These are p-polarized waves propagating at the interface between a metal
and a dielectric, evanescently confined in the perpendicular direction (see sketch in the
upper inset of Fig. 3.1). In our description, we characterize the metal response through
a lossless Drude-like dielectric function of the form ey (w) = 1 — wj/w?, where wy, is
the plasma frequency of the free electron gas modelling the metal. This quantity defines
the frequency range involved in the system. For most metals, w; lies in the ultraviolet
part of the EM spectrum (~ 10'® Hz). In the inset of Fig. 3.1, €y versus the normalized
frequency, w/ wp, 18 shown.

The dispersion relation for the SPPs supported by a flat metallic surface is obtained by

imposing fields continuity at the system interface, having:

EM((U)

k = koy | —M)
0 em(w) +17

(3.1)
where k is the wave vector component parallel to the metal-dielectric interface, and ko =
w/c. For simplicity, we have chosen € = 1 for the dielectric medium. According to Eq.
3.1,k > ko for w < wp, which reveals the bound character of SPPs. However, in the limit
w << wy, Eq. (3.1) yields k = ko, which indicates that no confined modes are sustained
by flat perfect electric conducting (PEC) surfaces.

The lower panel of Fig. 3.1 renders the SPPs dispersion relation calculated from Eq.
(3.1). The parallel wave vector deviates from the light line for increasing frequency until
wy/ V2, where it diverges. This evolution of k with w controls the normal component of
the wave vector in vacuum, k| = {/k? — k%. At low frequencies, |ey| >> 1, EM fields
are expelled out of the metal, and SPPs extend into vacuum. However, as w approaches
wp/ V2, |em| is reduced (see the inset of Fig. 3.1) and the the binding of the mode
increases, achieving subwavelength field localization in the direction normal to the metal-
vacuum interface.

From our brief analysis, we conclude that SPPs present their most interesting prop-

erties at frequencies slightly below w;, which usually correspond to the visible range
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Figure 3.1.: Upper panel: Metal-vacuum interface supporting SPPs. Lower panel: Dispersion rela-
tion of SPPs supported by a flat lossless metal surface characterized by a Drude-like dielec-
tric function. The inset plots the metal dielectric function versus frequency.

(~ 10" Hz). At these frequencies, SPPs transport efficiently EM energy within the metal
surface, featuring subwavelength fields confinement in the perpendicular direction. We
have also shown that at frequencies much lower than w,, k ~ ko, EM fields spread into

vacuum and SPPs lose their capabilities.

In the following sections, we describe how the limitations of conventional SPPs at
frequencies much lower than w, can be overcome through the structuring of the metal
surface. We will show that surface texturing creates surface EM modes even in the case
of perfect conductivity (spoof SPPs). As length and frequency scales are not defined in
PEC metals, this result allows transferring the properties of SPPs from the visible to
lower frequency ranges. We will demonstrate that the characteristics of spoof SPPs are
controlled by the geometry of the surface structure and compare our theoretical results

with experiments performed at terahertz frequencies (< 10'* Hz).
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3.2.2. Spoof surface plasmon polaritons: groove and dimple arrays

We begin our analysis of the EM modes bound to textured PEC surfaces by considering
the two geometries in which the concept of spoof SPPs was firstly developed: 1D arrays
of grooves and 2D arrays of dimples. In Section 2.2.4, we introduced these two systems
and discussed the suitability of our ME formalism for analyzing the characteristics of the
EM modes bound to them. We showed that the spoof SPP dispersion relation in these
two geometries is given by the non-vanishing solutions of the ME equations describing

the fields continuity at the metal-vacuum interface (2.72)

(Gaw — €a)Ea + ) _ GupEp = 0. 3.2)
p#a

where a and f label the waveguide modes inside the indentations. The unknowns, E,,
correspond to the modal amplitudes of the electric field at the input side of the inden-
tations. The term ¢, reflects the bouncing of the EM fields inside the indentations. It is
given by Egs. (2.40) and (2.30), for grooves and dimples, respectively. Finally, the term
Gup describes the interaction between EM fields linked to waveguide modes a« and B
through diffracted waves. Expressions for G, in the two systems considered are pro-
vided in Egs. (2.42) (grooves) and (2.32) (dimples).

In Section 2.2.4, we demonstrated that it is possible to obtain analytical expressions for
the spoof SPP dispersion relation in these two systems by introducing two approxima-
tions in our formalism. The first approximation consists in considering only the lowest
waveguide mode inside the indentations, which leads to accurate results only for aper-
tures much smaller than the wavelength. The second approximation consists in neglect-
ing diffraction effects, taking only the zero-order diffracted wave in the expansion of the
EM fields outside the indentations. This approximation is only valid for array periods
much smaller than the wavelength, and even in this limit, it overestimates the binding
of the EM modes. All the results shown in this section have been obtained through
calculations including a sufficiently large number of modes as necessary for reaching
convergence. However, it is worth taking into account the analytical dispersion relations
since they enable us to gain physical insight into our problem.

We consider first the case of groove arrays. The left inset of Fig. 3.2 shows the geomet-
rical parameters of the structure: the array period, 4, and the grooves width and depth,
a and h, respectively. As all lengths are scalable in PEC metals, we can consider d as the
reference length. The approximated spoof SPP bands reads (2.75)

ke = ko \/ 1+ (g)ztanZ(koh). (3.3)
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Figure 3.2.: Dispersion relation of the spoof SPPs sustained by arrays of grooves of width a = 0.2d.
Five different grooves depth are represented ranging from h = 0.2d to h = d. Black line
corresponds to the light line. Left inset shows a schematic picture of the structure considered.

This analytical expression enables us to predict the behavior of the exact spoof SPP
dispersion relation when the structure parameters are varied. Thus, according to Eq.
(3.3), the spoof SPP bands deviate from the light line when the grooves depth, h, is
enlarged. For h = 0, ky = ko and, as expected, no bound mode is supported by the
structure. However, when the PEC surface is milled with deeper grooves, the parallel

wave vector increases having ky > ko.

Figure 3.2 displays the exact dispersion relation of the spoof SPPs supported by groove
arrays of width 2 = 0.2d and depth varying from h = 0.2d to h = d. As predicted by
Eq. (3.3), the spoof SPP bands shift to lower frequencies (d/A) when the grooves depth
is increased. This result can be understood in terms of groove cavity resonances. The
lowest TM waveguide mode supported by 1D apertures is always propagating [see the
lower equation in (2.37)]. Thus, the EM fields associated to spoof SPPs explore the whole
groove depth, being very affected by changes in h. This fact provides the spoof SPP
modes supported by 1D indentations a hybrid nature featuring characteristics of both
surface and cavity EM modes.

In Fig. 3.3, the dispersion relation of the spoof SPPs sustained by periodic arrays of
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Figure 3.3.: Dispersion relation of the spoof SPPs supported by arrays of grooves of depth h =
0.6d. The grooves width is varied from a = 0.1d to a = 0.6d. Black line shows the light line.
Right inset: Electric field amplitude at the band edge for the case 2 = 0.2d.

grooves of depth i = 0.6d is plotted. Four grooves widths between a4 = 0.1d and a =
0.6d are considered. The bands are lowered with larger a. This dependence on a is also
predicted by Eq. (3.3), where k, grows with increasing a. As we showed in 2.2.4, the ratio
a/d governs the overlap between the zero-order diffracted wave and the first waveguide
mode. Therefore, we can conclude that for wider indentations, the EM coupling at the
system interface is larger, which increases the binding of the spoof SPP modes and shifts
their dispersion relation to lower frequencies.

The right inset of Fig. 3.3 renders the electric field amplitude for the spoof SPPs on
a groove array with 2 = 0.2d and h = 0.6d. The electric field is evaluated at band edge
(ky = m/d), which corresponds to d/A = 0.31 (blue line). Note that the electric field
is enhanced inside the indentations at the system interface. The electric field decays
more rapidly into the vacuum region than inside the grooves, which agrees with our
interpretation of a spoof SPP as a hybrid between surface and groove cavity modes.

Now, we analyze the characteristics of the spoof SPPs on dimple arrays. In the inset
of Fig. 3.4, the structure supporting geometrically induced bound modes is depicted. As

in Section 2.2.4, we consider here only the case of square arrays of square dimples. The
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Figure 3.4.: Normalized frequency versus parallel wave vector for the spoof SPPs sustained by
dimple arrays with a = 0.6d. Black line renders the light line. Bands corresponding to depths
ranging from /1 = 0.1d to h = d are represented. Inset: sketch of the dimple array sustaining
bound EM modes.

geometrical parameters of the system are now the 2D array period, d, taken as reference,
and the dimples side and depth, a and h, respectively. The analytical expression for the
dispersion relation of the corresponding spoof SPP modes has the form (2.77)

ke = ou |14 [2V22 8 tanh? Ja)? — K2 h 3.4)
x — RO + d (7{/(1)2—](% an < (7T L‘l) 0 ) (

The main difference between Egs. (3.3) and (3.4) resides in the different character of the

lowest waveguide modes sustained by 1D and 2D indentations. As we showed above, this
mode is always propagating inside 1D grooves. However, the lowest waveguide mode
in 2D dimples, which corresponds to the TE mode with [ = 0 and s = 1 in Eq. (2.7), is
evanescent for a < A (which is the case we are analyzing). This fact leads to the tanh
dependence on & that the analytical dispersion relation shows for dimple arrays. As we
did for grooves, we can use Eq. (3.4) to predict the behavior of the exact spoof SPP bands
when the geometrical parameters are modified.

Figure 3.4 plots the spoof SPP bands for dimples of side a = 0.6d. The depth of the

indentations is varied from h = 0.1d to h = d. Note that the dispersion relations are
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Figure 3.5.: Dispersion relation of the spoof SPPs on dimple arrays with & = 0.6d. The dimples
width is varied from a = 0.4d to a = 0.84. Black line corresponds to the light line. Insets
render the amplitude of the electric field at the band edge for the case with a = 0.6d4. Two
different cross-cuts are shown with different color scale: y = 0.5d and z = —0.24.

closer to the light line than in the case of 1D indentations. As in Fig. 3.2, the bands move
to lower d/A when the dimple depth is increased. However, this displacement is much
smaller than in the case of grooves. This difference can be understood through Eq. (3.4).
The tanh dependence on / in the analytical expression indicates that EM fields inside 2D
indentations are evanescent. Thus, they decay before reaching the bottom of the dimples,

making the spoof SPPs be less sensitive to variations in /.

In Figure 3.5, the dependence of the spoof SPP bands on the dimple area is analyzed.
Dimples of depth i = 0.6d, and side between a = 0.4d and a = 0.8d are considered. As
predicted by Eq. (3.4), the bands are bent at smaller d/A as a is enlarged. Similarly to
groove arrays, this effect can be interpreted as due to an increase in the EM coupling
of diffracted and dimple waveguide modes, which in our analytical approach is propor-
tional to (a/d)?. The left insets render the electric field amplitude evaluated at the band
edge for a = 0.6d and h = 0.5d. The upper inset plots the electric field at y = 0.54,
whereas the lower one corresponds to the plane z = —0.2d. Note that the color scales

in both cross-cuts are different. As we have predicted, the electric field is mostly located
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at the system interface (z = 0) and decays along the z-direction inside the indentation
(z < 0) and in vacuum (z > 0). This field distribution explains why the dispersion bands
are closer to the light line than in groove arrays, as the binding of the modes to the
surface texture is lower than in that case. Moreover, this result reinforces our view of the
spoof SPPs supported by 2D indentations as surface EM modes.

We have analyzed the dependence of the dispersion relation of the spoof SPP modes
supported by groove and dimple arrays on the depth, /1, and width, g, of the indentations.
Importantly, we have demonstrated that these two geometrical parameters govern the
effective plasma frequency (see Sec. 3.2.1) for these EM modes, enabling the control of
their propagation and confinement properties through the design of the surface structure.
The emergence of this geometrically induced EM modes allows considering textured
metallic surfaces as plasmonic metamaterials, as they gain their properties from their

structure rather than their composition.

3.2.3. Spoof surface plasmon polaritons: slit and hole arrays

In this section, we study the spoof SPP modes supported by periodic arrays of 1D and 2D
apertures drilled in PEC slabs of finite thickness and compare their characteristics with
those of textured surfaces. In Section 2.2.4, we showed that, within our ME formalism,
the geometrically induced modes in perforated films are given by the following set of

linear equations describing the continuity of EM fields at both sides of the film (2.71)

(sz - eoc)Etx + Zﬁ;«éa GaﬁEﬁ - GEE; =0,
(3.5)

(G,X — €a)E{X + 2[37&“ Ga/gE/g — G;/Ea =0.

The unknowns in this system are E, and E], which are related to the electric field ampli-
tudes at the aperture openings at both sides of the film. The definition of the G,z and €,
terms is the same as in Eq. (3.2). The G term links the electric field amplitudes at dif-
ferent sides of the film and takes into account the EM coupling through the perforations.
Analytical expressions for G) are provided in Egs. (2.41) (slits) and Eq. (2.31) (holes).
As in the case of blind indentations, it possible to obtain analytical dispersion rela-
tions for spoof SPPs in perforated films. The approximations made in the model are the
same as for grooves and dimples: considering only the first waveguide mode inside the
apertures and the zero-order diffracted mode outside the film. For 1D arrays of slits, this

approximate approach yields (2.81)

B a\2  sin?(koh)
ky = ko\/l + (H) W, (3.6)
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Figure 3.6.: Dispersion relation of the spoof SPPs supported by periodic arrays of 1D apertures
(slits and grooves). In both cases, the apertures have the same width 2 = 0.24 and depth
h = d. Dotted lines render the analytical spoof SPP bands for both structures. Left inset
depicts the amplitude of the electric field at the band edge for the slit array.

where the negative (positive) sign corresponds to spoof SPPs in which the electric field

is symmetric (antisymmetric) with respect to the middle plane of the film.

Figure 3.6 renders the dispersion relation of the spoof SPPs supported by an array
of slits and an array of grooves of the same dimensions. The width and depth of the
apertures are a = 0.2d and h = d, respectively. Note that in the case of slits, /1 corresponds
to the thickness of the perforated film. For the geometrical parameters considered, both
structures sustain only one bound mode. The dispersion relation for the array of slits
is raised with respect to that of the groove array, which means that the spoof SPPs are
less bounded to the structure. This can be understood by analyzing the behavior of EM
fields inside the film. As we have already mentioned, the lowest TM waveguide mode
in 1D apertures is always propagating, which translates into that EM fields bounce back
and forth inside the perforations. Whereas the bottom of the grooves acts as a mirror, slit
openings allow the coupling of waveguide modes with diffracted waves. This fact enables
the spoof SPPs to extend out of the structure and shifts the spectral position of the cavity
resonances (also termed Fabry-Perot resonances) inside slits to higher frequencies than in
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the case of grooves. Dotted lines plot the bands obtained from our analytical approach.
The approximated dispersion relation for the slit array has been calculated taking the
positive sign in Eq. (3.6), which indicates that the spoof SPP mode is antisymmetric with
respect to the middle plane of the structure.

The inset of Fig. 3.6 displays the electric field amplitude at the band edge for the slit
array considered in the main panel. We can see that the electric field is enhanced at
the slit openings, which demonstrates that the spoof SPPs are strongly influenced by
diffraction effects at the slits ends. It can be also observed that the electric field vanishes
at the center of the slits. This means that, as we have already predicted, the spoof SPPs
have an odd parity with respect to the middle of the film.

Now, we consider the geometrically induced modes sustained by a PEC film pierced
by an square arrangement of square holes. The analytical dispersion relation of these
modes has the form (2.82)

* inh” /a)2 —k3h
2\@1> ( K sintt (/(0/a)” ~ 3 (3.7)

ke =ko |1+ -
0 ( mtd r/a)?—k3 (COSh( (n/a)z—k%h):l:l)z

As in the case of slits, the &£ sign indicates the symmetry of the mode. Similarly to dimple
arrays, the evanescent character of the EM fields inside the apertures is reflected through
the hyperbolic functions in Eq. (3.7).

In Section 3.2.2 we demonstrated that the distinct character (propagating or evanes-
cent) of the waveguide modes in grooves and dimples makes the characteristics of the
spoof SPPs in such structures very different. This also occurs in the case of perforated
films. We have seen that the main difference between spoof SPPs in slits and grooves
resides in the modification of the cavity resonances inside the apertures. However, in
the case of 2D perforations, the finite thickness of the PEC structure not only shifts the
bands, but also gives rise to a splitting of the dispersion relation. This effect can be seen
in Figure 3.7. It plots the spoof SPP bands for the case of a dimple array with a = 0.64
and h = 0.3d. The dispersion relation corresponding to a periodic hole array of the same
geometry is also shown. Note that as in 1D structures, 1 denotes now the thickness of the
film. As we have anticipated, whereas the dimple array supports only one bound mode,
two different spoof SPP bands appear for the hole array.

The origin of the two distinct spoof SPP modes in the hole array of Fig. 3.7 can be un-
derstood by looking at the field patterns in the upper insets of the figure. They show the
electric field amplitude at y = 0.5d (see insets of Fig. 3.5) corresponding to the two spoof
SPP band edges. We can see that, in contrast to the modal shape displayed in Fig. 3.6,

fields are not localized at the holes openings, but at the film surfaces. This agrees with
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Figure 3.7.: Dispersion relation of the spoof SPPs sustained by periodic arrays of holes and dim-
ples of the same dimensions. The side of the square apertures is a = 0.6d and their depth is
h = 0.3d. Insets show the electric field amplitude at the edge of the two spoof SPP bands for
the hole array.

our interpretation of the spoof SPPs in 2D geometries as surface modes. According to
this physical picture, the two spoof SPP modes in perforated films emerge from the inter-
action between the isolated surface modes at each side of the film. Thus, the lower band
in Fig. 3.7 can be linked to the symmetric combination of both surface modes through
the holes, whereas the higher band corresponds to the antisymmetric superposition of
their evanescent tails. Note that the electric field in panel (a) vanishes inside the holes at
the middle plane of the structure, while in panel (b) it shows a maximum at that position.
This field pattern is similar to that corresponding to long range and short range SPPs in
thin films [115].

Finally, notice that leaky spoof SPPs, whose dispersion relation lies above the light line,
can be also treated with our formalism. These modes radiate while travelling within the
system. Therefore, in the calculation of the dispersion relation for these modes, k must be
considered as a complex quantity whose imaginary part describes the decay experienced
by EM fields as they propagate along the PEC structure. Importantly, these leaky spoof
SPPs play a crucial role in the reflection properties of corrugated surfaces, and in the

transmission and reflection characteristics of perforated films.
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Figure 3.8.: Left panel: Dispersion relation of the spoof SPPs for the two experimental samples.
Solid lines correspond to ME calculations and squares renders FDTD results. The frequen-
cies at the band edge for both structures are indicated. Right panel: Electric field amplitude
evaluated along the direction normal to the surface of sample I at two different positions
within the dimple array unit cell.

3.2.4. Comparison with experiments in the terahertz regime

In this section, we present the comparison between the theoretical predictions obtained
with our ME approach and the experiments carried out by the group of Prof. S. A. Maier
and Dr. S. R. Andrews in the University of Bath on the propagation and confinement of
spoof SPPs at THz frequencies. The measurements are performed on two planar copper
surfaces (samples I and II) perforated by square arrays of square dimples (see insets of
Fig. 3.9). The dimensions of the two samples are the following: the array period in sample
Iis d = 150 ym, and the dimple side is 2 = 91 £ 5 ym, whereas sample II has d = 100 ym
and a = 66 &4 um. The depth of the dimples in both samples is h = 58 £ 6 ym, and
the thickness of the copper sheets is 0.5 ym. The samples are 40 mm long and 8 mm
wide. Note that the uncertainties in the dimensions reflect systematic variations across

the samples associated with the fabrication technique.

The left panel of Fig. 3.8 plots the theoretical dispersion relation of the spoof SPP
modes supported by PEC dimple arrays with the same dimensions as the experimental
samples. Solid lines correspond to the spoof SPP bands obtained through converged ME
calculations and squares show FDTD results. The frequency at the band edge , fgg, for
both structures is also indicated: 0.98 THz (sample I) and 1.45 THz (sample II).
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coupling/sampling apertures

Figure 3.9.: Sketch of the experimental setup to study the propagation and confinement of spoof
SPPs. Insets show electron micrographs of the top and cleaved edges of sample L.

The right panel of Fig. 3.8 displays the electric field amplitude at the band edge ob-
tained through ME calculations for sample 1. Electric field is evaluated along two lines
perpendicular to the sample surface (z-direction), located at different positions within the
structure unit cell (see inset). Black dashed line plots the fitting of the two field profiles
to an exponential decay of the form e~*Z where the normal wave vector, k, = \/ K2 — k(z),
is calculated from the bands shown in the left panel of the figure. Note that 0.1 mm above

the sample, the electric field decay is homogeneous within the dimple array unit cell.

The samples are studied experimentally using THz time-domain spectroscopy, in which
the coherently detected signal current at a particular frequency is proportional to the elec-
tric field. Coupling of p-polarized free-space radiation to spoof SPPs is achieved using an
aperture of wavelength-scale width, &, defined by a steel razor blade perpendicular to
the sample surface (see Fig. 3.9). Diffraction at the aperture allows the phase matching to
the spoof SPPs. An intermediate aperture, &3, made from a 1.5 mm thick aluminum sheet
is used to probe the extent of the spoof SPP field along the z-direction. Finally, diffrac-
tion at the final razor blade (with aperture ) is used to transform the spoof SPPs back
into free-space radiation for detection. The propagation distance needed for the modal

shape of the surface EM wave to be fully developed after its excitation is governed by the

72



3.2. Planar geometries

40 . : : : : 40 .
free space xiLi1
(a) | =0 l(b) e 0
= 2 -——*’\MUUWWWWMWW
‘-g 10 t J
k:
B
&
g
k)
¢
o 40t
q;E free speace =001
20 L
1]

o 05 1 T o u] 05 1 15 2
Frequenoy (THz=) Frequerncy ([ THz)

Figure 3.10.: Panels (a) and (c) show the time-domain signal and spectra corresponding to free-
space coupling of the transmitter and receiver and to the propagation on a flat sheet. Panels
(b) and (d) render the signals and spectra for sample I at two different intermediate aper-
tures, h3. Dash vertical line in panel (d) shows the theoretical fgg for sample L.

perpendicular decay length, I, = 1/k,. This makes observations of SPPs on flat surfaces,
the so-called Zenneck waves [2], difficult to measure as I, >~ 10 cm for copper at 1 THz
[116]. In our case, [, is of the order of few millimeters over a broad frequency range near
the band edge, and therefore we can expect that spoof SPPs are fully developed in our
setup.

Panels (b) and (d) of Fig. 3.10 render the time-domain signals and spectra after prop-
agation along sample I. For comparison, data obtained by direct free-space coupling of
the THz transmitter and receiver (that is, no sample) and for propagation on a perfectly
flat copper surface are shown in panels (a) and (c). The time-domain trace of the unstruc-
tured surface is similar to that obtained with no sample. Because of the extremely low
dispersion of Zenneck waves on flat surfaces, the small change in shape is mainly due
to the effect of the apertures. In contrast, the signals from sample I show pronounced
ringing, which persists for more than 10 ps, and the spectra exhibit sharp cut-offs at
frequencies close to the theoretical fgg, indicated by the vertical dashed line in panel (d).

If we suppose that the intermediate aperture simply passes part of the incident spoof
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SPP without significantly altering its field distribution, then, to a first approximation,
its effect is equivalent to integrate the Poynting vector parallel to the sample surface.
As we have demonstrated in the right panel of Fig. 3.8, field profile for z 2 0.1 mm is
homogeneous within the xy plane. This enables us to write the spoof SPPs electric field as
E(z,w) = A(w)e™**. This approximated expression allows us to relate the electric field
amplitudes at the input and output sides of the intermediate aperture, A;(w) and A(w),
respectively. Conservation of EM energy through h3 requires that the ratio between the

transmitted and incident field amplitudes is given by
Ay(w)/Ar(w) = V1 — e 2kehs, (3.8

The detected field after out-coupling, Ep(w) is proportional to Ap(w) if diffraction by
the final razor blade can be neglected, so that k, can, in principle, be determined from
the variation of Ep(w) with hs.

In order to test the assumptions leading to Eq. (3.8) we perform numerical FIT simu-
lations of the SPP propagation in the PEC approximation. Panels (a) to (c) of Fig. 3.11
render the distribution of the electric field evaluated within the xz plane of sample II for
three different values of h3. The aperture dimensions and positions are the same as in
the experiments. The final razor blade is located at the right-hand edge of the structure
and is not depicted in the figure. The frequency of the incident radiation (1.3 THz) is
close to the band edge, where large confinement of the spoof SPP is expected. It is clear
from Fig. 3.11 that the intermediate blade selectively passes the spoof SPP while blocking
unwanted radiation diffracted at the input coupler. In panel (d), several z-cuts along the
propagation direction showing the decay of the spoof SPP field in panel (b) (k3 = 0.5
mm) are presented to allow comparison of the field confinement within and after the
intermediate aperture. The field profile is maintained during the transmission process
and the decay of the spoof SPP in the direction perpendicular to the surface closely cor-
responds to that calculated from the ME dispersion relation (see left panel of Fig. 3.8), as
supposed in the derivation of Eq. (3.8).

We now verify that the dependence of the detected signal on /3 carries information on
the spatial confinement of the spoof SPPs propagating along the sample. In panel (e) of
Fig. 3.11, the ratio A,/ A; obtained through FIT simulations (squares) is compared with
that evaluated using Eq. (3.8) with k, taken from the ME bands of Fig. 3.8. A/ A1 versus
h3 for sample II is shown at two different frequencies 0.7 THz (blue) and 1.3 THz (black).
The good agreement obtained between FIT results, which include diffraction effects at
the apertures, and the ME predictions, which neglect them, demonstrates the ability of
the experimental technique to probe the confinement of the spoof SPP propagating at
the samples, at least for hz > A.
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Figure 3.11.: Panels (a), (b) and (c) render FIT electric field amplitudes along sample II evaluated
at 1.3 THz for h3 = 0.1 mm, h3 = 0.5 mm, and h3 = 1.0 mm, respectively. Panel (d) shows the
field profile along the z-direction at the positions indicated by dotted lines in panel (b). Panel
(e) plots the ratio Ap/A; as a function of h3 for two different frequencies: 1.3 THz (black
line) and 0.7 THz (blue line). Squares correspond to values obtained from FIT simulations

and solid lines are obtained using Eq. (3.8).

The experimental variation of Ep(w) with h3 for the two experimental samples is plot-
ted in Fig. 3.12, which also plots theoretical predictions based on equation (3.8) (with k,
obtained from ME calculations) and scaled vertically to fit the data. The theoretical val-
ues for I, are also shown in the figure. The agreement between theory and the measured
amplitudes is very good, particularly for the higher frequencies where the confinement
is strongest and diffraction effects are weakest, and for aperture heights of the order or
greater than the wavelength, as anticipated from the above discussion. A fitting of the
complete datasets (including the smallest aperture height) to Eq. (3.8) overestimates the
decay length by a factor of the order of two for the reasons discussed above. A more
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Figure 3.12.: Experimental (circles) and theoretical (shaded bands) electric field amplitudes as a
function of the razor blade height, h3. The error bars show the uncertainties in experimental
measurements, and the theoretical curves are represented as bands in order to reflect the
uncertainty in geometrical sample parameters. Theoretical results are evaluated from Eq.
(3.8).

accurate experimental determination of I, requires either a near-field probing scheme
avoiding diffraction, or an analytical treatment that takes diffraction into account. How-
ever, it is clear that wavelength-scale energy confinement of the spoof SPPs over a wide
frequency range near the band edge is experimentally observed, and that the degree of
confinement is in close agreement with our theoretical predictions.

The measurements described in this section were the first experimental verification of
the presence of bound spoof SPP modes decorating structured metal surfaces in the THz

regime.

3.3. Cylindrical Geometries

3.3.1. Azimuthally independent surface plasmon polaritons

We introduce our study of geometrically induced EM modes on cylindrical structures
by first analyzing the azimuthally independent SPPs propagating along the surface of
real metal wires. We will focus on their behavior in the PEC limit, which will lead us

to the application of the spoof SPP concept to wires. The rotational symmetry of the

76



3.3. Cylindrical Geometries

system implies that the EM fields do not depend on 6 (where 0 is the azimuthal angle),
leading to a decoupling of light polarizations (s and p). Since SPPs are TM modes, we
restrict our study to the case of p-polarization, i.e., magnetic field normal to the wire
axis (z-direction). In each region of the system, we write the relevant field components
(E; and Hp) in terms of the corresponding solutions of Maxwell equations. As we are
interested in EM modes propagating along the z-direction, we impose a ¢*:* behavior of
EM fields. This allows us to consider only the radial dependence of E, and Hy which, in

the vacuum region surrounding the wire, is given by

EY(r) = EvKo(kyr), (3.9)
HY(r) = Yv(k:)EvKi(kyr), (3.10)

where ky = /k% — k3 is the radial component of the wave vector and Yy (k;) = iko/ky
is the mode admittance. The decaying behavior of the EM fields for increasing r is given
by the modified Bessel functions of the second kind Ky and K;j [95].

Inside the metallic wire, EM fields must decay inwards with increasing distance from

the wire surface (decreasing r). Their radial dependence can be expressed as

EX(r) = Emlo(kur), (3.11)
Hy'(r) = Yu(kz)Emhi (kur), (3.12)
where ky = (/k2 — epm(w)k3 is the wave vector radial component into the wire, and

em(w) is the metallic dielectric function. The mode admittance inside the metal is defined
as Yy (k;) = —iep(w)ko/ky. Finally, the radial dependence of the EM fields is now given
by the modified Bessel functions of the first kind, Iy and I; [95].

Imposing continuity of the EM fields at the cylindrical wire surface, we obtain the
condition for the existence of nonzero solutions for the electric field amplitudes, Ey and

Ep. This condition yields the dispersion relation of azimuthally independent SPP modes

Ko(kvR) _ kM Io(kMR)
kVK1 (kvR) o GM((U) 11 (kMR>’ (313)

where R is the radius of the metallic wire.

In Figure 3.13, the dispersion relations of the azimuthally independent SPPs supported
by lossless Au wires of different R calculated from Eq. (3.13) are plotted. The gold di-
electric function considered in our calculations is taken from the experimentally fitted
Drude-Lorentz-like formula of ref. [97]. We take only the real part of the complex Au
permittivity, neglecting absorption effects inside the metallic wire. The wires radii (R)
range from 0.02 ym (cyan short-dashed line) to 10 um (green dashed line). It is worth

commenting that the SPPs dispersion relation for the R = 10 ym wire coincides (within
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Figure 3.13.: Dispersion relation of SPPs on lossless Au wires of different radii (R): 10 um (green
dashed line), 3ym (orange dotted line), 0.2 ym (blue dotted-dashed line), 0.1 ym (red dashed-
doubled-dotted line), and 0.05 um (cyan short dashed line). Inset: Radial component of the
electric field versus r for the SPPs supported by metallic wires (R = 0.35um, f = 330 THz)
with different dielectric constants: €); = —34 (wine-colored short dashed line), e)y = —200
(grey dotted-dashed line), ey = —400 (magenta dotted line) and e); = —1000 (dark cyan
solid line).

the precision of our calculations) with the SPPs supported by a lossless Au flat surface,
whereas for narrower wires the frequency of the SPPs grows more slowly with increasing

k., leading to stronger localization of EM fields to the wire.

The inset of Fig. 3.13 renders the radial dependence of E} = (k./ko)H) for the SPPs
supported by metallic wires of radius R = 0.35 ym at 330 THz. The wine-colored short
dashed line shows the field decay for a lossless Au wire (epr = —34 for gold at 330
THz). It can be observed how for increasing negative values of the metal permittivity EY/
tends to the 1/r dependence (black dashed line) expected for a PEC wire [89]. Taking
em — —oo, the SPP dispersion relation approaches the light line (kg — k;, ky — 0). As a
result EM fields are expelled out from the wire, while in the vacuum region E} = H,
Kq(kyr) — 1/r [95]. These asymptotic EM fields do not satisfy Gauss law in the absence
of free charges. Thus, we can conclude that PEC wires, as flat surfaces, do not support
surface EM modes [10].

78



3.3. Cylindrical Geometries

3.3.2. Spoof surface plasmon polaritons on ring arrays

Once we have demonstrated that uncorrugated metallic wires do not support SPPs in the
limit €y — —o0, in this section we analyze in detail the formation of surface EM modes
on periodically corrugated PEC wires [63], the cylindrical analog of the spoof SPPs on a
flat PEC surface (see Sec. 3.2.2).

We develop a modal expansion formalism similar to that presented in chapter 2 for
planar geometries in order to solve Maxwell equations for the system schematically de-
picted in Fig. 3.14: a PEC wire of radius R milled with a periodic array of subwavelength
rings. We introduce the term metawire for the structure, as the emergence of spoof SPPs
can be viewed in the context of metamaterials (see 3.2.2). We label the array period as d,
and the rings width and depth as a and #, respectively. Taking advantage of the periodic
character of the system, we can apply Bloch’s theorem to the problem and solve Maxwell
equations only inside a unit cell of length d (see Fig. 3.14). Within this unit cell, EM fields
are nonzero only in the vacuum region surrounding the wire (region I), and inside the
perforated rings (region II). As in the previous section, our analysis will be focused on
azimuthally independent p-polarized surface modes. Under this constraint, EM fields in
region I can be expressed as a sum over diffraction modes whose radial dependence is
given by the modified Bessel functions of the second kind. Using Dirac’s notation, we

can write
ED) = Y CuKo(kr)[Kn), (3.14)

HY) = Y YICK (K 7) k), (3.15)

where now, k;,, = k, + n%” and k(n) = /k% — k2 The wavefunction for the Bloch waves is

(z|kn) = \;’f, and Y! = iko/ k", the mode admittance.
Inside the rings, EM fields can be expanded as a sum over propagating and counter-

propagating waveguide modes in the radial direction as:

E) = ZDI (]o(qgl) r) — aNo(q\r )) 191), (3.16)
Hy) = YD (Rl - ') ) oo, (3.17)
where qy) = /k3 — (In/a)? and Y/! = —iko/ qﬁl). The ring waveguide modes are given

by (z|q1) = /(2 —d10)/acos Z(z+a/2) for |z| < a/2 (inside the rings) and (z|q;) = 0,
otherwise. The radial dependence of these modes is described by Bessel and Neumann
functions Jo 1 and N ;. The constant a; = Jp [qg) (R=h)]/ No[qg) (R —h)] is defined so that

the electric field satisfies perfect conducting boundary conditions at the ring bottom.
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Figure 3.14.: Schematic picture of the structure supporting cylindrical spoof SPPs: a PEC wire
drilled with a periodic array of rings.

The matching of the EM fields at the interface of the structure is performed similarly
as in the case of planar geometries, explained in detail in Section 2.2.1. We impose conti-
nuity of the EM fields at the wire outer radius (r = R). The z-component of the electric
tield must be continuous everywhere on the interface, whereas the 6-component of the
magnetic field is continuous only at the rings openings. Projecting the electric continuity
equations over Bloch waves, and the equations linked to the magnetic field continuity
over ring waveguide modes, we remove the dependence on z of the matching equations.

Defining the quantities

E, =D, ( To(g"R) — alNO(qﬁ”R)>, (3.18)

which are the modal amplitudes associated with the z-component of the electric field at

the rings openings. The set of ME continuity equations has the form

(Gu—e)E +)_ GisEs =0, (3.19)

s#l
where [ and s labels the ring waveguide mode order. Note that this system of equations
is formally equal to that obtained for flat structures [Egs. (3.2)]. Moreover, the various
terms appearing in Egs. (3.19) have the same physical interpretation as in dimple and

groove arrays. Therefore, the term

l)R)

)R)

e =Y 11(a"R) — N (g

; (3.20)
Jo(qr'R) — a;No(q

:
0
r

<=
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describes all the bouncing processes experienced by the EM fields linked to mode I inside
the rings, whereas
Ki(k"'R)
Gis =) Va5~ Ouns (3.21)
n Ko(ky 'R)

takes into account the EM radiation emitted by waveguide mode s into vacuum Bloch
waves and collected by mode I. The overlapping integral, ¢, = (k,|q;), provides the EM
coupling between the n'h Bloch wave and the I'" waveguide mode. Analytical expressions
for these overlapping integrals are given in Appendix A.

Once we have constructed the set of homogeneous matching equations (3.19), the dis-
persion relation of the spoof SPPs is given by the nonzero solutions of the modal am-
plitudes E;. Here, we introduce a further approximation in our theoretical analysis by
assuming that the wavelength is much larger than the rings width (A >> a). In Section
2.2.1, we demonstrated that within this subwavelength regime it is a good approximation
to consider only the lowest waveguide mode inside the indentations. Note that in this
case, as in 1D slits, irrespective of the ratio between a and A, the waveguide mode with
I = 0 is always propagating. Under this approximation, the condition (Gypy — €g) = 0
gives the dispersion relation of the azimuthally independent spoof SPPs sustained by

the metawire. It can be written as

]1 (koR) — IX()Nl (koR)
]Q(koR) — aoNQ(kQR)’

ko Ki(kMR)
) B ey e

(3.22)
T k" Ko(gR)

‘Un0|2 ==

where 0,0 = /%sinc(k,a/2).

In Figure 3.15, the spoof SPP bands for three different ring arrays are plotted. As PEC
boundary conditions are considered, all lengths in the system are scalable and we can
take d as the reference length. The wire radius is R = 2d, and the ring width a = 0.24.
The three ring depths are: h = 1.6d (red solid line), h = 0.8d (green dotted line) and
h = 0.4d (blue dashed line). We can observe how the spoof SPP dispersion relation
deviates from the light line, resembling the behavior of SPPs propagating along metallic
wires at optical frequencies (see Fig. 3.13).

At low frequencies (A >> d,a), and for wires much thicker and rings much shallower
than the array period (R,R —h >> d), we can obtain an analytical expression for the
spoof SPP dispersion relation by introducing the asymptotic expansions of the different

Bessel functions involved in Eq. (3.22), obtaining:

k, = ko\/ 1+ (g)ztanz(koh). (3.23)
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Figure 3.15.: Normalized frequency versus k, for the 6-independent spoof SPPs supported by
perforated wires of radius R = 2d for three different ring depths. For all the structures,
a = 0.2d. Inset: Electric field pattern at the band edge (k; = 7/d) for the four SPP bands
shown in the main panel.

Notice Eq. 3.23 coincides with Eq. (3.3), which corresponds to spoof SPPs bands for a
1D array of grooves of width a and depth h. As in the planar case, the key parameter
governing the surface EM mode confinement is the depth of the rings, /1 (see Fig. 3.15).

As we showed in Section 3.2.2, dispersion relation (3.23) allows us to analyze the de-
pendence on the structure geometry of spoof SPPs on groove arrays. Here, we use it
to define an asymptotic frequency ws playing the same role as w,/+/2 in conventional
SPPs (see 3.2.1). According to Eq. (3.23), this asymptotic frequency is given by the con-
dition tan(koh) — oo, which yields ws = 7mc/2h. Note that the inversely proportional
dependence of w; with h explains the lowering of the dispersion relation for increasing
h observed in groove arrays (see Fig. 3.2). Fig. 3.15 renders the spoof SPP bands for ring
arrays of different depths. We consider first the bands (b), (c) and (d). The electric field
associated to these modes does not present any node in the radial direction (see the inset
of Fig. 3.15). Moreover, as in 1D grooves, the flat region of the dispersion relations occurs
at lower frequencies as h is enlarged. For h = 1.6d, another band, linked to a spoof SPP

mode presenting a radial node inside the ring (see inset (a)), appears at larger frequencies.
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Figure 3.16.: Spoof SPP dispersion relation including higher azimuthal modes (labelled with )
for a PEC wire of radius R = 2d drilled with rings of width a = 0.2d and depth I = 0.54.
The insets show the electric field amplitude at the band edge associated to spoof SPPs with
different m. They are ordered with increasing m from the left bottom corner to the right top

corner of the figure.

Importantly, Eq. (3.23) also predicts the formation of this mode, which can be associated
with another asymptotic frequency w; = 3(7rc/2h) also satisfying tan(koh) — oo.

Figure 3.16 renders the dispersion relation of the spoof SPPs on a wire of radius R = 24
perforated by periodic rings with a = 0.2d and h = d. In this calculation, there is no
restriction regarding the azimuthal dependence of the EM fields. The dispersion relation
(red dots) has been obtained by means of a 3D FDTD numerical calculation. The number
of mesh points considered in the calculation is 240 x 240 x 40, with a mesh size equal
to 0.08d. The different bands (labelled with index m) correspond to different azimuthal
symmetries of the electric field amplitude shown in the insets of the figure. For the
structure considered, m ranges from m = 0 (6-independent SPPs) to m = 5 (see insets
from left bottom corner to right top corner of Fig. 3.16). The electric field associated to
the m™ azimuthal mode presents 2m nodes and maxima in 6. Solid blue line shows the
m = 0 band calculated from Eq. (3.22). We can see the very good agreement between the
FDTD and ME results for the azimuthally independent spoof SPP band.
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Figure 3.17.: Dispersion relation (a) and electric field plots (b)-(d) for THz spoof SPPs propagating
along a metawire of radius R = 150 ym perforated by an array of rings of period d = 100 ym.
The rings width and depth are 50 um. Dotted lines show the three different frequencies
(0.4, 0.6 and 1.0 THz) considered in the FIT simulations of the electric field amplitude in
metawires of length 20 x d illuminated from the left by a radially polarized plane wave.

3.3.3. Conical structures: guiding and focusing of light

One of the possible applications of cylindrical spoof SPPs is to guide EM radiation with
frequencies lying within the microwave or THz ranges of the EM spectrum along a
metallic wire. This functionality is illustrated in Figure 3.17.

In this case, the geometry of the ring array is chosen so that the optimal frequencies for
guiding is around 0.6 — 0.8 THz. Panel (a) shows the dispersion relation of the spoof SPPs
supported by the infinite structure calculated with Eq. (3.22) whereas panels (b), (c) and
(d) depict electric field amplitude patterns (evaluated at three different frequencies) for a
finite version of the structure (containing 20 periods), illuminated by a radially polarized
broadband terahertz pulse. These pictures have been obtained through FIT simulations.
As clearly seen in this figure, for the lowest frequency considered, f = 0.4 THz, as k; is
close to the light line, the guiding properties are poor in comparison with f = 0.6 THz
for which the EM radiation is guided efficiently and strongly confined along the wire
surface. At f = 1.0 THz, no spoof SPPs are supported by the system [see panel (d) of Fig.
3.17] and the incident radiation is scattered from the metawire.
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Figure 3.18.: Frequency versus parallel wave vector for spoof SPPs supported by metawires of
different radii perforated with periodic ring arrays of period d = 100 ym and ring dimen-
sions a = 50 ym and h = 30 ym. Dotted lines indicate two different frequencies (0.6 and 1.2
THz). Inset: Electric field radial component versus r — R at f = 0.6 THz for the four infinite

metawires considered in the main panel.

By taking advantage of the dependence of the spoof SPP confinement on the geometry
of the ring array, it is feasible to design a periodically corrugated wire able to concentrate
EM energy at one of its ends [63]. Here, we present just one possible structure. It is a
conical wire, in which the external radius is gradually decreased along the wire but the

depth of the rings is fixed.

In Figure 3.18, we plot the dispersion relation of the spoof SPPs supported by corru-
gated wires in which the depth of the rings, i = 30 ym, their width, 2 = 50 ym, and the
period of the array, d = 100 um, are fixed. The four curves correspond to the dispersion
relations for four different values of R, ranging from R = 140 ym to R = 40 ym. As R is
decreased, the spoof SPP bands deviate more and more from the light line. This implies
that the confinement of the corresponding surface EM mode is increased as R is reduced,
as can be seen in the inset of the figure, which displays the radial component of the elec-
tric field, E,, as a function of the distance to the wire, r — R. This magnitude is evaluated

at f = 0.6 THz for the four wires considered in the main panel.
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f=0.6THz

Figure 3.19.: Guiding and focusing of light through spoof SPPs propagating along a PEC cone
of length 2 mm corrugated by a ring array in which the radius is gradually reduced from
R =140 ym to R = 40 ym. As expected from the dispersion relation of Fig. 3.17, spoof SPPs
are excited at f = 0.6 THz, while at f = 1.2 THz surface EM modes are not supported by

the structure.

Therefore, it is expected that if we construct a finite metawire in which the depth
of the grooves is fixed and the external radius is gradually reduced from R = 140 ym
to R = 40 um, EM radiation of frequency f = 0.6 THz will be focused at the end of
the conical design. This focusing effect is demonstrated in Figure 3.19 which shows FIT
simulations on a conical wire of length 2 mm containing 20 periods of the ring array of
Fig. 3.18 for two different frequencies, f = 0.6 and f = 1.2 THz. As expected from the
ME calculations for infinite wires, at f = 0.6 THz, EM radiation is guided along the wire

and focused as it propagates through it. However, the electric field pattern for f = 1.2
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THz shows how EM waves are scattered at the entrance of the wire due to the absence
of spoof SPPs at that particular frequency.

3.3.4. Helically grooved wires: comparison with experiments

This section is devoted to show the comparison between our theoretical study on the
spoof SPPs sustained by PEC metawires with the experimental outcomes obtained by the
group of Prof. S. A. Maier and Dr. S. R. Andrews on the propagation of THz radiation
bound to structured metallic wires. The experimental setup consists of a 150 mm long
helically grooved wire. It is formed by tightly wrapping a steel wire (radius 200 ym)
around a 200 ym radius core. The assembly is then nickel plated (see the upper panel
of Fig. 3.20). For comparison, a bare copper wire of the same outer radius and length
(600 pm and 150 mm, respectively) is also studied. Measurements are performed using
time-domain THz spectroscopy. Radially polarized, broadband (~ 2THz) THz beams
are collimated to a diameter of order 6 mm and end-fire coupled to the wires. In order
to discriminate the bound EM modes against unguided free space radiation, the wires
are bent along the arc of a circle of radius 26 cm.

Panel (a) of Fig. 3.20 displays time-domain traces of the receiver current for the wires
with smooth and helically grooved surfaces. It is clear that a single-cycle-like pulse,
which can be associated with a Sommerfeld wave [1], propagates along the smooth wire.
However, propagation on the helical wire exhibits significant dispersion together with
beating due to the presence of bound modes with different frequencies. Panel (b) plots
the amplitude spectra of the traces in panel (a) together with the spectrum of a second,
nominally identical sample of the helical structure which shows the reproducibility of
the data to small variations in optical alignment. Note that the vertical scale is the same
for all three spectra. To a first approximation, the amplitude spectrum is proportional to
the electric field of the guided modes at the end of the wire, convolved with the receiver
response and the transfer function taking into account the radiation of the guided modes
into free space and propagation to the receiver in the far field.

In panel (b) of Fig. 3.20, the frequency at the band edge, fgg, of the three lowest spoof
SPP modes supported by the experimental structure are indicated by vertical arrows.
They are obtained by means of the theoretical calculations described below, and corre-
spond to the peaks in the amplitude spectra at 0.305 4 0.002 THz, 0.326 4 0.002 THz, and
0.353 £ 0.003 THz. The height of the peaks depends on the orientation of the receiver an-
tenna, which reflects the different azimuthal symmetry of the spoof SPP modes. We show
below that the structure observed in the spectra at frequencies lower than 0.3 THz can

be associated with the propagation of radiation along the wire at smaller wave vectors.
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Figure 3.20.: Upper panel: Electron micrograph of the experimental helically grooved wire. Lower
panels: (a) Receiver current as a function of time delay for the smooth wire (red line) and the
grooved structure (blue line). (b) Amplitude spectra of the time domain data in (a) together
with the spectrum of another, nominally identical, helical sample (green curve, displaced for
clarity). The arrows indicate the three azimuthal modes of the helical groove structure. The
spectrum of the Sommerfeld wave (red curve) on the smooth wire extends to ~ 1THz.

In Figure 3.21, the spoof SPP bands for an helical grooved PEC wire calculated using
the FDTD method are displayed. In accordance with the experimental parameters, the
helix pitch is d = 400 ym and the wire radius, R = 600 ym. EM fields are evaluated
inside a unit cell along the direction parallel to the wire axis (z-direction). Due to design
limitations, the modelled groove has a triangular profile of width a and depth h (see

lower inset). We find that a = 200 yum and h = 150 um give a good match to the experi-
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Figure 3.21.: Dispersion relation of the spoof SPP modes supported by a PEC wire of radius
R = 600 ym inscribed with a triangular cross-section helical groove of pitch d = 400 ym.
The groove has width a = 200 ym and depth & = 150 ym. The upper row of insets displays
snapshots of the electric field at the three band edges, fgr=0.305THz (left), 0.320THz (center)
and 0.349 THz (right). The next lower row correspond to the first mode at 0.280 THz (left)
and the second mode at 0.180 THz (right). The pattern in the lowest row is for the first mode
at 0.180 THz.

mental results for the fgg’s. The main panel shows the dispersion relation for this set of
geometrical parameters. The three theoretical fgg’s obtained, 0.305THz, 0.320 THz and

0.349 THz, are in excellent agreement with the spectral peaks found in the experiments.

The insets of Figure 3.21 render snapshots of the electric field amplitude, |E|, of the
spoof SPPs supported by the metawire at various frequencies. Note that, as expected, the
lack of azimuthal symmetry of the metallic structure leads to non-symmetrical |E| distri-
butions. The upper row displays the electric field amplitude at the three fgg’s, increasing
in frequency from left to right. The fields are confined within less than a wavelength of
the wire surface. The field maps depicted in the lower two rows are evaluated at smaller
k.. The two left ones correspond to the first spoof SPP mode at 0.280 THz and 0.180 THz,
and that on the right of the second row to the second spoof SPP at 0.180 THz. At fgg, the
modes exhibit an odd number of azimuthal nodes (1, 3 and 5) whereas with decreasing

k-, the number of nodes is gradually reduced by one and becomes even. Thus, the spoof
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SPPs propagating along the helical structure at low k, resemble the case of a ring array,
where the number of nodes is even (see Sec. 3.3.2).

We analyze now why the spoof SPPs on helical grooved wires exhibit such a k, depen-
dent azimuthal symmetry. Any component of the EM fields bound to a helical structure
[117] can be expanded in terms of diffracted waves as

2

Fu(r,0,z) = e*=2eim® ZAnm,n(r)ei”(%Z_e), (3.24)
n

where the modal amplitude A, ,—,(7) contains the radial dependence of the nth-diffracted

wave. F,(7,0,z) is an eigenfunction of the helical translation operator, S oo [118], satis-

tying

Sp 4 oFn(r,6,2) = Fn (r,f) +¢,z+ 2@#’) = olmtkRIOE, (1,0, 2), (3.25)

where index m controls the symmetry properties of the EM fields. We introduce the
helical coordinate { = z — % [119], which is parallel to the cylindrical coordinate z, but
measured from the surface z = %. EM fields can be expressed in terms of ¢ as

Fu(r,6,8) = f(r, )" 550", (326)

It is now clear that this eigenfunction, evaluated along the helical surfaces (¢ = constant),
d
221

time, respectively. Thus, snapshots of the EM fields with k, = 7/d show 2m 4 1 nodes

evolves in time as cos[(m + k;5%= )0 — 271 ft], where f and t are the mode frequency and
along one helix pitch, whereas for k, = 0, they show only 2m nodes. This result allows
us to label the spoof SPP modes in Figure 3.21 with the indices m =0, m =1 and m = 2.

We have also carried out FIT simulations on extended finite wires. As in the experi-
ments, the helical structure is formed by wrapping a PEC wire of radius 200 ym around a
straight cylindrical core of the same radius (see schematic picture of Fig. 3.22). The 9.6 cm
long structure is illuminated in the near field with a radially polarized plane wave propa-
gating parallel to the wire axis. Probes monitoring the longitudinal component of electric
field, E,, are located along the structure, close to the wire surface (615 ym away from its
axis), at four different azimuthal positions (0 = 0, 7, 77, and 37”).

Figure 3.22 renders the amplitude of E, versus frequency recorded by the probes lo-
cated 1.5cm away from the illuminated wire end. The simulation time (700 ps) is chosen
so that reflection of the EM fields at the non-illuminated wire end is avoided. The spec-
trum resembles the experimental one, except for the structure in the tails below 0.3 THz.
The black vertical arrows indicate the position of the three experimental peaks. These are
in excellent agreement with the maxima in the electric field amplitude close to the wire

surface in our FIT simulations, and in close correspondence with the fgg’s obtained from

90



3.3. Cylindrical Geometries

—
o
T

o
(00]
T

plitude (a. u.)
o
(o]

W,

o
)]
T

z

E_field am

o
o

0.30 0.35

f (THz)

0.20 0.25

Figure 3.22.: FIT simulations of the propagation of surface EM modes on a 9.6 cm long wire. The
metawire consists in a PEC wire of radius 200 yum tighly wound on a straight PEC wire
of the same dimensions. The helix pitch is d = 400 yum. Main panel shows the spectra of
E, at four points close to the structure surface (r = 615um, 6 = 0, g, 7T, and 37”) located
1.5cm away from the illuminated wire end. Right insets show |E;| in a cross section at the
three fgg’s obtained from FDTD calculations (from top to bottom: 0.305 THz, 0.320THz and
0.349 THz). In the main panel, these frequencies are indicated by cyan arrows, whereas the
corresponding frequencies in the experimental spectra are shown by black arrows.

FDTD calculations (vertical cyan arrows). In order to confirm that the three maxima in
the FIT spectra correspond to the excitation of guided modes on the structure, we have
also mapped the electric field amplitude in the plane containing the four field probes
described above. The three right insets of Fig. 3.22 show the electric field amplitude at
the frequencies indicated by vertical cyan arrows in the main panel. The field patterns
are consistent with the FDTD results, which demonstrates that the FIT spectral maxima
are associated with the resonant excitation of the m = 0, m = 1, and m = 2 spoof SPP
modes.

The relative amplitudes of the spectral peaks reflects the efficiency with which the
radially polarized incident beam is scattered into the spoof SPP modes and is similar to
that observed experimentally. The modulation in amplitude below 0.3 THz observed in

the experiments (see Fig. 3.20), does not appear in the long tail to lower frequencies in
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the simulation shown in Fig. 3.22. In the experiments, spectral artifacts associated with
reflections or finite delay range have been excluded. Therefore, we tentatively assign
this structure to either variations in the pitch of the metawire or, more likely, to the
frequency dependence of the coupling of the spoof SPPs to free space radiation, which
is not explicitly modelled.

In this section, the propagation of spoof SPPs on corrugated wires has been studied
theoretically and experimentally. In our theoretical analysis, different geometries have
been considered, and a conical focusing scheme has been proposed. Finally, the guid-
ing of THz radiation through spoof SPP modes on helical structures has been reported

experimentally for the first time.

3.4. Corrugated channels and wedges

3.4.1. Spoof channel plasmon polaritons

Waveguides based on spoof SPPs supported by periodic groove and dimple arrays present
a main drawback: the lack of lateral confinement of EM fields. As we showed in Section
3.2, spoof SPPs on these two structures spread infinitely along the in-plane coordinate
perpendicular to the direction of propagation. In the case of dimple arrays, the lateral
extension of the spoof SPPs can be reduced by varying the aperture dimensions [120],
but subwavelength confinement of EM fields can not be achieved through this strategy.

In this section, we present a guiding scheme featuring subwavelength transverse con-
finement of EM fields at a planar surface. Our design, that consists of corrugated V-
grooves milled on a PEC surface, borrows ideas from channel plasmon polaritons (CPPs)
[26] and the concept of spoof SPPs. Moreover, we demonstrate that the combination
of these two different physical mechanisms allows overcoming the limitations of SPPs-
based waveguides at frequencies far below metallic plasma frequencies (see Sec. 3.2.1).
Although our PEC model is scalable, in order to illustrate its functionality, we choose its
geometrical parameters so that it works at frequencies laying in the THz range of the EM
spectrum.

In the visible or telecom regimes, V-shaped grooves milled in metals support low
loss, tightly confined CPPs [27, 29, 31]. The modal size of CPPs grows for increasing
wavelength in such a way that, on PEC V-grooves, CPPs do not exist. As we have shown
in the previous sections, the texturing of a metallic surface leads to the emergence of
bound EM modes even in the PEC limit. Now, we test whether corrugated V-grooves
milled on a flat PEC surface also sustain guided modes. For that, we analyze first the

dependence of the EM modes propagating in the gap between two parallel groove arrays
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Figure 3.23.: Dispersion relation of the guided EM modes propagating between two corrugated
PEC surfaces. Both surfaces are identical and consist of two groove arrays of period d. The
grooves width, 4, and depth, ¢, are equal to 0.5d. Five different gap widths (w) are consid-
ered: 4d (red solid line), 2d (green dashed line), d (blue dotted dashed line), 0.5d (orange
double dotted dashed line), and 0.25d (cyan dotted line). In the lower inset, the electric field
amplitude at the band edge for the case w = 1.5d is depicted. The upper inset renders €
(black squares) and the propagation length (red circles) at d/A = 0.25 obtained within the
SIBC approximation for aluminum and 4 = 200 ym.

(see lower inset of Fig. 3.23) on the gap width, w. Similar modes supported in the gap
between two metallic surfaces textured with 2D hole arrays have been considered in the
GHz regime [121]. Here we only consider EM modes associated with longitudinal electric
tields having odd parity with respect to the gap center, as they have the same symmetry
properties as the CPPs at optical frequencies [32]. Such modes can be described using
our ME formalism (see Sec. 2.2). We denote the array period as d, and the grooves width
and depth as a and ¢, respectively (see inset). Thus, in the single mode approximation

(valid for A >> a), the dispersion relation of these EM modes is given by the condition
G—e=0, (3.27)

where € = cot(kot) [see Eq. (2.40)] reflects the rebounds experienced by EM fields inside

the grooves. The G term, which describes the coupling of EM fields coming from different
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3. Geometrically induced surface electromagnetic modes

grooves, reads

, k / w
G = 12ﬁ|0’m0|2tanh < k%,l - k02>, (328)
m

m — Ko
where k,, = k+ m%”, being k the mode parallel wave vector, and 0,0 = \/gsinc(km%)
(see Appendix A). Note that G has the same form as for a single groove array [Eq. (2.42)]
except for the term associated with the tangent function, which takes into account the
anti-symmetric coupling of the EM fields bound to both PEC surfaces across the gap. In
the limit A >> d, we can neglect higher order diffraction order in G, having

@ coth (M%) = |ogo|? tan(kot). (3.29)

ko

Note that Eq. (3.29) resembles the dispersion relation of the anti-symmetric gap SPP
modes supported in a dielectric slab sandwiched between two semi-infinite metals [115].

Figure 3.23 renders the dispersion relation of the gap modes travelling between two
identical groove arrays. The bands have been calculated using Eq. (3.27), including a
sufficiently large number of diffraction orders to achieve convergence. In all cases, the
geometrical parameters of the grooves are t = a = 0.5d. Structures with five different
gap widths have been analyzed, ranging from w = 4d to w = 0.25d. Importantly, the
dispersion bands are lowered as w is reduced. Thus, for a given frequency, k is larger
for smaller w. This effect can be quantified by looking at the effective permittivity of the
mode, €., defined as €. = k?/ k%. In the upper inset of Fig. 3.23, e.¢ of the gap modes
evaluated at d/A = 0.25 as a function of w is shown. For decreasing values of w, €q
increases very rapidly, reflecting a very large lateral confinement of the mode as the gap
is reduced. In the lower inset, the electric field amplitude evaluated at the band edge for
the case w = 1.5d is depicted. The orange arrow indicates the direction of propagation.

In the upper inset of Fig. 3.23, the dependence of the modal propagation length, I,
on the gap width is also shown (red circles). In order to take into account absorption
losses in our model, we have replaced PEC conditions by SIBCs in our ME equations,
following the procedure presented in Section 2.2.5. Thus, the propagation length of the
gap modes is given by the imaginary part of the parallel wave vector, | = 1/[2Im(k)].
The propagation lengths in Fig. 3.23 are evaluated for aluminum at d/A = 0.25 with
d = 200 ym (which corresponds to f = 0.38 THz). The dielectric function of aluminum
has been taken from [97]. From the evolution of [ with w we can conclude that there is
a trade-off between the propagation and confinement of the EM guided modes, as it is
common in plasmonic structures.

The existence of EM guided modes in the gap between two corrugated PEC surfaces
and the dependence of €. with the gap width suggest that a corrugated V-groove milled
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d/x

Figure 3.24.: FDTD dispersion relation of the first three spoof CPP modes supported by a corru-
gated V-channel milled on a PEC surface. An schematic picture of the structure is shown
in the upper inset. Lower insets depict the amplitudes of the longitudinal component of the
electric field evaluated at the band edge for the three modes. The wavelength, A, and modal

size, ¢, for the three cases are represented.

on a PEC film (see upper inset of Fig. 3.24) supports the propagation of EM guided
modes. These would be tightly confined in the transverse plane and localized at the
bottom of the groove, where €. is maximum. In order to verify this hypothesis, we have
carried out FDTD calculations of the dispersion relation of the EM modes supported
by corrugated V-grooves. The side of the FDTD mesh is 0.025d, and the total number
of mesh points, 360 x 460 x 40. We assume that the metal behaves as a PEC, i.e., no
absorption is present in the structure. The geometrical parameters are a = t = 0.5d,
w = 0.76d, and h = 5d, corresponding to a groove angle of 20°. The bands associated with
the first three EM guided modes (spoof CPPs) travelling along the corrugated channel
are rendered in Fig. 3.24. As in the case of CPPs at optical frequencies [32], the fact that
the corrugated V-channel has a finite height translates into the existence of a cut-off for
these EM guided modes.

The longitudinal component of the electric field associated with the three spoof CPP
modes is shown in the lower insets of Fig. 3.24. The fields are evaluated at the band edges

of the three dispersion bands. Electric fields are plotted only inside the shallow part of
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the corrugated V-channel, where EM fields are strongly localized. The first and third
modes have odd parity, as the longitudinal electric fields have a different sign at both
sides of the V-channel, vanishing at the middle plane. The lowest mode shows only two
lobes, whereas the third one presents another plane, now parallel to the planar surface, in
which the longitudinal electric field is also zero. The second EM guided mode has even
parity with respect to the symmetry plane. In all three insets both A and the modal size,
6, are represented. We have defined the modal size as the transverse separation between
the locations where the electric field amplitude has fallen to one tenth of its maximum
value, having § = 0.52A, 1.02A, and 1.06A for the three spoof CPPs at the band edge.

Another interesting feature of the spoof CPPs modal shape is that, contrary to what the
behavior of e predicts in Fig. 3.24, EM fields are not guided at the groove bottom but
rather at the groove edges. This is due to their strong hybridization with wedge modes
that run on the edges of the groove (see Sec. 3.4.2), much in the same way as it occurs
in conventional CPPs [32]. It is also remarkable the small frequency overlap between
the first and second spoof CPP bands, which facilitates the monomode operation of the
corrugated V-groove as a THz waveguide.

Once we have demonstrated that spoof CPPs are supported by infinitely long corru-
gated V-grooves, it is worth analyzing how these EM modes behave in waveguides of fi-
nite length. For that, we have performed FIT simulations on finite corrugated V-channels.
As in the previous FDTD calculations, PEC boundary conditions are considered. We have
chosen the structure period d = 200 ym, keeping the relation between the rest of the ge-
ometrical parameters and d as in Fig. 3.24. First, in order to cross-check the different
numerical techniques, we analyze the case of a straight channel. The channel is 20 mm
long and the structure is illuminated from one end with a 2D input port mode that re-
sembles the spatial and vectorial dependencies of the lowest spoof CPP mode obtained
from FDTD simulations.

Within FIT it is possible to calculate the EM transmission through the finite waveguide
by integrating the longitudinal component of the Poynting vector in two perpendicular
planes, located near the input and exit sides of the waveguide. Figure 3.25 displays this
FIT transmission spectrum for the finite-length channel described above. Red dashed
arrows indicate the cut-off and band edge frequencies predicted by the FDTD method
(see Fig. 3.23) for the lowest spoof CPP mode supported by the structure. The agreement
between the two distinct numerical techniques in the spectral location of the band edge
is excellent. Regarding the cut-off frequency, FIT predicts a slightly higher location than
that obtained with FDTD. Notice that, as the band approaches its cut-off frequency, the
spoof CPP mode becomes less localized and both numerical calculations are less accurate

due to the inherent finite size of the spatial simulation windows. The important point
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Figure 3.25.: FIT simulations of the transmission spectrum for the lower spoof CPP mode sup-
ported by a straight corrugated PEC V-channel of period d = 200 ym and total length 20 mm.
Red dashed arrows indicate the spectral position of the cutoff and band edge frequencies ob-
tained from FDTD calculations. The left insets show the electric field amplitude at 0.32 THz,
and the right ones, at 0.42 THz. Upper (lower) insets correspond to the plane located 9.1 mm
(9.2mm) away from the illuminated end of the structure.

is that the transmission approaches unity within the spectral region in which the lowest
guided mode is supported.

The insets of Fig. 3.25 render the total electric field amplitudes at two different fre-
quencies. Left panels are evaluated at 0.32 THz and the right ones at 0.42 THz. The upper
insets depict the electric field in the plane located 9.1 mm away from the illuminated
end of the structure and corresponds to the shallow part of the V-channel. The lower
insets are displaced one half of the period, showing the deepest region in the groove. In
accordance with the FDTD calculations, the electric field is strongly confined within the
shallow channel. The insets also show clearly how the lateral confinement of the mode is
much higher at 0.42THz (6 = 0.42mm= 0.59A) than at 0.32THz (6§ = 1.37 mm= 1.46A).
Importantly, in contrast to other guiding schemes [122], the straight waveguide presented

here features transverse subwavelength confinement of THz radiation.

In the previous calculations, we assumed ideal PEC boundary conditions and hence,

the propagation length, [, is infinite. We can estimate [ in a real waveguide operating at
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Figure 3.26.: FIT simulations of the spoof CPPs propagation through four 90° bend channels
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of different r. All structures are comprised by 100 periods. The upper panel renders the
transmission spectrum for the four channels considered. The lower panels show the electric
field amplitude at 0.40 THz evaluated at a height of 100 ym above the planar surface for the
four structures analyzed.



3.4. Corrugated channels and wedges

THz frequencies from our ME calculations with SIBCs for the gap EM modes between
two identical groove arrays. In the left inset of Fig. 3.23, [ versus w is plotted at f = 0.38
THz, which corresponds to the center of the transmission plateau in Fig. 3.25. The prop-
agation length for w = 0.76d, which coincides with the opening of the V-grooves under
study, is of the order of 60A. We have obtained similar estimations from FIT simulations
in which the spoof CPPs propagation length is calculated by fitting the exponential de-
cay of the electric field amplitude along straight corrugated aluminum V-channels. In
these simulations, the Drude-like permittivity considered in [97] is used to model the
dielectric response of the metal.

The possible use of spoof CPPs for routing THz radiation requires an study of the
bending losses suffered by these modes. We have performed FIT simulations on corru-
gated bend V-grooves milled on PEC surfaces (in order to isolate bending losses from the
absorption losses previously discussed). The results obtained for four different 90° bends
with different radii of curvature, r, are shown in Fig. 3.26. In all cases, the structures
contain up to 100 periods. The groove array period in the straight part of the channel
is equal to 200 ym and is slightly adjusted in the bends in order to conform with the
curved geometry. The transmittance spectra for the four structures analyzed are shown
in the upper panel of Fig. 3.26. For the case of maximum 7 (10 mm), the transmission
can be as large as 90%, but is reduced as r becomes smaller, being 50% in the case in
which r is 1.5mm (around two times the wavelength). These bending losses are much
smaller than those reported for metallic wires at THz frequencies [123], as expected due
to the subwavelength character of the spoof CPPs. In the four lower panels of Fig. 3.26,
the electric field amplitude evaluated at 0.40 THz in a plane located 100 ym above the
planar surface is depicted. It is clear how the bending losses in these structures stem

from radiation into vacuum modes occurring just at the bend of the waveguide.

3.4.2. Spoof wedge plasmon polaritons

In the previous section, we have seen that spoof CPPs are not guided at the bottom of the
channel, as e for gap modes seemed to indicate, but at its edges. We related such elec-
tric field distribution to the hybridization of spoof CPPs with the EM modes sustained
by the edges of the corrugated channel. In this section, we study these geometrically
induced EM modes and present a new guiding scheme for THz waves based on them.

The structure under study is depicted in Fig. 3.27: a PEC wedge milled with a periodic
array of grooves. We can expect that, as in the case of PEC corrugated channels, the
EM modes supported by such geometry resemble wedge plasmon polaritons (WPPs)

[27, 28, 36] occurring at visible and telecom frequencies. The parameters defining the
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3. Geometrically induced surface electromagnetic modes

Figure 3.27.: Schematic picture of the proposed waveguiding scheme: a PEC wedge milled with
a periodic array of grooves. The white arrow indicates the direction of propagation of the
spoof WPPs supported by the structure.

wedge are the height, i, and angle, 6. The grooves milled on the wedge have depth ¢t and
width 4, and the period of the corrugation is d. In our analysis we fix the groove width,
a = 0.5d, and the wedge height, h = 54.

Fig. 3.28 renders the two lowest bands of the spoof WPPs travelling along wedges with
f = 20°. The wedges are textured with grooves of three different depths: t = 0.75d (blue
circles), t = 0.5d (red squares), and t = 0.75d (green diamonds). Dispersion bands are
lowered as the groove depth is increased. Due to the finite height of the wedge, spoof
WPP bands in Fig. 3.28 present a cut-off frequency, as also observed in conventional
WPPs [36]. Insets (a) and (b) depict the longitudinal component of the electric field at
the band edge for the two spoof WPP modes supported by the wedge with ¢ = 0.5d
(red squares). The cross sections correspond to the deeper part of the corrugated wedge,
where the EM fields are mainly localized. Inset (a), which renders the first spoof WPP
mode, presents only one maximum within the transverse plane. However, the electric
field associated to the second WPP, shown in inset (b), displays two lobes of different sign
along the vertical direction, vanishing in the horizontal plane between them. Note that
both EM modes have even parity with respect to the vertical symmetry plane. Although
the longitudinal electric field in inset (a) is similar to that associated with WPPs sustained
by real metals, the modal shape in inset (b) is not featured by conventional WPPs. Both

dispersion relations and electric fields shown in Fig. 3.28 have been obtained from FDTD
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Figure 3.28.: Two lowest spoof WPP bands for wedges with three different depths: t = 0.75d (blue
circles), t = 0.5d (red squares) and t = 0.25d (green diamonds). The rest of the geometrical
parameters are described in the text. Insets (a) and (b) show the longitudinal component of
the electric field at the edge of the two bands for the case t = 0.54.

calculations with a square mesh size of 5 ym.

Once we have demonstrated that periodically corrugated PEC wedges support spoof
WPP modes whose dispersion relation can be controlled by the groove depth, we study
the influence of the angle, 6, on the modal characteristics. In Figure 3.29, the fundamental
WPP bands for wedges of different 8 are shown (for all structures, a and d remain as in
Fig. 3.28, and t = 0.5d). As 6 increases, the bands shift to higher frequencies, tending to
the limiting case of a flat ( = 180°) groove array (see Sec. 3.2.2), represented by a black
dashed line. The insets of Fig. 3.29 render the electric field amplitude at the band edge
for wedges with (a) 8 = 20°, and (b) 8 = 60°. In both cases, the half-wavelength (A/2)
is represented by vertical white bars. Following the convention used for spoof CPPs, the
modal size for the 20° wedge is 6 = 0.28A, whereas for 6 = 60°, it is equal to 0.78A. These
results demonstrate the subwavelenth transverse confinement featured by spoof WPPs.

To make our design work at THz frequencies, we set the corrugation period, 4, to
200 pm. Although PEC boundary conditions are an excellent approximation in the THz
regime, they do not take into account modal losses. Thus, we estimate the propagation

length of spoof WPPs through FIT simulations in which the metal response is described
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Figure 3.29.: Dispersion relation of the fundamental spoof WPP travelling along corrugated
wedges for different 6. Dashed black line shows the dispersion band corresponding to the
flat (6 = 180°) case (groove array). The horizontal arrows indicate the frequencies for which
the propagation length is estimated (see the text). Lower insets show the electric field ampli-
tudes at the band edge for (a) 6 = 20° and (b) 8 = 60°. In both insets, A /2 is represented by
white bars.

using a realistic dielectric function [97]. We consider a corrugated aluminum wedge with
f = 60° and a length of 40 mm (the remaining geometrical parameters being the same
as in Fig. 3.29). As in the case of channels, the mode propagation length is obtained
by fitting the exponential decay of the electric field amplitude along the wedge. To il-
lustrate the dependence of I on the frequency, we choose three representative values
indicated by orange dotted arrows in Fig. 3.29. Close to the light line, at d/A = 0.10,
which corresponds to f = 0.16 THz, we find | = 120mm = 64A. At larger frequencies,
the propagation length is reduced, being | = 43.2mm = 291 at d/A = 0.13 (f = 0.20
THz). Finally, as we approach the flat part of the band, the propagation length decreases
abruptly. Thus, at d/A = 0.18 (f = 0.27 THz), we obtain /| = 1.56 mm = 1.3A. It is re-
markable that the values obtained for /A are comparable to those reported for WPPs in
the telecom regime [36], where the physical origin of the field confinement is completely
different. This correspondence of [/A between conventional and spoof SPPs has been

also observed in planar and wire geometries [124, 125].

102



3.4. Corrugated channels and wedges

—
(o)}

—
N

(00}

N

Electric field amplitude (a.u.)

0 10 20 30 40 50
z/d

Figure 3.30.: (a) Left inset: Corrugated PEC wedge with 6 varying smoothly along the z-direction

from 60° to 20°. Main panel: Electric field amplitude versus z along the line located 100 ym
above the structure apex. Three different frequencies are considered: 0.12 THz (green line),
0.16 THz (red line) and 0.20 THz (black line). Panels (b), (c), and (d) depict the electric field
amplitude within the xz plane located 100 ym above the apex for these three frequencies.
Dashed arrows indicate the position of the maxima of amplitude shown in panel (a).
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Figure 3.29 provides us a hint on how THz waves can be focused and slowed down
with the aid of spoof WPPs. The lowering of the dispersion bands for decreasing 6 sug-
gests that radiation of a given frequency propagating in a wedge which is sharpened
along its length [see inset of Fig. 3.30] would be gradually concentrated within the trans-
verse plane. Additionally, THz waves at frequencies above the band edge associated to a
specific 6 will never reach sections of the structure sharper than that angle, being slowed
down as they approach it. In order to prevent backreflection and scattering of EM fields
out of the structure, impedance mismatches along the wedge can be minimized by per-
forming the reduction in 0 adiabatically.

The inset of Fig. 3.30 shows a diagram of the design proposed: a 10 mm long wedge
with 6 varying smoothly from 60° to 20° milled by 50 grooves disposed periodically with
the same geometrical parameters as in Fig. 3.29. The guiding properties of the structure
are studied by means of FIT simulations under PEC approximation. The wide end of the
wedge is illuminated with a broadband pulse whose modal shape corresponds to that
of spoof WPP modes supported by an infinitely long 60° wedge. Panel (a) of Fig. 3.30
renders the electric field amplitude, |E|, on a line parallel to the z-axis and 100 ym above
the wedge apex. |E| is evaluated at three different frequencies within the spectral range
spanned by the dispersion bands shown in Fig. 3.29. Waves at d/A = 0.08 (f = 0.12 THz)
propagate until the sharpest end of the wedge, giving rise to a maximum in the electric
tield amplitude located at that position (green line). At higher frequencies, radiation is
slowed down and stopped before reaching the wedge end. For d/A = 0.1 (f = 0.16 THz),
a peak in |E| is developed at the 4nd groove, for which 0 = 26° (red line). Atd/A = 0.13
(0.20 THz) EM fields explore an even shorter section of the wedge and |E| presents a
maximum at the 34t groove, which correspond to 6 = 32° (black line). Note that these
results are in excellent agreement with the FDTD dispersion bands of Fig. 3.29.

Panels (b), (c), and (d) of Fig. 3.30 depict |E| within the xy-plane located 100 m above
the wedge apex, for the three frequencies considered in panel (a). Vertical dashed arrows
indicate the position of the maxima in panel (a). In these three contourplots, the reduc-
tion of the effective wavelength [A = 271/Re(k)] experienced by the guided EM fields
as they propagate along the structure can be observed. This fact points out that slowing
down and stopping of THz waves is occurring along the wedge, at different locations
depending on the frequency. Note that, as a difference with the scheme proposed in Ref.
[126], the stopping mechanism presented here also leads to the transverse confinement
of EM fields. Panels (b), (c) and (d) indicate that guided waves are not scattered out of
the wedge as they travel in the z-direction. On the contrary, while propagating along the
structure, EM fields are gradually concentrated, leading to frequency selective focusing

of THz waves.
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3.5. Conclusions

In this chapter, we have studied the geometrically induced EM modes supported by dif-
ferent structures. We have introduced our work by reviewing the dispersion relation of
conventional SPPs. Then, we have introduced spoof SPPs in planar geometries, both in
single surfaces (groove and dimple arrays) and films (slit and holes). We have demon-
strated that the characteristics of the EM modes bound to these structures are controlled
by the width and depth of the perforations. Additionally, we have shown that our theo-
retical results are in excellent agreement with experimental measurements of the propa-
gation and confinement of spoof SPPs on dimple arrays at THz frequencies.

Secondly, we have demonstrated that corrugated wires also sustain spoof SPP modes.
We have motivated our study by describing the behavior of conventional SPPs on cylin-
drical surfaces in the limit of PEC metal. We have studied the geometrically induced EM
modes bound to ring arrays, and proposed a scheme for achieving subwavelength focus-
ing of EM fields based on these modes. We have also considered the case of helically
grooved wires, where the comparison with experiments in the THz regime has been also
shown.

Finally, we have presented two different guiding schemes for THz waves based on the
spoof SPP concept. The designs consist of corrugated channels and wedges. We have
demonstrated that subwavelength confinement of EM fields in the transverse plane is
achieved in such structures due to the mode coupling in a similar way as it happens in

channel and wedge plasmon polaritons in the visible and telecom ranges.
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4. Role of order in the phenomenon of

extraordinary transmission

4.1. Introduction

Since the discovery of the extraordinary optical transmission through periodic arrays of
subwavelength holes [39], many theoretical and experimental works have been devoted
to analyze the appearance of the phenomenon in different structures. Apart from hole
arrangements [40, 44—46], resonant transmission has been reported in periodic arrays of
slits [41-43, 127, 128], single apertures [129-133], and single apertures surrounded by cor-
rugations [48-50]. Recently, several experimental works have been published reporting
transmission resonances in quasiperiodic aperture arrays [134-139]. These papers sug-
gest that the presence of long range order in the system is the fundamental ingredient to
observe the phenomenon of extraordinary optical transmission.

In this chapter, we analyze the transmission properties of finite (periodic and quasiperi-
odic) slit arrays, and quasiperiodic hole arrangements. By means of our modal expansion
formalism, we obtain the transmittance and the distribution of electromagnetic fields in
such structures. In its reciprocal version, our theoretical framework enables us to link
the electric field amplitudes at the film surfaces to the structure factor of the system.
This provides us with a complete theoretical description of the connection between the
structure order and transmission resonances. Moreover, we identify the leaky electromag-
netic modes supported by perforated film as the key actors in the resonant transmission
process.

Throughout this chapter, the metallic film will be treated as a perfect conductor, i.e.,
em = —oo. This is a very good approximation in the microwave and terahertz regimes,
where experiments on quasiperiodic apertures have been performed, and still has semi-
quantitative value at optical frequencies. Additionally, perfect conducting boundaries
make all the lengths involved in the system scalable, which allows transferring our re-

sults to different ranges of the electromagnetic spectrum.
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4.2. Finite and quasiperiodic slit arrays

4.2.1. Infinite array and single slit

We motivate the study of the transmission of light through finite arrays of subwavelength
slits by first analyzing two interesting and limiting cases in which the ME continuity
equations governing the electromagnetic (EM) fields behavior (2.46) have a very simple
form: a single slit and an infinitely periodic array of identical slits, both systems illu-
minated by a normal incident p-polarized plane wave. In spite of being very different
systems, in both cases we find that, by considering only the first waveguide mode inside

the slit(s), the system of linear equations simplifies into just the same two equations

(G—€e)E—GVE' =1,

(G—¢€)E' —GVE=0. @1)

For both systems, the illumination term, I = 2i(slit|kg), is proportional to the overlap
between the incident plane wave and the slit(s) waveguide mode. The slit(s) waveguide
mode is given by (x|slit) = 1/+/a, where a is the slit(s) width [see Eq. (2.37)]. The term
€ = cot(koh) (where h is the film thickness) reflects the bouncing back and forth of the
EM fields inside the aperture(s), and G” = 1/ sin(koh) takes into account the coupling of
the EM fields at different film sides through the slit(s). The only difference between the
two systems resides in the expression for G in Egs. (4.1), which describes the interaction
of EM fields associated with slit waveguide modes through diffraction waves. For the

single slit case, it reads
G=Gs— / / dxdx’ (slit|x) G (x, x') (x'[slit), 4.2)

where the integrals on x and x” run over the width of the slit and G(x, x’) is given by Eq.
(2.63). On the other hand, for the infinite case, the set of continuity equations is obtained
from Egs. (2.38). Thus, by considering only the fundamental slit waveguide mode, we

can rewrite Eq. (2.42) as

G = Geo =1)_ Y, | (kn|slit)]*. (4.3)

For normal incidence, k,, = m%”, where d denotes the array period, Y, = ko/ k%) — k2,
and the wavefunction for the diffraction waves is (x|k,,) = e’*»*/~/d.

Several works have been published studying the transmission properties of perforated
films [49] in which the single mode approximation that we are considering in our model
is used. Note that for the case of 1D slits, irrespective of the ratio between 2 and A, the first

waveguide mode is always propagating. Since in the subwavelength regime (A >> a), all
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Figure 4.1.: Transmission spectra normalized to the light impinging the area corresponding to the
array period, d, for a single slit and for an infinite periodic array of slits (for both structures,
h = 0.7d and a = 0.15d). Top: wavelength dependence of the relevant terms in Eq. (4.1) for

the single slit. Bottom: the same but for the infinite array of slits.

higher modes are evanescent, it is a very good approximation to consider that only the
first slit waveguide mode is excited by the incident plane wave.

The central panel of Figure 4.1 shows the comparison between the transmission spec-
tra for a single slit and for an infinite array of slits. In both cases, the transmittance
(defined as the ratio between the EM power exiting and impinging on the structure, see
Section 2.2.1) is normalized to the EM flux incident on the area corresponding to the
array period, d. For the normalization considered, the transmissivity of both structures
can be calculated from the 1D version of Egs. (2.33) and (2.34), having;:

T = (GY/Yy,)Im(EE"™). (4.4)
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4. Role of order in the phenomenon of extraordinary transmission

In our model, we consider only perfect electric conducting (PEC) films. This means that
all lengths in the structure are scalable and we can take d as the reference length. For the
two structures analyzed in Fig. 4.1, the thickness of the film is chosen to be h = 0.7d and
the slits width, a = 0.15d.

In the wavelength range analyzed, the single slit spectrum presents two maxima which
correspond to the first two slit cavity resonances, located near the Fabry-Perot condition
sin(koh) = 0. The infinite array spectrum shows these two maxima too, but shifted
to shorter wavelengths. However, slightly above the periodicity (A 2 d) this spectrum
presents a strongly peaked feature which does not appear for the single slit. This maxi-
mum can be associated with the excitation of surface resonances at both sides of the film
[43, 45]. It is accompanied by a sharp drop in the transmittance just at the periodicity,
the well-known Wood-Rayleigh’s anomaly [3, 4].

Although the phenomenology for a single slit and for an infinite array of slits is well
known, the novelty of our approach is that it allows to understand the physics and
mathematics behind the transmission resonances in both systems just by analyzing the
terms appearing in Eqgs. (4.1). The wavelength dependence of the different terms in these
equations for a single slit and for an infinite array is shown in the top and bottom panels
of Fig. 4.1, respectively. For example, the origin of the Wood-Rayleigh’s anomaly, present
only in the infinite array spectrum, stems from a divergence in G (see lower panel in
Fig. 4.1) that appears just at the wavelength in which a diffraction order (£1,0) becomes
evanescent (A = d,k, = 0). This divergence makes the field intensity at the input and
output sides of the slits vanishing, i.e. |[E| = |E'| = 0 (see Egs. (4.1)). As in typical
resonant phenomena, the spectral locations of the EM resonances can be extracted by
looking at the zeroes in the determinant of the matrix defining the associated set of
linear equations [140, 141]. For both structures, the spectral locations of the transmission
peaks coincide with cuts between GV and |G — ¢|. Imposing G” = |G — €| in Egs. (4.1)
we find that, for wavelengths satisfying this condition, the electric field intensities at both
sides of the slits are equal, i.e. |E| = |E'|. It is straightforward to demonstrate that this
condition also leads to a resonant denominator in the expressions for the corresponding
electric field amplitudes {E, E’}. Therefore, transmission maxima in both spectra rely on
EM resonances with the same mathematics but with a different physical origin.

For a single slit, transmission maxima are due to the excitation of cavity resonances
with the EM fields mainly concentrated inside the slits [129, 131]. For an infinite array,
these slit cavity resonances still emerge in the transmission spectrum but their locations
appear at shorter wavelengths. This shift is due to the EM coupling between the slits
forming the infinite array. This interaction modifies in an effective way the reflectivity

at the boundaries of the Fabry-Perot cavity, changing the spectral location of the corre-
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4.2. Finite and quasiperiodic slit arrays
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Figure 4.2.: Electric field amplitude, |E|, at the output side of the single slit and the periodic

array of Fig. 4.1. Panel (a) shows |E| for the single slit evaluated at A = 1.86d. Panels (b)

and (c) render the electric field pattern for the periodic array at A = 1.754d and A = 1.03d,
respectively.

sponding resonances [142]. Additionally, a new transmission peak appears close to the

divergence of Go, which can be linked to surface resonances at the film sides [41, 42].

In order to check the validity of this physical picture in which transmission maxima
are linked to slit cavity and surface EM resonances, we show in Figure 4.2 the amplitude
of the electric field, |E|, at the exit side of the PEC film for both the single slit and the
periodic array considered in Fig. 4.1. Panel (a) renders |E| at the maximum at A = 1.86d
in the single slit spectrum. Panels (b) and (c) correspond to the transmission maxima that
the periodic array displays at A = 1.75d and A = 1.03d, respectively. As expected, the
electric field in panels (a) and (b) is mostly located inside the slits, which indicates that
the transmission resonances in both systems have the same physical origin. However, in
panel (c), |E| shows a sequence of maxima in the x-direction which indicates that the

resonance that governs the transmissivity of the system has a strong surface character.

Importantly, we can associate the transmission resonances appearing in perforated

PEC films with the spoof SPP modes supported by such structures. As we showed in
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4. Role of order in the phenomenon of extraordinary transmission

Section 3.2.3, in the case of 1D apertures these geometrically induced EM modes have
an hybrid nature, featuring characteristics of both surface and slit waveguide modes.
Thus, whereas at the peak near the Fabry-Perot condition, the spoof SPPs are strongly
influenced by the slit cavity resonance, close to the array period, it is the surface character

of the spoof SPP modes which prevail.

4.2.2. Finite array of slits

Now, we apply our ME formalism to the study of the transmission properties of finite
periodic arrays of N identical slits. As we showed in Section 2.2.2, the set of continuity

equations for the system reads

(Guax — €a>E(x + Zﬁ#zx Ga,BEﬁ — G/‘}/Erlx =1,
(4.5)
(GDL - ep()El; + Z‘B#DC GtXﬁE‘;} — G{L/EOC = O,

where index « = 1,2, ... N, labels the slit positions, x, = ad. Note that the interpretation
of the various terms appearing in Egs. (4.5) is the same as in Egs. (4.1). By solving the
2N x 2N system of continuity equations, we obtain the set of unknown modal ampli-
tudes {E,, E, }. Thus, we can calculate the transmittance of the film and evaluate the EM
fields at any point of the structure. The transmittance of a finite array of N slits normal-
ized to the light impinging on the region corresponding to N times the array periodicity
(Nd) reads

1N GV N

TIN) = — Y ty= ——
( ) No;lﬂt NYkOazl

Im(E'(E}), (4.6)

where t, = (G"/Yy,)Im(E'4E}) gives the transmission per slit forming the array (normal-
ized to the array periodicity) i.e., the contribution of each slit to the total transmissivity
of the structure.

Fig. 4.3 shows the transmission spectra of periodic arrays with increasing number of
slits. The geometrical parameters of all the structures are h = 0.7d and a = 0.2d. We have
focused our analysis on the evolution of the surface and first slit cavity resonant peaks.
The maximum at the cavity resonance (A = 1.75d), which already appears in the single
slit spectrum, is almost completely formed for an array containing only 2 slits. This fast
development relies on the localized nature of the EM modes involved in the scattering
process. However, at the surface resonance peak (A = 1.03d), the coupling between the
incident light and the spoof SPPs depends strongly on the corrugation of the structure
and light coming from several slits is involved in the transmission process. It can be

seen in Fig. 4.3 that this peak evolves, not only in height but also in linewidth, gradually
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10 T Ty T T T //// T T
— —single slit
—N=2
B ——N=10 |
O 0.8 —N-20
O N=30
C N=50
S o06f ——N=100 -
= N=200
= —— N=300 N
) | - - - infinite array
c 0.4
©
S
= 0.2
00 /L | 1 | 1 |

1.02 1.04 106 15 1.8 2.1

A/d

Figure 4.3.: Evolution of the resonant peaks in the transmission spectra of finite arrays of slits as
the number of slits is increased. The transmittance is normalized to the EM flux impinging

on N times the array period. For all the structures, i = 0.7d and a = 0.2d.

as the size of the array increases. This fact reinforces our interpretation of the surface

resonance as an spoof SPP mode emerging from the collective interaction among slits.

In order to study the effect on the transmittance of the interaction among EM fields
coming from different slits, we have plotted in Fig. 4.4, the normalized to period trans-
mission per slit (t,) for finite arrays of slits evaluated at the surface resonance. We have
taken the same geometrical parameters as in Fig. 4.3. For small arrays (N < 100), the
transmittance is maximum at the center of the array. However, for large enough arrays,
we can distinguish between two kind of slit contributions to the total transmittance of the
structure. The transmission per slit pattern is composed by a flat central region, whose
width grows as the array size is increased, and two edge regions, each of them involving
NE slits, which is almost independent of the array size, N. The transmittance through
the central (N — 2Ng) slits is, except some small oscillations, uniform and equal to the
value for the infinite case (T = 1 for the normalization considered). However, for the
NE slits close to each array edge, t, falls from 1 to 0.5 as we approach the array ends. It
can be seen in Fig. 4.4 that, for the structure considered in our calculation, Ng ~ 20.

The transmission per slit distribution depicted in Fig. 4.4 is reflected in the electric field
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4. Role of order in the phenomenon of extraordinary transmission
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Figure 4.4.: Normalized to period transmission per slit evaluated at the surface resonance for
arrays of different sizes with 1 = 0.7d and a = 0.2d. Dotted black line corresponds to the

uniform transmission pattern for an infinite array of slits.

distribution close to the metallic film. Figure 4.5 renders the electric field amplitude, |E|,
for the periodic array of 30 slits considered in Fig. 4.4. |E| is evaluated at A = 1.04d, which
corresponds to the location of the surface resonance peak in the transmission spectrum
(see Fig. 4.3). The high transmissivity of the central slits is accompanied by a strong
field enhancement originated by the excitation of spoof SPPs in the central region of the
structure. As in infinite arrays (see Fig. 4.2), the propagation of these leaky EM modes
along the system gives rise to the sequence of maxima in |E| at the film surfaces. We can
relate the distance between two consecutive maxima to the spoof SPPs half-wavelength

which, as expected, is slightly larger than d/2.

Taking advantage of the scalable pattern of t,, we can obtain an approximated expres-
sion for the peak height at the surface resonance as a function of the number of slits
(for large enough arrays). The transmittance through an array containing N slits can be
written as the sum of contributions corresponding the different regions found in Fig
4.4. For the (N — 2Ng) central slits, the total transmittance is (N —2Ng)Teo = N — 2NE.
For the 2N edge slits, it results in a good approximation to take the average value
2[(1+0.5)Ng/2]Teo = 3Ng/2. The transmittance of the array normalized to the EM flux
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Figure 4.5.: Amplitude of the transverse component of the electric field evaluated at the surface
resonance for a periodic array of 30 slits.

incident on the area corresponding to N times the array periodicity is then given by

1 3N N
Tmax(N) = N(N—2NE+TE> =1-_F, 4.7)

Figure 4.6 plots the evolution with N of the height of the transmission peak at the
surface resonance for arrays of slits of different widths perforated in a perfect conducting
film of thickness h = 0.7d. Dots correspond to values obtained from the exact calculation
using Eq. (4.6) . For all the structures, peak growth has a similar behavior. For small
arrays, the transmittance depends linearly with N, but for larger ones, it grows much
more slowly, going as the inverse of the number of slits, as predicted by Eq. (4.7). This
change in tendency does not occur abruptly at a fixed array size, but in a range whose
position and width depend strongly on the width of the slits. The narrower the slits, the
wider this range is. We can relate this two tendencies with the t, distribution depicted in
Fig. 4.4. For small arrays (N < 2NE), the peak height grows linearly, while ¢, is peaked
around the array center. However, for arrays with N > 2NFE, the peak goes as the inverse
of the slit number and a flat plateau appears in the transmission per slit pattern. This
picture is reinforced by comparing the case analyzed in Fig. 4.4 (a = 0.20d), where the

flat plateau is formed for 50 < N < 100. The change in tendency for orange up triangles
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Figure 4.6.: Transmittance at the surface resonance calculated from Eq. (4.6) for different slits
width: @ = 0.24d (cyan circles), @ = 0.20d (orange up triangles), 2 = 0.15d (blue squares),
a = 0.10d (green down triangles), and a = 0.084 (red diamonds). For all structures i = 0.7d
Solid lines: Fitting curves given by Eq. (4.7) for N > NE. Inset: Linear relation between 2Ng
and AEO/A/\OO for structures with 0.08A < a < 0.24d and 0.6d < h < 0.84.

in Fig. 4.6, which corresponds to the same structure, occurs for N ~ 70. Solid lines in
Fig. 4.6 correspond to curves of the form of Eq. (4.7) fitted to exact calculated values
for arrays with N > 2Ng. Ng values obtained from the fitting parameters are in very
good agreement with the corresponding transmission per slit patterns at resonance. For
instance, from Fig. 4.4, we have Ng ~ 20 for a = 0.20d, and from the fitting curve, we
obtain N = 16.

In the following, we demonstrate that the phenomenological parameter 2N is closely
related to the spatial extension of the surface EM mode responsible of the enhanced
transmission. This spatial extension can be extracted from the corresponding transmis-
sion spectrum for the infinite array. The linewidth of the resonant peak is related to the
time, At, that EM fields spend during the resonant process before being re-emitted from
the structure. If we assume that the EM fields associated with the resonant mode travel at
the speed of light, c, the spatial extension of the mode would be cAT = (A%o /M), with
A being the peak position and A\, the linewidth at half maximum of the peak. In the

inset of Figure 4.6, we represent 2N versus (A% /AA«) (in units of d) for the four cases
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4.2. Finite and quasiperiodic slit arrays

analyzed in the main panel and for other ones in which the thickness of the metallic film
is also varied. This figure clearly demonstrates that there is a linear relation between the
two magnitudes, with a proportionality factor being close to 0.4. Although the linewidth
of the resonant peak appearing close to the period of the array is a complex function
of the geometrical parameters of the structure (4, d and /) and the resonant wavelength,
Fig. 4.6 demonstrates that the main controlling factor is the ratio between the width of
the slits and the period of the array, a/d.

All these results have been obtained assuming that the perforated metal behaves as a
perfect conductor. As stated in chapter 2, our results have quantitative value for metals
at microwave or THz frequencies. At optical frequencies, it is expected that absorption
in the metal would play an important role in the evolution of the transmission spectra
as a function of the number of slits. Absorption introduces another lifetime into the
problem, the time taken by the photon to get absorbed. Associated with this lifetime we
can introduce a new length scale, L,,s, roughly defined as the product of the photon
lifetime and the light velocity. If L,,s is smaller than Ngd, the number of slits needed
to obtain the transmittance of the infinite array will be mainly controlled by absorption
in the metal. In the opposite case, transmission resonances can be built up before the
photons are absorbed and hence the values of Ng calculated within the perfect conductor

approach still hold.

4.2.3. Fibonacci array of slits

In this section, we analyze the transmission characteristics of slits disposed following a
Fibonacci sequence. This is probably the earliest and best known deterministic aperiodic
system. In its simplest version, it can be generated from two basic elements {a,b} by

iteratively applying the substitution rules:
a—ab,b—a, (4.8)
Thus, we can construct Fibonacci chains of increasing number of elements, having:
a = ab = aba = abaab = abaababa = . .. (4.9)

Each sequence S; in (4.9) can be obtained from the two preceding ones by applying the
recursion relation S; = S;_1 N S;_» , where symbol N means composition. Sequences of a
and b elements obtained through this iterating process do not have a well defined regu-
larity, but they present several interesting properties due to their quasiperiodic character.

Figure 4.7 depicts a Fibonacci array of slits. The distance between consecutive slits

in this arrangement follows a Fibonacci sequence of two basic lengths, d; and d>. The
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Figure 4.7.: Schematic cross section of the structure analyzed in the text, a perfect conducting
film of thickness & drilled with an array of slits a. Slits are disposed following a Fibonacci
sequence generated from two basic distances d; and d, (see text for definition).

position of the slits in a Fibonacci array [143] is given by
. 14 . 14
Xy = d11nt<?) +ds [tx —1- 1nt<?)], (4.10)

where « = 1,2,...,N, being N the number of slits in the array. The constant T = (1 +
v/5)/2 is the golden ratio and int() denotes the integer part function.

In panel (a) of Fig. 4.8, the modulus of the structure factor, S(k) = Y, e**, for a
Fibonacci array of 200 slits is depicted. The two basic lengths defining the array are
d1 = 0.68d and d, = 1.55d, where d is the mean distance between slits. Panel (b) renders
the structure factor for a periodic array of 200 slits of period d. It vanishes for all k’s
which are far from the multiples of 27r/d, and is narrowly peaked around each of these
multiples. At wave vectors close to the peaks, all summands in S(k) are in phase, and
|S|max = N = 200. The structure factor for the Fibonacci array also presents several
peaked features. The formation of these maxima relies on the appearance of a limited
degree of coherence among summands in S(k) which makes |S|max < 200 = N (for
k # 0). These peaks are clear fingerprints of the presence of long range order in the
system. For comparison, in panel (c) we have plotted the structure factor of a random
array of 200 slits of the same size. Except at k = 0, it does not show any peaked feature,
which demonstrates the absence of order in the slits distribution.

In Fig. 4.9, transmission spectra of a PEC film of thickness 1 = 0.68d perforated with
a Fibonacci (black solid line), a periodic (red dashed line) and a random (blue dotted
line) arrays of 200 slits of width a = 0.17d are shown. Transmittances are normalized to

the transmissivity of 200 independent slits. The transmission of a single slit, Tp, taken as
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Figure 4.8.: Absolute value of the structure factor corresponding to: (a) a Fibonacci array of 200
slits with d; = 0.68d and d, = 1.55d (where d is the mean distance between the slits), (b)
a periodic array of 200 slits of period d, and (c) a random array of 200 slits of the same

dimensions.

reference for normalization, is plotted in the inset of the figure. Within the wavelength
range considered in our analysis, Top shows two maxima corresponding to the two first
slit cavity resonances (A = 0.86d and A = 1.87d). The Fibonacci and periodic array spectra
display these maxima too, but slightly shifted to shorter wavelengths. This fact leads to
the appearance of two low maxima (Tmax S 2) in the corresponding normalized spectra
(see Fig. 4.9). For the random array, T = NTj. The absence of order in the array makes
the interference of radiation coming from different slits destructive and the spectrum of

the structure is governed by the single slit transmission.

Transmission versus wavelength for periodic and Fibonacci arrangements display nar-

rower and higher peaks that are not present in the single slit spectrum. As we showed
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Figure 4.9.: Transmission spectra of the Fibonacci (black solid line), periodic (red dashed line)
and random (blue dotted line) arrays of 200 slits considered in the text. The slits width is
a = 0.17d and the film thickness, i = 0.68d. Transmittances are normalized to the trans-
missivity of 200 independent slits. Inset: Transmission spectrum of a single slit of the same

dimensions.

in Sec. 4.2.2, the narrow peak that periodic structures present at wavelengths close to the
array period is linked to the excitation of spoof SPPs at the system interfaces. The ques-
tion that arises now is whether the origin of the very similar resonant features observed
in the Fibonacci spectrum is the same.

In the coupling process between the incident light and the surface modes supported
by an infinitely periodic array of slits, Bragg momentum matching conditions must
be satisfied [39]. This fact relates the position of the resonant features in the transmis-
sion spectrum with the structure factor of the aperture array, Seo(k) = Y02 e =
2Ty 6(k — b)) (where 6(x) denotes the Dirac’s delta function). This function defines a
set of resonant parallel wave vectors which turn to be equal to the reciprocal lattice
vectors, by = 12F. Wave vectors by = +271/d provide the lowest incident energy and
momentum needed for the coupling. As a result, a very efficient transmission channel is
opened in the system, which leads to a transmittance peak at a wavelength slightly larger
than the array period, 4. Note that, just at A = d, the system presents the transmission

dip associated with the Wood-Rayleigh’s anomaly. For finite periodic arrays, discrete res-
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Figure 4.10.: Evolution of the transmission peak in a Fibonacci array as the number of slits is
increased. The transmittance is normalized to the EM flux impinging on the slits area. The
geometrical parameters considered are the same as in Fig. 4.9. Inset: Transmission peak
height as a function of the number of slits for a Fibonacci (black squares) and periodic (red

dots) arrays.

onant k’s are not well defined, but the close correspondence between the location of the
first maximum in the structure factor (A = d) and the surface resonance transmission
peak that the system presents at A = 1.02d remains.

The connection between the spectral location of transmission peaks and resonant fea-
tures in the structure factor seems to hold also for the Fibonacci array considered in Fig.
4.9. Its structure factor shows a first maximum at kd /27t = 0.375 (A = 2.66d). The highest
peak in its transmission spectrum occurs at A = 2.68d (see Fig. 4.9). Moreover, the trans-
mission dip also has its own quasiperiodic counterpart in a narrow drop (A = 2.66d),
whose position coincides with the maximum in S(k). All these similarities seem to point
out that surface resonances also play a crucial role in the transmission properties of Fi-
bonacci structures. The fact that transmission features are less pronounced in the quasipe-
riodic structure can be interpreted as a consequence of the less efficient coupling between
the incident light and the spoof SPPs due to the absence of a well defined regularity in
the system.

In Figure 4.10 we study the evolution of the transmission maximum with the number
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4. Role of order in the phenomenon of extraordinary transmission

of slits present in a Fibonacci arrangement. The gradual increase of the transmission
peak height observed is compatible with the fact that the origin of the resonance stems
from the excitation spoof SPPs in the film sides. As the number of slits is increased,
the structure factor becomes more and more peaked around the resonant wave vectors,
resulting in a more efficient excitation of the spoof SPP modes and, consequently, in a
higher transmissivity. This behavior is similar to that shown in Fig. 4.3. In the inset of
Fig. 4.10, peak heights for Fibonacci (black squares) and periodic (red dots) arrays with
constant mean distance between slits are plotted as a function of the number of slits.
We can observe that the tendency is very similar in both cases, being the transmittance
always lower for the quasiperiodic system.

From our analysis it seems clear that the structure factor plays a fundamental role in
the transmission properties of slit arrangements. Thus, it is convenient to consider the
k-space version of our ME formalism, in which S(k) appears explicitly. As we stated in
Section 2.2.3, the set of equations which control the k = 0 Fourier component of the

parallel electric field amplitude at the film sides, Eq(0) and E{(0), has the form

(Zo — GQ)EO (0) — G(‘]/E(l) (0)
(X0 — €0)Ep(0) — GY Eo(0) =

L, (4.11)

where, €y and G} remain the same as in real space equations (4.1). The term X is given

by

1 [ee]
__1 R ED
%= Fog) [ _ dkGonaS(~R)EV) (k). (4.12)

It represents the scattering process that couples E)(0) to the continuum E() (k), the mo-
mentum difference being provided by the apertures through the structure factor S(—k).
Note that we have checked that Xy acquires the same values calculated from the modal
amplitudes at the input and output sides of the film. The amplitude of the scattering
process depends on Gy, which is given by

1 . ia k
Gook = 5— Yy (k) (klslit) = -———"

=2 ——

where simple expressions for the admittance, Y,—»(k), and the overlapping integral,

sinc?(ka/2), (4.13)

(k|slit), are given in Sec. 2.2.2 and Appendix A, respectively. Note that Gy diverges
whenever a p-polarized diffraction wave goes glancing (k = ko). This indicates the im-
portant role that surface modes play in the formation of transmission resonances, as they
govern the amplitude of the scattering processes between the incoming light and the
structure. In Section 2.2.3, we showed that the zero-order diffracted beam (k = 0) gov-

erns the transmissivity of aperture arrays for wavelengths much larger than the mean
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Figure 4.11.: Upper panel: Transmission peaks for the Fibonacci and periodic arrays of 200 slits

considered in the text. The transmissivity of an infinitely periodic array with the same ge-

ometry is also shown. Lower panel: Relevant terms in Eqgs. (4.11) for these three systems.

Vertical dotted lines indicate the coincidence between the location of the transmission peaks

and the cuts between |y — €| and G| for each system.

distance between apertures. Thus, we can expect that the system of equations (4.11)

describe the physical and mathematical foundation of the transmission resonances ob-

served in finitely periodic and Fibonacci slit arrays.

Let us consider first the case of an infinitely periodic array. As we showed in Sec. 2.2.3,

2o for this structure is equal to the G, term [see Eq. (4.1)] which appears in the real-

space version of the ME formalism. Therefore, the phenomenology that we described

in Section 4.2.1 relating transmission resonant features to the behavior of the different

terms in Eqgs. 4.1 is also valid for Egs. 4.11. In Fig. 4.11, we have plotted in grey dotted

123



4. Role of order in the phenomenon of extraordinary transmission

line the transmission spectrum (upper panel) and the dependence on A of the relevant
terms in Egs. 4.11 (lower panel) for an infinite array of slits with 4 = 0.17d and h = 0.68d.
We can see that the divergence of |Zy — €g|, which makes Ey(0) = E{(0) = 0, coincides
with the location of the Wood-Rayleigh’s anomaly. Moreover, at a wavelength slightly
larger, the condition |y — €o| = G(‘)/ is satisfied. This gives rise to the surface resonance
transmission peak in the spectrum, which is accompanied by an enhancement of E((0)
and E((0).

The arguments presented above can be extended to finite systems. These are also de-
scribed by Egs. (4.11), where now X must be numerically evaluated from the expression
(4.12). The lower panel of Fig. 4.11 renders | Xy — €| for the finitely periodic (red dotted
line), and Fibonacci (black solid line) arrays of 200 slits considered in Fig. 4.9. Although
Xy does not diverge for any of them, both arrangements show a dip in transmittance
when | Xy — €] is maximum. Moreover, for both structures, the condition | Xy — eg| = GY
still coincides with the locations of the transmission peaks. This correspondence, indi-
cated by vertical dotted lines in Fig. 4.11, allows us to link the appearance of transmission
peaks with the excitation of spoof SPP modes in both systems.

Our theoretical results on the transmission properties of finite slit arrays are in very
good agreement with experimental works recently published studying the role of order

and finite size effects in such structures [144, 145].

4.3. Quasiperiodic hole arrays

Finite size effects in the transmission of light through periodic hole arrays have been
extensively studied both theoretically and experimentally [146-148]. Here we focus on
analyzing the transmission properties of quasiperiodic hole arrangements disposed fol-
lowing Penrose lattices as those studied experimentally in [135-137]. Penrose tiles are
composed of two different types of rhombuses with equal edges, d, but different angles,
36° and 72°. It can be demonstrated [149] that these two basic elements can be matched to
pave all the 2D plane. Although periodicity is absent in the resulting lattice, it presents
long range order with ten-fold spatial symmetry. Figure 4.12 renders a schematic pic-
ture of such Penrose tiling. The two types of rhombuses comprising the lattice has been
colored in order to make them clearly distinguishable.

We choose the holes parameters to be the same as in the experiments in Ref. [137].
Thus, the hole radius is 2 = 0.2 mm, the thickness of the metallic film, # = 0.075 mm,
and the rhombuses edge, d = 1 mm. For these geometrical parameters, the transmission

resonances of the structure are located in the THz range of the EM spectrum where, as we
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Figure 4.12.: Schematic picture of the Penrose tiling considered in the text. The two basic thom-

buses comprising the quasiperiodic lattice are also depicted.

stated in Sec. 2.2.5, PEC boundary conditions are an excellent approximation. The upper

panels in Fig. 4.13 depict the three different types of hole arrangements considered. Left,

center and right panels correspond to a periodic square lattice, a Penrose lattice and a

random distribution of circular holes, respectively. In all three cases, the film thickness,

the number of holes (N = 1506), their radius, and the size of the external diameter are

the same. In this way, the density of holes and the area occupied by them are equal in

the three structures, enabling a direct comparison between them. The coordinates in the

Penrose lattice were generated by the Dual Generalized Method [150, 151]. The periodic

structure is a circular portion of a square lattice of period P = 0.89mm. In the disordered

case, N holes are randomly distributed but without allowing any interhole distance to

be smaller than the minimum one found in the quasiperiodic case.

The scattering properties and EM field distributions for these three systems can be cal-

culated within our real space ME framework [92]. The set of continuity equations for 2D

arrangements has the same form as Egs. (4.5), where index « runs over hole positions and
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4. Role of order in the phenomenon of extraordinary transmission
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Figure 4.13.: (a-c) Structures under study. Square (left), Penrose (center) and random hole ar-
rangements (right). (d) Normalized-to-area transmittance, T, spectra for: single hole (green
line), square array (red line), Penrose lattice (black line) and a random configuration (blue
dots). Gray arrows mark the locations of the dips (thin lines) and peaks (thick lines) of the
experimental transmittance spectrum reported in Ref. [137]. Inset in panel (d) shows the
dependence with N for T at resonant peaks for the quasiperiodic array, A = 0.83 mm (black
dots) and A = 0.98 mm (cyan dots).

waveguide modes inside each aperture. By solving it, we get the electric field amplitudes
at the input (E,) and output (E,) sides of the holes. The transmittance of the structure
is then obtained through Eq. (4.6). Panel (d) of Fig. 4.13 depicts the normal incidence
transmission spectra computed for the three structures, along with the transmittance as-
sociated with a single hole (green line). In all cases, the transmittance is normalized to
the flux of light impinging on the area occupied by the holes. In the spectral range con-
sidered, the single hole transmittance is a smooth decreasing function of the wavelength.

In the ordered case (red line), the transmission spectrum is also smooth, except close to
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4.3. Quasiperiodic hole arrays

the resonant peak appearing at A = 0.92 mm, where the normalized-to-area transmit-
tance, T, is about 5. This is the canonical peak associated with the extraordinary optical
transmission (EOT) phenomenon, which occurs at a resonant wavelength slightly larger
that the array period.

As in the experiments, resonant transmission also appears when holes are arranged in
a Penrose lattice (black curve in Fig. 4.13). In this case, maximum transmission values of
about 1.5 are obtained at two resonant wavelengths, A = 0.83 mm and A = 0.98 mm. The
agreement between theory and experiment in the spectral locations of these transmission
peaks is excellent. On the other hand, blue dots in Fig. 4.13 demonstrate that transmission
peaks do not appear for any distribution of holes: the transmission spectrum for the
random array does not show any resonant feature. This is just a representative example
of disordered arrays. We have generated several random configurations finding always
a non-resonant behavior.

As we showed in Section 2.2.3, when dealing with a finite collection of apertures, from
a numerical point of view, it is more convenient to work with the system of linear equa-
tions in real space (4.5). However, the dependence of transmission properties of aperture
arrangements on the lattice structure can be made more apparent by working with the
reciprocal space version of our ME formalism. Physical insight is gained by analyzing
the k-space continuity equations for k = k; = 0. As in 1D structures, we consider only
the fundamental waveguide mode inside the circular holes, which is a linear combina-
tion of the TE;; modes shown in Appendix B. The resulting set of continuity equations

can be written in the same form as Egs. (4.11), but the different terms in the equations

now read

[ = 2i(hole|k;, ), (4.14)

\ kg — v? 1 4 p2ivh
€ = —i ko 1 2’ (4.15)
\JkE—v2 vk
v . 0 e
G = 2N (4.16)
where v = \/k3 — (7};/a)?, and 7}, is the first zero of the derivative of the Bessel function

of first order. Analytical expressions for the overlap between the incident plane wave and
the hole waveguide mode, (k;, 0;|hole), are provided in Appendix B. The X function is
given by

1

= —— [ dkGyyxS(—k)E") (K), 417
0 ] dGooaS(—IOE" (1) (®17)

with Goox = 752 L Yico| (K, 0| hole) 2.
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4. Role of order in the phenomenon of extraordinary transmission
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Figure 4.14.: (a) Normalized-to-area transmittance versus wavelength for an infinite periodic array
(magenta line) and several finite square arrays. The geometrical parameters are: 2 = 0.2mm,
h = 0.075mm and P = 0.89mm. Inset shows the structure factor for the 41x41 case. (b)
|Zo — €o| and G (gray line) versus wavelength for the cases depicted in (a).

In Figure 4.14, T (panel a) and |Xy — €g| (panel b) versus wavelength are depicted for
an infinite periodic array (magenta line). The geometrical parameters of this array are
the same as the periodic one analyzed in Fig. 4.13. As in 1D structures, Xy for infinitely
periodic arrays coincides with the G function appearing in the real space version of the
formalism. It diverges at A = P = 0.89 mm (as a consequence of the divergence of Ggox
at this A), both Ey(0) and E{(0) are zero, which leads to null transmission. Again, we
have the Wood-Rayleigh’s anomaly or anti-resonance as quoted in Ref. [137]. Moreover,
at a wavelength slightly larger, | Xy — eg| = G}, which leads to a resonant enhancement of
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Figure 4.15.: (a) Normalized-to-area transmittance versus wavelength for several quasiperiodic
arrays with different number of holes, N. The geometrical parameters are: 4 = 0.2mm,
h = 0.075mm and d = Imm. Inset shows the structure factor for the N = 1506 case. (b) Both
|Zo — €o| and G (gray line) versus wavelength for the cases depicted in (a).

the electric field amplitudes at the interfaces of the system, and consequently, T presents
a maximum. As in 1D apertures, the field enhancement at the film sides can be assigned
to the excitation of leaky spoof SPPs in the perforated film.

As in 1D slit arrays, the discussion presented above can be also applied to the case of
finite arrays (both periodic and quasiperiodic). In principle, continuity equations (2.66)
should be solved for a continuum of states k for finite hole arrangements. However, as

in 1D structures, we use the approximation of considering only Ey(0) and E{(0), neglect-
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4. Role of order in the phenomenon of extraordinary transmission

ing the Fourier components of modal amplitudes with k # 0. This allows us to relate
transmission resonances with the k-space continuity equations under the single mode ap-
proximation (4.11). The results of our approach applied to square periodic arrays (going
from 5 x 5 to 41 x 41 holes) are shown in Figure 4.14. Again, in finite systems X, presents
no divergences, but there is still a resonant feature appearing close to A = P. The first
consequence is that transmission dips do not reach zero transmittance in finite arrays.
Moreover, the cut between | Xy — €p| and GJ marks the location of the transmission peak
for large arrays (41 x 41 and 31 x 31). However, for smaller arrays, there is no cut, and the
transmission peak appears at the wavelength in which the difference between |y — €|
and G} is minimal.

The scheme described above is also valid for quasiperiodic arrays. In panel (b) of Fig-
ure 4.15, the evolution of | Xy — €y| versus wavelength is studied for Penrose lattices with
increasing number of holes (ranging from N = 106 to N = 1506, the case analyzed in
Fig. 4.13). | X — €o| present maxima at wavelengths corresponding to the two main wave
vectors of the structure factor (see inset of the upper panel of Fig. 4.15): b; (A1 = 0.8 mm)
and by (A2 = 0.94 mm). Consequently, T shows two minima at these two wavelengths.
At slightly larger wavelengths, the difference between | Xy — €g| and GJ is minimal and
two transmission peaks appear in the spectrum. Therefore, these resonant transmission
peaks stem from the excitation of surface EM modes at the film sides, much in the
same way as in periodic arrays [39, 45]. Notice that, however, in the quasiperiodic case,
there is no minimum wave vector for diffraction (i.e. the structure factor is non-zero for
wave vectors with modula smaller than |b;|, see inset of the upper panel of Fig. 4.15).
This results in diffraction onto additional propagating modes in vacuum (other than
the zero-order mode), which leads to both smaller resonant peaks and less pronounced
Wood-Rayleigh’s anomalies than those emerging in the periodic case.

Finally, it is worth analyzing the spatial distribution of light emerging from the quasi-
periodic array. Figure 4.16 renders the transmission-per-hole in a Penrose lattice of N =
1506 holes at the two resonant wavelengths (A = 0.83 mm and A = 0.98 mm in panels (b)
and (c), respectively). For comparison, panel (a) shows the corresponding distribution
for the ordered array at resonance (A = 0.92 mm). In all three cases, the incident electric
field is pointing along the x-direction. In the ordered case, due to finite size effects, the
maximum transmission is located at the center of the structure [147]. In quasiperiodic
arrangements, the transmission-per-hole distribution presents a completely different pat-
tern: it is far from being uniform, showing the appearance of some holes with high trans-
mission (hot spots), which are highlighted in the insets of panels (b) and (c). Interestingly,
in the Penrose lattice, for a given resonant wavelength, hot spots show similar local envi-

ronment. However, the existence of hot spots does not imply that resonant transmission
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Figure 4.16.: Transmission per hole (normalized to the single hole transmission) displayed in a
color scale for (a) ordered case evaluated at A = 0.92mm, (b) Penrose lattice at A = 0.83mm
and (c) Penrose lattice at A = 0.98mm. The geometrical parameters are given the same as in
Fig. 4.13.

in quasiperiodic systems is dominated by very localized resonant configurations of holes.
We have observed that the hot spots show an increase of transmittance as a function of
number of neighbors included in the lattice. This point is reinforced by the fact that
the resonant peaks observed in the transmission spectra of finite Penrose lattices do not
saturate for small N values (see inset of panel (d) of Fig. 4.13). Both these results are

consistent with the interpretation based on extended leaky spoof SPPs described above.

4.4. Conclusions

In this chapter, we have analyzed the resonant transmission of light through finite ar-
rangements of apertures perforated in perfect conducting films. We have studied three
different structures: periodic and quasiperiodic (Fibonacci) arrays of slits, and quasipe-
riodic (Penrose) arrays of holes. We have shown that the resonant features occurring in
the transmission spectra of these systems can be explained in terms of the spoof surface
plasmon polaritons supported by the film. Additionally, we have related the excitation of
these electromagnetic modes with the structure factor of the aperture arrangement. This
allows us to explain the appearance of the phenomenon of extraordinary transmission
in general conditions. Finally, we have shown that our theoretical results are in excellent

agreement with experiments recently performed on quasiperiodic systems.
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5. Resonant transmission and beaming of
cold atoms assisted by surface matter

waves

5.1. Introduction

In the last years, several papers have been published reporting enhanced transmission
and beaming of light in photonic crystals [74-76]. These works have demonstrated that
resonant transmission and beaming effects are general electromagnetic phenomena that
do not occur only in metallic structures. This discovery has allowed achieving a more
profound understanding of both phenomena and has opened the way for their transfer
to other undulatory entities such as cold atoms (matter waves) or sound (acoustic waves).

In this chapter, we describe in detail the appearance of resonant transmission and
beaming of non-interacting cold atoms in various geometries. We show that the reso-
nant excitation of surface matter waves, the analog of surface plasmon polaritons in the
electromagnetic case, on both sides of a perforated impenetrable film allows the forma-
tion of efficient transmission channels that assist cold atoms to pass through apertures
much smaller than their de Broglie wavelength (A4p). As a difference with surface plas-
mon polaritons, which propagate on bare vacuum-metal interfaces, surface matter waves
require an attractive potential close to a solid surface in order to be supported. We con-
sider a very simple model of surface matter waves based on square well potentials which
nevertheless contains all the physical mechanisms that are behind the phenomena.

The issue of a feasible experimental implementation of these ideas is also addressed.
We present a possible experimental scenario for the 1D case (array of slits). We show
that a realistic attractive potential supporting surface matter waves can be realized by
combining the intrinsic van der Waals interaction between a neutral atom and a dielectric
surface, and an external repulsive optical potential created by a blue-detuned laser field

propagating along an array of dielectric fibers.
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5. Resonant transmission and beaming of cold atoms assisted by surface matter waves

5.2. Surface matter waves

Surface Matter Waves (SMWs) are solutions of the Schrodinger equation confined in the
direction normal to a vacuum-solid interface and propagating along it. Unlike Maxwell
equations, which admit confined waves at bare metal-dielectric interfaces, Schrodinger
equation requires an attractive potential close to the material surface for the existence of
such waves. The simplest potential supporting SMWs is depicted in Figure 5.1: a semi-
infinite square well along the z-direction (normal to the material surface), translationally
invariant in the surface plane. The energies of the bound states (E,, < 0) associated with

this potential well are given by the transcendental equation [152]

2m Vo—E
tan ( ?(En — V) h) = _ A 5.1)

where Vy < 0 is the potential depth, & its width, and m the mass of the non-interacting
atoms forming the SMW.
In what follows, we consider a potential well supporting one single bound state of

energy Eg. The dispersion relation of the associated SMWs is

(hk)?
om '

E(k) = Eo+ (5.2)

where E and ik are the energy and in-plane momentum of the SMW, respectively. In Fig.
5.1, a cross-cut of the potential function along the z-direction is shown. Blue solid line
corresponds to the bound state energy Ey, whereas red dashed line renders its wavefunc-
tion. The associated SMWs propagate parallel to the impenetrable surface (modelled by
an infinite potential barrier) and decay in the z-direction outside the potential well.

Due to energy and momentum conservation principles, SMWs can not be excited by
plane matter waves impinging on the above described structure. As we showed in chap-
ter 4, the periodic corrugation of a flat metallic surface allows the coupling of incident
radiation with surface plasmon polaritons (SPPs). The analogous process involving mat-
ter waves is shown schematically in Fig. 5.1: incident cold atoms of energy E;, (green
line) are transferred to SMWs after receiving the scattering momentum %k supplied by
the structure corrugation. This coupling between plane matter waves and SMWs will
later allow the appearance of the resonant transmission phenomenon through perforated
films.

With this motivation, first we calculate the dispersion relation of the SMWs supported
by a corrugated structure, namely a groove array of period A surrounded by a square
potential well of depth Vj < 0 and thickness h. The grooves width and depth are w and ¢,

respectively. The structure is shown in the inset of Fig. 5.1. We develop a formalism based
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Figure 5.1.: Cross-cut along the z-direction of the potential function supporting SMWs (black
line). The potential well has only one bound state of energy Ej (blue line). The correspond-
ing wavefunction (red dashed line) is confined in the z-direction. The indicated transition
(dashed arrow) from a collision state Ej, (green line) to the SMWs associated to Ey is only
possible once the surface is modulated. Inset: 2D potential landscape resulting from the
corrugation of the material surface. Colors code the potential as follows: Orange (region
I) > V =0, blue (region II) - V = V < 0, and red (region IlI) - V = 4oco. For
the parameters considered in our calculations (¢ = 0.30 um and Vy = —1.06 x 1071 eV),
Ey = —0.095 x 10~ eV.

on the modal expansion of the matter wavefunction (¥) within the different regions
forming the structure. The ideas behind this approach are very similar to those presented
in chapter 2 for the case of electromagnetic (EM) waves. Taking advantage of the periodic
character of the system, we can apply Bloch’s theorem and solve Schrodinger equation
only inside the unit cell of length A along the x-direction (see Fig. 5.1). In region I (see

inset of Fig. 5.1), ¥ is written as a sum over diffracted waves as
(1)
Hfl> =Yn pn|kn>elkz % (5.3)

where p,, are unknown complex coefficients, and k,, = ky + n%” and kgn) = \/k% — k2 are
the wave vector components of the Bloch wave |k,) along x and z-directions, respectively.
The SMW modal wave vector is k., and kg is the wave vector modulus in vacuum. Note
that kg = v2mE/h = 271/Ags, where E is the SMW energy and Agp, the de Broglie
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5. Resonant transmission and beaming of cold atoms assisted by surface matter waves

wavelength. Finally, the wavefunction in real space for the n'" diffracted Bloch wave is

ikpx
(xlka) = 25

In region II, the wavefunction is expanded again in terms of Bloch waves as
- (1) . (n)
|1Pi1> = 271 (Anelqz z + Bneflqz Z) |kn>’ (54)

where A, and B, are the unknown expansion coefficients and qﬁ”) = 4/ gk% — k2, with

¢ =1+ Y%l is the wave vector component along the z-direction.

In our analysis, we consider groove widths much smaller than Agg and Agp/+/ (the
de Broglie wavelength inside the grooves). In Section 2.2.1, we showed that taking only
the lowest waveguide mode in the expansion of EM fields inside the apertures is a very
good approximation in the subwavelength regime. We can extend this statement to the
modal expansion of ¥ inside the grooves. The first waveguide mode inside the groove
governs the SMW behavior, as it is the least evanescent wave along the z-direction (note
that here resides an important difference with the EM case for p-polarization, where the

fundamental slit waveguide mode is always propagating). Thus, in region III we have
[¥m) = Csin(Bz)|pwm), (5.5)

where C is unknown. Note that as Agp/+/¢ << w, the wave vector p = /k3 — (7/w)?

is imaginary and sin(pz) can be replaced by isinh(|B|z) in Eq. (5.5). The wavefunction in
real space for the first groove waveguide mode is (x|wm) = 1/ 2 sin[Z (x + w/2)] inside
the groove (|x| < w/2), and (x|pwm) = 0, otherwise. We have chosen z = 0 at the groove
bottom so that (x|¥y)=0 at that position.

In order to obtain the set of modal expansion coefficients {p,, A,, By, and C}, we
impose continuity conditions on ¥ and its z-derivative at the interfaces of the system
(z = t and z = t 4 h). The wavefunction and its derivative must be continuous in all
space, except at the infinite potential barriers modelling the impenetrable surface, where
0¥ presents a discontinuity [152]. Thus, in order to remove their dependence on the
x-coordinate, we project the matching equations at z = t + h onto Bloch waves. Similarly,
equations at z = t associated to ¥ (9;¥) are projected onto |k,) (|pwwm)). Defining the
quantity i = Csin(pt), which corresponds to the amplitude of the matter wavefunction

at the openings of the grooves, we obtain a single continuity equation of the form
(G—¢e)p =0. (5.6)

Note that Eq. (5.6) has the same form as Eq. (2.73) which provides the dispersion relation
of the bound EM modes supported by groove and dimple arrays.
The term € = B/ [ko tan(pBt)] contains the effect of the penetration of matter waves in-

side the grooves. Note that it has exactly the same form as in the case of s-polarized light
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5.2. Surface matter waves

[see Eq. (2.40)]. Its physical meaning can be clarified by comparison with the case of wide
grooves, where f is a real number, and thus propagating modes are supported inside
each groove. In such case, the zeros of the denominator in € correspond to resonances
within the grooves due to bouncing of the groove mode at the bottom and opening of the
indentation. For the chosen subwavelength grooves, B is imaginary and no propagating
modes nor resonances exist, but the interpretation of € is analog. The G term reflects the
coupling of the matter wavefunction at different grooves through diffracted waves. It is
given by

00 . (n)

G= Y B Flk )| (kalpvor) (5.7)

n=—oo kO

where the function f(ky, 1) has the form

Fllon ) = kg") cos(qgn)h) — iqgn) sin(qgn)h)
nr - (Tl)

7z Cos(qgn)h) — ikg") sin(qgn)h) .

(5.8)

We have found that the G term describing the SMWs supported by a groove array is very
similar to the case of s-polarized light when only the first waveguide mode is considered
inside the apertures [see Eq. (2.42)]. The only difference resides in the function f(k,, h),
which takes into account the presence of the attractive potential at the material surface.

For k, = 0, the denominator in f(k,, h) vanishes for energies satisfying Eq. (5.1). This
fact indicates the close link between the bound states supported by the potential well
surrounding the modulated surface and resonances in the G term, which governs the
coupling between different grooves. The dispersion relation of the SMWs propagating
along the structure is obtained by imposing the condition |G — €| = 0, leading to non-

zero solutions of Eq. (5.6). This condition can be rewritten as

00 (n)

ot(Bt) = 1 = Fkn, 1) (ko) . 59)

n=—oo

In Figure 5.2, |G — €| for an array period of A = 0.80 ym is plotted. The groove dimen-
sions are w = t = 0.16 um. The attractive potential depth is Vy = —1.06 x 10~!' eV and
its width & = 0.30 yum. As explained above, this set of parameters is tuned to observe
resonant transmission for the 1D case. Black regions correspond to |G — €| values close
to zero, showing the dispersion relation of the SMWs supported by the structure. In
our calculations, we have considered that the SMWs are composed of cold 87Rb atoms
(m = 1.45 x 10~ kg). Kinetic energy versus momentum for free Rb atoms is depicted
in dashed green line. Note that SMWs are strictly guided modes only below this line.
The solutions of ky of Eq. (5.6) have an additional imaginary part. This means that above
this line SMWs are leaky, radiating while they propagate along the structure.
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Figure 5.2.: Dispersion relation of the SMWs supported by the groove array depicted in the
inset of Fig. 5.1. The array period is A = 0.80 ym and the groove dimensions, w = t =
0.16 um. The potential well depth and thickness are Vy = —1.06 x 107! eV and h = 0.30 ym,
respectively. The SMWs are composed by cold 8’Rb atoms (m = 1.45 x 10~2° kg). Red dotted
lines correspond to the approximated bands obtained from Eq. (5.2). Green dashed line
renders E versus k, for free ¥Rb atoms.

An approximate expression for the dispersion relation of SMWs on corrugated sur-
faces can be extracted from Eq. (5.2) by simply applying Bloch’s theorem to the par-
allel momentum component k = k. This leads to different bands of energy E,(ky) =
Eo + (7*/2m) (ky + n%%)? shown in red dotted line in Fig. 5.2. For the potential well con-
sidered in our calculations, Eg = —0.095 x 10~ 1eV is much lower than the kinetic energy
close to the n = 1 band edge, h?/2mA? = 1.48 x 10~!'eV. As we can see in Figure 5.2,
this approximated expression is in very good agreement with the exact SMWs dispersion

relation.

In our design of SMWs we have found several similarities with the case of s-polarized
light. As in the case of matter waves, bare metallic surfaces do not support s-polarized
bound modes. A dielectric slab close to the metal surface is required for the formation
of such bound modes. In fact, our model of SMWs on groove arrays can be mapped
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5.3. Resonant Transmission through slit arrays

into a dielectric-coated textured perfect electric conducting (PEC) surface in which the
dielectric function of the coating is given by ¢ = 1+ |V,|/E. Recently, the appearance of
extraordinary optical transmission (EOT) for s-polarization assisted by these modes has
been demonstrated theoretically and experimentally [153, 154].

5.3. Resonant Transmission through slit arrays

Once we have designed SMWs with properties similar to those of SPPs, we study the
appearance of resonant transmission for cold atoms. We go further with our simple
model and consider a material slab perforated with a periodic array of narrow slits and
surrounded by a square potential well (see right inset of Fig. 5.3). Such structure supports
SMWs at both sides of the slab which, as in the EM analog, will play a crucial role in
the resonant transmission process (see chapter 4). The close correspondence between
SMWs and the surface EM modes supported by coated metals introduced in the previous
section leads to several similarities between resonant transmission in slit arrays for cold
atoms and s-polarized light.

We extend the modal expansion framework presented in the previous section to the
study of the transmission of a plane matter wave impinging from the top (z < 0) on
the perforated film. We follow the same strategy as in the case of EM fields, described
in detail in chapter 2. The right inset of Fig. 5.3 shows the division of the system into 5
different regions along the z-direction. The wavefunction in region I can be written as the
incident plane wave with parallel momentum k; = v/2mE /fisin = 27sin 6/ Aqp (Where
6 is the incidence angle) plus a sum over reflected Bloch waves, |k,), with k, = k; + n%"

) = ke £ 7 pulka)e Kz, (5.10)

Note that the exponential function describing the dependence of the reflected waves on
z has now a negative sign which did not appear in Eq. (5.3). This is due to the fact that
the orientation of the z-axis with respect to the input side of the film is the opposite to
that considered in groove arrays.

Inside the attractive potential well surrounding the material slab (regions Il and IV), ¥
is written as a linear combination of Bloch waves of the same form as Eq. (5.4). In region
V, the transmitted matter wave can be expressed as a sum of diffracted Bloch waves of
the form

H) = Y tulka)e . (5.11)

n=—oo

For subwavelength slits (w << Agp, Aqp/+/C) the behavior of the matter waves inside

region Il is accurately described by considering only the first slit waveguide mode |Pwm)

139



5. Resonant transmission and beaming of cold atoms assisted by surface matter waves

in the wavefunction expansion:
[¥m) = (Ce* + De™%) [pwm). (5.12)

Imposing continuity conditions on the wavefunction and its z-derivative at the struc-
ture interfaces, we end up with a set of two linear equations in the amplitudes of the
matter wavefunction at the entrance, = C + D, and exit, ¢/ = —(Ce'P! + De~'P*), of the

slits:

(G—e)y -Gy =1,

(G—e)y —GVyp =0. (513

As in the EM version of our formalism, extending the physical picture that we have
linked to Eq. (5.6), the upper (lower) equation in system (5.13) can be associated with
the matter waves at the input (output) film surface. Thus, the inhomogeneous term
I = (2v/2i/7)¢&/ & cos(Ekoh) — isin(Ekoh)], which is present only in the upper equation,
provides the overlap between the incident matter plane wave and the slits waveguide
mode |Pwwm). The term GV = B/[kosin(Bt)] describes the coupling of ¥ at both sides of
the film through the slits, whereas € remains the same as in the previous section. Finally,
G, which describes the coupling of the matter wavefunction at different slits openings,
is given by Eq. (5.7). Note that, again, the physical interpretation of the various terms in
Egs. (5.13) is the same as in their EM analog.

Solving Egs. (5.13), amplitudes ¢ and ¢’ are obtained. The matter wavefunction in each
point of the space and also the transmissivity (T) of the structure can be then calculated.

Within our formalism, the last one is given by

T— fA]é(x)dx
fA]é(x)dx

where j,tz(i) (r) = (n/m)Im{¥*") (r)*0,¥*() (r)} is the z-component of the probability den-

sity current associated to the transmitted (incident) matter waves.

= GVIm[yp*y’], (5.14)

Figure 5.3 renders, in logarithmic scale, the transmittance of cold ¥ Rb atoms imping-
ing at normal incidence on a film of thickness ¢t = 0.16 ym perforated with a periodic
array of slits of width w = 0.22 yum. The potential depth is V) = —1.06 x 10~ eV and its
width i = 0.3 ym. Three different array periods are considered: A = 0.80 yum (black solid
line), A = 0.78 ym (red dashed line) and A = 0.82 ym (green dotted line). Spectra are nor-
malized to the current flux impinging on the array period. Close to A, all the structures
display a sharp dip in transmittance (T = 0 within the numerical precision of our calcu-
lations) followed by two adjacent narrow 100% transmission peaks. Note that these two
peaks can not be distinguished in Fig. 5.3 due to the wide spectral region displayed. In
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Figure 5.3.: Cold ®Rb atoms transmission spectrum through a film of thickness + = 0.16 yum
perforated with a periodic array of slits of width w = 0.22 ym. Three different array periods

are considered: A = 0.80 ym (black solid line), A = 0.78 um (red dashed line) and A =
0.82 um (green dotted line). Vertical arrows indicate the values of /\311\3/IW obtained from Eq.

(5.15) for each case. Left inset renders T versus Agp for A = 0.80 um and three different
incidence angles: 8 = 0° (black solid line), 8 = 2° (blue dash-dotted line) and 0 = 4°
(orange dash-double-dotted line). Right inset: 2D display of the perforated material film
(h = 030 um and Vy = —1.06 x 101 &V). Colors code the potential as in Fig. 5.1.

the EM analog, these are the main fingerprints of the presence of EOT. Their appearance
in Fig. 5.3 indicates that the resonant transmission phenomenon for cold atoms occurs in

our model structures.

We showed in chapter 4 that the physical origin of EOT relies on the resonant excitation
of surface EM modes supported by metallic films. In order to confirm that SMWs are the
key actors in the formation of the analogous phenomenon for matter waves, we compare
the spectral position of the transmission resonances with the approximate predictions
obtained from the dispersion relation of SMWs on uncorrugated interfaces (5.2). Since
the coupling between the incident atom beam and SMWs is mainly governed by first
order processes (n = =+1), at normal incidence the parallel momentum of the SMWs

propagating along the film surface is |k+| = 27t/ A. Thus, the corresponding de Broglie
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5. Resonant transmission and beaming of cold atoms assisted by surface matter waves

wavelength is given by

ASMW A ~ A1+ 2m|E0|AZ), (5.15)
1+ (2mEy/h2)A? h?

where we have taken into account that, for the parameters we are considering |Ep| <<
h?/2mA?. For the three arrays of Figure 5.3, AS¥MW (indicated by vertical short arrows)
coincides with the position of the sharp dip in transmission spectra. In the EOT phe-
nomenon, this close correspondence between the position of the Wood-Rayleigh’s anom-
aly and the frequency of the SPPs supported by the uncorrugated metal surface has been
also observed [142]. In the previous section, we showed that the exact SMWs dispersion
relation (5.9) leads to lower energies than predicted from this approximation. This fact,
together with the interaction through the slits of the SMWs at both sides of the film shifts
the spectral location of the transmission peaks to larger Agp.

Although the dispersion relation of the SMWs supported by the film predicts the posi-
tion of the resonant peaks in the transmission spectra, it does not contain any information
about the peaks shape. In order to understand the asymmetric profile of the transmission
maxima in Fig. 5.3, a more complex interpretation based on a Fano-type picture [155] is
required. Such scheme, which has been successfully applied to the analysis of EOT [156],
distinguishes between two different contributions to the transmission process: a resonant
contribution due to the excitation of surface waves on the film sides and a non-resonant
contribution due to the direct scattering of the incident radiation through the apertures.
The interference between these two channels induces the observed asymmetry in the
transmission maxima. According to this picture, the Wood-Rayleigh’s anomaly can be
associated to the destructive interference between these two channels.

In the left inset of Fig. 5.3, T versus Agp for an array of period A = 0.80 yum and three
different incidence angles (6) is shown. For non-normal incidence, § = 2° (blue dash-
dotted line) and 6 = 4° (orange dash-double-dotted line), T displays the characteristic
resonant features twice, located at larger and lower A4g than at normal incidence (black
solid line). This splitting of the resonances with the angle of incidence can be understood
again in terms of SMWs on uncorrugated interfaces. For 6 # 0, the incident atom beam
excites SMWs with two different parallel momenta |ki| = 27|sin0/Agp £ 1/A|. This
leads to the formation of two transmission channels with different resonant energies

E(ky). For small 0, a simple expression for the A4p associated to these SMWs can be

obtained
0
ASYWE(0) = AW (14 , 5.16
SV (0) = S ( \/1+(2mE0/h2)A2> (5.16)
where ASMW is given by Eq. (5.15). This result is in very good agreement with the spectra
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depicted in the left inset of Fig. 5.3. As predicted, for small angles the transmission peaks

deviate linearly with 6 from the normal incidence position.

5.4. Resonant Transmission through hole arrays

The next step in our study is to transfer the resonant transmission phenomenon from 1D
structures (slit arrays) to 2D ones (hole arrays), for which EOT was firstly reported [39].
As in the 1D case, 2D SMWs are supported by a square potential well surrounding the
material film drilled with the hole arrangement. The structure is displayed in the inset
of Fig. 5.4, SMWs propagate along the film surface (xy plane) and decay in z-direction
for increasing distances from the film.

We study the scattering of cold atoms by rectangular arrays of holes (see the inset of
Fig. 5.4) by means of an extension of the formalism applied to 1D structures. The sys-
tem is divided into the 5 regions shown in Fig. 5.3. We expand the matter wavefunction
within each region in terms of the corresponding eigenmodes of the Schrodinger equa-
tion (Bloch waves and waveguide modes). For 2D periodic arrays, Bloch’s theorem labels
the parallel momentum associated to the discrete diffraction orders with two indexes (n

and m)

Kum = k; + niii + miry[fr, (5.17)
where the incident parallel momentum k; = +/2mE /#(sin 6 sin ¢X + sin 6 cos ¢¥) is char-
acterized by the polar (0) and azimuthal (¢) angles, and Ay and A, are the array periods
in the x and y directions, respectively. Bloch waves, |k, ), form the eigenmode basis onto
which the matter wavefunction is expanded outside the film (regions I, II, IV and V). The
associated wavefunctions in real space are (r|kyy,) = e*m* /. /A A, where r = xX + y¥.

We focus our analysis on two different aperture shapes: rectangular holes (character-
ized by the hole sides w, and w,) and circular holes (characterized by the hole radius r.).
In both cases, the hole dimensions are much smaller than the de Broglie wavelength, i.e.,
Wy, Wy, e << Agp/ /€. Thus, as for 1D slits, it is a good approximation to consider only
the first hole waveguide mode |¢33,) in the description of ¥ inside the slab, having

%) = (CePz + Dem P2 [pi), (5.18)

where, for rectangular holes, the waveguide mode is given by

(rlypdn) = (xlgwm) (VIgwm) =

_ W%y sin [wlx(ﬁ%ﬂsm [;}Ty(wﬁy)} (5.19)

143



5. Resonant transmission and beaming of cold atoms assisted by surface matter waves

® ® ececceod
® T ® ® e 9
|

Transmittance

o] @ L 1

0.I82 | 0.84 0.86
A g(Hm)

Figure 5.4.: Transmittance of cold 8 Rb atoms through a film of thickness t = 0.16 um drilled with
a periodic array of square holes of side w = 0.28 yum as a function of Agp. Three different
structures are considered. Black solid line: Square array with Ay = A, = 0.800 ym. Red
dotted line: Rectangular array with Ay = 0.790 yum and A, = 0.810 yum. Green dashed line:
Ay = 0.785ym and A, = 0.815 um. Inset: Schematic view of the structure.

inside the hole and (r|¢23;) = 0, otherwise. The z-component of the wave vector is
Bon = /Gk3 — (7r/we)? — (/wy)2.

For circular holes, the wavefuntion for the fundamental waveguide mode is

(r|ping) = ! 1oL, (5.20)

rerZ[J1(vo1)]? L ( Te

where Jp and J; are the zero and first order Bessel functions of the first kind, respectively,
and yp; ~ 2.4048 is the first zero of Jy(r). The wave vector along the z-direction is fp =

\/ k3 — (7y01/71c)?. Note that the fundamental waveguide mode of the hole depends only
on the radial coordinate r = /x2 + y2. For r > ., we have (r|pZD ) =0

The continuity equations obtained from the modal expansion procedure for 2D hole
arrays keep the same form as for 1D slit arrays [Egs. (5.13)], where again the unknowns,
P and ¢/, are equal, except for a phase factor, to the wavefunction amplitudes at the hole
openings. The definition and the physical interpretation of the different terms for the

case of 1D apertures still hold for holes, with the only difference that wave vector § must
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Figure 5.5.: Cold 8Rb atoms transmission through square arrays (A = A, = 0.800 um) of holes
of area equal to 7.84 x 10~2um?. Four different hole shapes are considered (see main text).
The rest of the parameters defining the structure are the same as in Fig. 5.4.

be replaced by its 2D counterpart Bop. G = Gop is the only term within Egs. (5.13) which

varies substantially from its 1D version. It includes now a double sum over diffraction

orders,
© l-qgnm) D o
Go= ), ko f (K, 1) [ (K [ 030 ) | (5.21)

where f(kum, h) is given by Eq. (5.8) substituting k" and qgn) by k= \/ K3 — K |2
and qﬁ”’”) = 1/Ck3 — |kum|?, respectively. Once the set of matching equations is solved,

T can be evaluated from Eq. (5.14), where now the total probability current fluxes are
integrated inside the 2D unit cell of area Ay x A,.

Figure 5.4 shows the transmittance of cold ’Rb atoms at normal incidence through a
material slab of thickness t = 0.16 ym. Three different periodic arrays of square holes are
considered. In all three cases w, = wy, = 0.28 ym. Black line corresponds to a square ar-
ray of period Ay = Ay = 0.80 um. It shows the characteristic twin maxima accompanied
by a sharp dip close to the period already analyzed for 1D structures. In contrast to Fig.

5.3, in Fig. 5.4 the two resonant peaks are clearly distinguishable since the wavelength
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5. Resonant transmission and beaming of cold atoms assisted by surface matter waves

range displayed is much narrower. As in the 1D case, both resonant maxima are linked to
the excitation of SMWs at both film surfaces. However, since the coupling of the SMWs
through the apertures (both slits and holes) is evanescent (8 and B,p are imaginary for
the geometrical parameters considered), two different configurations of the matter wave-
function arises [157]. The two possible profiles of ¥ correspond to the symmetric and
antisymmetric superposition of the isolated SMWs through the apertures. It is discussed
below how the symmetric (antisymmetric) profile with respect to the middle of the film
is higher (lower) in energy, leading to a resonant peak at a shorter (larger) Agqg in the
transmission spectrum. In EOT, double peaked features only occur in the transmission
spectrum of 2D hole arrangements. In slit arrays, the fact that the lowest slit waveguide
mode is always propagating translates into that only one single peak appears in the
transmission spectrum.

The transmittance versus Agp for two rectangular arrays of periods A, = 0.790 ym,
Ay = 0.810 ym (red dotted line), and A, = 0.785 um, A, = 0.815 um (green dashed line)
is also plotted in Figure 5.4. Although both arrays are almost square, the transmission
spectra are very different from the square one. Rectangular arrays present the usual res-
onant features twice. This splitting can be understood again turning back to Eq. (5.2).
In 1D arrays under non-normal incidence, non-zero k; allows the excitation of SMWs
with two different wave vectors k4, leading to different resonant energies E(k.). In 2D
rectangular hole arrays, it is the fact that A, # A, what makes the resonant energies
associated to SMWs propagating along x and y-direction different, i.e., E(kyo) # E(ko1)-
As expected, transmission resonances for both rectangular arrays in Fig. 5.4 are located
close to Ay and A,. This splitting of the transmission resonances in rectangular hole
arrays does not occur in the EM case, where the incident light excites only surface EM
modes travelling along the direction defined by the electric field component parallel to
the metallic film. Thus, the polarization of the incident light defines a preferred direction
at the film surface and only transmission resonances associated to the structure period-
icity along that direction appear in the spectra [92].

In order to study the dependence of the transmission properties of hole arrays on the
hole shape, the transmission spectra for square arrays of period Ay = A, = 0.800 yum
and four different hole geometries are shown in Figure 5.5. The geometrical parameters
of the perforated film are the same as in Fig. 5.4. The hole area is fixed to 7.84 x 1073 yum?.
Black solid line renders the transmittance for square holes of side wy, = w, = 0.28 ym.
Green dotted and red dashed dotted lines correspond to rectangular arrays of side w, =
021 ym and wy, = 0.37uym, and w, = 0.14pm and w, = 0.56 um, respectively. The
transmission for circular holes of radius r. = 0.16 um is plotted in red dashed line.

The profile of the transmission maxima for the four structures is very similar, whereas
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5.4. Resonant Transmission through hole arrays

Figure 5.6.: Modulus of the matter wavefunction passing through periodic hole arrays at reso-
nance. Panels (a) and (b): at the output surface of the square array considered in Fig. 5.4 for
Agp = 0.829 ym and Agp = 0.837 um, respectively. Panels (c) and (d): cross-cut in xz-plane
for Agp = 0.837 ym and Agg = 0.840 um. Panels (e) and (f): |¥| at the output surface for the
rectangular array in green in Fig. 5.4 evaluated at Agg = 0.816 ym and Agg = 0.850um. |¥|

increases from blue to yellow. Black squares indicate hole positions.
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their width and position change. Thus, although the width of the peaks for square and
circular holes is the same, the spectral position is shifted to shorter A4p in the circular
case. This blue shift of the transmission resonances also occurs for rectangular holes,
accompanied by a reduction of the peaks width. The ratio between hole sides control
this effect: for larger w, /wy, the transmission peaks approach the periodicity while they
become narrower.

In Figure 5.6, the wavefunction modulus, |¥| passing through the hole arrays of Fig.
5.4 is depicted. Upper panels show |¥| in the output side (z = 0.36 ym) of the square
array of Fig. 5.4. Panel (a) corresponds to the transmission dip at Agg = 0.829 ym and
panel (b) to the peak at Agg = 0.837 um. As expected from Eq. (5.14), the wavefunction
modulus at holes exit presents a minimum (maximum) at the resonant dip (peak) in
the spectrum. However, in both cases it displays a maximum in the center of the square
formed by four neighbor holes in the array. These maxima do not appear in the EM
case [158] due to the asymmetry of the electric field induced by the incident polarization.
Panels (c) and (d) show a cross-cut of the matter wavefunction inside the xz-plane for the
same structure. They correspond to the resonant transmission peaks at Agg = 0.837 ym
and Agp = 0.840 um, respectively. They show clearly that the maximum at higher (lower)
Agp is linked to a symmetric (antisymmetric) profile of ¥ with respect to the middle
plane of the perforated film. As a result, the modulus of the wavefunction inside the
holes vanishes at z = § in panel (c), whereas |¥| presents a minimum different from
zero inside the holes in panel (d).

Finally, lower panels in Fig. 5.6 render the matter wavefunction at resonance in the
output surface of the rectangular hole array in green in Fig. 5.6. Panel (e) is evaluated at
Agp = 0.816 ym and panel (f), at Aqg = 0.850 ym. These two panels demonstrate that the
resonant transmission process for Aqg >~ A, is controlled by SMWs propagating along

x-direction, whereas for Agg ~ A,, SMWs travelling in the y-direction assist it.

5.5. Resonant transmission and beaming through single

apertures

In this section, we study the phenomenon of resonant transmission and beaming through
single apertures for matter waves. It is well known that SPPs constitute a route to mold
the flow of light [48]. The question here is whether SMWs can be tailored in a similar
way to SPPs in order to control the diffraction of matter waves exiting from a single
aperture. We consider a simple 1D structure composed by a central slit flanked by an

array of grooves symmetrically disposed at both sides (left and right) of the aperture in
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both faces (input and output) of the film.

We modify our theoretical formalism to deal with finite structures. We consider an
artificial supercell of length L containing the structure shown in the right inset of Fig.
5.7: a material slab of thickness ¢ perforated with a single slit of width w surrounded by
4 x N grooves of width wg and depth t;. As Agg >> w, wg, the wavefunction inside the
film is accurately described by considering only the first waveguide mode inside each
indentation. If we label the indentations with index «, the wavefunction inside the film

can be written as

|¥ir1) = Z $a(2) [Pm), (5.22)

where the function ¢, (z) contains the dependence on z of ¥ inside indentation a. We la-
bel the central slit with a = 0. The associated waveguide mode in real space is (x|, ) =
V2/wsin[rt/w(x + w/2)] for |x| < w/2, and vanishes otherwise. As we saw in Section
5.3, the dependence on z is given by ¢o(z) = Coe'P* + Doe 'P?, with B = /¢kZ — (rt/w)>2.

The waveguide mode supported by groove a (x # 0) can be expressed as (x|{,) =
2/ wg sin[7t/wg(x — x4 + wg/2)] if |x — x4| < wg/2 (Where x, is the grove position)
and (x|ify) = 0, otherwise. The fact that the grooves are arranged periodically allows
us to write x, = aA, where A is the array period. For grooves milled in the input side of
the structure (0 < z < tz), we have ¢ (z) = C, sin B4(z — t5), whereas for grooves in the
output side (t — tg < z < t), ¢ (z) = Dy sin Bg(z — t + tg). In both cases, the z-component
of the wave vector inside the grooves is Bg = 1/¢k§ — (71/wy)2.

Similarly as we did in Section 2.2.2, we take into account the finite size of the structure
by making the supercell length L tending to infinite (L — o). As a result, discrete
diffraction orders can not be defined and the matter wavefunction must be expanded
in terms of a continuum of diffraced waves. As for periodic structures, we define the
quantities ¥, (¢,), which give the amplitude of ¥ at the openings of the indentations
perforated in the input (output) surface of the film. At the central slit, we have ¥y =
Co + Do and ¢y = —(Coe?* + Doe '), whereas for & # 0, Py = —Cysin(Byt,) and
P, = —Dgsin(Bgt,). Imposing continuity of the wavefunction at the interfaces of the

structure, we obtain a set of (4N + 2) equations in the unknowns {¢,, ¥, } of the form:

(Gua — 60&)% + Zv#tx Gury Py — GVlPéfssz = I,

(5.23)
(Gaa — €a) 95, + Z'y;&a Gmlpiy - GV‘PO‘SaO =0.

The role played by the various terms in Egs. (5.23) remains the same as in Egs. (5.13).
The upper (2N + 1) equations control the flow of the matter waves at the input surface of
the film, where I, = (2v/2i/ )&/ [& cos(Ekoh) — isin(&koh)] reflects the overlap between
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the normal incident plane wave and the waveguide mode supported by indentation a.
Note that, under normal incidence, I, does not depend on the position of the groove a.
The term €, describes the penetration of the matter waves inside the indentations. For
« = 0, it has the form ey = B/ [ko tan(pBt)] whereas for a # 0, €, = B¢/ [ko tan(Bgtg)]. The
term GV = B/[kosin(pBt)] takes into account the overlap of ¥ at both sides of the film
through the slit. It is only present in the equations associated to ¢y and . Finally, G, =
(w{‘}VM|G|¢&,M) describes the coupling of the matter waves coming from indentations «
and v through the SMWs travelling along the film surfaces. The representation of the
propagator G in real space is

AN 1/00 % iky (x—2x")
G(x,x") = e dk, ko f(ky, h)e , (5.24)

where the wave vector along the z-direction is k, = \/k% — k2 in vacuum, and g, =
\/Ck3 — k2 inside the potential well surrounding the film. The function f (k. h) is given
by

_ kycos(q:h) —igq sin(q.h)
f(kXI h) - q: COS(qzh) — lkz Sin(qzh) ‘

(5.25)

Note that, as in periodic structures, the propagator (5.24) has the same form as G;(x, x’),
defined in Eq. (2.59), except for the function f(ky, h).

The quantities {y,, ¢, } are found by solving the Egs. (5.23), and once they are known,
the matter wavefunction in all the space can be constructed. The transmissivity of the
structure is then given by the ratio between the transmitted and incident probability
density current fluxes through the slit. This ratio can be expressed as a function of the
matter wave amplitudes at the slit openings as T = GVIm[y5}]. As a difference with
the previous sections, the incident wave is now normalized to the slit width w and T
corresponds to the normalized-to-area transmittance.

Figure 5.7 represents T versus Agqp for normal incidence of the atoms. The red dashed
line corresponds to the single slit case (w = 0.3um and t = 0.16 ym). As Agg >> w,
T < 1 and the transmission spectrum shows an exponentially decaying behavior as Agp
increases. When grooves (wg = 0.22 ym and t; = 0.065 ym) are milled surrounding the
slit on both surfaces of the film, T develops a resonant peak close to the periodicity of the
groove array A = 0.8 um. As the number of grooves increases from N = 5 (blue dashed
dotted line) to N = 15 (green dashed double dotted line), the transmission peak becomes
higher and spectrally narrower. This is a clear fingerprint of the excitation of SMWs
running along the film surfaces. For higher N, the coupling between the incident plane

matter wave and the SMWs becomes more efficient, leading to a better defined resonant
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Figure 5.7.: Normalized-to-area transmittance for four different structures. Dashed red line: single
slit. Blue dashed-dotted line: single slit flanked by N = 5 grooves located at each side (right
and left) of the central slit at both the input and output surfaces. Black solid line and green
dash-double-dotted lines: same as before but with N = 10 and N = 15, respectively. Left
inset renders T versus Agqg for N = 10 grooves milled at the two surfaces (black solid line)
or only at the input surface (red dashed line). Right inset: Structure supercell containing the

central slit surrounded by 4N grooves.

transmission peak. In the left inset of Fig. 5.7, the comparison between the transmission
spectrum for a single slit surrounded by N = 10 grooves in both the input and output
sides of the film (solid black line) and the same slit surrounded by N = 10 grooves
only in the input side (red dashed line) is shown. It is clear that the total transmission
is mainly controlled by the corrugation placed at the input surface of the structure. Let
us stress that all the phenomenology described in Fig. 5.7 is similar to that reported for

EOT in a single slit surrounded by corrugations [50].

In order to study the shape of the beam emerging from the structure, we calculate the
transmitted matter wavefunction (¥;) in the vacuum region below the structure (z > t 4 h,

see right inset of Fig. 5.7). It can be written as a superposition of plane waves of the form

¥i(x,z) :/ dkxt(kx)eikzzeikxx, (5.26)
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Figure 5.8.: Radial probability density current j. emerging from a single slit as a function of the
exiting angle 6 and the de Broglie wavelength Agp. The slit (w = 0.22 um) is flanked by
N = 15 grooves of width wg = 0.30 ym and depth t; = 0.065 ym disposed periodically
(A = 0.80 um) at both surfaces of a film of height ¢+ = 0.16 yum. White dashed lines indicate
the A;p values considered in Fig. 5.9.

where the transmission coefficient ¢(ky) depends on the amplitudes ¢/, as

tHke) = [92 cos(q:h) — ik, sin(g:h)] , S [ wa[(7/ w4 ) — K]

*ikz(H‘h) N —ikyxy
q-e cos(kywy /2)e }% (527)

Once ¥, is obtained, the radial probability density current j. = (7/m)Im{¥"*9,¥'} can
be calculated. Figure 5.8 renders j! in the far field (r = 150A) as a function of the exiting
angle 6 and Agp for the structure with N = 15 grooves perforated on both film surfaces.
At Agp = 0.85 um, jt shows a maximum around 6 = 0 which leads to a collimated beam
emerging from the single slit in forward direction. This A4g coincides with the position
of the transmission peak in the spectrum (green dashed double dotted line in Fig. 5.7).
This fact indicates that, as in the EM case [49], the resonant transmission and beaming
phenomena have the same physical origin: the excitation of SMWs propagating along
the film surfaces. We have also studied j! for films corrugated only in the input surface.

The angular patterns of ji obtained display the uniform behavior characteristic of a wave
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Figure 5.9.: Amplitude of the matter wavefunction emerging from the structure considered in Fig.
5.8 at two different wavelengths: (a) at resonance (Agp = 0.85 ym) and (b) out of resonance
(Agp = 0.96 ym). Note that the color scale is different in each panel.

emerging from a single aperture much smaller that the wavelength. From this result, we
can conclude that the corrugation of the output surface of the film governs the shape
of the atom beam exiting from the central slit. Figure 5.9 renders the amplitude of the
matter wavefunction emerging from a single slit flanked by N = 15 grooves evaluated
at two different de Broglie wavelengths (indicated by white dashed lines in Fig. 5.8).
Wavefunction in panel (a) is associated to the peak (T = 2.5) in transmission spectrum at
Agp = 0.85 um (see Fig. 5.7). At resonance, the scattering of the SMWs with the grooves
perforated in the output surface of the film leads to a coherent reemission of matter
waves. The interference of these matter waves with those stemming from the central slit
gives rise to a very collimated beam along the z-direction. Panel (b) is evaluated out
of resonance (Agg = 0.96 ym). The transmissivity of the structure is T = 0.25, much

lower than in panel (a). As expected from Fig. 5.8, two different beams emerge from the
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Figure 5.10.: Normalized-to-area transmission spectrum for a single slit flanked by N = 10
grooves. Structures with four different potential depths inside the grooves, Vg, are consid-
ered: Vg = Vj (black solid line), Vg = 9.5V (cyan dashed line), Vg = 17V, (pink dashed
double dotted line), and Vg = 19Vj (violet dashed dotted line). Right inset displays the de-
pendence of the far field (r = 150A) transmitted radial current, j, in the vicinity of 6 = 0°
for these four systems. Left inset renders j! versus 6 approaching 90° for three cases. Blue
dashed line: single slit. Black solid line: N = 10 and Vg = Vp. Pink dashed dotted line:

N =10 and Vg = 17V}.

structure, travelling with an angle 6 ~ 18. The matter wave reemission by the surface
corrugation is now much less efficient than at resonance. This fact allows us to see clearly

the SMWs travelling away from the central slit along the film surface at z = t.

We can add a new degree of freedom to our model by making the attractive potential
inside the grooves, Vg, different from the potential well surrounding the material slab, V.
Thus, the z-component of the wave vector associated with the groove waveguide modes
is now By = \/ggk% — (m/wg)?, with {g = 1+ |LEg| Figure 5.10 renders the transmission
spectrum for a single slit surrounded by N = 10 grooves with the same geometrical
parameters as in Fig. 5.7. It shows how the transmissivity of the structure evolves as Vg
is increased from V; = Vj (black solid line) up to Vy = 19V} (violet dashed dotted line).
There is an optimum value, Vg = 17Vp (pink dashed double dotted line) for which the

transmittance is maximum, which results in an additional enhancement of 7 in T with
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respect to the structure with Vy = Vj. For the geometrical parameters considered, ¥ is
propagating along the z-direction inside the grooves. The transmission peak for the case
Vg = 17Vp is located very close to the Fabry-Perot resonant condition sin(Bgts) = 0.
This fact enables us to link the transmission enhancement to the excitation of cavity
resonances inside the grooves, as in the EM analog of the system [50].

The insets of Fig. 5.10 demonstrates that the tuning of the potential inside the grooves
also allows reducing the angular width of the beam of cold atoms exiting from the struc-
ture. In the right inset, we plot the radial probability current in the far field evaluated at
resonance for the four cases considered in the main panel of the figure. Clearly, the trans-
mission enhancement is accompanied by a narrowing of the matter beam. Thus, whereas
for Vo = V the beam width is 6°, for the optimum case, Vy = 17V}, it can be as small
as 2°. Additionally, the left panel depicts the behavior of j in the vicinity of 6 = 90° for
these two structures. This quantity provides an estimation of the amplitude of the leaky
SMW after its passage through the groove array. For comparison, we have also plotted
the single slit case (blue dashed line). We can see that the amplitude of the SMW has
been reduced, being the decay even more dramatic for V; = 17Vp. The decrease of the
amplitude of the leaky SMW reflects that part of it has been radiated, leading to the

enhancement in the transmission and collimation effect mentioned above.

5.6. Feasible implementation for the case of slit arrays

Once we have demonstrated that the phenomenon of resonant transmission is possible
for matter waves, let us now discuss a feasible implementation of the 1D slit array ana-
lyzed in Section 5.3. The fundamental ingredient is the existence of a potential well close
to the material interface. In principle, one could take advantage of the atom-surface po-
tential present in front of a dielectric surface as a result of the long-range van der Waals
(vdW) attraction and the very short-range repulsion between the electronic cloud of the
atom and that of the surface. Although this potential supports surface states [159], it suf-
fers from two important drawbacks. First, the energies involved are very different from
the ones we are interested in (cold atoms at temperatures of yK have energies of the
order of 107! eV whereas typical values in vdW potentials are of the order of 1072 eV).
And second, the centers of mass of these bound states are very close to the surface so
that strong electronic interaction between the incident atom and the surface atoms is
expected. In principle, this should be avoided in order to maintain the coherence of the
atom wave and to minimize atom heating during the transmission process. In addition,

if it was possible to externally tune the potential, one could implement an atom switch
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5. Resonant transmission and beaming of cold atoms assisted by surface matter waves

by opening or closing the transmission channel.

For these reasons external forces have to be exerted on the cold atom to obtain a
potential well with a depth of about 10-1%eV at a distance away from the surface of the
order of 1 ym. Such potential can be built by adding to the inherent attractive vdW force
a repulsive dipolar interaction due to a laser field [160, 161]. The frequency of the laser
field is blue-detuned slightly above the frequency of a given optical transition of the atom
so that its polarizability becomes negative, resulting in an effective repulsive potential.
The sum of the optical repulsive potential plus the vdW attraction gives rise to a potential
barrier keeping the atoms sufficiently far away from the surface (a so-called evanescent
atomic mirror [162, 163]), and to a potential well that may support bound states at an
appropriate distance away from the surface. Similar ideas have been used to guide cold
atoms along optical fibers [164, 165]. In addition, periodicity is also needed to couple
the incident plane matter wave to the SMW. A structure fulfilling all these requirements
is an array of parallel cylindrical optical fibers carrying a blue-detuned optical mode
propagating along them. This is the structure we propose to experimentally test the
phenomenon of extraordinary transmission of matter waves through very narrow slits.

The phenomenon occurs in a certain parameter range, and we have chosen the fol-
lowing realistic values in our numerical simulations. The optical fibers have radius
R = 0.20 ym, dielectric constant € = 13, and the array period is A = 0.80 yum. We take
again Rb cold atoms and will be considering the atomic transition D, (5?S1 /2 — 5°P3,)
at wy = 27 x 384 THz. The laser frequency is chosen in such a way that the detuning is
0 = w —wp = 21 x 6 THz. The repulsive optical potential at the position r outside the
fiber is given by [166]

s I? I(x)

L — 2
2 T2 4402 Iy’ (5:28)

Vopt(r) =
where I' = 271 x 6 MHz is the linewidth of the considered transition, I, = 2.5 mW/cm?,
and I(r) is the intensity profile of the laser guided mode. The chosen detuning is suffi-
ciently small so that a two-level atom approximation is valid, but large enough so that
recoil heating is low. The vdW attractive potential is obtained by means of a simple cal-
culation assuming pairwise interaction between the atom and the points inside the fiber

(retardation is not taken into account). This leads to the following approximation

C1—enC &1 (2n+ 1)1\ R\
Vvdw<f>—1+ersnzln<m_1>z> 7)o (5.29)

where r is the distance to the fiber axis and the parameter C; is 7.78 x 10712 eVum?
(C3 is known for vdW interaction with a flat metal interface [167]). Note that r and
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Figure 5.11.: 2D total potential for Rb cold atoms impinging on a array of cylindrical dielectric
fibers carrying a blue-detuned optical guided mode. The white circles represent the fibers’
cross section. Color scale codes potential energies in units of 107! eV. Blue and green re-
gions correspond to an attractive potential well. The effective slit width is of the order of
0.05 ym.

R are expressed in um. The total potential is V(r) = Vipi(r) + Vygw(r). The chosen
parameters guarantee that the requirements about potential well depth and position

mentioned above can be fulfilled.

Figure 5.11 plots the total potential for the case when the optical power carried by the
laser mode running along one fiber is Py = 20.7 mW. As desired, the overall picture of
this potential resembles our basic model [compare inset of Fig. 5.3]. White regions in
Fig. 5.11 correspond to the locations of the fibers. In the immediate vicinity of the fibers’
surfaces vdW attraction dominates (black narrow ring adjacent to the fiber), but for dis-
tances to the fiber center between 0.21 ym and 0.32 ym the total potential is repulsive
(red doughnut-shaped region around the fiber). This potential barrier is much higher
than the incident energy so that tunnelling to the inner attractive ring adjacent to the
surface fiber is negligible. Due to the evanescent character of the optical field outside

the fiber, vdW attraction again dominates for distances larger than 0.40 ym. In the inter-
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Figure 5.12.: Black line renders a crosscut along vertical z line of potential shown in Fig. 5.11.
Green and magenta lines: van der Waals and dipolar contribution to the total potential,
respectively. The energy of the fourth level of this 1D potential is represented by the blue

line, and the red dashed line shows the corresponding wavefunction.

mediate region, a potential well develops (blue and green colored areas). Importantly,
the potential between the fibers is strongly repulsive, leaving out an extremely narrow
effective slit (width ~ 0.05 ym) for the transmission of atoms through the structure. Fig-
ure 5.12 displays a one-dimensional (1D) crosscut of the potential along the z-direction
through the center of one fiber. This potential well has four bound states, found by solv-
ing the 1D Schrodinger equation using the Numerov’s method [168]. The energy of the
uppermost level is E; = —0.155 x 10~ ! eV (blue line). This bound state is the candidate
to assist in the transmission of Rb atoms with de Broglie wavelengths of the order of the

array periodicity.

Figure 5.13 renders the transmission spectra of normally incident Rb atoms for dif-
ferent values of the laser field power P, taking Py as a reference. The results have been
obtained through converged transfer matrix calculations (see Sec. 2.3). We have taken
advantage of the correspondence between Schrodinger equation and Maxwell equations
described at the end of Section 5.2. We have mapped the potential landscape, V (r), into
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Figure 5.13.: Transmittance of cold Rb atoms orthogonally incident on the structure shown in
Fig. 5.12, as a function of the incident energy. The various lines correspond to different opti-
cal powers P carried by the fibers. Thus, P controls the switch functionality of the structure.

a dielectric function of the form

49}

e(r)=1— £ (5.30)

where E denotes the kinetic energy of the incoming Rb atoms.

Let us first analyze the transmission corresponding to P = Py (black line in Fig. 5.13).
The spectrum shows two very close maxima reaching 100% transmission and a zero for
slightly larger energy. We can safely conclude that the phenomenon of resonant extraor-
dinary transmission of matter waves is present in the designed structure. This conclusion
is reinforced by looking at the pattern of the wavefunction modulus [Fig. 5.14], associa-
ted to the left peak at about 1.364 x 10~ eV. Here, it can be distinctly seen that SMWs
above and below the structure are excited, building up an even mode. These SMWs have
maxima at a distance away from the fiber axis of 0.90 ym, in good agreement with the

maximum’s location of the fourth eigenmode in the 1D potential [Fig. 5.12, dashed curve].
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Figure 5.14.: Modulus of the matter wavefunction for the left peak of the curve corresponding to
P = Py in Fig. 5.13. The scale is normalized to the incident amplitude. The plot corresponds
to 100% transmission.

If the power P of the laser field is now changed, the total potential and the correspond-
ing transmission spectrum are modified. We have found that transmittance is extremely
sensitive to the laser power. This feature opens up the possibility of using the structure
as an atomic switch. When the power P is reduced by just a 10%, the transmission peak
almost vanishes [Fig. 5.13, orange curve]. Notice that, as P is being lowered, two physi-
cal magnitudes change: first, the energy of the eigenmode involved in the transmission
process sinks to lower energies, explaining the shift to lower energies of the transmis-
sion peak found in Fig. 5.13. Secondly, the channels between the fibers broaden so that

the coupling between the SMWs at both interfaces becomes less resonant provoking a
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reduction in the height of the peaks. On the other hand, when P is increased the channel
between the fibers is effectively shut. The two peaks become narrower and closer to each

other and, in the limit, they merge together with the zero and disappear

5.7. Conclusions

In this chapter, we have studied the formation of surface matter waves in vacuum-solid
interfaces, with properties similar to surface plasmon polaritons. In contrast to the elec-
tromagnetic case, the Schrodinger equation requires an attractive potential surrounding
the material surface in order to support such bounded solutions. By means of a simple
model based on square wells, we have studied the appearance of the resonant transmis-
sion phenomenon of matter waves through periodic arrays of apertures. We have shown
how the scalar character of the matter wavefunction leads to important differences with
the electromagnetic case, where polarization effects play a relevant role.

Surface matter waves can also lead to an enhancement of matter waves transmission
through a single aperture flanked by a periodic array of indentations. We have studied
how a collimated beam emerging from the aperture can be obtained by tailoring the
corrugation at the output side of the film.

Finally, we have proposed a feasible implementation for the case of one-dimensional
apertures. We have described how a realistic attractive potential can be constructed by
combining the attractive van der Waals interaction and a repulsive optical potential cre-
ated by a blue-detuned laser field.

The work presented here, together with several others recently published analyzing
the transfer of the extraordinary transmission phenomenon to acoustic waves (sound)
[78-82], demonstrates that both resonant transmission and beaming phenomena are very
general undulatory processes based on the excitation of surface waves on perforated
films. It is also remarkable that other electromagnetic phenomena such as optical cloak-
ing [169-171] have been also exported to matter [172, 173] and acoustical [174] waves.
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6. General conclusions

English

Throughout this thesis, we have studied the electromagnetic phenomena occurring in
metal structures which support localized surface modes. We have developed a theoret-
ical formalism based on the modal expansion technique which enables us to analyze
these complex systems within a quasi-analytical approach. In our models, the dielectric
response of metals is treated within the perfect conductor approximation, which yields
accurate results in the microwave and terahertz regimes. In order to go beyond this ap-
proximation, we have also performed numerical simulations to estimate the effect of the
field penetration into metals in these frequency ranges.

The first step in our research has consisted of a thorough analysis of the geomet-
rically induced electromagnetic modes, also termed spoof surface plasmon polaritons,
supported by different metal structures. Two different planar geometries are studied:
textured surfaces and perforated films. We have demonstrated that spoof plasmon po-
laritons in two-dimensional apertures (dimples and holes) are surface waves localized
at the structure interfaces. However, in the one-dimensional case (grooves and slits),
these modes have a hybrid nature, being strongly influenced by the cavity resonances
occurring inside the apertures. We have found that the modal characteristics in all these
structures are controlled by the width and depth of the perforations, which allows us
to consider these systems as plasmonic metamaterials. The predictive value of our theo-
retical results has been demonstrated through the comparison with recent experiments
realized in the terahertz regime.

The appearance of spoof surface plasmon polaritons in cylindrical structures has been
also considered. We have shown that wires milled with a periodic array of rings support
bound modes whose properties are dictated by the geometry of the corrugation. Taking
advantage of the geometrical origin of these modes, we have designed a conical scheme
achieving subwavelength focusing of terahertz radiation. As in planar structures, our
theoretical predictions are corroborated by experimental studies on the propagation of
terahertz waves along helically grooved wires.

Based on our studies on spoof surface plasmon polaritons in simple geometries, we
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have developed two routing schemes for terahertz waves consisting of corrugated chan-
nels and wedges. The electromagnetic modes supported by such designs mimic channel
and wedge plasmon polaritons at optical frequencies. We have demonstrated that these
guided modes allow the subwavelength confinement of electromagnetic fields in the
transverse plane and show long propagation lengths and low bending losses.

The scattering properties of perforated metallic films can be also treated within our
theoretical framework. This has enabled us to analyze the role of order in the extraordi-
nary optical transmission. We have studied three different finite structures: periodic and
quasiperiodic (Fibonacci) arrays of slits, and quasiperiodic (Penrose) arrays of holes. Con-
sidering the reciprocal-space version of our formalism, we have been able to link the res-
onant features in the spectra of these systems with their structure factor. We have shown
that long-range order is the only requirement for the appearance of the phenomenon.
Moreover, we have explained the formation of transmission resonances in terms of leaky
electromagnetic modes supported by the structures. Again, our theoretical results are in
good agreement with experiments performed on quasiperiodic hole arrays.

We have also studied the transfer of extraordinary transmission and beaming phe-
nomena to non-interacting cold atoms. By means of a model consisting of square wells,
we have shown that, as in the electromagnetic case, the presence of surface modes is
the key ingredient in both phenomena. Our model has enabled us to demonstrate that
resonant transmission of matter waves appears in periodic arrays of one and two dimen-
sional apertures, and that enhanced transmission and associated beaming effects emerge
in single apertures surrounded by corrugations. Finally, we have proposed a feasible
implementation of our ideas in which realistic attractive potentials are constructed by

combining the intrinsic van der Waals interaction with an external optical potential.
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Espaiiol

A lo largo de esta tesis hemos estudiado los fendmenos electromagnéticos que ocurren
en estructuras metdlicas que soportan modos localizados de superficie. Para ello, hemos
empleado un formalismo basado en la expansiéon modal de los campos electromagnéti-
cos, lo que nos ha permitido analizar estos complejos sistemas con un enfoque cuasi-
analitico. En nuestros modelos, hemos tratado la respuesta dieléctrica de los metales
dentro de la aproximacién de metal perfecto, que proporciona resultados precisos en
los regimenes de microondas y terahercios. Hemos superado esta aproximacién reali-
zando simulaciones numéricas para estimar el efecto de la penetracién de los campos
electromagnéticos dentro del metal a estas frecuencias.

El primer paso en nuestra investigaciéon ha consistido en un analisis exhaustivo de los
modos electromagnéticos de origen geométrico, también llamados polaritones plasmoéni-
cos spoof, en diferentes estructuras. Hemos estudiado dos geometrias planas diferentes:
superficies corrugadas y ldminas perforadas. Hemos demostrado que los polaritones
plasmonicos spoof en aperturas bidimensionales son ondas de superficie localizadas en
las interfaces de la estructura. Sin embargo, en el caso unidimensional estos modos tienen
una naturaleza hibrida ya que estdn fuertemente influenciados por las resonancias de
cavidad dentro de las aperturas. En ambos casos, las caracteristicas de los modos estan
controladas por la anchura y profundidad de las perforaciones, lo que nos ha permi-
tido considerar estas estructuras como metamateriales plasmoénicos. El valor predictivo
de nuestro trabajo teérico ha quedado demostrado por su excelente acuerdo con experi-
mentos realizados recientemente en el régimen de terahercios.

Hemos tratado también la apariciéon de polaritones plasménicos spoof en estructuras
cilindricas. Demostramos que un conjunto periédico de anillos en la superficie de un
cable metalico soporta estos modos confinados y que sus propiedades estan controladas
por la geometria de los anillos. Aprovechando el origen geométrico de estos modos elec-
tromagnéticos, hemos disefiado una estructura cénica que permite focalizar radiacién de
terahercios en regiones menores que su longitud de onda. Como en el caso de geometrias
planas, nuestras predicciones tedricas han sido corroboradas por estudios experimentales
analizando la propagacion de ondas de terahercios en cables perforados con un surco
helicoidal.

Basdndonos en nuestro estudio de polaritones plasmoénicos spoof en geometrias sen-
cillas, hemos desarrollado dos disefios para el guiado de radiacién de terahercios que
consisten en canales y cufias metdlicas corrugadas. Los modos electromagnéticos sopor-
tados por estas estructuras son similares a los polaritones plasmoénicos de canal y de cufia

en el rango 6ptico. Demostramos también que estos modos guiados permiten el confi-
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namiento de campos electromagnéticos en regiones menores que su longitud de onda
y que muestran grandes longitudes de propagacion y pequefias pérdidas en estructuras
curvas.

Las propiedades de scatering de ldminas metdalicas perforadas pueden ser también
estudiadas dentro del marco teérico que hemos desarrollado. Esto nos ha permitido
analizar el papel que juega el orden en el fenémeno de transmisién extraordinaria.
Hemos estudiado tres estructuras finitas diferentes: conjuntos periédicos y cuasiperio-
dicos (Fibonacci) de ranuras y conjuntos cuasiperidédicos (Penrose) de agujeros. A través
de la version en el espacio reciproco de nuestro formalismo, hemos podido vincular las
caracteristicas resonantes en el espectro de transmisién de estos sistemas con su factor
de estructura. Hemos demostrado que la presencia de orden a largo alcance es el tnico
requisito que debe cumplir la estructura para la aparicion del fenémeno. Esto nos ha per-
mitido relacionar el aumento de transmisiéon con los modos electromagnéticos radiativos
soportados por las ldminas. Una vez mads, nuestros resultados teéricos concuerdan con
experimentos realizados en terahercios sobre conjuntos cuasiperidédicos de agujeros.

Hemos estudiado también la transferencia de los fendmenos de transmisiéon extraor-
dinaria y colimacién a dtomos frios no interactuantes. A través de un modelo de poten-
ciales cuadrados hemos demostrado que, como en el caso electromagnético, la presencia
de modos de superficie es el ingrediente principal en ambos fenémenos. Nuestro mod-
elo nos ha permitido mostrar que la transmisién resonante de ondas de materia ocurre
en conjuntos periddicos de agujeros de una y dos dimensiones, y que en el caso de una
apertura rodeada de corrugaciones, el aumento en la transmisién estd acompafiado de
efectos de colimacién. Finalmente, hemos propuesto una posible implementacién fisica
de nuestras ideas en la que los potenciales atractivos realistas surgen de la combinacién

de la interaccién intrinseca Wan der Waals y un potencial 6ptico externo.
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A. Overlapping integrals between Bloch
waves and rectangular hole and slit

waveguide modes

In this appendix, we provide analytical formulae for the overlapping integrals between
Bloch waves and rectangular hole and slit waveguide modes appearing in our ME for-
malism under PEC approximation. We present general expressions for both periodic hole
(2D) and slit (1D) arrangements.

For 1D slit arrays, the overlapping integrals are defined as

omr = (km, Yl y) = /dX<km,ﬂX><Xqu,7>. (A-1)

For TE modes, these overlaps have the form
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For TM modes, they read
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U-ml = 7 dxel xCOS;(X‘i‘E)—

-3

. 2—(510 lkm 1 —ik, 2 ik &

VNV ad K2 — (ln)z[(_l)e iz — gltma]. (A-3)
a

Overlapping integrals for 2D hole arrangements are defined as

ax ay
2 2

S = (Ko, 0| q1s, 7) = / N dx/ oy Y Ko, 0 |1) (¥ s, 7). (A-4)
7 7

Analytical expressions for these overlaps can be written in terms of their 1D counterparts,
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A. Qverlapping integrals between Bloch waves and rectangular hole and slit waveguide modes

having
S}Zz‘zl = !1<mn_||1qzs| :kg,") (Z:)U;’d_zogs_l T kM (17;)0711_10,;’5_2: , (A-5)
S = a9 ()l K ()], o)
Spnos? = ’kmanqlS' :kg’”) (57;) o 2ot — (Zaf) a,’;fla,;sz: , (A-7)
Spes? = !kmn1!|q1s| :k§f”) (Z)a;l—za;’s‘l +k§”>(:;)a;l—lazs—2:, (A-8)

where ¢!, (07) denotes the 1D overlapping integral for polarization 7, evaluated at a =
ay,d = dy and ky, = k") (a = a,, d = d, and k, = k"),
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B. Circular hole waveguide modes and

overlapping integrals

This appendix is devoted to present the general expressions for the waveguide modes
sustained by circular holes. Additionally, analytical formulae for the overlapping inte-
grals between these modes and Bloch’s waves are presented. Whereas waveguide modes
of rectangular holes are labelled with three indexes, in the case of circular apertures,
four indexes are required. Index < labels the mode polarization, having v = 1 (y = 2)
for TE (TM) modes. Indexes [ and s, together with the fourth index, t, characterize the
transverse wave vector associated with the waveguide mode. Index ¢ also indicates the
mode orientation. It distinguishes those modes having a zero azimuthal component of
the electric field along the aperture diameter defined by 6 = 0, 7 (horizontal modes),
from those having a zero radial component of the electric field along the same diameter
(vertical modes).

The dependence of the circular hole waveguide modes, |Is, t,y), on the spatial coordi-

nates (7,0) is given by [38, 94]:

e for horizontal TE modes

(rlls,t =1,7=1) = g5 [’Yl r] <715 )cos(l@) -7 (715 ) sin(l(?)ug] , (B-1)
Is

for horizontal TM modes

(r|ls,t =1,v=12) = hyg []l <%S )cos(lG)u, ]l (’)’ls )sin(l@)ug} ,  (B-2)

Yist

for vertical TE modes

/ /

r|ls,t =2,7=1 s la ] V15" gin(16)u, +7 Nis™ ) cos(16 up|, (B-3)

-8 Vi a "\ a
S

for vertical TM modes

(rlls,t =2,v =2) = hy {]l (’Yls ) sin(10)u, + (%5 ) cos(l@)ug} ,  (B-4)
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B. Circular hole waveguide modes and overlapping integrals

where 4 is the aperture radius, and u, and uy are the radial and azimuthal unit vectors,
respectively. J; is the Bessel function of I" order and Jj, its derivative. The constants
Y15 and 7}, are the sth-zero of J; and J|, respectively [95]. The longitudinal wave vector

associated with |Is, t,7) is =1 = | /k2 — (v} /a)? (for horizontal modes) and g5/=2 =

k% — (y1s/a)? (for vertical modes).
Note that in Egs. (B-1)-(B-4) we have introduced the normalization factors

_ /
PO L/ T (B-5)
aJi( — I

ViV

2—6p 1
h, = ) B-6
5= N T i om) (B-6)

so that the waveguide modes fulfill the orthonormality relation

(I's', t',%|ls, t,v) = /dr(l’s’, ', 1) (x|ls, t,7) = 811055646y (B-7)

The overlapping integrals between circular waveguide modes and Bloch’s waves are

defined as
SEI (0|15, £ y) = / At (K, 0|0 (215, £, 7). (B-8)

Analytical expressions for these integrals are as follows [175]

glst=Lr=1  _ /2= (=)' koa cos(18yun) J; ([Kmn|a) (B-9)
mno=1 - 4
T \/’)’;3_12 [1— (‘kmn‘a/'ﬂs)z]

Swvet ™t = —tan(l0p,) Spn T (B-10)
ski=ta=t \/m (=)' tko sin(10y) Jo([Knnla) B11)
4 a2 = 2

Swmred "= cot(Iun) Spngd !, (B-12)
Sl =0, (B-13)
glsi=ly=2 _ \/m(—i)llko‘kmn’ cos(10mn) J1 (| Kmn|a) (B-14)
o= s [Kmn|?> — (715/a)? ’

S%i’fz = tan(l()mn)Si’;;i’gzz, (B-15)

where angle 0, satisfies tan(0y,,) = ky) / kﬁc’”).
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