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Abstract:

My thesis is devoted to novel nano-optical
phenomena and devices based on spin-orbit
interaction (SOI) of light. First, magnetic spin-

the TW-HPA combines subwavelength illumination
and polarization transformation. The TW-HPA is
demonstrated to radiate on the subwavelength

locking, i.e., an SOI solely driven by the magnetic
field of light, is demonstrated with Bloch surface
waves. It provides a new manifestation of the
magnetic light field. = Then, we propose and
demonstrate the concept of traveling-wave helical
plasmonic antenna (TW-HPA), consisting of a narrow
helical gold-coated wire non-radiatively fed with a
dipolar nano-antenna. By swirling surface plasmons,

scale almost perfectly circularly polarized optical
waves upon illumination with linearly polarized light.
With this subwavelength plasmonic antenna, we
developed strongly integrated arrays of point-light
emissions of opposite handedness and tunable
intensities. Finally, by coupling two couples of TW-
HPAs of opposite handedness, we obtained new
polarization properties so far unattainable.

Titre : Spin-orbit interactions for steering Bloch surface waves with the optical magnetic
field and for locally controlling light polarization by swirling surface plasmons

Mots-clés : Interaction spin-orbite; polarisation circulaire; moments orbitaux et de spin de la lumiére ; ondes
de surface de Bloch; champ magnétique optique ; nano-antenne optique hélicoidale a ondes progressives;

contréle de la polarisation; accordabilité; nouveaux degrés de liberté

Résumé :

Ma thése est consacrée aux nouveaux phénomenes
nano-optigues et aux dispositifs basés sur
l'interaction spin-orbite de la lumiéere (SOI). Tout
d’'abord, il a été démontré un SOI uniquement piloté
par le champ magnétique de la lumiére permettant
de diriger avec précision les ondes de surface de
Bloch, offrant ainsi une nouvelle manifestation du
champ magnétique optique. Ensuite, nous avons
proposé et démontré le concept de nano-antenne
plasmonique hélicoidale a ondes progressives
(TW-HPA), c’est-a-dire un fil hélicoidal en or
étroit alimenté optiquement par une nano-antenne
dipolaire dans une configuration « end-firing ».
Une telle nano-antenne a été démontrée comme
la premiére optique de polarisation sublongueur

d’'onde. Lagencement de TW-HPAs a I'échelle de
quelgues microns a permis de convertir « a la carte »
un faisceau polarisé linéairement en une distribution
de faisceaux directifs présentant des polarisations
différentes définies de fagon déterministe par la
géométrie et les dimensions des nano-antennes.
Par le biais d’'un couplage en champ proche de
quatre nano-antennes a hélicités opposées, nous
avons obtenus une optique sublongueur d’onde
permettant un degré de liberté dans le contréle de
la polarisation qui est interdit avec les composants
et méthodes classiques basées sur I'exploitation
de matériaux biréfringents ou dichroiques, ou de
métamatériaux imitant ces propriétés.
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GENERAL INTRODUCTION

Tackling optics near or beyond the diffraction limit of light, nano-optics has been offering
us a host of fascinating applications in both fundamental and applied science [1]. Near-
field probing[1], 12, 13, 4} 5, 6], [7, (8] [9, [10], enhanced Raman scattering [11, 12, [13] 14} [15],
surface plasmons (SPs) [1,16}17,[18] [19, 20, 21}, 22} 23| 24, 25, 26] and optical antennas
[1L 27, 28| [29, 30l 131, 132] and metamaterials [33] 134, 35| 136, 137, 38, [39, 40, 141}, 42|
43| 144] are elegant paradigms of those kinds. With the help of most-advanced nano-
fabrication tools, a wide spectra of nano-optical components have been developed to
confine, guide or collect light on the nanoscale, which boosted the development of nano-
optics [1, [1Q]. It is noted that, such nano-optical elements in general has poor flexibility:
once a nano structure is fabricated, its optical properties are fixed and thus cannot be
modified. Therefore, it is of practical significance to add tunability to nano-optics, for
opening up new functionalities on the nanoscale. Quantum computing and information
may benefit from a flexible subwavelength control of light on the subwavelength scale.

Recently, it has been shown that optical metamaterials [41, 42, 43, |44], which are formed
by arrays of nano building blocks, can be used to gain flexibility in controlling light polar-
ization [45], intensity [46] and trajectory [47]. These nano building blocks normally play
in a resonant way and work collectively to attain these functionalities [41], 45, [48]. Given
such a principle, one will lose targeted properties and performance with a single cell that
is picked out from metamaterials. Besides, though the constituent cells are on the sub-
wavelength scale and are arranged with a subwavelength periodicity, the resulting optical
metamaterials as a whole extend much larger than the wavelength range. Therefore, it
seems unlikely for metamaterials to operate well at a subwavelength overall component
size.

Optical antennas, which are translated from low-frequency wireless telecommunication
antennas through size downscaling, are frequently used to efficiently link propagating light
and localized optical energy [1} 28] [31]. As most optical antennas are intrinsically sub-
wavelength in size, they enable the control of light-matter interaction on the true nanome-
ter scale[1,28]. For example, optical antennas have demonstrated full control over the di-
rection, polarization and emission rate from point-like quantum emitters [1} /49|50, 51 [52].
However, like other nanooptical elements, present optical antennas also suffer from lack
of tunability.

Recent researches show that optical tunability can be gained by taking advantage of the
angular momenta (AMs) of light. Light carries AMs in the form of spin and orbital angular
momenta [53] 54, 55, 56, 57]. Remarkably, these two types of angular momenta are
not independent: spin angular momentum (SAM) can be converted into orbital angular
momentum (OAM), and vice versa, a phenomenon called spin-orbit interaction of light
(SOI) [B5]. SOI has recently drawn much interest for applications involving tunable light
manipulation at small scale [55], which include small particle manipulation [58, 59], light
beam shaping [60} (61}, 162, 163], subwavelength optical probing [56, 164! 65 66, 67] and the
spin-locked unidirectional waveguiding [68! 169\ [70, [71}, (72}, [73],[74], etc.



2 CONTENTS

My thesis refers to two specific SOls: 1) Magnetic spin-orbit interaction of light, ie., an SOI
solely driven by the magnetic field of light. We show that the helicity of optical magnetic
field mediates the directional propagation of TE-polarized Bloch surface waves (BSWs)
on top of a 1D photonic crystal, revealing a magnetic SOI for light. 2) Extrinsic-OAM-to-
SAM transfer in a traveling-wave helical plasmonic antenna (TW-HPA). TW-HPA is a new
concept of plasmonic antenna, which develops the ability of swirling surface plasmons.
In the course of propagation, the swirling subdiffraction surface plasmons are released
in free space under the form of a circularly polarized confined light, owing to optical SOI.
This offers a complete subwavelength approach for controlling light polarization.

This manuscript consists of six chapters. The first chapter will be a background part. We
will start from basic electromagnetic descriptions of light waves. We will introduce the
spin angular momentum and orbital angular momentum of light, as well as their link with
the polarization, phase and trajectory. Then, we will review existing studies on various
SOls of light.

In Chapter 2, we will show the magnetic spin-orbit interaction of light. We will show that
the optical magnetic field can tunably steer Bloch surface waves. We first numerically
study the unidirectional excitation of Bloch surface waves with a spinning magnetic dipole.
Then, we experimentally demonstrate that the helicity of optical magnetic field defines a
directional excitation phenomenon.

In Chapter 3, we will introduce the concept of TW-HPA, as well as the underlying SOI
process of this antenna. We will also detail the design process of such an antenna. At
last, we will show an optimum design that generates almost perfect circular polarization
at optical telecommunication wavelengths.

Chapter 4 will deal with the fabrication and characterization of TW-HPA. Our fabrication
method combines two existing technologies, namely focused ion beam induced deposi-
tion and glancing angle deposition. We will show the circular polarization property of the
fabricated TW-HPA at optical telecommunication wavelengths. We will also show experi-
mental proofs that support the SOl working mechanism of such an antenna.

In Chapter 5, we will mainly explore the application of the developed TW-HPA in control-
ling the polarization state of light. We will show strongly integrated arrays of point-light
emissions of opposite handedness and tunable intensities, as well as a 3D device of sub-
wavelength volume that enables polarization manipulation unreachable with conventional
materials. Circular dichroism properties of the TW-HPA will also be shown in this chapter.

My thesis will end with a short summary and perspective chapter.
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RESEARCH BACKGROUND

The unchanging law of the universe is that everything changes, in a way of time and
space. Luckily, in most common cases, we can understand and describe those 4-
dimensional movements with basic physical quantities such as energy and momentum.
The inherent translation invariance of time and space imposes on such quantities a uni-
versal law of conservation, framing any physical dynamic processes [75].

Momenta are physical quantities directly attached to moving objects. According to the
specific form of movement, say translational movement and rotational movement, we
discriminate linear momentum and angular momentum (AM), respectively. For an object
undergoing rotational movement, we have the following relation between its linear and
angular momenta[75, [76]:

L=rxP, (1.1)

where r is the position vector, L and P are the angular and linear momenta, respectively.
From Eq. [1.1] we can see that the angular momentum is transverse to the instantaneous
linear momentum associated with the rotational movement.

There exist two types of angular momenta, namely the spin angular momentum (SAM)
and orbital angular momentum (OAM). In the classical picture, SAM is associated with the
rotating motion of an object around its body axis while OAM refers to the orbiting motion
of an object regarding an external reference. We have the following expression for the
total angular momentum:

J=L+S§, (1.2)

where J, L and S denote the total AM, SAM and OAM, respectively. In nature, the two
kinds of angular momenta coexist in many systems. Examples span from huge celestial
bodies to invisible electrons. Interestingly, the two kinds of angular momenta can be trans-
ferred to each other, coining the term "spin-orbit interaction”. Spin-orbit interactions give
rise to observable effects in both macroscopic and microscopic regimes. For example, a
flying football with spin normally has a curved trajectory due to the lateral force induced
by spin-orbit interaction (Magnus effect). As to atoms, it is the spin-orbit interaction of
electrons that leads to the fine structure in emission and absorption spectra. With the
constraint of angular momentum conservation, we have the selection rule and Zeeman
effect for atomic transitions.

Light also carries linear, spin and orbital angular momenta [77]. Poynting first noticed that

3



4 CHAPTER 1. RESEARCH BACKGROUND

circularly polarized light carries spin angular momentum. He envisaged an experiment
where circularly polarized light pass successively a series of suspending polarizers. He
anticipated that, in the course of propagation, light would transfer angular momentum to
these polarizers and thus cause a toque to drive them to rotate, which was later demon-
strated by Beth in 1936. The orbital angular momentum of light was found by Allen and
coworkers in 1992 [/8]. They first demonstrated that light with a helical phase structure
carries orbital angular momentum, which is integer times of 7 per photon. They observed
the mechanical effect of OAM-carrying light by using cylindrical lens to transform ordinary
Hermite-Gaussian mode to OAM-carrying LG mode [77].

Unlike these with macroscopic objects, the optical OAM and SAM correspond to different
properties of light[53] [77]. Specifically, the SAM of light is associated with the polariza-
tion state, whereas the OAMs are associated with the trajectories and phase structures
[55, [77]. The two kinds of optical AMs manifest the polarization and spatial degrees of
freedom of light, respectively [55]. Interestingly, the two kinds of optical angular momenta
are not independent, they can transfer to each other. This phenomenon is called optical
spin-orbit interaction (SOI). Optical SOl has demonstrated a wide spectrum of striking
phenomena and appealing applications including optical sensing, information, waveguid-
ing and manipulation [55, 56, [79].

In this chapter, we will first separately introduce the SAM and OAM of the light. We will
refer to their formulated expressions and manifestations. Then, we will review the state-
of-the-art of optical SOls as well as their applications.

1.1/ ANGULAR MOMENTA OF LIGHT

Due to the wave-particle duality of light, we can describe optical AMs in both electro-
magnetic wave and photon pictures. In the former picture, light is treated as time-spatial
electromagnetic oscillation over a certain wavelength range. Classical field languages,
such as gradient, divergence and curl, are used to describe the generation, propagation
of light and its interaction with materials [80]. The energy, linear and angular momenta
density (per unit volume) of light can thus be derived by treating those electromagnetic
fields. In the latter picture, light is an assembly of energy quanta (photons) and quantum
operator language are used to describe light behavior. Energy, linear and angular mo-
menta are the direct outcomes of the corresponding operators, which create a physical
view analogous to the description of moving particles [77].

Herein, we will start with the wave picture of light and give a general electromagnetic
description of optical angular momenta. Then, we will refer to the polarization and phase
structure of several specific light waves and show their links to the spin and orbital angular
momenta of light. In these discussions, we will also incorporate the quantum view of light
and show its consistency with the classical description.

1.1.1/ CLASSICAL ELECTROMAGNETIC DESCRIPTIONS OF THE OPTICAL AMS

In the context of nano-optics, it is usually sufficient to adopt the wave picture to describe
most light behaviors. In this frame, one can use the classical Maxwell’s equations to
describe optical electromagnetic fields, which take the following differential form in Si
units [1]:
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V x E(r 1) =-ﬁﬁ$” (1.3)
V x H(r,1) :é?gﬁ+hmn (1.4)
V-D(@r,t) = p(r,1) (1.5)
V-B(r,t) = 0 (1.6)

where the vectors E, H, D, B, j, denote the electric field, the magnetic field, the electric
displacement, the magnetic induction and the free current density, respectively. Scalar p
denotes the free charge density. They are all functions of space coordinate (r) and time
(1).

In my thesis, all materials considered are linear, isotropic, homogeneous and source free,
which obeys the following constituent conditions [1]:

D = ¢e&E (1.7)
B = pupuoH (1.8)
Jj. = o.E (1.9)

Here, ¢ and e is the vacuum and relative permittivities, uo and u are the vacuum and
relative permeabilities, respectively. j. denotes the inductive current density, o, is the
conductivity. €, u and o, together describe the response of materials to electromagnetic
fields. In the following, we only consider the vacuum case to simplify the illustration of the
optical energy and angular momenta.

Poynting first quantified the momentum and energy flux carried with an electromagnetic
field. The energy stored in electromagnetic fields per unit volume can be expressed as
follows[80]:

1
w= %(D-E+B-H): 5(60|E|2+#0|H|2) (1.10)

Poynting vector, which represents the energy flux density, takes the following form [80]:

Q

—ExH (1.11)

The linear momentum per unit volume associated with an electromagnetic wave can be
expressed as follows [77]:

P =e&EXB = euS (1.12)
As shown in Eq. [1.12] the linear momentum per unit volume is proportional to the Poynting

vector. Naturally, by substituting Eq. [T.12]into Eq. [1.1] we obtain the angular momentum
per unit volume [77]:

J = eouolr x (E x H)] (1.13)
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To calculate the total energy, linear and angular momenta, we need to take the volume
integral of the quantities given in Egs. [1.10} [1.12/and[1.13] respectively. We have [77]:

W = % f (&lEP + polH*)dV (1.14)
P = eo,uof(ExH)dV (1.15)
J = eo,uof[rx(ExH)]dV (1.16)

Monochromatic electromagnetic wave of angular frequency w can be described by the
following time-harmonic functions:

E(r, 1)
H(r,1)

Re[E(r)e~ /" (1.17)
Re[H(r)e /" (1.18)
(1.19)

Owing to Maxwell's Equations in vacuum (Eq. [1.5 and[1.6), we have:

H(r) = ,LV x E(r) (1.20)
JHow
Er) = L VvxHE (1.21)
€W
(1.22)
We can thus rewrite Eq. as follows [81]:
_ & , " €0 v =
=30 [i;ZElrxVEl]dV+2jwf(ExE)dV L+S (1.23)

where the first and second items in Eq. have been identified as the OAM and SAM
of the electromagnetic field, denoted as L and S, respectively.

For time-harmonic waves, we usually average these quantities within one oscillation cycle,
which read [77,, 81]:

1
w o= o (elEP + polHP) (1.24)
P = 60—50(E><H*) (1.25)
- _ 2@ % )
I = —2w\5m['z EirxVEl] (1.26)
i=Xx,y,2
5 = 223 (E* % E) (1.27)
2w

j o= I+5 (1.28)
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1.1.2/ SPIN ANGULAR MOMENTUM AND POLARIZATION STRUCTURE OF LIGHT

Longitudinal SAM of light The most simple optical wave is the plane wave, whose
electric and magnetic fields can be expressed as:

E(r,t) = Eo/% = (k.E =0) (1.29)

H(r,t) = Hye/* ™ (k-H=0) (1.30)

H, = Lk)(E() (131)
How

where k is the wave vector, Ey and H, are constant vectors, which define the polariza-
tion structure of light, respectively. For simplicity, let us consider that the plane wave
propagates along +z direction, we can thus define Ej as follows:

Ey = E,& + E,§, (1.32)

E, and E, denote the complex amplitude of the electric components along the x and y
axis, respectively. To consider the SAM, it is convenient to express the polarization vector
E, in the form of Jones vector [82], which reads:

Ey = |Egle’?: |P) (1.33)
where
cosf
¥ _[ b o ] (1.34)

is the Jones vector. It gives a normalized expression of the polarization state, with:

Ad
tan 0

by — Bx (1.35)
|Ey|/|Ex], (1.36)

where ¢, (¢,) and |E,| (|E,|) are the phase and amplitude of E, (E,), respectively. Let
0 = n/4 and A¢ = on/2 (0 = +1), we have the two circular polarization (CP) states.
Denote the left and right CP (LCP and RCP) states with |¥,) and |¥g), we have:

1 1
¥r) = @ + (1.37)
_ Lt
v = | | (1.39

For circularly polarized lights, the corresponding spin densities read:

§ = o2 B Pk (1.39)
2w
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The time-averaged energy density can be written as:

W= %&F (1.40)

Taking a ratio of Eq. to Eq. [1.40}, we have:

=L o= (1.41)
w

i |

Thus, it is clear that circularly polarized light carries an intrinsic SAM of 7 per photon,
which is parallel or anti-parallel to the wave propagation depending on its helicity o-. This
is consistent with the quantum description of the SAM of photons.

RCP (o=+1) LCP (o=-1)

Figure 1.1: Schematics of the electric fields of circularly polarized light with: (a) right and
(b) left handedness, respectively. The green curved arrows indicate the rotation sense of
the electric field in a single transverse plane. o denotes the helicity of SAM (s), which is
parallel or anti-parallel to the wave vector k.

Figures[1.1](a) and (b) schematically show the electric fields and SAMs corresponding to
the LCP and RCP states, respectively. The direction of the SAM is associated with the
rotation sense of the electric field. In a general case, the polarization state of light can be
seen as the linear supposition of the two CP states [81]:

W)= > ai¥) (1.42)
i=L, R
where
a; = (Vi) (1.43)

are the linear coefficients of the two CP components. The according SAM per photon can
be calculated as:

S = (anl? ~ larP2E = 2% (1.44)
w hiw hw
Therefore, we can see that in a general case, the SAM of light is 67 per photon, where
o € [-1, 1] is associated with the proportions of the LCP and RCP components. It is noted
that the absolute value of & has a direct link to the degree of circular polarization (DOCP),
which is defined as follows [46]:
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pocp = Hrer = Ircrl _ o (1.45)

Iicp + Ircp

where I;cp and Igcp are the intensity of the LCP and RCP components, respectively.

Geometric representation of light polarization The polarization state of light can also
be presented geometrically with the polarization ellipse and Poincaré sphere.

(a) y (b)

Figure 1.2: Schematic diagrams of (a) polarization ellipse and (b) Poincaré sphere. Note
the north and south poles of the Poincaré sphere stand for RCP and LCP, respectively.
On the equator of the Poincaré sphere, the corresponding polarization states are linear
with the orientation varying with the azimuthal position.

In general, the polarization vector defined by Egs. describes, by its tip, a tilted
ellipse in the plane perpendicular to light propagation (see Fig. [T.2(a)). The major and
minor axes of such an ellipse take respectively the following forms [83]:

1
o = — [IEP + 1B P+ (I + B+ 2AEPIEcos@ag)| . (1.46)
1
0B = —=[IEL+IER - IS+ IES 4 2AEPEPcosAp] . (147)
v _

Axial ratio (AR), which is frequently used to evaluate the ellipticity of the polarization el-
lipse, reads:

OB

AR = —
0A

(1.48)

Following simple procedures, we find the following relation between AR and DOCP:

2AR

DOCP =
1+ AR2

(1.49)

Poincaré sphere can also be used to represent the polarization state of light, which is a
unitary sphere with its Cartesian coordinates (s, s, 53) equals to the normalized Stokes

parameters[82] (see Fig. [1.2(b)):
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Si
S
S3

1

S (1.50)

S1
S=1 9

$3

where Sy, S1, S; and S3 have the following expressions:

So = |ELl* +|E,*
Si = |Es* - |E,[?
Sy = 2|E,||Ey| cos Ag
S3 = 2|E,||E,|sin Ag

(1.51)

The spherical coordinates (2y, 2¢) of the Poincaré sphere, can be expressed as follows:

. (1.52)
2y = asin(S3/Sy)

{2)( = atan(S,/Sy)
where the sign and absolute value of y defines the handedness and ellipticity of the
polarization ellipse. ¢ represents the tilt angle of the polarization ellipse, counted from
the x axis.

Figure 1.3: Schematic diagram depicting the rotating electric and magnetic fields of a
circularly polarized light.

The role of magnetic field and SAM In the above description of the optical SAM, we
only consider the electric component field of light. However, for circularly polarized light,
both its electric and magnetic fields are spinning (see Fig. [1.3). As suggested, we should
also take the magnetic part to consider the total spin density of the light [66]:

1
s = 4—Sm [uoH* x H + ¢gE* X E] = sy + Sg (1.53)
w

where the first item sy and second item sz denote the magnetic and electric contributions
to the spin density of light, respectively.

Transverse SAM of light The SAM of a freely propagating light is aligned with its wave
vector, which is thus called "longitudinal SAM". In fact, there also exists another kind of
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SAM, which is called "transverse SAM" as it is perpendicular to the wave vector. Trans-
verse SAM is universal in evanescent fields, which dampens spatially along certain di-
rections. Many optical modes contain evanescent fields, such as surface plasmons and
various waveguiding modes [55].

Figure[1.4]schematically shows an evanescent field propagating along +z direction, which
decays exponentially along the x-axis. The wave vector of such a field can be written as:

k =2k, + jk& (1.54)

where the imaginary item « describes the field damping along the x-axis. Supposing
a transverse magnetic (TM) polarization of the evanescent field, we have the following
expressions for its magnetic and electric fields:

Hy = H, (1.55)

JHy
Ey = —-— (Zx+xjk,) (1.56)
D)

As shown in Eq. the electric field contains two components along x and z, which
are phase-shifted by /2. That means the electric and magnetic fields of a TM-polarized
evanescent wave is elliptically and linearly polarized, respectively. Fig. (b) schemati-
cally shows such a polarization structure. We can see that the electric field rotates in the
x0z plane, signifying a SAM along the y axis, perpendicular to the wave propagation.

Figure 1.4: Transverse spin angular momentum and optical evanescent fields. (a)
Schematic showing the field damping and the corresponding spin angular momentum
(s1). kx and k, are the wave vector projections along the x and z axis, respectively. (b)
Polarization structure of a TM-polarized evanescent wave.

For a transverse electric (TE) evanescent mode, it is not trivial to obtain:

Ey = JE, (1.57)
JEy . .

Hy = —— (2 +xjk;) (1.58)
How

where we can see that the electric field is linearly polarized whereas the magnetic field
becomes elliptically polarized. By further comparing Egs. and [1.56, we can see
the x-components have the same ratio of jk/k to the z-components, which signifies an
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identical spin density independent of the TE or TM polarizations. This point, as suggested
by Bliokh, originates from the universal transversality of evanescent fields:

k-E
k-H

0(TE) (1.59)
0(TM) (1.60)

For the above two evanescent fields, the corresponding transverse SAM has the following
universal form [55]:

_ Re(k) x Im(k)
Re(k)?

S, = (1.61)

Figure 1.5: Coupling between the helicity of transverse SAM to the propagation direction
of evanescent waves: (a) and (b) schematically show TM-polarized evanescent waves
propagating to the left (a) and right (b), respectively. This spin-locking phenomenon is
akin to that with a rolling wheel, which thus gives optical transverse SAM the name "pho-
tonic wheel" [56].

A characteristic of transverse SAM is that its helicity is locked to the propagation direction.
As shown in Fig. the SAMs conveyed by two anti-propagating evanescent waves
point to opposite directions. This can also be evidenced by flipping the sign of k, in Eq.

154

k= -2k, + jkk (1.62)

Substituting Eq. [T.54]and Eq. [1.62]into Eq. [1.61]leads to SAMs with the opposite signs.
Sometimes, the helicity of transverse SAM also depends on the spatial position where
the evanescent field resides. For example, on the two sides of a gold slab, evanescent
fields decay along the opposite directions. This changes the sign of « in Eq. and
thus inverses the sign of transverse SAM.

It is worthy of noting that, transverse spins are not limited to evanescent waves. They
also exist elsewhere, even in free space. Transverse SMAs have been found in struc-
tured lights like azimuthally polarized Bessel beam [84], two interfering plane waves [85]
and focused linearly polarized light [56]. More detailed discussion about these types of
transverse spins can be found in literature [86, 87, 188, (891 [90].
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Figure 1.6: Phase and intensity properties of light beams with a vortex charge number

= -1,0,1,2,3 (from right to left): (a) Schematic snapshots of the instantaneous phase.
Helical phase fronts occurs when ¢ # 0. The blue dash lines indicate the wave propaga-
tion. (b) Phase profiles in a transverse plane [91]. (c) Intensity distributions in a transverse
plane. Annual intensity patterns can be seen when £+0.

¢=0 ¢=-1

1.1.3/ ORBITAL ANGULAR MOMENTUM AND PHASE STRUCTURE OF LIGHT

Paraxial beams with an azimuthal phase item /¢, for example collimated ¢-th order
Laguerre-Gaussian (LG) beams, carry well-defined OAM ¢# per photon[92]. Following
Allen and Padget [77), 93], below we will give a brief deduction of OAM from the phase
structure of the paraxial beam.

Paraxial wave equation can be written in the following form:
ou x> 9y?
— = 1.63
To; = 2k(ax2 dy? ) (1.63)
Considering a vector potential A linearly polarized along the x axis, we have:

A = u(x,y, 2)e’*% (1.64)

The corresponding electric and magnetic fields and cycle-averaged linear angular mo-
mentum, read:

E m+%%4ah (1.65)
1 j 0 -
H = —L@+Lﬁ4wh (1.66)
Ho k dy
p = JU;O (uVu* — u*Vu) + wkeolul*2 (1.67)

From Egs. and|1.66], we can identify a longitudinal field component, which is critical
for acquiring OAMs. Let us assume that u(x,y,z) in Eq. takes the following form in
cylindrical coordinate frame:
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u(r, ¢,2) = uo(r, 2)e’™ (1.68)

Taking the product of the position coordinate r and the azimuthal component contained in
Eq. [1.67, we have the following expression for the longitudinal AM density (}.):

J- = tepwlul? (1.69)

The corresponding energy density reads:

W = ewlul® (1.70)

Integrating j, and w over the xy plane and taking the ratio between the two, we obtain:

I, [ [rdrdgj.  en

=~ = = — 1.71
W [ [rardew T a7
Now we can see that the azimuthal phase item ¢/’ describes a quantized OAM (7 per
photon to the paraxial beam, regardless of its linear polarization state.

Figure shows the phase structure and intensity property of lights carrying OAM of
various ¢ values. When ¢ # 0, the azimuthal phase item ¢/’ and the common propagation
phase item e/*, together, define an intertwined helical phase structure for OAM-carrying
light (Fig. [1.6(a)). The topological number of this twist equals to |¢| while the twist hand-
edness is defined by the sign of ¢. Due to its vortex-like feature, OAM-carrying light is
well-known as "optical vortex". Figure [1.6(b) shows the corresponding phase distribu-
tions in the transverse plane. We can see a phase dislocation or phase singularity at the
center of the beams when ¢ # 0. Such a phase singularity impart these beams an annular
intensity profile as shown in Fig. [1.6]c). The effective radii of these bright rings, are also
quantized, proportional to ¢. [92]

The azimuthal phase item that defines the OAM is linked to the spatial variation of the
light intensity and is independent of the polarization structure. Therefore, we can see that
the optical SAM and OAM manifest the different degrees of freedom of light.

1.1.4/ EXTRINSIC ORBITAL ANGULAR MOMENTUM AND LIGHT TRAJECTORIES

The aforementioned optical AMs, ie., SAM and OAM, are independent of any external
reference. They are only associated with the intrinsic properties of light and thus are
called intrinsic optical AMs. In fact, real beams, which are aperture-limited, can also gain
an orbital angular momentum when their centroids have a distance with respect to an
external reference (see Fig. [1.7). This extrinsic orbital angular momentum (EOAM) of
light simply takes the same form as that of a macroscopic object:

L =RxP (1.72)

Equation signifies that the instantaneous EOAM is always transverse to the orbital
(canonical) momentum. However, a time-averaged EOAM can sometimes align (longitu-
dinal) to the overall wave propagation. Figure (b) shows an example for this situation,
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(a)

Figure 1.7: Two examples for extrinsic orbital angular momentum (EOAM) of light. (a)
Light gains a transverse EOAM when its centroid has a distance with respect to an ex-
ternal reference (z-axis). (b) Light propagates along a helical trajectory, developing an
EOAM parallel to z-axis.

where the surface plasmons excited at one end of a gold nanowire swirl along a helical
pathway. This case will be discussed in details in later chapters.

1.2/ SPIN-ORBIT INTERACTION OF LIGHT (SOl)

From former discussions, we can see that optical SAM and OAM basically describe dif-
ferent degrees of freedom (DOFs) of light. The former is mainly associated with the
polarization state while the latter is linked to the phase structure and trajectory of light.
Recent studies reveal that the coupling between the two optical DOFs underpins all basic
optical processes, leading to a big family of optical phenomena called spin-orbit inter-
actions (SOls). SOl is especially striking in the regime of nanooptics, plasmonics and
nanophotonics [55]. In these fields, wavelength-scale inhomogeneity generally exists,
which greatly enhances the coupling between different optical AMs.

1.2.1/ GENERAL RULES UNDERLYING SOl
1.2.1.1/ ANGULAR MOMENTUM CONSERVATION

In a closed system, total AM (J™') should conserve. For optical processes, contributors
of the total AM include the longitudinal and transverse SAMs (S, and S ), intrinsic and
extrinsic OAMs (L™ and L*), as well as the AM exchanged between light and matters
(J). We can thus express the total AM as follows:

Jtot — S|| +SJ_ + Lint + Lext + Jexc (173)

Angular momentum conservation underlies all optical process, laying the most fundamen-
tal basis for analyzing optical SOls [94].
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1.2.1.2/ GEOMETRIC PHASE

Geometric phase or Berry phase, found by Micheal Berry, refers to the phase a system
acquires while undergoing an adiabatically transformation from one state to another [95]
96]. Geometric phase in optics originates from the coupling between intrinsic angular
momentum and the rotation of coordinate frames.

y [ y A
‘ X ‘ X
®=—0c¢
Right-hand Left-hand
polarization polarization

Figure 1.8: Schematic illustrating the geometric phase induced by the rotation of coordi-
nate frames.

Figure schematically shows the geometric phase (®) induced by rotating coordinate
frames. Circular polarization vectors E, (o = 1, E,; « |¥¢) and E_; « [¥.)) in the black
coordinate frames change to E/, in the gray ones, which read:

o= | cose —sing

— o JoY
. [singo cos ¢ XE; =e'YE,, (1.74)

where ¢ is the angle between the two coordinate frames. We can thus identify from Eq.
an additional phase item:

0 =-0p(0==xl), (1.75)

which depends on the helicity of the CP component.

In general, optical geometric phase can be introduced by two approaches: (1)
SAM redirection (Rytov-Vladimirskii-Berry phase) and (2) polarization manipulation
(Pancharatnam-Berry phase) [97]. Both operations cause an equivalent rotation of the
local coordinates frames for CP light components.

Rytov-Vladimirskii-Berry phase relies on the transversality of electromagnetic waves. In
free space, light fields are transverse and thus we have:

k- E(k) =0, (1.76)

where E(k) denotes the polarization vectors of the plane-wave component with a
wavevector k.

When light is deflected, its wavevector changes, say from k; to k. The transversality con-
dition shown in Eq. imposes on the polarization vectors of light a parallel transport
from E(ky) to E(k>) on the k-sphere (see Fig. a)). In other words, the local coordinate
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(a) B (b) 53

Electric-field
vectors

Figure 1.9: Schematics illustrating the optical geometric phases induced by (a) the
redirection of wave vectors [55] and (b) the transformation of polarization state on the
Poincaré sphere. (a,b) are reproduced from literature [98].

frames attached to the polarization vectors rotates with respect to the global spherical
coordinate frame, giving rise to a geometric phase. For example, wavevector variation
along a special contour C shown in Fig. (6 =6, » =0 — ¢) introduces to CP light a
helicity-dependent geometric phase, which reads:

O =—0cpcosby = —S ;9. (1.77)

Here S, is the SAM projection along the z-axis. Therefore, Eq. reveals that the
geometric phase caused by wave redirection can be attributed to SAM-rotation coupling.

Pancharatnam-Berry (PB) phase results from the fact that wave plates define the local
coordinate frames for light by their anisotropic axes. For example, let us consider a half-
wave plate (HWP) whose optical axes have an angle ¢ with respect the incident polariza-
tion vectors E,.. The transmitted polarization vectors E! can be expressed by [79]:

E/ « E_, e’ (1.78)

Equation [1.78] shows an additional geometric phase ® = 20¢, which can be seen as the
result of coordinate rotation imposed by the HWP anisotropic axes. Similarly, PB phase
can also be introduced by other types of birefringence wave plates[79].

Pancharatnam theorem gives a geometric description of the PB phase induced by polar-
ization transformation. Figure (b) shows a cyclic polarization manipulation along the
geodesic contour A-»B—C on the Poincaré sphere. Pancharatham theorem says that the
geometric phase gained by light, when return to the polarization state A, is equal to half
of the solid angle occupied by the geodesic triangle ABC (6 = Q/2) [95].

Geometric phase plays an important role in spin-orbit interactions. Both RVB and PB type
geometric phases can lead to observable effects, which accounts for a larger portion of
the optical SOI phenomena that have been found.



18 CHAPTER 1. RESEARCH BACKGROUND

1.2.2/ VARIOUS SOl PHENOMENA

There are many types of optical SOls. Insightful and exhaustive reviews on these phe-
nomena can be found in up-to-date literature [53] 54, 56, 55, 57, [79, [88, [99]. Following
the framework built by these reviews, we basically sort the optical SOl phenomena into
two main categories according to the underlying mechanisms: (1) SOls that involve geo-
metric phases and (2) SOls within evanescent waves. The latter, as suggested, are dis-
connected from the geometric phases [55]. For SOls of the first kind, we also discriminate
these induced by RVB phase (wave redirection) and these by PB phase (space-variant
anisotropy) [97]. For each type of SOI, we will show a few representative examples, where
we emphasis the role of geometric phases or angular momentum conservation. The re-
lated applications will be briefly introduced as well. More specific reviews that are closely
related to the topic of my study can be found at the beginning of the following chapters.

1.2.2.1/ SPIN-ORBIT INTERACTION INDUCED BY GEOMETRIC PHASES

SOl in paraxial regime In later 1980s, Chiao and coworkers found that linearly po-
larized light propagating along a helical pathway, say in a coiled fiber, undergoes a
continuous rotation of the polarization orientation [100, [101]. Akin to other well-known
polarization-rotation phenomena, such as Faraday effect and optical activity in chiral ma-
terials, this rotation actually means that the LCP and RCP light components are dephased
during the propagation process. Figure[1.10[a) shows another case where light follows a
helical pathway in a glass cylinder [98,55]. Figure[T1.10[b) shows the direct measurement
of a splitting effect in the light trajectories between LCP and RCP states. We can see
a shift in the beam transverse positions, which accumulates with the turns of the helix.
Analogous to the spin-Hall effect of electrons in condensed matters, this effect gains the
name “spin-Hall effect (SHE) of light" [55] or historically “optical Magnus effect" [102].

Note here the SHE is induced completely geometrically, which thus provides a direct
evidence for Berry phase [565, [100, [101]. Indeed, during the propagation process, the
wave vector of light is redirected and follows a close loop in the k-space. It thus acquires
a helicity-dependent geometric phase. Theoretical analysis of light propagation in index-
gradient media indicates that the SAM of light will add a geometric item to wave equation
[98, 1103]. This item can be seen as a “Lorentz force" induced by the gradient of Berry
phase, which leads to the transverse shift of light [S5] due to the angular momentum
conservation in axis-symmetrical systems. In above examples, light gains an EOAM while
following the helical pathway. Therefore, these examples show an interplay between the
SAM and EOAM of light.

SHE also manifests itself with a simple optical interface. A specific case is the so-called
Imbert-Fedorov effect [54], which refers to the transverse shift of light upon reflection
[106l [107] or refraction [104]. Figure (c) schematically shows the scenario for the
total internal reflection of a RCP light, where we can see that the reflected light has a
lateral displacement on the left side of the incidence beam. This phenomenon can also be
explained with the geometric phase induced by wavevector redirection [55,[79]. According
to angular spectrum theory, real beams can be decomposed into a series of plane waves
propagating along different spatial directions [1]. When light beam reflects or refracts at
sharp interfaces, these spatial components in general gain different geometric phases,
leading to a geometric phase gradient along the transverse direction. As a consequence,
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Figure 1.10: Spin-orbit interactions in paraxial regime. Spin-Hall effect occurs when light
travels along a helical pathway in a glass cylinder [55, 98]: (a) schematic showing the
helicity-dependent trajectories for LCP and RCP lights, and (b) measured transverse split-
ting of LCP and RCP lights with respect to the propagation distance. Helicity-dependent
lateral shift of a paraxial beam occurs while deflecting at optical interfaces [104]: (c)
schematic showing the transverse shift attached to a RCP light during reflection. (d)
Measured Spin-Hall splitting of the LCP and RCP components when a linearly polarized
Gaussian beam refracts at air-glass interface. Angstrom accuracy can be reached with
"quantum weak measurement” techniques [104] [105]. (a-d) are grabbed from the litera-
ture [55].

the centroid of the emerging light experiences a lateral shift. In the case shown in Fig.
1.10| (c), the relative shift can be quantified as follows [55]:

cotf (1.79)

where ¢’ and Y’ are the helicity and centroid coordinate of the reflected beam. Re-
cently, “guantum weak measurement" has demonstrated its notably high accuracy of a
few angstrom, enabling the direct measurement of such a subwavelength shift. Figure
1.10| (d) shows the experimental results corresponding to the scenario shown in Fig.
(c). We can see that the experimental data have a good match with the curve predicted
by SOI theory. This shift, as suggested, is imposed by the angular momentum conserva-
tion along the z-axis, again showing an interplay between SAM and EOAM [55]. Similar
crosstalk can happen between the intrinsic and extrinsic OAMs that a vortex beam in
inhomogeneous medium undergoes a charge number-dependent transverse shift [54].
This kind of SOls are called "orbit-Hall effect” and "orbit-orbit" interaction of light [55].
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(a) (b) Tightly focusing of LG mode
i
©
—|+|_ 0 sec @ 0.77 sec 1.54 sec 2.31 sec
~ FAS S S D

L O S 4 . e

T = A
g 0 sec & 0.77 sec 1.54 sec 2.31 sec
— B " &
+ 6, O Qb’ o ; '\_'.<=
§I.I)

Figure 1.11: Spin-orbit interactions in nonparaxial regime: (a) Schematic showing the op-
tical vortex generated by tightly focusing circularly polarized light [55] (b) Tightly focused
LG modes with £ = 1 and o = +1. An optical vortex appears in the longitudinal electric
component when o and ¢ have the same sign (top panel), evidenced by a faster orbiting
speed of the trapped nanoparticles (middle panel) than that with o and ¢ of opposite sign
(bottom panel) [58].

SOl in nonparaxial regime In the above two cases, it is the redirection of the wave
vector that leads to SOI. This suggests that strong SOI effects may appear in nonparaxial
fields where light are strongly deflected. Figure (a) gives an example of SOI in
tight focusing of light with high numerical aperture lens [58, 59]. In 2007, Zhao et al
experientially demonstrated this phenomenon by observing the circulating movement of
trapped gold nanoparticles, driven by the IOAM of light. They focused helicity-opposite
LG(‘) beams with a NA/1.3 objective and found different orbiting speeds in these particles.
Specifically, RCP LG, mode (¢ = 1, o, = +1) drives the particles faster than the LCP
LG} mode (¢ = 1, o, = -1), as shown in Fig. (b). The difference in the orbiting
speed of the nanoparticles signifies that the former has a larger IOAM than the latter,
which is also caused by SOI: tight focusing converts part of light's SAM into IOAM of the
same helicity. By checking the transformation matrix associated with tight focusing, one
can see that a helical phase term has been introduced into the longitudinal component
during tight focusing. This transferred IOAM, plus the original one carried by the LG})
mode, cause different intensity distributions that depend on the sign of the helicity [58].
Figure (b) shows the intensity distributions of the Ez component at focus, the one
with (¢ = 1, o, = —1) has a null intensity at center while the other (¢ = 1, o, = +1) shows

a bright spot, as shown in Fig. (b).

From the geometric phase perspective, tightly focusing strongly bends the collimated
wave in the k-space from 6 ~ 0 to 8 # 0, forming light cones with azimuthal geometric
phases. For a circularly polarized light cone with an apex angle 6 (see Fig. (a)), the
SAM and IOAM take the following forms [S5]:

S=0cosz L=[(+0(l-cosb)]32, (1.80)

where we can see a direct AM conversion from SAM to IOAM, fulfilling the total AM con-
servation L+S = o+ {. A similar case happens when circularly polarized light is scattered
by a small particle [108] or reflected by a cone mirror [109]. SOI in nonparallel field may
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find various potential applications involving particle manipulation and beam shaping [55].
The latter lies in the fact that SOI influences the light intensity distribution of the focal field,
which can be controlled by manipulating light polarizations [58].

SOl induced by space-variant media and structures With simple optical interfaces,
SHE is generally very weak. It has been demonstrated that this phenomenon can be
greatly enhanced with structured surfaces [60, [110]. The underlying mechanism is to en-
gineer the local anisotropy distribution to induce Pancharatham-Berry phase (PB-phase)
gradient [55, [79]. This way, one can introduce a transverse correction to the original wave
vector, which suggests a lateral deflection of the wave propagation. On the basis of SOI,
periodic x-variant half-wave plate (a(r.) = ap + ¢gx) can act as a tunable blazed grating
whose blazing effect is reversible with the helicity of the incident light (see Fig. (a)
[110]. If the space-variation is a function of the azimuthal angle (¢), say a(r.) = ap + q¢,
g =0, £1/2, +1..., we will induce a helical phase in the transmitted light with the topologi-
cal charge defined as ¢’ = 20¢. Fig. (b) shows the cases with ¢ from 1/2 to 2, where
a RCP light is transformed into optical vortices with ¢’ from 1 to 4, respectively [60]. As
a flexible way to generate vortex beam with an arbitrary charge number, the concept of
"g-plate" arises from the SOl-enabled manipulation of light. Especially when ¢ = 1, we
have a AM conservation held between the incident light and the emerging vortex beam:
o = o’ +{'. With other ¢ values, however, this simple AM conservation is not valid. That is
because the corresponding structures are not axis-symmetrical and thus lead to an AM
exchange with matter. [55].

The space-variant anisotropy can be engineered in many ways. In the two examples
described above, subwavelength quasi-periodic grooves are used, which behave like a
space-variant uniaxial crystal with the optical axes parallel or perpendicular to the sub-
wavelength grooves [60, 110]. Besides, we can use nematic liquid crystal molecules
to define the local anisotropy, in forms of 2D pixel array [113] or even a single droplet
[61] (see Fig. (c)). Similar functions have been realized with metasurface and pla-
nar metamaterials, which are formed by orderly arranging plasmonic or dielectric nano-
structures of different orientations in a subwavelength lattice (see Fig. (d)). Metama-
terials offer a great flexibility in defining the geometrical phase and anisotropy by tailoring
the constituent elements. With metamaterials, giant helicity-dependent splitting has been
observed in free space light [41, 114, [115] [116] and in confined light modes such as
surface plasmons [47].

It is also possible to generate PB-phase with structures of reduced complexity. For ex-
ample, high-order optical vortices have been demonstrated with topological closed-path
nano-slits [63]] (see Fig. (e)) and chains of plasmonic apertures with spatial-variant
orientations [62] (see Fig. (f)). Recent works from our group demonstrate the uni-
directional waveguiding of slot surface plasmon modes [112, [117] (see Fig. (a)).
Such an operation is realized by using a simple arc-shape nano slot to mediate the SOI
between the SAM of the incident light and the EOAM of the emerging guided mode.

1.2.2.2/ SPIN-ORBIT INTERACTION WITH EVANESCENT WAVES

In 2012, Lee et al. first demonstrated that circularly polarized light impinging on a sub-
wavelength groove develops a helicity-dependent unidirectional excitation of surface plas-
mons [122]. Almost during the same period, Zayats’ group separately reported a similar
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Figure 1.12: Spin-orbit interactions due to Pancharatnam-Berry (PB) phase. Space-
variant wave plates induce (a) linear and (b) azimuthal PB phase gradients, leading
to a helicity-dependent light splitting and optical vortices with charge numbers ¢ = 2g4,
respectively. (c) Polychromatic optical vortex generation with a single nematic liquid crys-
tal droplet whose anisotropy directs radially in three dimensions. The numbered photos
show the intensity profile of the polychromatic vortex and its RGB components, respec-
tively. [61] (d) A 100-nm thick silicon metamaterial splits lights of opposite handedness
111]. (e) Closed-path nano-slits convert CP light into optical vortices, with the charge
number defined by the number of slit loops. [63] (f) Chains of plasmonic nano-structures
generate vortex beams of various orders [62]. (g) A simple subwavelength arch leads to
tunable helicity-controlled directional excitation of nanoscale surface plasmons. The or-
ange, blue and pink halos indicate the positions of incident light and those from the right
and left nanoantenna out-couplers, respectively.

phenomenon. Figures[T1.13](a) and (b) show the simulated scenarios of a single spinning
electric dipole and its interaction with surface plasmons, respectively [68]. We can see
from Fig. [T.13(b) that the emerging surface plasmon mode propagates mostly on the left
side with a high directionality. Figure [1.13|c) shows a schematic diagram of the experi-
mental setup they used to demonstrate this phenomenon, where a subwavelength groove
under the illumination of circularly polarized light at grazing incidence is utilized to model
the spinning electric dipole. The intensities of the SPs excited on the two sides of the
groove show a clear dependence on the helicity of the incidence light (see Fig. [1.13(d)).

In these early works, the unidirectional propagation of surface plasmons was explained as
a near-field interference effect [122], which later was recognized as a SOl effect [69].
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Figure 1.13: Spin-locked unidirectional excitation of surface plasmons (SPs). (a,b) Sim-
ulation snapshots of the transverse magnetic component of a spinning electric dipole (a)
in air and (b) coupled to surface plasmons [118]. (c,d) Experimental demonstration of the
spin-locked directional launching of surface plasmons with a subwavelength groove: (c)
schematic of the experimental setup and (d) measured coupling ratios of the left and right
SPs (solid lines), in comparison with simulation results (dash lines) [118]. (e-g) Unidirec-
tional light-SP coupling mediated by a gold nanoparticle: (e) schematic for the light-to-SP
coupling process, (f) measured left and right SP intensities with respect to the polarization
state of the incident light and (g) schematic of the reciprocal SP-to-light coupling process.
The scattered light shows a tunable helicity, depending on the direction at which the SP
encounters the nanoparticle. [69]

Indeed, during the energy coupling process, the longitudinal spin carried by the incident
light field matches the transverse spin of surface plasmons so that a spin-spin coupling
can be accomplished [55]. Therefore, the transverse SAM, which is locked to the propa-
gation direction [68], dictates that only one side can be excited with preference with elliptic
polarizations. Note this spin-locked directionality is completely intrinsic, different from the
case shown previously where certain types of space-variant coupler is necessary. Given
the presence of evanescent field, this phenomenon happens universally, regardless of the
type of coupler or interface. Moreover, near-unity directionality has been observed in var-
ious evanescent-mode systems [69), 72, [119, 120 [121], showing the strong robustness
of this phenomenon [55].

By replacing the groove coupler with a gold nanoparticle, a higher directionality has been
observed, as shown in Fig. [T.13[f) [69]. The reciprocal process has also been demon-
strated (Fig. [T.13|g)) that surface plasmons encountering the scatterer at different angles
lead to scattered light of different helicities.

The spin-locking concept soon extended to nano-fibers [70, [120] and photonic crystal
waveguides [72, [73]. With dielectric waveguides, the helicity of transverse spin is locked
not only to the propagation direction of waveguiding mode but also to the lateral position
regarding the waveguide (see Fig. (a)). When a point-like light source is placed in
close proximity to, or inside the waveguide, both the position and helicity of the emitter will
influence the propagation direction of the light coupled into the waveguide, in a predictable
way (see Fig. [1.14](a)). The point-like light source can be a scattering nanoparticle [120],
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Figure 1.14: (a) Schematics of the helicity-dependent unidirectional light coupling from
a local emitter to an optical waveguide (left panel). The right two panels show that the
helicity of the transverse spin depends on both the propagation direction of the waveg-
uide mode and the azimuthal position regarding the waveguide. [119] (b) A spin-locking
architecture built by attaching a scattering nanoparticle to a nano fiber. Both the polariza-
tion state of the illumination (green arrow) and the azimuthal position of the scatterer are
controlled separately, which lead to a tuning ratio of energies coupled to the left and right
sides of the nanofiber. (c) Quantum dot zone inside a photonic crystal waveguide
that is engineered to be asymmetric (glided plane-waveguide), allowing one-way prop-
agation of helicity-opposite photons. (d) QD embedded in a symmetric suspended
waveguide, the directionality shows a dependence on the lateral position of the QD in the

waveguide. [121]
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a quantum dot [72,[121], a near-field probe [73] and extremely individual atoms [70Q], while
the waveguide can be engineered to have a symmetric [0, (73} [121] or asymmetric [/2]
transmission property. Examples with scattering nanoparticle [120] and quantum dots
[56, [72] are shown in Figs. (b), (c) and (d), respectively. The purpose here is to
sort photons of different spin states [73], which holds the promise for integrated quantum
optics [72, 73, [120]. These photon spin states can be created, for example, by locally
applying magnetic field to induce the Zeeman splitting [72].

Transverse SAM of light is not limited to waveguiding usage. Recent studies also indicate
its perspectives in optical probing and manipulation. It has been demonstrated by Leuchs’
group that the interplay between a nanoparticle and the transverse spin density allows
us to extract rich information associated from focused waves and evanescent fields [56,
64, |65, 66, 67]. An on-chip silicon micro-disk has been demonstrated to resolve the
light handedness of elliptically polarized light [123]. In addition, under the illumination
of polarized light, a nanoparticle coupled to waveguide basically develops asymmetric
guided modes on its two side, which imposes a lateral force exited on the nanoparticle
[89] 124) [125| [126] [127]. This has been proposed to sort chiral particles [128] and to
translate nanoparticles by controlling the polarization of incident light [126].

1.3/ CONCLUSIONS

We have shown the different main types of optical angular momenta and their relationship
with the polarization, phase and propagation trajectory of light. From a general viewpoint,
the SAM and OAM manifest the spatial and polarization degrees of freedom of light,
respectively. Under the context of nanooptics and plasmonics, their coupling commonly
exists, which gives rise to many new phenomena and applications. Under the framework
of geometric phase and angular momentum conservation, we have tried to give a concise
but exhaustive review of existing studies on SOI.

My thesis devotes to two new aspects in SOI. The first part (Chapter 2) will be focused on
demonstrating the magnetic spin-locking phenomenon in Bloch surface waves. The rest
part (Chapters 3-5) shows the new concept of traveling-wave helical plasmonic antenna
developed on basis of an inverse SOI process. Our results show that such an antenna
helps gain a deterministic and tunable control over light polarizations at the subwave-
length scale.






2

MAGNETIC SPIN-ORBIT INTERACTION
STEERS BLOCH SURFACE WAVES

The magnetic field of light is often considered as the negligible contributor in light-matter
interaction. Recently, with the advent of left-handed metamaterials [129] (130, 131}, [132],
this hidden role has been revealed in resonant plasmonics and nano-photonics. Those
magnetic resonances in nano-structures have been used to achieve negative refractive
index [132], to control magnetic transitions in matter [133} 134, [135], to map optical mag-
netic fields [136], (137} [138] [139, (140, [141] and to study magnetic effects at optical fre-
quencies [142],[143] [144]. In this chapter, we will show a new manifestation of the optical
magnetic field. The spin-orbit interaction can control the light coupling into optical waves
even without magnetic resonances on nano-structures.

As discussed before, light can carry both spin and orbital angular momenta [78], which
are not independent quantities [55]. The two kinds of angular momenta can be coupled
when light is confined [55]. Such a spin-orbit interaction (SOI) has recently demonstrated
its remarkable property of controlling the propagation direction of optical guided modes,
such as surface plasmons, fiber and waveguide modes, leading to the concept of spin-
controlled unidirectional waveguiding [47,, 168, [71] [73, 112, 114], 117,122,123, [145] [146].
Spin-controlled unidirectional waveguiding relies on the transverse SAM arising in
evanescent waves [86,(147,(148,1149]. With the help of a subwavelength (dipole) coupler,
the longitudinal SAM of the free-space light can be transferred to the transverse SAM
of the evanescent tail of guided modes, leading to a spin-directional effect [68, [71), [122].
This effect has a near-100% directionality and works at any interface that supports the
evanescent-tail of a guided mode, showing its robustness [55].

In the above studies, evanescent-tail modes, e.g. surface plasmons and the guided mode
of a nanofiber, are TM-polarized and thus the corresponding transverse SAMs is defined
by the rotating electric field. Therefore, it is the electric component of light that plays as the
photon source to originate the transverse spin-direction coupling [68, 1147, 148], endowing
those SOls a distinct "electric” characteristic. In fact, the spin density of light is usually
defined by both the rotating electric and magnetic optical fields [86, |65, 189]. Therefore,
the rotating magnetic field of light should also be capable of contributing to the SAM
for SOIs. Here, we call the SOI of this kind as "magnetic spin-orbit interaction (magnetic
SOI)" to stress their difference from those via the electric field of light. A recent theoretical
work shows that, a spinning magnetic dipole can excite an unidirectional optical mode on
magnetic materials that possess a complex permeability (see Fig. [150Q]. This is
exactly the magnetic counterpart of the unidirectional excitation of surface plasmons by

27
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{a.u.)
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Figure 2.1: Electromagnetic field induced by a circularly polarized magnetic dipole in
close proximity to an interface of a material with u = —1.5+ 0.2/, (j = V-1) and € = 1.
The color map represents amplitude, and white arrows represent the direction of instan-
taneous magnetic field. [150]

a spinning electric dipole. It is noted that, however, this u—negative material dose not
exist with bulk materials at optical wavelengths and thus is non-realistic for experimental
demonstration. Alternatively, we turn to Bloch surface waves, which enable us to both
theoretically and experimentally demonstrate the magnetic SOI.

Bloch surface waves (BSWs) are optical modes propagating at the free surface of one-
dimensional photonic crystals (1D PC), which are formed by periodically stacked pairs
of dielectric layers with different refractive indices [151] 152, [154). BSWs benefit
from both high field confinement and low propagation losses, holding promise for var-
ious applications in integrated optics [155], optical sensing [156], particle trapping and
transporting [157, [158]. Importantly, BSWs can be TE- or TM-polarized by tailoring the
constitutive materials and layer thicknesses of the 1D PC [159]. Importantly, when the
BSW is TE-polarized, its evanescent tail in the surrounding medium is described by a
rotating magnetic field. We take advantage of this polarization property of TE-polarized
BSWs to introduce the concept of spin-direction locking mediated solely by a rotating
magnetic field.

In this chapter, we will at first show the polarization property of a 1D PC that solely sup-
ports TE-polarized BSWs at a wavelength of 1.55 um. Then, we will numerically show
that the tunable unidirectional excitation of the TE-polarized BSWs can be realized using
a spinning magnetic dipole source (MD), experimentally demonstrating that the rotating
magnetic field of a BSW carries SAM. At last, we will study the light coupling in BSWs
by projecting polarized light onto a subwavelength groove, which is used as the light-to-
BSW converter. With this configuration, we observe that the directionality of the incoupled
light is helicity-dependent. From the intrinsic spin properties of TE-polarized evanescent
waves and an analytical model for the coupling. We infer that the resulting spin-controlled
directional coupling is mediated by the magnetic optical field, thus revealing a magnetic
SOl for light. Despite the electric dipole (ED) nature of the subwavelength groove, this
magnetic optical effect is found to be of the same order of magnitude of the electric effects
involved in the coupling process. It is noteworthy that such a magnetic SOl is intrinsic to
optics; it is not related to a magnetic SOI in matter controlled by a static magnetic field
160].
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2.1/ TRANSVERSE SPIN IN THE MAGNETIC FIELD OF TE-
POLARIZED BLOCH SURFACE WAVES

It is well known that in a natural crystal, orderly arranged atoms exert periodic potential
fields to the motion of electrons, which finally lead to electronic band gaps. Likewise,
the periodic arrangement of dissimilar optical materials can form periodic boundary con-
ditions for light and develop photonic band gaps. Bloch surface waves work within the
photonic band gaps. In this case, light can not penetrate the 1D Photonic crystal and
thus is confined at the free surface.

The 1D PC design work was accomplished by my colleague Tatiana Kovalevich, where
she followed the impedance approach [153,158]. This method treats the electromagnetic
properties of optical material with "characteristic impedance”, analogue to that used in
electronic transmission line theory [159]. Then, this characteristic impedance is used to
calculate Fresnel coefficients associated with reflection and transmission. By applying
continuity condition of the tangent electromagnetic components at each interface, we
can derive the dispersion relation and field profile for the BSW modes. Here, silicon
dioxide and silicon nitride are chosen as the constituent materials for the 1D PC. At optical
telecom wavelength (1 = 1.55 um), their refractive indices are 1.45 and 1.79, respectively.
The design goal is to reach, at the free surface of the 1D PC, a purely TE-polarized BSW
mode at 2 = 1.55 um (TM or TM-like modes do not exist). For this purpose, we first
optimize the thickness of the two material layers to reach the maximum extinction per
layer. Then, we optimize the total number of pairs in the 1D PC to reach the minimum
total reflectance. More details about the design and optimization process can be found in
literature [158, [159].
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Figure 2.2: Design of the 1D photonic crystal (1D PC). (a) Schematic diagram for the
1D PC structure and corresponding field intensity distribution across the 1D PC (at a
wavelength of 1.55 um). (b) Dispersion diagram of the 1D PC with a log-scale color bar.
The structure generates a photonic band gap at the middle of which a BSW dispersion
curve is observed.

Figure 2.2(a) shows a schematic diagram of the final design of the 1D PC. As shown, the
photonic crystal consists of a stack of 6 pairs of silicon dioxide and silicon nitride layers,
whose thicknesses are 492 nm and 263 nm, respectively. The multilayer lies on a glass
substrate (refractive index of 1.5) and is covered with a thin 80-nm-thick layer of silicon
nitride. The red curve on the right side of Fig. (a) shows the intensity profile of the
BSW mode. We can see the BSW mode is mainly confined at the free surface of the 1D
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PC. There also exists some decaying optical fields within the 1D PC. Figure[2.2](b) shows
the dispersion diagram of the structure. This diagram shows a photonic bandgap, within
which we can see the dispersion curve for a BSW mode. Given the above 1D PC design,
this surface mode is TE-polarized.
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Figure 2.3: Screen print of the 3D FDTD model built in Rsoft Fullwave for simulating the
scenarios of BSW mode excitation with various electric dipole sources. Here, we show
the case of an electric dipole oriented along x—axis.

To demonstrate the polarization property of the BSWs, we numerically study the dipole-
to-BSW near-field coupling with a rigorous numerical method (Finite Difference Time Do-
main algorithm [161], FDTD). These simulations are carried out with commercial soft-
wares (Fullwave and Lumerical). Figure [2.3|shows a screen print of the simulation model
built with Fullwave, where an x—orientated electric dipole (ED) is positioned 10 nm above
the top surface of the 1D PC to excite the BSWs. The ED radiates in continuous regime,
at a wavelength of 1.55 um. As shown in Fig. the FDTD model consists of an area
about the dipole spanning +9 um along the y direction and +5.5 um along the z direction.
The system is invariant along the y direction. The 1D PC design follows what has been
described before. All four boundaries for the computation volume are terminated with per-
fectly matched layers to avoid parasitic unphysical reflections around the structure. The
grid resolution is 10 nm. All electromagnetic fields across the structure are recorded with
a plane monitor.

The x—orientated ED excites two symmetric BSWs that propagate to the left and right
sides of the dipole source. Figures[2.4](a) and (b) show the snapshots of the real parts of
the transverse electric component (E,) and magnetic component (H,) of the BSW propa-
gating along the right side. As shown, the former is universally null while the latter has a
non-zero distribution.

Figures (c) and (d) show the snapshots of the two corresponding in-plane magnetic
components of the BSW mode. As shown, they have a comparable amplitude and a
relative phase shift of z/2. That means the magnetic field of the BSW here is elliptically
polarized, indicating that the designed 1D PC supports TE-polarized BSW modes. The
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Figure 2.4: Simulation of the electromagnetic field of the BSW mode: (a) and (b) real part
of the magnetic and electric field components H, and E,, respectively. (c) and (d) real
part of the in-plane magnetic field components H, and H., respectively.

magnetic field rotates within the propagation plane (y,z) and thus conveys a transverse
SAM along (0x). This transverse SAM originates from the inherent transversality condition
of evanescent waves [55]. As a contrast, the electric field is linearly polarized, and thus
carry no SAM.

Further, we deduce the expression of the magnetic field of the BSW propagating to the
left side (H'y,,) and right side (H';,,) and find that:

Hlyg o (0.539 + j2) (2.1)

Hiygy o (0.539 — j2), (2.2)

where y and Z are the unit vectors along y and z axis, respectively. Figures |2.5|(a) and
(b) show the schematic diagram of the electromagnetic fields of the TE-polarized BSWs
drawn according to Eq. and As can be seen from Fig. (a) and (b), in the
local coordinate frames attached to the left- and right BSWs, the magnetic field rotate
consistently from the wave vector direction to the surface normal direction. That means
in global coordinate frames (x,y,z), the rotation senses of the two magnetic fields are
opposite.

H H
TANR" k E[ )
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Figure 2.5: Schematic diagram of the polarization of TE-polarized BSWs. (a) and (b)
correspond to BSWs propagating toward the right and left directions, respectively.

To conclude, there exists an intrinsic helicity in the magnetic field of TE-polarized BSWs,
whose sign depends on the propagation direction of the BSW in global coordinate frame
(x,¥,2). According to this observation, we expect a differential response between the
left and right BSWs to external sources that also possess helicity in the magnetic field.
Besides, as the BSW electric field is linearly polarized and shows no helicity, any helicity-
dependent phenomenon should solely originate from the magnetic field.
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2.2/ UNIDIRECTIONAL EXCITATION OF BLOCH SURFACE WAVES BY
ELECTRIC AND MAGNETIC DIPOLES

Figure 2.6: Real part of the electric field (Ex) of the TE-polarized Bloch surface wave
excited with various dipole sources. (a), (b) and (c) are obtained with an electric dipole
oriented along the x, y and z axis, respectively. (d), (e) and (f) are obtained with a magnetic
dipole oriented along the x, y and z axis, respectively.

TE-polarized BSWs can be excited by electric and magnetic dipole sources. Figures [2.6]
(a~f) show the simulated distribution of BSW electric field (Ex) under the excitation by
linear ED and MD sources orientated along x, y and z axis. As shown in (a), (e) and
(f), BSWs have been successfully excited on both sides of the source, with an ED along
x axis and MDs orientated along y and z axis. As a contrast, a MD along x axis, or EDs
along y and z axis leads to zero excitation, as shown in Figs. (b~d).

As can also be seen from Figs. (a), (e) and (f), the BSWs excited on the two sides of
the point-like sources show different symmetry behaviors, which are dictated by the parity
of the dipole sources. When the dipole source has an even-parity, i.e. the x-oriented ED
or z-oriented MD, the BSWs are symmetric as shown in Figs. [2.6] (a) and (f). An anti-
symmetric field occurs when the dipole source has an odd-parity, i.e. in the y-oriented
MD case, as shown in Fig. [2.6] (e).

Through 2D-FDTD simulations, we further investigate the excitation of BSWs with a spin-
ning MD source. lts dipole moment is defined as follows:

m= ;(ﬁ + jtan y2) (2.3)

V1 + tan2 y

where j is the imaginary unit and y is used to define the ellipticity of the spinning MD (2y
is the polar coordinate of the Poincaré sphere). We can see from Eq. [2.3]that the spinning
MD has been normalized to have a unit amplitude. It is constructed from two linear MDs
along y- and z-axis, which have a fixed phase difference of +7/2 and a relative amplitude of
tan y. Then, the BSW field excited with the spinning MD source is constructed by linearly
adding the simulation results obtained from the two constitutive MDs. The according
linear coefficients are those defined in Eq.

Figure shows the snapshots of the resulting electric field amplitude along the (yz)
plane, for the ED (Fig. [2.7(a)) and spinning MD (Fig. [2.7[b) and (c)) excitations. The
MD, whose dipole moment is m « § + 0.53j% (j = V-1), rotates either anti-clockwise
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Figure 2.7: TE-polarized Bloch surface waves excited with linear ED and spinning MD.
Simulation by FDTD of the coupling of (a) an ED oriented along the x axis, and (b,c), a
spinning MD, to a TE-polarized BSW. All three results show, in false colors, the absolute
value of the real part of the electric field (|[Re(E,)|). The MD rotates either (b) anti-clockwise
or (c) clockwise. (d) Directionality factor (ratio of the electric intensities for the left and right
BSWs) for various MD polarizations. The MD polarization ellipticity is changed along the
path shown in red in the Poincaré sphere (see inset). The MD moment is also expressed
at specific values of the ellipticity angle 2y related to the Poincaré sphere. [74]

(Fig. [2.7(b)) or clockwise (Fig. [2.7(c)). In these figures, the field distributions around
the dipoles are saturated to provide a better view of the BSWs. With the ED, the BSW is
symmetrically excited on both sides of the point-like source (Fig. (a)). No directionality
is observed in the optical coupling process. In contrast, the optical coupling process
becomes unidirectional with the spinning MDs (Fig. (b) and (c)). Depending on the
helicity of the spinning magnetic dipole, all incoupled energy is directed to the left and
right side, respectively. This helicity-dependent phenomenon validates our concept.

The unidirectional excitation of TE-polarized BSWs can be explained from two following
aspects: 1) near-field interference of the BSW fields excited by the two constitutive linear
magnetic dipoles (cf Fig. and 2) spin-locked unidirectionality.

As from the first aspect, there exists the following three critical differences for the sur-
face waves excited with the y— and z—orientated MDs (see Figs. (e), (f)): 1) parity
difference, which is odd in the former case yet even in the latter case; 2) relative phase
difference on the left and right sides, which is +7/2 and —n/2, respectively. 3) difference
in coupling efficiency, the field amplitude excited by a y—oriented MD is as 0.53 times as
large as that excited by a z—orientated MD. By offsetting the z—orientated MD by a factor
of 0.53, the resulting BSW fields (Fig. (b)) on the left/right side become exactly anti-
symmetric/symmetric with respect to that obtained with a y—orientated MD (Fig. (a)).
For a spinning MD moment proportional to y + 0.53 jz, the BSWs generated by the two or-
thogonal MDs lead to the destructive and constructive interferences on the left and right
sides of the MD, respectively (Fig. (c)). The opposite interference picture is observed
for the MD moment proportional to y — 0.53 jz(see Fig. (d)). Both configurations lead
to a single propagation channel for the BSWs (on the right in Fig. (c) and on the left

in Fig. [2.8](d)).
As from a SOI point-of-view, the spinning magnetic dipole carries SAM, which is trans-

ferred to the transverse SAM of the emerging BSWs. The optimal coupling is then dictated
by the projection between the two SAMs, in terms of both handedness and ellipticity. Par-
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Figure 2.8: (a) and (b) Snapshots (FDTD simulations) of the optical electric field produced
in the (yz) plane by two MDs oriented along y and z axis, respectively. In these figures,
the field around the dipoles has been saturated in order to provide a better view of the
light distributions across the structure. The field distribution in (b) is multiplied by 0.53;.
By adding/subtracting the results of (a) and (b), we achieve the field distributions across
the 1D photonic crystal, produced by two spinning MDs of opposite handedness, which
are described by dipole moments m proportional to (e, + 0.53 je;). (c) Electric field profiles
(Re(E,)) along the dashed lines of (a) and (b), respectively. Adding these field profiles
leads to the total electric field produced by a spinning MD moment proportional to e, +
0.53 je, (anti-clockwise rotation). (d) Electric field profiles with a spinning MD moment of
e, —0.53 je; (the field plotted in (b) is inverted, leading to a clockwise rotating MD). (c) and
(d) show that the BSW coupling process is unidirectional and tunable with the helicity of
light.

ticularly, when the two SAMs are orthogonal, the excitation process is blocked. By saying
"orthogonal", it means the polarization ellipses corresponding to the two SAMs have: 1)
the same shape or ellipticity, 2) the opposite handedness and 3) perpendicular orienta-
tions. By recalling Eq. [2.1]and [2.2] we can see the spinning MD source m = § + 0.53 2
has the orthogonal polarization state with respect to that of the BSW magnetic field on
the left side, which has been schematically shown in Fig. [2.9] (b). In this case, the exci-
tation of the left BSW is totally blocked and thus the emerging BSW can only propagate
to the right direction (Fig. [2.7] (b) and [2.9(b)). By inverting the sign of the input SAM
(m =y — 0.53,2), the polarization orthogonality is valid on the right side. As a result, we
will observe an unidirectional propagation of BSWs on the left side (see Fig. [2.7](c)). As
the electric component of the BSWs is linearly polarized along x—axis, an x—orientated
linear ED source matches the intrinsic polarization of the BSWSs on both sides, leading to
a symmetric BSW intensity distributions (see Fig. (a) and Fig. (@)).

We further study the directional excitation of BSWs by spinning MDs of various ellipticities.
Figure (d) shows the ratio of the electric intensities of the left and right BSWs, for
various MD ellipticities. The MD ellipticity is tuned along the path shown in red in the
Poincaré sphere (see figure inset). In this case, only the ellipticity angle 2y for the MD
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Figure 2.9: Schematic diagrams of the excitation process of the BSW mode with (a)
a linear ED and (b) spinning MD source, which corresponds to the scenarios shown
in2.7(a) and (b), respectively. The schematics compare the polarization states of the
excitation dipole sources and the corresponding electric or magnetic components of the
BSW mode. Large red arrows show the energy flow of the emerging BSW mode. In (a),
the ED source(purple) is linearly polarized, which coincides with the polarization state
of the BSW electric field. In (b), the MD is elliptically polarized (in purple), which is
orthogonal to the polarization state of the BSW electric field on the left side.

moment varies. Our directionality factor (intensity ratio) becomes larger than 10* at 2y =
55.8°and smaller than 10~3 at 2y = 304.2°. At these two particular angles, the portion
of the incoupled power that propagates in one of the two possible directions becomes
larger than 99.9% of the total incoupled power. In addition, the variation of the left-to-right
intensity ratio with respect to angle 2y indicates that one can tune the directionality by
manipulating the ellipticity of the spinning MD.

To conclude, our simulation results reveal a tunable unidirectional optical coupling con-
trolled by the magnetic field of light. They also confirm that the rotating magnetic field
of a TE-polarized BSW carries SAM. From an experimental point-of-view, it is possible
to realize a tunable directional coupling for BSW with a spinning MD using a dielectric
sphere showing magnetic resonances [134, [162, [163] directly deposited on top of the
1D photonic crystal. Such a bead can be illuminated with a circularly polarized beam at
near-grazing incidence, following the electric spin-controlled excitation process of surface
plasmons [118]. We choose another type of coupler.

2.3/ EXPERIMENTAL DEMONSTRATION OF THE MAGNETIC SPIN-
ORBIT INTERACTION

2.3.1/ EXPERIMENTAL SETUP

Experimentally, the BSW sample has been fabricated via chemical vapor deposition,
which is realized at EPFL. In order to couple light to BSWs, we consider a simple groove
milled in the top layer of the 1D PC. Figure shows the schematics and pictures of
our experimental setup. Light at 2o = 1.55 um emerging from a tunable laser source (Ag-
ilent) is coupled to a single mode fiber (SMF-28, Corning). It is collimated by a first lens
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Figure 2.10: A simple all-dielectric platform unveiling the magnetic spin-orbit interaction.
(a) Photograph of the collection bench, (b) Schematic diagram of the experimental setup,
(c) SEM images of the 1D PC (inset: top view graphs of the subwavelength groove milled
in the top layer of the 1D PC), (d) photo of the illumination bench. BSW: Bloch surface
wave, PC: photonic crystal, QWP: quarter wave plate, LP: linear polarizer.

(f = 33 mm, Thorlabs) and focused by the second lens (f = 50 mm, Thorlabs). The po-
larization of the collimated wave is manipulated by using a linear polarizer (LP, Thorlabs
LPNIR100-MP) and a quarter-wave plate (QWP, Thorlabs AQWP05M-1600) positioned
in between the two lenses. The quarter-wave plate can be rotated at will with respect
to the polarizer. Focused waves are projected directly onto the groove at almost grazing
incidence (incidence angle 8 = 80°, Fig. (b)). The groove and its surrounding region
are imaged with an objective (20x, NA = 0.4) coupled to an infrared camera (GoldEye
model G-033, Allied Vision Technologies GmbH). Far-field imaging of the surface waves
is rendered possible by the slight surface roughness on the top layer of the 1D photonic
crystal, which scatters the surface waves into free space. As the scattering is propor-
tional to the BSW intensity, we measure the intensities of these scattered lights to study
the energy distribution into the left and right BSWs.

Figure[2.11]shows images by collecting scattered light from the surface of the 1D PC with
incident light at three polarization states: linear (Fig. [2.11](a)) and two elliptic polarizations
with opposite handedness (Fig. [2.11] (b) and (c)). In all those images, we can see a
bright elongated spot (along y-axis) surrounded by two narrow rays on both sides. The
central bright spot is the cross-section of the excitation beam along the surface. The two
narrow rays on both sides of the excitation spot are the traces of the BSWs excited by the
subwavelength groove. Notably, there is an angle between the BSW traces and that of the
incident light, which is dictated by the phase matching condition (i.e., linear momentum
conservation) between the BSW and the incident light.
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Figure 2.11: Images of the 1D PC surface obtained by illuminating the subwavelength
groove with light of various polarization states: (a) linear polarization (b) right elliptic
polarization (c) left elliptic polarization.

The phase matching condition requires that the wave vector projections of the incident
light and the BSWs should be equal along y-axis. Thus, we have:

ko sinB = kpsw cosy (2.4)

where ko and kggw are the wave vector of the incident light and the BSWs, respectively.
y represents the angle between the BSW trajectories and the groove. In our case, n.ss =
1.185 and g = 80°, we obtain vy = 33.8°, which matches quite well with the measured
v value (y ~ 36°). As our 1D PC contains no magnetic material and the groove does
not work under resonance condition, the permeability distribution is homogeneous. As
a comparison, the permittivity distribution is discontinuous across the groove and the
1D PC. Such a discontinuity gives to the subwavelength groove a pure electric optical
response, which can be described by an electric dipole moment (per unit length).

As shown in Fig. the intensities of the BSWs excited on the two sides of the groove
are equal when the incident light is linearly polarized. However, when the incident light
becomes elliptically polarized, this symmetry is broken. Depending on the helicity of the
incident light, BSWs are preferentially excited on the left or right side, indicating a helicity-
dependent directional coupling (Fig. (b) and (c)).

2.3.2/ ANALYTICAL MODEL OF THE EXPERIMENTAL SETUP

The experimental architecture described above appears to be more complex than the
theoretical description of a spinning MD releasing energy to TE-polarized BSW. On the
one hand, the subwavelength groove coupler has a pure electric response while the di-
rectional excitation of BSWs hints the involvement of the magnetic field. On the other
hand, all electromagnetic components of the incident light have non-zero projections with
respect to the BSWs, due to the oblique illumination and the tilted BSW trajectory with
respect to the groove. Therefore, more careful investigations are mandatory to clarify the
origins of this helicity-dependent directionality.

We find that the above issue can be fixed by modulating the polarization state of the
incident light. In general, one can either: 1) fix the QWP yet rotate the linear polarizer or
2) fix the LP yet rotate the QWP. Fig. (a) and (b) schematically show the polarization
ellipses of the emerging light (that is incident onto the 1D photonic crystal) in the two
cases, respectively. The two approaches are equivalent in terms of tuning the ellipticity
of incident light, which is only dictated by the relative angle (9) between the LP and the
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Figure 2.12: Schematic diagrams for the polarization state of the incident light after pass-
ing through a LP and a QWP: (a) the QWP is fixed and the LP is rotated. (b) the LP is
fixed and the QWP is rotated. The green arrow in (a) and (b) show the immediate linear
polarization state after the LP. The red ellipse (with handedness indication) in (a) and (b)
show the final polarization state after the QWP.

QWP. However, the two approaches are distinct in terms of the orientation of the output
polarization ellipse. In the former case (Fig. (a)), the orientation of the polarization
ellipse is fixed. As a contrast, it rotates when the QWP is set in rotation (see Fig.
(b)), which introduces an extra modulation to the incident light.

Now let us focus on the modulation generated by rotating the QWP a full turn with respect
to the fixed linear polarizer. When 6 = k90°, k = 0, 1, 2, 3, the output polarization is linear
whereas a circular polarization is realized for 6 = 45° + k90°, k = 0,1,2,3. For intermediate
angles, the polarization is elliptical. Thus, by rotating the QWP a full turn, the helicity of the
output light has 26 periodicity. At the same time, as the polarization ellipse rotates together
with the crystalline axes of the quarter-wave plate, electric and magnetic amplitudes of
the incident light have, by projection, a 26 dependence. The energy coupling to the right
and left BSWs thus undergoes a 40 dependence as it is homogeneous to the intensity
(this point will be discussed in detail later). Thus, for the incident light, the rotation of the
QWP modulates its magnetic field helicity with 26 dependence and electric field intensity
with 40 dependence. Such a difference is critical for recognizing the magnetic and electric
contributions in the coupling process of BSWs.

z5 ,
X

4 Z B Xa
e YT N Y
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Figure 2.13: Schematic diagram of the electric field projection and corresponding global
and local coordinate frames. e, and ¢; (in red) represent the unit vectors parallel to the
electric field components of the right and left BSWs.

To fully understand the modulation effect caused by the rotating QWP, we calculate the
projection of the incident field with respect to that of the BSWs. For simplicity, we treat the
collimated Gaussian beam as a plane wave. Figure 2.13]illustrates the local coordinate
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frames (x’,y’,7’) of the incident plane wave, and (x%, y£,z*) and (xR, y%, zf) of the BSWs
propagating on the left and right sides of the groove, respectively. It also shows the
global coordinate frame (x, y, z) linked to the surface of the 1D photonic crystal. 8 denotes
the incidence angle of the plane wave. y is the angle between the emerging BSWs and
the y-axis (ie., the groove axis).

To define the incident electric field E;,., we assume that the incident plane wave, initially
polarized along 7’ direction, is phase retarded by a quarter-wavelength along an axis tilted
by an angle 6 with respect to the polarizer axis (z’-axis) (cf Fig. [2.12b)). we can express
the electric field of the incidence light, in the (x, y, z) coordinate frame as follows:

—(1 — j)sinfcos
(cos? 6 + jsin® ) cos B
(cos? @ + jsin® ) sinB

Einc &

(2.5)

According to our former discussion, the dielectric groove on top of the 1D photonic crystal
has mainly an electric optical response described by an ED moment per unit length. We
can thus define, in the first approximation, its interaction with the incoming plane wave
and related BSW production by the coupling rates:

R; = ale; - Eic(ro)l, (2.6)

where the subscription i = r, ! denotes the right and left sides of the groove, respectively.
a is a constant. E;,.(rg) is the incident electric field at a single point for the coordinate
ro along the subwavelength groove. e; are unit vectors parallel to the electric field of
the right and left BSWs, which are represented with red arrow in Fig. The unit
vectors e; = (1,0,0) in the local coordinate frame (x%, y&, z) and (xR, y&, z), in the global
coordinate frame (x, y, z) take the form:

cosy
e = [ —siny ] (2.7)
0
cosy
e;=| siny (2.8)
0

Substituting Egs. and[2.8]into Eq. we calculate the coupling rates R, and R,
of the incident wave to the right and left BSWs:

R, = a|(1 — j)sinfcosfcosy + (cos> 6 + jsin’ 6) cos Bsiny|* (2.9)

R; = a|(1 — j)sinfcos B cosy — (cos> @ + jsin 6) cos Bsiny|* (2.10)

Figure[2.14](b) shows the plots of R, and R; as a function of the angle 6. The blue and red
curves represent the coupling rates to the left and right BSWs. These two coefficients,
which describe a pure electric coupling in the BSW excitation process, show a 46 depen-
dence. They are shifted by an angle of about 8°. Moreover, changing the polarization
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Figure 2.14: Pure electric coupling model for the excitation of BSWs from the oblique
illumination of a subwavelength groove. Plot of the coupling rates R, and R; of the incident
light into the right and left BSWs, calculated from Egs. [2.9)and [2.10] respectively.

handedness does not interchange the values for the two coefficients, which indicates that
pure electric coupling of the incident light to the TE-polarized surface waves is helicity in-
dependent. Indeed, the intrinsic electric field of a TE polarized BSW is linearly polarized
and thus is described by a zero helicity.

The helicity-dependent phenomenon shown in Figures [2.11] suggests that the magnetic
field projections may be responsible for the directional excitation BSWs. According to the
Maxwell-Faraday equation, the magnetic field of the incident plane wave can be derived

from Eq. 2.5 as:

Hj,. | (1 - j)sinfcosfcosp (2.11)

cos? 0 + jsin® 6 ‘
(1 - j)sinfcosfsinf

We examine the ellipticity of the incident magnetic field in the helicity planes of the BSW.
To this end, we make a transformation of H;,. from the global coordinate frame (x, y, ) to
local ones (x%, y£, z£) and (x%, yX, zF). We define H; = M; x H;,., where i = r,l. M, and M,
are the transformation matrices having the following forms for the right and left BSWs:

cosy —siny 0
M, =|siny cosy O], (2.12)
0 0 1
cosy siny O
M;=|-siny cosy O]. (2.13)
0 0 1

The ellipticity of the incident magnetic field is defined by the polar angle (2y) of the
Poincaré sphere. Figure [2.15] (b) represents 2y in the helicity planes (y%, z*) and (3%,
ZX) of the left and right BSWSs, respectively, as a function of the angle ¢ between the LP
and the QWP. The two curves show an oscillating behavior with a 26 dependence and an
amplitude of 63.7°. They are in opposition from each other, i.e., shifted by 180°. Switch-
ing polarization handedness changes the sign of the angle 2y, it is obviously helicity-
dependent. Figure (a) shows a schematic diagram depicting the helicity of the
magnetic projections, as well as that of the intrinsic BSW magnetic field. Importantly,
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Figure 2.15: (a) Schematic diagram of the magnetic field handedness in the helicity
planes of the left and right BSWs for an incident right-handed polarization. (b) Elliptic-
ity 2y of the incident magnetic field in the helicity planes (y*, z) and (4%, z®) of the left and
right TE-polarized BSWs.

the incident magnetic field shows opposite handedness when projected onto the helic-
ity planes of the right and left BSWs. For instance, a right-handed incident polarization
leads to a magnetic field rotating clockwise (v = +1) and anticlockwise (v = —1) in the he-
licity planes of the left and right BSWs, respectively. Such a configuration is favorable for
spin-controlled unidirectional excitation of the BSWs, whose magnetic field is described
by handedness vpsw = +1. A right-handed (left-handed, respectively) incident polariza-
tion would thus steer TE-polarized BSWs to the left side (to the right side, respectively)
of the groove. Such a spin-controlled coupling process leads to a 26-dependent power
distribution between the two BSWs excited on both sides of the groove.

To conclude, intrinsic properties of the BSWs and the near-field coupler define the roles
of the optical electric and magnetic fields in the BSW excitation process. The former
mediates the energy coupling from light to BSWs, which is helicity independent. The
latter, however, controls the directionality of phenomenon, by means of its helicity. By
rotating the QWP with respect to the fixed LP, we introduce to the incident light a 26-
and 46-modulation of its intensity and helicity, respectively. This polarization manipulation
thus makes it possible to distinguish the mixed electric and magnetic contributions to
light-BSW coupling.

2.3.3/  NUMERICAL SIMULATION OF THE EXPERIMENTAL SETUP

We also numerically simulate the experimental configuration with Fullwave software from
Synopsis. Figure shows the model built in Fullwave. As shown in Fig. the
groove is in the top layer of a 1D PC, and along the y-axis. A Gaussian laser beam with
a waist diameter of 1.5 um is projected onto the groove at a grazing angle of 80° degree.
It radiates in continuous wave regime at a wavelength of 1.55 um. The position of the
launch source is set to let its center coincide with that of the groove. The groove has the
same cross-section sizes as these used in our experiments (400 nm x 400 nm). The 3D
mesh grid near the groove and the photonic crystal layers has a size of 10 nm. In the
circumference regions, a larger mesh grid of 30 nm is used to save simulation time. A
two-dimensional monitor parallel to the x0y plane is placed 100 nm above the photonic
crystal surface to gather field data of the excited BSW modes on the two sides of the
groove.

In order to simulate the BSW excitation including a rotating QWP and a fixed LP, we carry
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Figure 2.16: Screen print of the 3D FDTD model built with Fullwave software to simulate
the scenario of a BSW excitation with the configuration depicted in Figs.

IRe(E,)| § (b) IRe(E,)| [

1 pum I
0

Figure 2.17: Simulation snapshots of the TE-polarized BSWs excited by a groove under
the illumination with (a) left circular polarization and (b) right circular polarization. The
two results show, in false colors, the absolute value of the real part of the electric field
(IRe(Ey)|). The white lines show the profile of the subwavelength groove, which has a
cross-section of 400 nm x 400 nm. The blue and red arrows in (a), which have a angle of
33.8° with respect to the groove, indicate the BSW propagation directions on the left and
right sides, respectively.

out two simulations where the incident light is linearly polarized along x’- and z’- axis, re-
spectively (cf Fig. [2.13). The results at an arbitrary QWP orientation are then constructed
by linearly combining those obtained with these two simulations. The according combina-
tion coefficients read —(1 — j) sin 6 cos 6 and cos?6 + jsin® 6, which are derived by projecting
the vectors denoted by Eq. back to the local coordinate frame of the incident wave
(«',y", 7). Figure shows the results corresponding to the cases of a groove illumina-
tion with right and left circularly polarized light. As indicated by the red and blue arrows,
the excited BSWs propagate at an angle around 33° with respect to the groove, which
is consistent with our experimental results. Besides, we can also see from Fig.
an imbalanced excitation of the BSW on the two sides of the groove. Such a symmetry
breaking shows the same helicity dependence as the experimental results. A full set of
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simulation results will be shown later to compare with the experimental ones.

2.3.4/ RESULTS AND DISCUSSIONS

We then study the distribution of the incoupled power between the two surface waves as
a function of the incident polarization. We experimentally acquire images of the structure
while varying the polarization of the incident beam, following the procedure described in
Sec. For each image recorded at a specific polarization state, we integrate the
signal detected over two square areas located symmetrically with respect to the groove
(shown in light red and blue colors in Fig. (a)). Finally, the resulting values S, and S,
measured on the right and left BSWs, respectively, are plotted as a function of the angle
6 between the LP and QWP (Fig. (a)). The experimental plots are represented
with circles together with the simulation results (solid lines) obtained with the 3D FDTD
method (see details in Sec. [2.3.3).
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Figure 2.18: Magnetic spin-orbit interaction steers Bloch surface waves. (a) detected
signals (circles) and simulated intensities by FDTD (solid lines), on the right and left
BSWs, as a function of the angle 6 between the QWP and the LP. The curves related to
the right and left BSWs are represented in red and blue, respectively. (b) and (c) Fourier
spectra (amplitude) of the experimental blue and red curves of (a), obtained by Fourier
transformation. Coefficient u defines the harmonic orders for the Fourier series. (d) and
(e) Representation, in the real space, of the non-null harmonics for the two Fourier series
shown in (b) and (c): (d) second harmonics and (e) fourth harmonics. Experimental and
numerical curves are shown by solid and dash lines, respectively. [74]

S, and S, are described by sinusoidal functions, shifted by approximately 30° from each
other. Their amplitudes are modulated by a sinusoidal function. The experimental results
and simulation predictions are in good agreement. As expected, the coupling process is
asymmetric excepted from linear incident polarizations (when 8 = k90°,k = 0,1,2,3). In
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this case, the optical system is fully symmetric with respect to the groove and the two
curves for §, and S; merge. As discussed above, the electric and magnetic contributions
to the BSW excitation process show a 46- and 26-dependence, respectively. Therefore, a
Fourier analysis for S, and §; may assist the identification of these electric and magnetic
optical effects. By Fourier transforming these two functions (cf. Figs. (b) and (c)),
we see that they can be simply expressed analytically as:

5160) = AQ + A sin(20 + 6) + A sin(40 + ¢ (2.14)

where i = 1,1, and the coefficients A", A" and ¢\ (u = 0,2,4) are constant. Coefficients
A" and ¢\ (u = 2,4) are given by the Fourier transform of S, and S .

We see in Fig. (d) that the second harmonic components relative to the left and right
BSWs are almost in opposition, i.e., shifted by 180°. The fourth harmonics (cf. Fig.
(e)) undergo a shift of approximately 30°, initially evidenced in Fig. (a). Importantly,
the local maxima and minima of the second harmonic component closely coincide with the
right and left-handed circular polarization states of the incident wave. Moreover, changing
the incident polarization handedness inverts the distribution for the incoupled light in the
right and left BSWs. The second harmonic contribution to the BSW coupling is, therefore,
helicity dependent. In contrast, the fourth harmonics of the Fourier series stay unchanged
when the input polarization handedness is reversed (See Figs. (e)). Therefore, the
fourth harmonic contribution to the BSW coupling is independent of the helicity of the
incident light.

The subwavelength groove on top of a 1D PC, as discussed before, are optically governed
by an electric dipole moment (per unit length). It interacts with the electric field of an
incoming wave to transfer energy to the BSWs. Following a pure electric model, and
assuming an incident plane wave, the previously defined coefficients S, and S; become
proportional to the coupling rates R; (i = r,1) obtained in Sec. By comparing
Fig. and Fig. (e), we see that R, and R; closely match the fourth harmonic
component of Eq. [2.14] The unbalanced electric coupling is due to the asymmetric
projections of the incident electric field with respect to those of the BSWs (see Sec. [2.3.2).
The larger angular shift observed between the couple of experimental curves (8° versus
10° with our model) may be explained by the scattering properties of our 600-nm large
(i.e., 1/2.5) groove coupler which slightly deviate from the point-like dipole emission.

The modulation of the electric coupling by a helicity dependent optical process (Fig.
(a) and (d)) is not predicted by our analytical model. As noted above, only the magnetic
field of the TE-polarized BSW is rotating, the electric field shows zero helicity. A helicity
dependent process for such waves, may thus solely involve the magnetic field of light. We
plot, as a function of 6, the ellipticity factor of the magnetic field (plane-wave illumination)
projected onto the helicity planes of the right and left BSWs (i.e., the planes perpendicular
to the transverse spin momentum of the surface waves). The ellipticity curves show a
periodicity of 26 and opposite values when the polarization handedness is changed (Fig.
[2.15). These curves closely resemble the second harmonic functions of Eq. (Fig.
2.18| (d)). Therefore, the second harmonic contribution to the optical coupling is solely
controlled by the magnetic field of light.

Remarkably, the magnetic effect is clearly visible using a dielectric scatterer described by
an electric dipole moment (per unit length). Fig. (b) and (c) show that its contribution
is larger than 45% of the electric contribution to the coupling. Despite the extremely low
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response of the scatterer to the magnetic field of the impinging wave, the rotating mag-
netic field incident at an electric scatterer provides initial conditions favorable for steering
a large portion of the incoupled energy to the right or to the left BSW, depending on the
polarization handedness. The second harmonic curves shown in Fig. (d) thus de-
scribe a magnetic spin-directional coupling, as shown in Fig. In the experimental
case, however, the phase matching between the incident light and the BSW is mediated
by the electric optical field, given the electric dipole nature of the scatterer. The rotat-
ing incident magnetic field incident at the groove, which is less affected by the scatterer,
controls the directionality of the launched surface waves. This specific electric-magnetic
coupling explains the 46 dependence of the experimental coupling process (Fig.
that is comparatively not observed for MD excitation. Fig. (d) shows a directionality
curve with only a 180° periodicity. A subwavelength resonant particle or antenna, whose
resonance is described by a MD moment, would cancel the electric component of the
coupling. Such a configuration is, however, beyond the scope of this thesis.

2.4/ (CONCLUSIONS

We describe a new magnetic effect in a light-matter interaction called the magnetic SOI
of light. On the basis of this magnetic SOI, we show that an elliptically polarized MD
develops a tunable unidirectional coupling of light into TE-polarized BSWs: depending on
the helicity of the MD, the surface waves propagate upstream or downstream. The under-
lying phenomenon is a transverse spin-directional coupling in BSWs, with the spin mo-
mentum solely described by a rotating magnetic light field. This phenomenon has been
demonstrated using a simple subwavelength groove used as a light-to-BSW converter.
Despite the electric dipole nature of this coupler, the magnetic effect is of the same order
of magnitude as the electric effect in the coupling process. In this particular case, the
magnetic field is not involved in the transfer of energy to the BSW, but instead, it controls
the directionality of the incoupled energy. By using couplers that can develop magnetic
resonances [162, 1163], a pure magnetic tunable unidirectional coupling is experimentally
possible, in accordance with our theoretical predictions. In addition to the fundamental
guestions raised regarding magnetic optical control of light-matter interaction, our results
open possibilities for controlling optical flows in ultra-compact architectures. The results
can also be generalized to all TE-polarized guided modes. Reciprocally, BSWs can also
be used as probes to locally investigate the magnetic polarization properties of light.
Compared to the (plasmonic) nanoprobes that are currently used, which are limited to
measuring the electric spin density only, such BSW probes would enable measurement
of the optical magnetic spin density [65] [94].
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TRAVELING-WAVE HELICAL
PLASMONIC ANTENNA: CONCEPT AND
DESIGN

A characteristic of surface plasmons (SPs) guided along curved trajectories is their ability
to acquire extrinsic orbital angular momentum (EOAM) [55] [112] and to induce, by leak-
age, free-space light emission [83]. For sharp curvatures, the EOAM of the SP mode
can match the spin angular momentum (SAM) of free space propagating photons, thus
opening a route towards localized light emissions of controlled helicity, owing to optical
spin-orbit interaction (SOI) [55]. On the basis of this EOAM-to-SAM transfer, we investi-
gate a helical plasmonic antenna (HPA) to produce circularly polarized light on the sub-
wavelength scale by swirling subdiffraction SPs. Our optical antenna differs from existing
helical plasmonic structures [45, (164, [165| [166] by its non-resonant traveling-wave na-
ture, thus extending to optics the concept of helical antenna operating in the “axial-mode"
mode [83, 167].

It is noted that, a similar swirling-plasmon involved light beaming has been demonstrated
previously with conically tapered metallic structures. Originally, these structures can adi-
abatically compress radially polarized surface plasmon mode to the very end of the tip
[168]. However, if the surface plasmons takes a vortex form, say launched by spiral
slits engraved around the bottom of the tip, they will scatter into free space as a vortex
or circularly polarized beam, depending on the topology of the plasmonic vortex mode
[169, [170]. Such an operation is different from our case as circularly polarized light is
mandatory to initiate the plasmonic vortex and thus the structure itself can not generate
circular polarization. Besides, the spiral slits extend the overall structure size to be much
larger than the operation wavelength, which may limit its application in subwavelength
photonic systems.

This chapter will start with a brief introduction to optical antennas. Then, we will focus
on the working principles of helical antennas in low-frequency regime and introduce its
two modes: (1) the resonant normal mode working with standing waves and (2) the non-
resonant axial mode working with traveling waves. The two working mechanisms are
used to examine present researches on helical metamaterials and to develop the concept
of traveling-wave helical plasmonic antennas (TW-HPA). The underlying EOAM-to-SAM
transfer process will also be discussed. Then, we will detail the design process of the
TW-HPA for obtaining perfect circular polarization in the far-field. In this part, both the
influence of helix geometries and the nanoscale feed elements will be discussed. This
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chapter will finish with an optimal design and a short conclusion.

3.1/ BASICS AND STATE OF THE ART FOR OPTICAL ANTENNAS

Since Hertz’s first invention in 1886, antennas soon sprouted out and developed into a
huge family in the past century. Nowadays, they are pervasive in most technical fields,
ranging from deep space exploration to smart phone WIFI connection. It is noted that,
though those antennas have distinct differences in both size and configurations, the un-
derlying working mechanisms are similar. They all bridge the dimension gap between
subdiffraction oscillators and diffraction-limited propagating electromagnetic waves. Be-
sides the basic working principle, these antennas also share some common points in
terms of functions:

« they can play either as emitters or as receivers of electromagnetic waves.
« their feature dimension scales with respect to the working wavelength (free space).

« they can efficiently direct the radiation and strongly interact with the wave polariza-
tion.

Classical antennas work at radiowave and microwave frequencies [83], say in the
low-frequency regime as compared with optical frequencies. Recently, their concepts
have been transferred into the optical regime, giving the name of “optical antennas”
[1, 29, 130, 131}, 132]. As defined by Novotny and Van Hulst [30], “Optical antennas are
devices that convert freely propagating optical radiation into localized energy, and vice
versa." This definition is thus the direct translation to optics of the definition of low-
frequency antennas. We can see that the role of optical antennas is to play as an efficient
interface between near and far fields. The early history of optical antennas is bound to
near-field imaging where metallic particles and nano apertures were used to efficiently de-
livery/collect energy to/from optical near-fields [29] 130]. Nowadays, their applications have
been diversely extended to enhance and direct spontaneous emission from quantum light
sources, to boost light—matter interactions and optical non-linearities at the nanoscale, as
well as to impedance-match plasmonic nano-circuits to vacuum. [29, 30, 32].

So far, various optical antennas have been proposed and demonstrated, enabling full
control over light-matter interaction at the subwavelength scale [30]. In general, they can
be either dielectric or metallic, or combine these elements as the constituent material [30].
Akin to their low-frequency counterparts, plasmonic optical antennas (POAs) can also be
separated in two families: the standing-wave (resonant) antennas and the traveling-wave
(non-resonant) antennas.

Optical monopole [49, 50, (174} [175] or dipole antennas [50, 171, 176l [177] are typical
resonant POAs. Figure [3.1] (a) shows the dipole nanoantenna that is formed by a pair of
nanowires with a gap in-between. Such an antenna can efficiently couple free-space light
into the nanocurcuit, and vice versa. Figure (b) shows a monopole nanoantennas
fabricated at the apex of a fiber tip. Fed by a nanoaperture placed in contact, it enables
a background-free fluorescent sensing [49, 50, 174, 175]. Figure (c) shows a gold
nanobead attached to a fiber tip, allowing the probing of a single fluorescent molecule.
Figure (d) shows the cross-resonant antenna. It consists of two identical dipolar
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antennas placed in perpendicular. Such an antenna can control the polarization of near-
field [31]. For example, a circularly polarized near field can be realized at the gap region
under the illumination of circularly polarized light [173, [178].

Bow-tie nano antennas consist of two tip-to-tip triangular nanoparticles (Fig. [8.2] (a))
[179]. They can produce a strongly enhanced electric field in the gap region, enabling
a fluorescence enhancement more than 1000-fold. Figure [3.2] (b) shows the so-called
bowtie nano aperture (BNA) where two triangle apertures are perforated through a metal
layer with a square gap connecting them at the center. llluminated with proper polariza-
tion, a strongly enhanced electric field is created in the gap zone, which has been used
to enhance various optical processes such as molecular fluorescence[181] and harmonic
generation [182], etc. BNAs can be integrated on a fiber tip, leading to an integrated plug-
and-play operation free of bulky optics. BNA-on-tip can then be used as optical tweezers
[183] or efficient near-field sources/detectors [175,[181]. A recent work from our group in-
tegrated a doubly-resonant BNA on a fiber tip, realizing the first characterization of single
infrared quantum dots at telecommunication wavelength [180]. A Babinet-complementary
design of the BNA (diabolo nano antenna) is shown in Fig. (c), which has shown the
unique ability to create a strong nanoscale magnetic hot spot at optical frequencies [184].

The second family of POA are the traveling-wave antennas. Figure [3.3(a) shows an ex-
ample of the optical Yagi-Uda antenna coupled to a single quantum dot placed in contact
to the plasmonic feed element. Figure [3.3(b) shows both the theoretical and measured
emission patterns of such a hybrid radiator. The light emitted from the quantum dot is
mainly directed into a single light cone, showing an excellent directionality. Besides, the
optical Yagi-Uda antenna can also be extended to include electro-luminescent devices
[186]. A recent work uses multi-step electron beam lithography to fabricate an array of 3D

Figure 3.1: (a) Schematic of dipolar antennas connected at the two ends of a plasmonic
waveguide [171]. (b) Scanning electron microscope (SEM) images of a monopole an-
tenna mounted at a fiber tip [50]. (c) Schematic and SEM image of a gold particle antenna
attached at a fiber tip [172]. (d) Schematic of a cross resonant antenna [173].
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Figure 3.2: Schematics of (a) bowtie nanoantenna [179] (b) bowtie nanoaperture antenna
fabricated at a fiber tip [180] (c) diabolo nanoantenna. [HS]J
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Figure 3.3: (a,b) Optical Yagi-Uda antenna[51] with (a) SEM image and (b) theoretical and
measured emission patterns. (c,d) Plasmonic horn antenna [185] with (c) a schematic
and (d) emission patterns on two principle planes.

Yagi-Uda antenna . A phase array operation has been demonstrated with such an
antenna network. Yagi-Uda antennas can be seen as a mixture between resonant and
non-resonant antennas as they rely on a series of resonant optical nano-rods.

Figure (c) shows a schematic of the plasmonic horn antenna, which is form by grad-
ually flared metallic waveguide. Horn antenna is a true traveling-wave antenna as no
resonant elements are presented. Its directional emission characteristics can be seen
in Fig. [3.3](d). Such an antenna has been proposed to build the optical link for on-chip
communication [185][188]. A numerical work from Klemm shows that a similar directional
emission can be realized with a rhombic POA [189], whose shape is quite close to the
horn antenna. Very recently, a plasmonic V-shaped antenna has been demonstrated by
Ding et al [190]. They build the antenna by bending a silver nanowire with a proper angle.
Fed from one end, this antenna radiates at the bending point, with a tunable directivity.

Resonant and traveling-wave POAs have different characteristics. Resonance mecha-
nisms allow to realize antenna functions at a smaller antenna size, which however im-
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pose a narrow-band operation. Traveling-wave antennas are usually bigger than their
resonant counterparts and known for their high directivity and operation bandwidth. It is
noted that, existing POAs, no matter resonant or non-resonant, are not able to gener-
ate background-free circularly polarized emission. For example, though cross-resonant
antennas can produce a circularly polarized near-field hot spot under the illumination of
circularly polarized light [173][178], they do not create these circular polarization states
by themselves.

Looking back to the low-frequency regime, traveling-wave helical antennas offer a
paradigm solution to defining circular polarizations (CP). Fed in end-fire geometry, even
a single such antenna is capable of radiating directional circularly polarized beam, over
a broad wavelength band [83, [167]. Recently, inspired by low-frequency helical anten-
nas, arrayed plasmonic helices have bee demonstrated to play as a broadband circular
polarizer [45]. However, these plasmonic helices work with standing wave, which is differ-
ent from classical traveling-wave helical antennas. This point will be discussed in details
later. Moreover, they are excited through far-field scattering. This excitation configura-
tion introduces a background and thus is not suitable for developing a single circularly
polarized antenna. Optically, background-free antenna feeding has been demonstrated
by feeding the targeted antenna in the near-field with dipole-like sources, such as circular
[49] 50, [174] or bowtie nanoapertures [175]. However, so far, such a near-field feeding
configuration has not been investigated with a single plasmonic helix.

Here, we will work on new POA by translating into optical regime, the concept of traveling-
wave helical antenna. This new POA features a traveling-wave working principle, near-
field feeding configuration, and circularly polarized radiation with an individual antenna.

3.2/ THE CONCEPT OF HELICAL ANTENNA FOR LIGHT

3.2.1/ HELICAL ANTENNAS IN LOW-FREQUENCY REGIME

Helical antennas have the unique capability of generating circularly polarized (CP) radia-
tions. They are widely employed in global positioning, ground stations for tracking satel-
lites and data relay system [167]. The basic element of helical antennas is a conductor
wire wound into a corkscrew shape. Depending on the handedness of the constituent he-
lical wire(s), the output radiation can be either left- or right-handed. Helical antennas can
work alone or in arrays to gain higher directivity [167]. Helical antennas can operate in
different modes, depending on its dimensions with respect to the free-space wavelength
[83,167].

3.2.1.1/ DESCRIPTION OF THE HELICAL ANTENNAS

Figure[3.4]shows a schematic of a helical antenna with its geometrical parameters. Other
useful geometric parameters of the helix can be expressed out of these parameters, in-
cluding the diameter D, (D), = 2R;), the circumference C (C = 27R;), the length of a single
turn Ly (L = VC2 + 52), the pitch angle a;, (o), = tan™'(S/C)) and the total length of the
wire L, (L; = NL), of the helix.

The above geometrical parameters can also be measured in the unit of free-space wave-
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Figure 3.4: Schematic showing a single helix, whose geometrical parameters include the
core radius Ry, the vertical pitch S, the total turn number N of the helix and the radius of
the helix wire R,,.

length (1). In that case, they will be represented with a subscription 1. For example, C,
and S, mean C/A and S/A, respectively.

3.2.1.2/ OPERATION MODES OF LOW-FREQUENCY HELICAL ANTENNAS

Helical antennas can work in two principal operation modes: the normal mode and the
axial mode. Figure shows the far-field emission patterns and corresponding charge
distribution along the helix of these two modes. Normal mode occurs when the total
length (L) and the diameter (D;) of the helix are far smaller than the working wave-
length. As shown in Fig. (a), the normal-mode radiation pattern has a doughnut
shape with its maximum perpendicular to the helix axis. It is omnidirectional in the az-
imuth plane, resembling that of an electric dipole or a magnetic dipole orientated along
the helix axis. Figure [3.5|(c) shows the corresponding transmission mode, where we can
see the charges are separated by several turns. When the helix geometries are compa-
rable to the working wavelength, eg., C ~ Ay, the axial mode comes into play. As shown
in Fig. (b), the axial-mode radiation pattern contains a main lobe along the helix axis,
witnessing a directional emission. Figure [3.5[(d) shows the corresponding transmission
mode, where we can see the charges are separated by only one turn. Through careful
design of the helix geometry, both the normal and axial modes can generate circularly
polarized (CP) radiations.

For normal mode, the CP condition can be derived by treating the helix as a combination
of tiny rod and loop arrays. Since the helix size is far less than the working wavelength,
these rods and loops function as parallel electric and magnetic dipoles, whose far fields
read:

kolpS e~ Jkor .
Eq = = sin 6 (3.1)

and
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(a) Normal mode (L,«A,) (b) Axial mode(C=A,)
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Figure 3.5: Helical antenna modes: (a) normal radiation mode and (b) axial radiation
mode, (c) and (d) show the fundamental and high order transmission modes along an
infinite helix wire, which correspond to the radiation modes shown in (a) and (b) respec-
tively.

(koRp)*Tpe™ /o
T 4
.

Equations and mean that the electric fields generated by the equivalent electric
and magnetic dipoles are orthogonal and in time-phase quadrature. The CP condition
can thus be satisfied when the axial ratio (AR) equals to 1, namely |Ey|/|E4| = 1, which
finally gives:

Es; = sin 6 (3.2)

C = 254 (3.3)

The CP condition shown in Eq. is quite restrictive. Thus, the normal-mode helical
antenna is narrow-banded and critical to antenna geometry. This mode is not widely
used in practice in low-frequency regime antenna communication.

In opposition to the case of normal mode, the axial mode is far less demanding on an-
tenna geometries. Besides, it is also advantageous in terms of directionality. Due to these
merits, axial mode has much wider application than the normal mode. For axial mode,
CP radiation can be reached by satisfying the following empirical rules:

3 420
e ¢ <2
4 3
12°< a <14°

(3.4)

Given the above two conditions, N will not affect much the spectral position of the circular
polarization band. However, it can affect the maximum AR according to:

2N
R =
2N + 1

(3.6)
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As implied in[3.6] AR increases as N increases. Practically, N takes a value no less than
4 to ensure a high degree of circular polarization (DOCP). N can also affect the directivity
(D) of helical antennas:

D = 12C3S N (3.7)

As shown in 8.7} one can increase total helix turns to improve the antenna directivity.
Other geometrical parameters of the helix are less demanding for circular polarization.
For example, the wire thickness R,, can have a wide range from 0.0052 or less to 0.054 or
more. It has however to remain much smaller than the helix diameter.

3.2.1.3/ DIFFERENT MECHANISMS UNDERPINNING THE NORMAL AND AXIAL MODES

The transmission modes shown in Figs[3.5](c) and (d) describe wave propagation behav-
iors along infinitely long helical wires. Real antennas are finite in length, which modifies
these transmission modes.
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Figure 3.6: Typical current distributions measured along a helical antenna working at a
wavelength (a) beyond the axial-mode operation region and (b) near the spectral center
of the axial-mode region. (c) Analysis of the antenna current shown in (b) in terms of
outgoing and reflected waves. [167]

Figure [3.6| shows the typical current distributions for the normal- and axial-mode helical
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antennas of finite lengths. As shown in Fig. (a), at a larger wavelength (1p ~ 2C,
normal mode), the induced currents have almost a pure standing-wave distribution. When
it comes to the axial-mode wavelength (1o ~ C), current distribution shows a different
behavior. As shown in Fig. (b), the current amplitude decays exponentially near the
launching end and oscillates near the open end. Notably, the current amplitude is almost
uniform over a long distance in between these two regions. Such a current distribution is
caused by the superposition of an outgoing wave and a reflected wave, at the open-end
of the helix. Notably, the former has a overwhelmingly larger amplitude (see Fig. (c))
Therefore, axial-mode and normal-mode helical antennas are dominated by standing-
waves and traveling waves, respectively.
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Figure 3.7: schematics of the time-evolution of induced currents and charges for a (a)
normal mode and (b) axial mode, respectively. For clarity, only the very first current node
is shown in (b) to represent the traveling wave. The red and blue disks with "+" and "-"
sign represent positive and negative charges, respectively. The purple and orange curves
with an arrow show the orbiting direction of the induced currents. Green and red straight
arrows show the corresponding electric and magnetic fields, respectively. Notably, in (a)
the electric and magnetic fields are parallel and have a relative phase shift of n/2, thus
evidencing a signature of optical chirality. In (b), the electric and magnetic fields are
always perpendicular.

Working with standing wave or traveling wave leads to a fundamental difference in the
way to generating CP. Figures[3.7|(a) and (d) schematically show the time-evolution of the
electric and magnetic fields in normal and axial mode helical antennas, respectively. As
shown in Fig. (a), normal mode causes maximum accumulation of electric charges at
the two ends of the helix at a certain time. After that, due to discharging effect, circulating
electric current will be induced, whose intensity peaks after a quarter period. The electric
field caused by the accumulated charges is thus parallel to the magnetic field induced by
the circulating currents. What is more, the two fields are phase-shifted by z/2. According
to the definition of optical chirality (OC) [164.,191], this means the near-field of norm-mode
antenna is chiral.
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The near-field of an axial-mode helical antenna is completely different. As shown in
Fig. (b), electric charges travel along the helical wire, rather than oscillate between
two fixed positions. The movements of the positive and negative charges lead to two
electric currents circulating toward opposite directions. Magnetic fields induced by these
two currents are thus all along the helix axis but opposite in direction. Meanwhile, as
the positive and negative charges are separated by only a half turn, the corresponding
electric fields are almost transverse to the helix axis. Therefore, the electric and magnetic
fields are always perpendicular.

3.2.2/ HELICAL ANTENNAS IN OPTICAL REGIME

Helix is a chiral structure, namely it can not superpose with is mirror image. Recently, ar-
rays of helices have been used as metamaterials for achieving broadband circular dichro-
ism.

3.2.2.1/ HELICES IN METAMATERIALS

In 2009, Wegener’s group first demonstrated an infrared broadband circular polarizer
built with an array of gold helices, initiating the study of helical metamaterials [45].
Following that, intensive theoretical and experimental studies have been carried out
to further improving the working bandwidth and circular filtering efficiency. These ap-
proaches take advantage of helices with tapered geometries [192, (193], intertwined he-
lices [194],[195] (196! [197], helices composed of different materials [198], etc.

Figure shows the work from Gansel et al [45], with helices characterized by N = 2,
Ry, = 0.6 um, S = 2 um. When packed in a square lattice of 2-um period, these he-
lices block circularly polarized light with the same handedness and transmit the opposite
handedness, over a wide wavelength range near to one octave. This broadband oper-
ation was attributed to the combination of three resonant modes. Figure [3.8(b) shows
the helix current distributions corresponding to these three modes, where we can see a
standing-wave signature.

Other research groups used glancing angle deposition or focused ion/electron beam
based technology to fabricate helical metamaterials [200, 201}, 202} 203, 204, 205| 206!
207]. As these techniques enable a smaller helix dimension, chiro-optical responses have
been reported in visible regime. Figures (a) and (b) show triply-intertwined platinum
and carbon helices fabricated with focused ion beam induced deposition (FIBID). The he-
lix geometry reads: R, = 150 nm, R,, = 50 nm, N = 1, and S = 700 nm. Figures[3.9|(c) and
(d) show the chiral responses obtained with the two helical metamaterials.

Recently, it has been numerically shown that resonant plasmonic helices, which are much
smaller than the wavelength, possess chiral eigenmodes (see Fig. (a)) featuring
parallel electric and magnetic fields. Such a chiral eigenmode can be excited by linearly-
polarized light propagating perpendicularly to the helical axis. By twisting four single-turn
helices together, one can obtain a near field with strongly enhanced optical chirality. In
Fig. (b), an optical chirality enhancement up to 200-fold occurs inside the helices,
showing the perspective of resonant plasmonic helices in optical chiral sensing [164].

Axial-mode helical antenna is a traveling-wave antenna, which however is not the case
with helical metamaterials. For example, in Gansel’'s case the induced currents in the
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Figure 3.8: Helical metamaterial works as circular polarizer: (a) broadband chiral re-
sponse (b) snapshots of the induced current along the helix, showing standing-wave
characteristics along the structure. [45]

helical metamaterial show a standing-wave characteristic (Fig. [3.8). In the case shown in
Fig. chiral responses have been found with dielectric helical metamaterials. However,
considering their deep subwavelength dimension, those dielectric helices are not likely to
support traveling waves. The two examples hint that helices in metamaterials may not
rely on axial-mode operation to attain the demonstrated functionalities. In another case
shown in Fig. it is obvious that the helices work on normal mode. Therefore, the
helices used in metamaterials basically work out of the traveling-wave regime.

3.2.2.2/ TRAVELING-WAVE HELICAL PLASMONIC ANTENNA

Hereafter, we will introduce a new optical antenna concept, namely the traveling-wave
helical plasmonic antenna (TW-HPA). Figure a) shows a simple prototype, consisting
of a 4-turn gold helix and a straight rod connected at one of its ends. The helix shows a
core radius (R;,) and a vertical pitch (S') of 50 nm and 200 nm, respectively. The straight rod
is used to control the electromagnetic components of the wire mode. In order to reduce
reflections at the rod-helix junction, a round sphere is inserted to join the two elements.
[31].

For simplicity, we consider the nano-wire as solid and has a circular cross-section. The
fundamental mode of such a nano-wire is rotation-symmetric around the wire axis and
radially polarized [208]. Given this field symmetry, we simply use an electric dipole orien-
tated parallel to the straight rod to excite the helix. The dipole source is set 14 nm away
from the rod end to ensure a good coupling efficiency while avoiding quenching effects
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Figure 3.9: (a) and (b) SEM images of carbon and platinum helical metamaterials fabri-
cated with FIBID, respectively. Those helices featuring a triply-intertwined configuration
and ultra-small dimensions. (c) and (d): measured circular dichroism and optical activity
spectra for the two metamaterials, respectively.[199]
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Figure 3.10: Chiro-optical near-fields produced by resonant plasmonic helices. (a)
Schematics for the chiral eigenmodes of a single plasmonic helix with opposite hand-
edness (b) False color plot of the optical chirality enhancement factor, in the near-field of
an intertwined 4-helix structure.

(see Fig. (a)). We numerically study the spectra and electric field distributions of
such a HPA prototype to identify its traveling-mode of interest. More simulation details

will be specified in Section (3.3.1
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Figure 3.11: (a) A schematic of the prototype HPA, consisting of a 4-turn helical nano-wire
(along z—axis), a straight rod and a round sphere to join the two parts. The HPA is fed
by a z—oriented electric dipole source in end-fire configuration. FDTD simulation is used
to study the spectral response of the TW-HPA. The green and orange planes represent
the monitors used to collect the electric field data of the TW-HPA. They are placed 20 nm
and 2 um far away from the open end of the helix, with their centers on the helix axis. (b)
and (c) show the intensity spectra (normalized by the dipole source) of the two transverse
electric components (E, and E,, which are responsible for the CP polarization) obtained
with the two monitors. Dash vertical lines in magenta and light blue show positions of the
spectrum peaks at free-space wavelengths 4; = 658 nm, 1, = 1641 nm, A3 = 2259 nm and
Aq = 4310 nm.

Figures (b) and (c) show the intensity spectra of the transverse electric components
(Ex and E,), obtained in the near- and far-fields at a distance of 20 nm and 2 um from the
helix end, respectively. The two sets of spectra show distinct peak behaviors. Particularly,
the ones obtained in the near-field have notable peaks at longer wavelengths 14, 43 and
A2, which however are far less prominent in the far-field spectra. Opposed to that, the peak
at a shorter wavelength (1;) has been dramatically enhanced as the monitor distance
increases, which is in favor of an axial mode operation.

In order to clarify the two working modes of the HPA, we study the near- and far-field
intensity profiles at 4, and 44. Figures[3.12)(a) and (d) show the corresponding intensity
distributions in the x0z cross-section plane of the helix. In Fig. (d), the helix optical
mode has two maxima at the two ends of the HPA and a minimum in the middle, showing
a clear standing-wave signature. However, in Fig. (a), though the intensity decays
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fast at the first turn, it remains almost constant among the rest of the helix. The absence
of well-defined intensity node indicates the traveling-wave nature of the helix wire mode at
this wavelength. The two modes can also be confirmed by checking the radiation patterns.
As can be seen from Fig. (e), intensity on the helix axis exhibits the maximum value
in the near field, which however turns to the minimum as it transits to the far field. The
maximum radiation directions, marked by the two red arrows, are normal to the helical
axis. The final far-field emission pattern develops a doughnut shape as shown in Fig.
3.12(f), showing clearly that the HPA works on normal mode at a wavelength of 4310 nm.
In contrast, one can identify in Fig. (b) a significant radiation along the helical axis,
as indicated by the red arrow. This axial radiation lobe can also be seen in the far-field
emission pattern shown in Fig. (c). Therefore, the HPA works in the axial mode at a
wavelength of 658 nm.

We further extract the intensity and axial ratio (AR, see Section [1.1.2) spectra of the pro-
totype HPA from the further monitor (Az = 2 um). These results are shown in Fig.
with the blue and red curves, respectively. Notably, the peak of the red curve represents
an AR value as high as 0.99 at the wavelength of 701 nm, indicating that an almost per-

Figure 3.12: Near-field and far-field properties of the helical plasmonic antenna (HPA)
working on axial and normal modes. The HPA has the same geometries as shown in
but working at different wavelengths, which are 658 nm (4,) for (a~c) and 4310 nm
(44) for (d~e). (a,d) pseudo-color plots for the normalized electric field intensity closely
around the HPA, where regions around the dipole source have been saturated for a better
view of the helix wire modes. (b,e) pseudo-color plots for the electric field intensity in a
larger area around the HPA. In (b) and (e), the intensities have been taken logarithm
before normalization, for showing the transition from near-field to far-field. Red arrows
in (b) and (e) mark the directions with the maximum far-field radiation. (c,f) intensity
radiation patterns of the HPA constructed via near-field to far-field projections. The near
field data are recorded with box monitors enclosing the HPA, which are finally projected
to a far-field sphere with a radius of 100 m.
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Figure 3.13: Far-field spectra of the prototype HPA, where the blue and red curves rep-
resent the intensity and AR spectrum, respectively. To obtain the blue curve, the raw
far-field intensity spectrum has been normalized twice: first with the intensity spectrum
of the dipole source and then with its own maximum value to offer a clear view. The AR
spectrum is constructed with the spectra data of the two transverse electric components
(E, and Ey).

fect on-axis CP far-field has been reached at this wavelength. Interestingly, the intensity
peaks at a different wavelength (1 = 658 nm). This spectral shift between the AR and
intensity peaks confirm that the axial-mode HPA is non-resonant. This phenomenon orig-
inates from the directional emission of the antenna (Fig. (c)). It is noted that, the
CP conditions for the HPA are far from those predicted by classical antenna theory. Ac-
cording to Eq. our HPA with a radius of 50 nm should gain a maximum AR around
a wavelength of 314 nm, which is far from the actual value 701 nm. Besides, the HPA
has a pitch angle of 32.48°, which is out of the classical pitch angle range 12° ~ 14°.
Those differences signify that our HPA follows a different scaling law from the classical
helical antennas, which is a common phenomenon existing between the low-frequency
and plasmonic optical antennas [209].

3.2.3/ TRAVELING-WAVE HPA (TW-HPA): GENERATING CP LIGHT VIA SPIN-
ORBIT INTERACTION

As discussed in former sections, the axial-mode TW-HPA relies on traveling waves. In
this section, we will introduce the spin-orbit interaction (SOI) on these traveling waves,
at the origin of the emission of CP light. More rigorously, this SOI is an orbit-to-spin
transfer process. The TW-HPA relies on the propagation of surface plasmons (SPs) along
the helical wire. Because the plasmonic helix plays as a chiral waveguide operating
near cutoff, the propagation length of the SPs is dramatically reduced and its energy is
efficiently transfered to free-space photons.

In a quantum view, propagating SPs carry linear momentum:

Py = hkgp = hkspks, (3.8)

per plasmons (in 7 units). Here, k,, and k,, denote the magnitude and unit directional
vector of k), respectively. k, has the following form:
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2w
ksp = o (3.9)

In Eq. A.rr represents the effective wavelength of the SPs. Propagating along the he-
lical wire, SPs gain an extrinsic orbital angular momentum (J,), which can be expressed
as:

SP trajectory"s
i

|

|
S
SN

Figure 3.14: Schematic showing the optical angular momenta associated with the helical
SPs.

Jsp = rS[J Xpspv (310)
where ry), is the position vector. We have:

rsp:Rhf', (311)

where R, and 7 denote the magnitude and the unit directional vector of r,,. Considering
the rotational symmetry of the problem and r, perpendicular to p;,, we have:

T = K2, (3.12)
with:
2R
K=" cosa (3.13)
Aeff

Helical antenna radiates a directional beam with the major power flow along its axis (z-
axis). Considering an emission described by a spin angular momentum (SAM) orientated
along (0z) (s = o2 with o = 1), SOl imposes: J,, = s. Note that the transverse SAM of
the wire mode is equal to zero, owing to the mode symmetry along the wire axis. Mode
dissymmetry around cutoff of the overall structure could make transverse SAM appear.
Then, connection of momentum matching could be realized. However, we think that near
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cutoff, the electric field of the wire may become purely transverse, i.e., linearly polarized.
This should then imply a null transverse SAM.

According to SOI (J,, = s), we find that CP is generated by the TW-HPA when:

Aeff = 2nRy cos a (3.14)

If the antenna operates at cutoff, we have linear momentum matching between the SPs
and the free-space propagating wave (k,, = ko). Operation in this ideal case thus implies:

Ao = 2nR), cos (3.15)

to reach a CP emission.

SOl analysis within the TW-HPA thus leads to a geometrical dynamic condition to reach
CP that is closer to that provided for the low-frequency helical antennas.

In a general case, the far-field radiation is elliptically polarized. Assuming the angular
momentum conservation still holds between the EOAM of SPs and the SAM of far-field
emissions, we have:

2nR
M cos ay, (3.16)
Aeff

0 =0sp

where & (1 < & < 1) is the average SAM factor of the far-field emission and osp (o5p = £1)
denotes the handedness of EOAM carried by the traveling SPs. Ry, «; is the radius and
pitch angle of the helix, respectively. Equation [3.16] signifies that the helix handedness
defines the helicity of TW-HPA emission. It also implies a scaling relation between the
helix dimension and spectral behavior of the TW-HPA.

3.3/ DESIGN OF TW-HPAS AS SUBWAVELENGTH CIRCULAR PO-
LARIZER

In this section, we will detail the design of TW-HPA for reaching CP at telecommunication
wavelengths. We will start from the design of a single gold helix and end up with the
final TW-HPA, which consists of the configuration of a gold helix and a nano aperture
as a dipolar feed element. In these studies, the dielectric functions of considered ma-
terials excepted from carbon are obtained from the library of Fullwave software (FDTD
method [161]). The carbon material, which will be used later to build a realistic TW-HPA,
is assumed to be amorphous. Its dielectric function is interpolated from the published
experimental data [210].

3.3.1/ DESIGN OF THE HELIX

We start from the prototype TW-HPA shown in Section [3.2.2.2| but with a larger helix
radius (R, = 180 nm) to red-shift the axial ratio peak.

Figure specifies the simulation configuration. As shown, the simulation volume (blue
dash rectangle) is defined regarding the overall helix dimensions (green dash rectangle)
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‘PML PML:

Figure 3.15: Schematic of the FDTD simulation model for studying the effects of the helix
geometries on the AR spectrum.

and the longest wavelength (1,,) involved in the simulations. The upper boundary (+z) of
the simulation volume is 4.3 um far from the open end of the helix (the one not connected
to the straight rod). The other five boundaries (+x, +y and —z) extend 1,,/2 far from the
helix. The simulation volume is surrounded by perfect matching layers (PML) at all six
boundaries to avoid parasitic physical reflections. A fine meshgrid of 5 nm is adopted in
the portion enclosing the helix while a larger meshgrid of 30 nm is applied to the periphery.
A z-orientated electric dipole (ED) is placed right under the end of the straight rod, 14 nm
away from the nanostructures.

The spectral response of the TW-HPA is obtained with a gaussian excitation described by
a single temporal pulse. The wavelength center and total duration (7') are set as 1.5 um
and 0.75 um (cT with ¢ the vacuum light speed), respectively. The time-varying electric
field is calculated at a single cell located on the helix axis, 4.3 um away from the end of
the helix, along (0z). Given Ay < 2.5 um, such a monitor/helix spacing allows to reliably
study the far-field properties of the helix over the full wavelength range of interest. The
spectra of the vector components E, and E, are calculated by Fourier-transforming this
result. From these results, the axial ratio (AR) is deduced as a function of the wavelength.
To simulate the electromagnetic field distributions, the electric dipole emission is set to
work in continuous-wave regime at desired wavelengths.

We tune each helix geometric parameters to see their influences on the AR spectrum.
Those parameters include the helix radius (Ry), the wire radius (R,), vertical pitch (S),
total turn number (V) and helix handedness (see Fig. [3.15). We mainly use two criteria to
evaluate our antennas: 1) maximum AR value, which shows the perfectness of CP and 2)
CP band, where we follow the criterion for low-frequency antennas that an antenna with
AR > 0.5 can be seen as circularly polarized [211]. Our study ends up with an optimum
design, which gives perfect CP far-field at a wavelength of 1y = 1550 nm. All the design
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and optimization processes are carried out with Fullwave (a commercial FDTD software).

3.3.1.1/ EFFECT OF THE HELIX VERTICAL PITCH

We first tune the vertical pitch from 240 nm to 840 nm while keeping other geometries
unchanged: R, = 180 nm, R, = 25, N = 4. The corresponding pitch angle (a;) ranges
from 12.0° to 36.6°. As shown in Fig. the AR spectrum at S = 240 nm contains
strong oscillations from 1.11 yum and 1.32 um, as well as a dull AR peak (AR ~ 0.6) at a
wavelength of 1630 nm. Given the small distance between adjacent helix turns (190 nm),
this may be caused by the SP mode coupling between them. When S increases to 340 nm
(an = 16.7°), the strong oscillations greatly cease while the dull peak becomes prominent
at a wavelength of 1.65 um. Notably, this meaningful AR peak gradually reaches the
highest value as S increases from 340 nm (a, = 16.7°) to 740 nm (a;, = 33.2°), which
however drops slightly as S further enlarges. S = 740 nm (a;, = 33.2°) is optimal, which
gives an AR value as high as 0.99. In the previous TW-HPA case (R, = 50 nm, R,, = 25,
N = 4, see Section [3.2.2.2), where a;, = 32.48° gives the best AR peak, we can see the
optimal pitch angle condition has been respected even when the helix radius has been
enlarged by more than three times.
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Figure 3.16: AR spectra of an TW-HPA with various S values ranging from 240 nm to 840
nm. Other geometric parameters are the same for all helices: R, = 180 nm, R,, = 25 nm,
N = 4.

In addition, we can see a trend in the spectral position of the AR peak: it steadily shifts
to a shorter wavelength as S increases from 340 nm to 740 nm. Considering the fact that
neither the helix circumference (C) nor the length of a single turn (L) decreases in this
process, the blue shift of the AR peak is quite counter-intuitive. However, we find this
could be explained by the scaling relation derived from EOAM-to-SAM transfer, namely
Eq. When § approaches the optimal value from 340 nm, one can expect the spin
factor a on the right side of Eq. [3.16]increase as well. Meanwhile, the increasing S lowers
the cos ), factor on the left side. Thus, to equal the two sides of Eq. the effective
wavelength of the wire mode A.y¢ has to decrease, which leads to a blue shift of the AR
spectra peak. This blue-shift remains when § further increases. We think it could be
because AR and thus emission helicity (&) decreases slower than cos a;, (cf. Eq. [3.16).



66CHAPTER 3. TRAVELING-WAVE HELICAL PLASMONIC ANTENNA: CONCEPT AND DESIGN

3.3.1.2/ EFFECT OF THE WIRE THICKNESS

First, we fix R, (180 nm) and S (740 nm) and tune R,, to see whether the optimal CP
condition holds or not. Figure shows the AR spectra obtained with R,, varying from
25 nm to 65 nm. We can see that the perfect AR peak degrades when R, differs from
25 nm. That means, R, can affect the optimal «;, significantly, which is opposite to low-
frequency helical antennas.
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Figure 3.17: Influence of the helix wire radius (R,,) on the far-field polarization property
of TW-HPA. Solid lines with different colors show the AR spectra of HPAs with various R,,
values ranging from 25 nm to 60 nm. Other geometric parameters are the same for all
helices: R, = 180 nm, S = 740 nm, N = 4. The red dash line shows an axial ratio of 0.5.

Then, we tune S at each R,, value to investigate the optimal CP condition. Interestingly,
we find two optimal S values for thick wires (R,, between 40 nm to 60 nm) while only one
for thin wires (R,,: 25 nm and 35 nm). The AR spectra corresponding to those optimal §
values are shown in Fig. (a) and (b), where we divide them into two groups according
to their similarity.

For thick wires, the two optimal S values give different AR spectra. Take R,, = 60 nm for
example, a S value of 540 nm gives a CP band ( 900 nm, see Fig. (b)) much broader
than a lower S value of 195 nm ( 320 nm, see Fig. (@)). The former case is highly
desired here for realizing a broadband operation. We think that the lower optimal S value
could be related to the interaction of SPs between adjacent helix turns. Such an inter-
action is common in coupled plasmonic systems, which leads to SP mode hybridization
and thus a spectral splitting [212, [213]. Indeed, the AR peaks given by the two optimal S
values are at different positions: one is around 1.68 um while the other is about 1.50 um.
Besides, there exists only one optimal S value for helices with thinner wires, which might
be because the coupling between different turns is lower in these cases.

Another phenomenon we can see from Fig. is that the CP band enlarges as the wire
thickness decreases. This can be explained by the dispersion of SP wire mode in those
wires, as shown in Fig. We calculated those curves by following Novotny [208] and
using the dielectric function of gold built in Fullwave (a commercial FDTD software).

As shown in Fig. [3.19, these dispersion curves show a good linearity when the free
space wavelength is larger than 0.8 um. Significantly, the slope of the dispersion curve
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decreases as R, decreases. Recalling Eq. [3.16] this means that a larger range of free
space wavelengths can approach the CP condition, which causes a broadening CP band.
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Figure 3.18: Axial ratio spectra of HPAs with various wire radii (R,, ranging from 25 nm
to 60 nm) and optimal vertical pitches (S) that enable an AR peak. Note for helices with
different wire radius, the total number of such optimal «; values are different, which is
one when R, ranges from 25 nm to 35 nm and two when R,, ranges from 40 nm to 60 nm.
According to their similar shapes, those AR spectra have been divided in two groups, i.e.
(a) and (b) for a better view. All helices have the same radius(R, = 180 nm) and total turn
number (N = 4). The red dash line shows an axial ratio of 0.5.
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Figure 3.19: Dispersion relations of gold nano-wires with various radii ranging from 25 nm
to 60 nm.

Above, we have discussed the influence of R,, on the polarization properties of the TW-
HPA. An almost perfect AR peak and a broad CP band can be reached with thick gold
wires (R,,:50 ~ 60 nm). This is very encouraging as helices with such wire thicknesses
are experimentally achievable.
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3.3.1.3/ EFFECT OF THE HELIX RADIUS

According to Eg. and the linear dispersion relation of the SP wire mode (see Fig.
[3.19), one can expect that the spectral position of AR peak scales linearly regarding the
circumference or radius of the helix. In order to validate this assumption, we study the AR
spectrum by tuning the helix radius (Rj,) while fixing the other parameters, i.e. «; as the
optimal values obtained before.
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Figure 3.20: (a) and (b) show the AR spectra for two sets of helices, whose wire thickness
is fixed as 60 nm and 25 nm and pitch angle is 14° and 39°, respectively. Here, we only
plot the axial ratio spectra around its peak to have a better view.

We basically try with two representative wire thicknesses, namely 60 nm and 25 nm. R,
is tuned from 100 to 260 nm for R,, = 60 nm, while from 100 to 200 nm for R,, = 25 nm. We
consider a narrower R;, range in the latter case to save simulation time. The results of the
two cases are shown in Fig. (a) and (b), respectively. In both cases, the AR peak
undergoes a spectral red-shift as we increase R, with a fixed increment. Meanwhile, the
AR peak basically maintains a high value that is larger than 0.96. It means that one can
simply tailor the helix radius to shift the AR peak from one to another.

Further, we can see the CP spectral bandwidth enlarges considerably as R; increases.
Interestingly, the spectral shift of its upper boundary roughly keeps a fixed ratio to that of
the lower boundary, which takes an average value of 1.82 and 3.95 in Fig. (a) and
(b), respectively. Similar phenomenon can be found in low-frequency helical antennas,
where the CP band reads 3C/4 < A < 4C/3 (C: helix circumference). If one tunes the helix
radius, the spectral shift of the upper and lower CP boundaries remains at a fixed ratio of
1.78.

3.3.1.4/ EFFECT OF THE NUMBER OF TURN

Figure shows the AR spectra of helices with the turn number N ranging from 1 to
4. The peak of AR spectrum reaches a high value of 0.99 as N increases from 1 to 4,
which coincides with the case in low-frequency helical antennas. For the latter, N needs
to be no less than 3 to ensure a high axial ratio. Recalling Fig. [3.6] we can see that the
helix current distribution does not take a typical traveling-wave form at the first and last
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Figure 3.21: Axial ratio spectra of HPAs with various N values ranging from 1 to 4. Other
geometric parameters remain identical for all helices: R, = 180 nm, R,, = 60 nm, § = 540
nm. The red dash line shows an axial ratio of 0.5, above which an antenna can be thought
as circularly polarized antenna.

turn. This means that only with a large N value, say 4, we are able to reach a traveling-
wave antenna. A single TW-HPA thus needs a sufficient turn number (N > 4) to generate
circularly polarized light.

3.3.1.5/ EFFECT OF THE HELIX HANDEDNESS
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Figure 3.22: (a) Axial ratio spectra (on-axis calculations) of left and right-handed helices
(b) Corresponding amplitude ratio (ln(lEyl /|Ex|)) and phase difference (p(E.)—¢(E,)) spec-
tra of the two transverse electric components of the far-field emission. The helices have
geometric parameters: R, = 180 nm, R,, = 60 nm, S = 540 nm, N = 4.

Figure a) shows the AR spectra of two identical TW-HPAs except the handedness,
which are opposite. The two spectra perfectly overlap. We can see from Fig. (b) that
the helicities of their emissions are opposite. They undergo the handedness of the helix.
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This means that the antenna gives angular momentum to light through the SP swirling
effect.

3.3.1.6/ CONCLUSIONS

Figure shows the final design of a single TW-HPA for operation at 1550 nm. The
turn number N is fixed to 4 and the helix wire radius R,, is set as 60 nm considering the
capability of existing fabrication techniques. An axial ratio peak with a value as high as
0.98 has been reached at 2 = 1550 nm. The CP wavelength band (AR > 0.5) ranges from
963 nm to 1769 nm, roughly one octave.
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Figure 3.23: Aspect ratio spectra of a helix optimized for working at optical telecommu-
nication wavelengths. The helix dimensions are: R, = 160 nm, R,, = 60 nm, § = 495 nm,
N =4.

3.3.2/ NEAR-FIELD FEED ELEMENT

Previously, we have studied the helix coupled to a dipolar point-like source. Practically,
this point-like source will be replaced by a dipolar aperture nanoantenna, which offers
a background-free excitation of the plasmonic helix. We here explore different potential
feed elements for the TW-HPA. We basically try three types of feed elements: the bowtie
nanoaperture (BNA) [175, 180, 214, 215], the circular nanoaperture (CNA) [49, 50, [174],
216] and the rectangular nanoaperture (RNA) [47, 217,216l 218]. Tuned on resonance,
all of them can produce more or less intense electric fields as shown in Figs. [3.24] (a-c).
We have shown that the plasmonic helix can be non-radiatively fed with a dipolar emitter
put in close proximity (cf. Fig. [3.11). Likewise, we put these nanoapertures beside the
TW-HPA pedestal for antenna feeding.

Due to the presence of the nanoapertures, the polarization property of the plasmonic
helix can be detuned. These nanoapertures can also dramatically modify the intrinsic
properties of the chiral structure, in terms of polarization and emission properties. We will
see that with proper design, circularly polarized emission can be obtained in a final real-
istic TW-HPA. Moreover, as for its low-frequency counterpart, the presence of a ground
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plane will dramatically enhance the emission directionality. Well-defined axial lobe can be
realized thanks to the ground plane.
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Figure 3.24: Schematics of (a) circular nano aperture (b) bowtie nano aperture and (c)
rectangular nano aperture. The red arrows show the linear polarization of the excitation
light (E;..), which leads to enhanced electric fields in the regions marked by the red halos.

Given the axial-symmetrical radial polarization state of the plasmon wire mode (Fig.
(b)). We focus on compact apertures that develop a electric dipole moment upon illumi-
nation. The goal is to set the aperture in contact to the helix pedestal so that its dipole
moment is parallel to the local electric field of the wire mode sustained by the nano-rod.
We choose between three types of apertures: the bowtie nano aperture (BNA), the cir-
cular nano aperture (CNA) and the rectangular nano aperture (RNA) (Fig. [3.24). The
circular aperture has modest field enhancement upon illumination, which has been re-
jected first. The BNA and RNA overcome cutoff problems of the CNA and thus lead to
higher intensity enhancement. We finally retained the RNA which is easier to fabricate
than the BNA. Moreover, the RNA is more adapted to be coupled to the helix, whose
pedestal diameter is larger than 150 nm. Such a dimension is 3-fold larger than the typ-
ical gap size of the BNA. Therefore, mounting the helix pedestal in contact to the gap of
the BNA is impossible due to the size compatibility. We avoid such problem with the RNA.

The initial TW-HPA geometry used to build the hybrid antenna (feed and helix) is defined
with: R, = 160 nm, R, = 60 nm, S = 533 nm, N = 4, L,,; = 200 nm (L, is the length of
the straight rod connected at the end of the helix). As shown before, it has an AR peak
around 1.55 um (see Fig. [3.23). The design process starts with tailoring the geometric
parameters of the nanoaperture antennas to obtain resonances at the helix operation
wavelength. Then, we combine the two components and optimize TW-HPA design to
reach circularly polarized radiation.

All design processes are conducted with the FDTD method by using “Fullwave", a com-
mercial software, which are schematically shown in Fig. [3.25] The simulation volume
has been adapted with respect to the overall hybrid TW-HPA structure volume (indicated
by orange squares) that includes the plasmonic helix and the aperture. The simulation
boundaries along +x and +y axis have a fixed distance of 2 um from the outermost rims of
the overall antenna structure; the —z boundary extends in glass and 2 um below the lower
surface of the aperture. The +z boundary extends in air, which is 4.5 yum away from the
helix end. A 5-nm meshgrid has been adopted within and closely around the antennas
while a coarser meshgrid of 0.03 um is applied in the periphery. The optical source is a
Gaussian beam whose waist size is fixed to 1.5 um (i.e., almost one wavelength). The
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Figure 3.25: Schematics showing the FDTD model built for studying the optical properties
of a helix with a feed element. PML:perfect match layer, A: largest wavelength involved in
the simulation.

beam waist is placed 350 nm far from the lower boundary of the aperture in the substrate.
For spectral studies, the structure is excited in pulse regime, with the central wavelength
and pulse duration set as 1.55 um and 0.775 um, respectively. To study the electromag-
netic field distributions of the TW-HPA, the optical source works in the continuous-wave
regime at a specific wavelength.

3.3.2.1/ HELIX FED WITH A RECTANGULAR NANOAPERTURE
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Figure 3.26: Design of the rectangular nano aperture (RNA) for working at optical
telecommunication wavelength (1o = 1.55 um). (a) Schematic of the RNA. (b) Normal-
ized intensity spectra of RNAs with various side lengths (L) and widths (W). The gold
layer in which the RNA resides has a fixed thickness of 100 nm. (d) Electric field intensity
distribution of the RNA in the (x0y) plane.

RNA milled in a thin metal layer operates as a linear electric dipole source [217]. Akin to
BNA, the fundamental mode of RNA is also confined at the aperture center. llluminated
by light with a linear polarization perpendicular to the long side, the RNA fundamental
mode can be excited on resonance. The resonance behavior of RNA is determined by its
side lengths and the thickness of the metal layer, which has been well-studied in literature
([217]).
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Figure[3.26](a) shows a schematic diagram of a RNA. In the following, it will be considered
to be perforated in a 100-nm-thick gold layer coating a glass substrate. Its resonance
properties are thus determined by the length (L) and width (W) of the aperture. We tune
the two geometrical parameters to reach a resonance peak around 1.55 um. Figure [3.26|
(b) shows the intensity spectra of the RNA with various L and W values, these spectra
are calculated at a single grid cell positioned 10 nm above the top of the RNA, at its
center. If we fix W as 40 nm and increase L from 350 nm to 370, the peak strength is
enhanced accompanying with a redshift of its spectral position. As we fix L at 370 nm
and increase W from 40 nm to 60 nm, we lower the resonance peak. The peak spectral
position undergoes a blue shift first (W from 40 nm to 50 nm) and then a red shift (W from
50 nm to 60 nm).

Figure [3.26| (b) shows a resonance peak (enhance factor ~ 190) at the wavelength 1556
nm, when L and W take the values 370 nm and 40 nm, respectively. Fig. (c) shows
the electric field distribution of such a RNA at the resonance wavelength. The mode is
mainly confined within the RNA gap with some residual fields extending slightly outside,
along x axis. Fig. (d~f) show the intensity of the E,, E, and E, components, respec-
tively. The E, component, which is well-confined at the gap zone, is the main contributor
of the RNA mode. The secondary E, component contributes to the residual field out of the
RNA. The E, component is negligible as compared to the other two electric components.
Such a near-field polarization structure is that of an electric dipole oriented along (0Ox).
Near-field coupling between the aperture and the helix thus occurs when the long side
of the aperture is set in contact to the helix pedestal. In that case, the dipole moment of
the aperture mode is aligned in the radial direction of the pedestal, ensuring field overlap
between the two coupled modes of the two structures.

We consider a realistic helix configuration in our simulations (see Fig. (a)). We
assume a 105-nm-wide carbon core and a 25-nm-thick gold cover, which is within our
fabrication capability (see Section[4.2.2). Such a gold wire sustains a cutoff-free axially
symmetric traveling SP, known as the T M, mode, whose electric field is radially distributed
all around the wire [208] (Fig. (b)). Itis locally fed with the dipolar mode of the RNA.
An incident wave projected on the back of the aperture is transmitted as a sub-diffraction
guided SP, which is non-radiatively converted into the swirling plasmon wire mode of the
helix (see Fig. [3.28). The contact between the aperture and the helix’s pedestal ensures
a good near-field coupling between the two plasmonic structures. We also decrease the
length of the helix pedestal to 100 nm to reduce the energy dissipation of the mode on the
pedestal.

For operation at 1=1.5 um, the helix geometry is defined by: R, = 175 nm, S = 415 nm,
N = 4. Fig. (c) shows the degree of circular polarization (DOCP, see Section[1.1.2)
and AR spectra of such a TW-HPA. TW-HPA emits light with AR and DOCP peaking at
0.97 and 0.999, respectively, at a wavelength of 1493 nm (Fig. ().

To identify the traveling-wave nature of the antenna, we calculate the distribution of cur-
rent amplitude within the helix. To this end, we integrate the simulated optical current
density across the gold-coated helical wire, at each curvilinear coordinate along the wire.
The final result is shown in Fig. (d). The so-depicted mode closely resembles a
traveling wave (cf. Fig. [3.6), as no clearly marked current nodes are evidenced. Figure
[3.28| shows the time-evolution of the traveling SP within the helix. The SP in the helix is
generated by the rectangular nano-aperture. It swirls over the first turn and leaks as free
space propagating waves along z, which explains the remarkable current amplitude decay
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Figure 3.27: Helical plasmonic antenna as circularly polarized subwavelength source: (a)
Schematics of the final TW-HPA and operation principle. End-fire excitation is represented
with a white spike. Under curved trajectory along the helix, SPs acquire EOAM and are
simultaneously released as freely propagating waves (white arrow). Part of the mode
leakage re-excites the plasmon wire mode, thus participating in the plasmon swirling
effect. (b) dispersion relations of the m = 0 and m = 1 modes of a gold-coated carbon wire
(105-nm diameter carbon wire, 25-nm thick gold coating). Energy is plotted versus 7cg’
and 7iicB”. At 2=1.5 um, only the m = 0 mode is guided. Figure inset: intensity plot of the
m = 0 mode at 1=1.5 pym. (c) Spectra of the AR and DOCP of the TW-HPA emission. (d)
Amplitude of the electric current distribution along the gold-coated carbon wire for 1=1.5
um.

within the first turn (cf. Fig. (d)). Part of these released free-space waves re-excite
the SP in real time due to operation near cut-off, which optimizes the interplay between
the guided mode and free space propagating photons. As a consequence, the current
maintains almost uniform along the rest turns of the helix (cf. Fig. (d)). This en-
sures a well-defined SP swirling effect which contributes to the high DOCP of the far-field
emissions.

Figure shows the emission diagram of the TW-HPA in its two principle planes (x0z
and y0z). It reveals a directional emission along the helix axis (0z), thus confirming the
axial operation mode of our TW-HPA.
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Figure 3.28: Traveling SP mode in a TW-HPA (see more information in Section 3.3.2.1).
The pseudo-color field maps show the simulation snapshots of the instantaneous electric
field distribution at wt = i% (i =0, 1,2...7) and on two planes that cross the helix axis. The
x0z and y0z plane field maps are shown on the upper and lower sides, respectively. These
field maps are normalized with the same maximum amplitude value. The white dash line
and red arrow indicate the axial advance of SP modes. The white thin solid lines show
the gold layer and the nanoaperture on the substrate.
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Figure 3.29: TW-HPA emission diagram. The TW-HPA shows a directional emission per-
pendicularly to the (xOy) ground plane of the antenna, thus confirming its axial operation
mode.

3.4/ CONCLUSIONS

In this chapter, we first give a brief introduction to optical antennas, we then introduce
the concept of optical helical antenna. We discuss the normal and axial modes of low-
frequency helical antennas and show that they rely on different mechanisms to produce
CP radiations. Then, by reviewing preceding works focused on metamaterial research,
we evidence that, so far, plasmonic helices work in the normal mode, which involves
plasmon resonances. Then, we introduce the concept of non-resonant traveling-wave
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helical plasmonic antenna. This antenna features a near-field excitation configuration and
takes advantage of swirling SPs to radiate CP light. We specify the underlying EOAM-to-
SAM transfer process. Finally, we address the TW-HPA design. We evidence the effect
of the geometrical parameters of the plasmonic helix onto its ability to radiate CP light.
We discuss our choice of a feed element and optimize the plasmonic nanoantennas to
operate at 1.5 um. We end up with a final hybrid antenna by coupling the helix and the
feed antenna, thus obtain a realistic design for fabrication.
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TRAVELING-WAVE HELICAL
PLASMONIC ANTENNA: FABRICATION
AND EXPERIMENTAL DEMONSTRATION

In the last chapter, we numerically investigate a single traveling-wave helical plasmonic
antenna (TW-HPA) that radiates circularly polarized (CP) beam at optical wavelengths.
The 4-turn helix structure has a typical core radius and vertical pitch of 175 nm and 415
nm, respectively. The fabrication of such a 3D architecture is challenging. We finally
succeed by combining existing fabrication techniques. We have experimentally observed
a circular polarization property with the fabricated TW-HPAs. In this chapter, we will detail
the fabrication process and experimental demonstration of single TW-HPAs. Besides, we
will also provide experimental evidences for the working mechanism of the TW-HPA.

4.1/ OVERVIEW OF THE FABRICATION TECHNIQUES

A wide variety of techniques have been proposed and demonstrated for realizing helical
structures at small scale [44) (219, 1220, 221, 222]. Limited to plasmonic helices, the most
popular fabrication methods include [44]: 1) Direct laser writing (DLW) [44] 45, [196], 2)
Focused ion or electron beam induced deposition (FIBID/FEBID) [199), 1223, 224] and 3)
Glancing angle deposition (GLAD) [204, 205/ (206, 207]. In this section, we will show the
capabilities and drawbacks of those methods, which helps us establish our own way to
fabricate the TW-HPA.

Direct laser writing (DLW) utilizes tightly-focused laser spot to locally induce chemical re-
actions in photosensitive polymers. By scanning the laser spot, it enables the fabrication
of arbitrary three-dimensional architectures in photopolymer [225]. Figure [4.1] (a) shows
the DLW-based fabrication process of a gold helix array. As a first step, positive-tone
photoresist is deposited on an ITO-covered substrate. Next, DLW together with chemi-
cal development is used to create helix-shape voids in the photoresist layer, which are
then filled by gold material by electro-plating (see Fig. (b)). After removal of the
polymer by plasma etching, one can realize a monofilar gold helical array (Fig. [4.1] (c)).
This method can be further extended for the fabrication of more complex triply-intertwined
helices [196], by utilizing stimulated-emission depletion and negative-tone photoresist to
improve the pattern resolution [225]. Figures [4.1](e) and (f) show the molds and final he-
lices fabricated by the DLW-based method. Those helices are well-defined with smooth

77
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Figure 4.1: DLW for the fabrication of gold helix arrays. (a) Schematic for the original DLW
process where a positive-tone photoresist is used to form the mould with helical voids.
(b) Cross-sectional SEM image of the polymer mould filled by electro-plated gold. (c)
Side-view SEM image of the resulting monofilar gold helix array after mould removal. (d)
Schematics of the modified DLW process where a negative-tone photoresist is patterned
by stimulated-emission-depletion-DLW to form the mould. (b) SEM image of the written
polymer mould after chemical development and (c) Side-view SEM image of the final
triply-intertwined gold helix array. (a)~(c) and (d)~(f) are snapped from the Refs. and

[196], respectively.

surfaces. Besides, electro-plating of pure gold also ensures a good plasmonic property
of the structure.

In general, DLW offers a versatile tool for the fabrication of gold helices. However, limited
by both the focal size and the photoresist chemistry [196], the resulting helices
normally have a radius above 1 um. The working wavelength band of those helices is
thus limited to mid-infrared or longer wavelengths [226]. Therefore, this method is not
suitable for fabricating our smaller TW-HPA, which operates at near infrared wavelengths.

Focused ion beam or electron beam induced depositions (FIBID or FEBID, respectively)
enables bottom-up fabrication of structures with nanometer accuracy [227, 228|,
230]. Recently, these techniques have been employed for the fabrication of nano-helices
for optics [203, 223]. The working principles of both methods are quite similar and
here we take FIBID for example. The fabrication is normally conducted in a high vac-
uum environment. Gaseous precursors containing desired chemical elements are applied
through a needle-like gas injection system. Using a focused ion beam, these precursors
decompose with the nonvolatile products deposited locally. By sweeping the ion focal
spot properly, successive nucleations are induced, which finally develops into a helical
wire shape. Together with tomographic rotation, this method also enables the fabrication
of triply-intertwined helices 203].

Figures (b-d) show SEM images of helices fabricated with FIBID and FEBID tech-
niques. Those images show great flexibility (of both methods) in tuning the helix ge-
ometry accurately. Moreover, helices of sub-micrometer radius can be reached, which is
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Figure 4.2: FIBID/FEBID fabrication of nano-helix structures: (a) Schematic depicting
the FIBID fabrication process. (b) and (c) : SEM images of the platinum helices
fabricated by FIBID and FEBID, respectively. The helix geometry shown in (b) is: R, =
200nm, R, = 65 nm, S = 300 nm and in (c) are R, = 100nm, R,, = 30 nm, § = 350
nm, respectively. (d) Triply inter-winded Pt helix array fabricated by tomographic rotatory
FIBID growth. Dimensions of a single helix are: R, = 187.5nm, R,, = 55 nm, S = 705 nm.

[203]

mandatory to operate at near infrared and visible frequencies [203, [224]. In addition,
FIBID and FEBID enable the fabrication of helices with total turn number larger than 4.
As previously discussed, this is highly desirable for obtaining a good circular polarization
performance of the TW-HPA.

It is noted that, FIBID and FEBID also have some critical downsides concerning material
qualities. For example, structures fabricated by FIBID suffer from Ga+ implantation and
atomic mixing during deposition [231]. The ion implementation problem can be solved
by using FEBID. In order to deposit gold, carbon-based precursors like AuMe;(tfac) are
normally used during FEBID. However, carbon element in those precursors will cause a
substantial carbon content in deposited structures, which severely degrades the optical
properties of gold [231]. Though a few tentative approaches have been proposed to purify
the deposit material 1232], we can not expect a pure gold helix deposition with FIBID
or FEBID at this stage.

GLAD is another bottom-up tool for fabricating nano-sculptured films with various ele-
ments such as arrays of slanted columns, zig-zags and helices, etc. 220]. Histor-
ically, GLAD has been mainly used for the deposition of dielectric materials. Plasmonic
materials, which are normally noble metals, are not suitable for GLAD patterning due
to their high surface mobility [205| [233]. Recently, a few groups have made it possible
by adapting the conventional GLAD method, producing plasmonic helical metamaterials

working at visible wavelengths 207].
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Figure 4.3: GLAD fabrication of nano-helix structures [205]. (a-c): Schematics of the
GLAD fabrication process with (a) seeded substrate with grain sites prepared by nano-
lithography, (b) structure growth under grazing-incidence particle flux and (c) resulting
nano-helix arrays. (d-f): SEM images of the GLAD-fabricated nano-helices with (d) a
nano-helix array attached on the substrate (e) and (f) a single left- and right-handed helix
picked out from the nano-helix array, respectively.

Figures (a~c) show a modified GLAD method that enables the fabrication of sparse
nano-helix arrays [205]. A seeded substrate is used to enable the growth of structures
on the predefined nucleation sites. During the deposition process, the substrate is tilted
at a glancing angle with respect to the incoming atom vapor flux to initiate a slant island
growth (see Fig. (b)). Due to extreme atomic shadowing and limited adatom diffusion,
the island growth will be confined at the pre-defined nucleation sites [219]. Further, by
rotating the substrate at a proper speed, each slanted island will evolve into a helical
shape as shown in Figure 4.3 (c).

GLAD can massively produce ultra-small helices, as shown in Figs. [4.3] (d-f). The helix
diameter and wire thickness is merely around 50 nm and 20 nm, respectively. In addition,
GLAD also has advantages in high material purity [205] 206, 207]. However, compared
to the aforementioned two methods, GLAD is less flexible in tailoring helix geometrical
parameters.

4.2/ FABRICATION OF THE TW-HPA

4.2.1/ GLAD-BASED FABRICATION

The principle of GLAD has been introduced in the last section. We adopt this method as
a first attempt to fabricate helical structures. Figures (a) and (b) show the scheme
and picture of our home-made GLAD machine. The machine contains a 40-L vacuum
chamber, a 51-mm wide circular target and a substrate holder that can be tilted and
rotated at will around the target. A turbo-molecular pump backed by a primary pump
ensures a high vacuum background close to 107 Pa. During the fabrication, argon is
injected at a steady flow rate (2.3 cm3/min) to keep the pressure constant at 3.0x 10~! Pa.
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Figure 4.4: Glancing angle deposition (GLAD) equipment used in my thesis: (a)
Schematic diagram and (b) a photo of the running machine. Inset of (b) shows the glowing
plasma in the fabrication chamber.

Figure 4.5: SEM images of the nano-helix structure fabricated by GLAD: (a) cross-section
and (b) top view.

By applying a voltage between the substrate and target, argon plasma is ignited, which
sputters materials out of the target. To form the helix structures, the substrate is tilted at a
angle of 80° and rotated at a steady angular speed (¢ = a few rev/h). No external heating
is applied during the growth stage and the deposition is performed at room temperature.
The total thickness of the film is monitored with a crystal oscillator. The GLAD deposition
is conducted at FEMTO-ST Institute by Prof. Nicolas Martin.

Figures 4.5 (a) and (b) show the SEM images of TiCu nano-helices fabricated by GLAD.
As shown in Figures [4.5] (a), the total helix turn number is around 2. The helix radius
and vertical pitch are around 250 nm and 500 nm, respectively. The helix wire thickness
is inhomogeneous, which increases from ~ 100 nm to ~ 200 nm from the bottom to the
top. As shown here, those helix geometrical parameters differ from that of our designed
TW-HPA. Besides, as shown in Figs. [4.5](a) and (b), these helices are so densely packed
that it would be a challenging task to pick a single one out for our usage. We thus turn to
another approach.
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4.2.2/ FIBID-BASED FABRICATION

As discussed in section [4.1] FIBID and FEBID technologies show great advantages in
precisely defining helix geometries. Here, we take advantage of FIB and FEM technolo-
gies, including deposition, milling and imaging to fabricate and characterize our helical
antennas.

Figure 4.6: Photograph of the SEM/FIB dual-beam system (Helios Nanolab 600i, FEI)
available at FEMTO-ST Institute. It is the workhorse for both structuring and characteriz-
ing HPAs.

Figure shows the Helios Nanolab 600i SEM/FIB dual beam system available at
FEMTO-ST Institute. This system consists of an electron column and an ion column
that have an angle of 52° from each other. The FIB column is capable of milling, deposit-
ing and coarse imaging while the FEM column offers finer imaging quality. The sample
stage is aligned with respect to the two columns. It can move to let the sample orthogonal
to one or the other column to maximize the imaging or fabrication precision, respectively.
At the same time, high-precision 5-axis motorized stage endows this system with a high
flexibility in fabrication. The gas injection systems can supply various precursors, en-
abling the deposition of carbon, platinum, silicon oxide, etc. In addition, the tomography
function of this machine allows us to build 3D maps for our helices, which is very helpful
for analyzing in details the fabrication process and performances and for understanding
their optical properties of the resulting structures.

Based on FIBID and GLAD technologies, we develop a nano-fabrication process for real-
izing our TW-HPA. It contains three steps as shown in Fig. As a first step, FIBID is
used to fabricate the carbon helices. We can accurately define helix geometries including
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Figure 4.7: Schematic diagrams of the fabrication process we develop for realizing the
TW-HPA structures. (a) Fabrication of the carbon helices on a gold coated glass substrate
by FIBID. The FIB is used to induce the carbon wire deposition and the SEM is used to
monitor the deposition process. (b) Metalization of carbon helices with gold by GLAD
involving plasma sputtering approach. Direct current is applied between the substrate
and gold target to generate argon plasma. (c) Fabrication of the rectangular aperture by
FIB milling. The small angle is kept between ion flux and the helix to avoid side-cutting
effect.
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handedness, helix radius, vertical pitch, total turn number and wire diameter. We are also
able to assemble a few helices in a group, for obtaining various optical functionalities.
Then, in order to metalize the carbon helix, we adopt plasma sputtering to deposit a thin
gold layer on its surface. Remarkably, material purity as high as 99.9% can be reached by
this method. Such a high gold purity ensures a good plasmonic property, which is critical
to our antennas. Considering the complex 3D shape of the helix, the GLAD technique
described before (see Section [4.2.1) has been adopted to limit the shadowing effect and
to homogenize the gold cover onto the helix surface. Finally, FIB is used again to mill the
aperture feed element in contact to the helix pedestal. To avoid side-cutting of the fabri-
cated helix structure during milling the aperture, the substrate has been adapted with a
small angle (~ 10°) regarding the focused ion beam.

Generally speaking, our fabrication method combines the merits of FIBID and GLAD
together. The according technical details and fabrication results will be shown in the
following subsections.

4.2.2.1/ CARBON HELIX

The carbon helix deposition is conducted with the Helios Nanolab 600i dual beam sys-
tem in a high vacuum background about 10~> mbar. Gaseous carbon-based precursor
(Naphthalene) is supplied by the gas injection system with a constant temperature of 35
°C applied to the precursor reservoir. The Ga* ion energy and beam current is set at 16
KeV and 1 pA, respectively. During fabrication, the FIB focal spot scans in steps around a
circle to define the helix profile. The according step size and dwell time are controlled si-
multaneously to ensure a continuous carbon deposition to form the helix wire. A detailed
discussion on the two parameters can be found in the literature [203]. In our fabrica-
tion, the step size is fixed at 10 nm while the dwell time needs to be adjusted to avoid
inhomogeneous vertical pitch. This challenging fabrication is carried out by Dr. Roland
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Salut.

Figure [4.8] (a) shows a 4-turn carbon helix fabricated by FIBID without vertical pitch cor-
rection. This helix has excellent surface quality and homogeneous radius, which is ~ 175
nm for all turns. However, its vertical pitch decreases notably from bottom to top, as indi-
cated by the white arrow. For example, the vertical pitches of the second and forth turn
is 428 nm and 278 nm, respectively. Such a pitch variation results from the concentration
gradient and decomposition rate of the precursor, which decrease from the substrate to
air [200, 203]. For compensation, we continuously increase the dwell time by about 30%
from the first turn to the last turn during fabrication. Fig. (b) shows an helix fabricated
with pitch correction. We can see that the pitch variation is reduced below 36 nm.

Figure 4.8: SEM images of various 4-turn carbon helices fabricated by FIBID: (a) without
pitch correction (b-d) with pitch correction. Scale bars: 200 nm.

Figures [4.8] (c) and (d) show two other corrected helices, which feature an enlarged ver-
tical pitch (~ 845 nm) and a shrinked core radius (~ 155 nm), respectively. As to the
wire diameter, we can see from Figs. (a-d) that it falls in the ranges from 105 nm to
154 nm. The carbon wire shown in [4.8] (d) has an elliptical cross-section, whose major
and minor axes are of 102 nm and 150 nm, respectively. Such a wire shape may cause
spectral shifts of the TW-HPA, which however, can be compensated by tailoring the helix
radius. Therefore, we save our effort for further optimizing the wire cross-section. Figure
[4.9)shows the carbon helices with the turn number ranging from 1 to 4. Remarkably, they
share high uniformity in all other parameters, allowing us to study the effect of helix turns
on TW-HPA performances.

Figures[4.8/and[4.9|show a high flexibility of the FIBID technique for tailoring helix geome-
try. Besides, FIBID also enables to manipulate at will the handedness and arrangement of
multiple helices. As shown in Fig. [4.70|(a), left and right helices are placed at a center-to-
center distance of 5 um. Figure [4.10[b) shows a more closely-packed four-helix structure
where the center-to-center distance between the two helices of the same handedness is
approximately 800 nm.

Therefore, FIBID satisfies well our demand for accurately defining the helix geometry.
4.2.2.2/ METAL COATING

We metalize the carbon helix by depositing a thin gold layer on its surface with our GLAD
machine (see Fig. [4.4). The fabrication is conducted under a high background vacuum
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Figure 4.9: SEM images of carbon helices with total turn number varying from 1 to 4.
Scale bars: 200 nm.

Figure 4.10: SEM images of grouped carbon helices with opposite handedness. (a)
Paired left and right helices. (b) Closely-packed four-helix system where helices with the
same handedness are placed at the diagonal positions of a subwavelength square. Scale
bars: 200 nm.

(~ 107% Pa). During the fabrication process, gold target (51 mm in diameter and 99.9%
in purity) is sputtered by argon plasma under constant direct current (20 mA) and argon
pressure (3.0 x 107! Pa). No external heating is applied during the growth stage and de-
position is performed at room temperature. To optimize the gold coverage on the carbon
helix, the sample is tilted by an angle of @ ~ 80° with respect to the sputtered particle flux
and rotated at a steady angular speed ¢ = 10 rev/h. The total deposition time is adjusted
to obtain an overall coating thickness around 25 nm.

Figure [4.11] (a) shows the SEM images of a single helix after gold coating. We can see
a high surface smoothness of the gold layer. The roughness of the gold layer on the
helix is even smaller than that on the plane substrate. It is estimated to be approximately
1 nm. We further characterize the coating uniformity all around the carbon wire. To
this end, platinum is first deposited about the HPA to form an HPA-embedded platinum
block. We then slice such a structure in series with FIB milling to obtain the cross-section
micrograph and to construct the 3D tomography of the HPA. Figure (b) shows a
cross-sectional SEM image of the gold-coated carbon helix. The gold coating thickness
is inhomogeneous around the carbon wire, which is around 25 nm and almost zero on
the upper and lower part of the carbon wire, respectively. Such an inhomogeneity can
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Figure 4.11: Metal coating results of a carbon helix with R, ~ 155 nm, § ~ 350 nm. (a)
Bird-view SEM image of the gold-coated carbon helix. (b) Cross-section SEM image of
the helix, embedded in a FIBID-deposited platinum (Pt) block. The bright gray areas
show the gold coating (Au) and the dark gray areas show the carbon core (C). (c) 3D
tomographic image of the gold-coated carbon helix, which is reconstructed from a series
of sliced SEM images of the HPA. The gold and carbon materials are represented in
yellow and black, respectively. Scale bars: 200 nm. The green and red arrows in (c) show
two representative regions with a thick and thin gold coating, respectively.

also be seen from the 3D tomographic view of the structure in Fig. [4.11] (c). Since the
gold coating thickness around the carbon wire is less than the skin depth of gold, surface
plasmons can interact with the carbon core. This may cause a spectral red shift of the
TW-HPA response, which will be shown later.

4.2.2.3/ FEED ELEMENTS

The aperture feed element of the TW-HPA is milled by FIB. Thanks to the simple shape of
the RNA, the side-cutting effect can be completely eliminated by adopting a small milling
angle of 10°. Figure [4.12(a) shows the side-view SEM image of the fabricated helix-
RNA structure. The helix wire keeps intact after RNA milling even when they contact.
Figure [4.72(b) shows the top view of a single RNA. The lengths of its long and short side
are around 366.5 nm and 39.7 nm, matching well the design values 370 nm and 40 nm,
respectively. FIB milling allows to freely combine the helix and RNA in various ways, as

shown in Figure [4.12] (c~e).

Figure summarizes the fabrication process divided into three steps. It shows the
antenna after each fabrication step, namely, (a) carbon helix growth on a thin gold film,
(b) metal coating and (c) aperture nanoantenna milling. The fabricated TW-HPA have
well-defined geometry, as well as high surface qualities.
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Figure 4.12: Fabrication results of the helix-RNA nano-structure. (a) SEM images of a
resulting structure. (b) Top view of a single RNA and (c~e) its combination with a gold-
coated helix in different configurations. Here, the aperture is milled outside the winding
area of the helix.

Figure 4.13: Fabrication of the TW-HPA: three steps. Scanning electron micrographs of
the subwavelength structure after (a) fabrication of the carbon helix skeleton by FIBID, (b)
metal deposition onto the helix skeleton, and (c) fabrication of rectangular nano-aperture
antenna by FIB milling.

4.3/ EXPERIMENTAL DEMONSTRATION OF TW-HPA

4.3.1/ EXPERIMENTAL SET-UP

Figures (a) and (b) show a schematic and a photograph of our experimental bench,
respectively. It is mounted onto a Nikon TE2000 inverted microscope. As shown in Fig.
(a), infrared light emitted from a tunable laser (Yanista Tunics-T100S: 1470 ~ 1650
nm) passes through a polarization maintaining fiber (P3-1500PM-FC-2, Thorlabs). The
fiber output beam is then collimated by a reflective collimator (RCO8APC-PO01, Thorlabs).
In order to control the polarization state of the input light, a linear polarizer (LPNIR100-



88CHAPTER 4. TRAVELING-WAVE HELICAL PLASMONIC ANTENNA: FABRICATION AND EXPERIMENT/

(a)

Camera

Helicity meas.

AR meas. |

A =1.47 ~1.65 UM

Figure 4.14: Experimental setup for measuring the polarization property of the antenna
emission: (a) Schematic diagram and (b) photograph of the experimental bench. LP:
linear polarizer, QWP: quarter wave plate, HWP: half wave plate, OBJ: objective, BS:
beam splitter. The fiber used here is a polarization maintaining fiber, which transmits
infrared light produced by a tunable laser (1470 ~ 1650 nm). The magenta dash rectangle
in the illumination bench indicates the polarizer system, which contains a LP and a HWP.
The green dash rectangles in the detection bench indicate the analyzer system, which
can be switched between i) a rotating LP for acquiring the polarization diagram, and ii)
a rotating QWP followed by a linear polarizer for analyzing the helicity of light. Both the
polarizer and analyzer systems are driven by a motorized stages. The sample holder is
mounted on a 3D piezoelectric translation stage, which enables the precise focusing of
the excitation light onto the antenna.

MP2, Thorlabs) and a half wave plate (AHWPO5M-1600, Thorlabs) are inserted in the
illumination path. The linear polarizer is fixed while the HWP can be rotated at will with
a brushed motor (PRM1Z8, Thorlabs). The ensemble produces linear polarization at de-
sired orientation in the (x0y) plane. Refracted by a beam splitter, the collimated laser
beam is focused onto the backside of the sample with an objective (25x/0.4) to excite the
TW-HPA. To ensure a fine superposition of the laser spot to the antenna feed element, a
XYZ piezoelectric transition stage (Mad city lab, Model S02080) is employed. In the col-
lection bench, a high numerical aperture infrared objective (Olympus LCPlanN, 50x/0.65)
collects the emission from our antennas. The collected light is then coupled by a field
lens (f = 50 mm) to the infrared camera (Gold eye G-033,SWIR TEC1, Allied vision) for
image acquisition.

The polarization state of the antenna emission is measured by inserting an analyzer sys-
tem in front of the camera, either for measuring polarization diagrams or for ellipticity
and helicity analysis, respectively. The former is realized with a rotating linear analyzer
(LPNIR100-MP, Thorlabs), while the latter is accomplished with a rotating quarter wave
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plate (AQWP05M-1600, Thorlabs) and a fixed linear polarizer (LPNIR100-MP, Thorlabs).
By recording the transmission intensity with respect to the orientation of those mobile el-
ements, we extract all information of the polarization ellipse including its ellipticity (AR),
orientation and handedness of the polarization. Degree of circular polarization (DOCP),
which is also widely used for evaluating CP systems [46], can be derived from the mea-
sured AR value from:

pocp = AR (4.1)
1+ AR?

which has been described in the first chapter (Egs. and(1.49).

4.3.2/ OPTICAL RESPONSE OF THE FEED ELEMENT

We first characterize the polarization response of the feed element, i.e. a single RNA.
Such an antenna, as predicted in the last chapter, has a linearly polarized emission. We
validate this point by examining both its response to the input polarization and its far-field
polarization property. The experimental schemes and results are shown in Figs. 4.15] (a)
and (b), respectively.

As shown in Fig. (a), the excitation rate of the RNA, presented in polar plot, fol-
lows well the two-lobe pattern described by Malus’ law (I = cos?#), showing that the
RNA behaves as a linear polarizer regarding the incident beam. Such a response is
highly favorable for achieving a well-defined polarization-controlled tunability of the TW-
HPA emission intensity. The linear response of the RNA is also confirmed by measuring
the polarization state of its far-field emission. As shown in Fig[4.15(b), the zero and max-
imum transmissions occur when 6 = k90°, (k = 1, 3) and 8 = k90°, (k = 0, 2). The other
immediate analyzer orientations again lead to a transmission intensity curve that follows
the Malus’ law.

The RNA response shown in Figs. (a) and (b) demonstrates the linear polarization
response of the RNA. We can thus conclude that the RNA, by itself, can not produce
circular polarization. Therefore, any CP polarization light component obtained in the far-
field with the final TW-HPA should solely originates from the helix, rather than the feed
element. Since the RNA plays as a linear polarizer, the polarization properties of a TW-
HPA are not sensitive to the polarization of input light. This point will be confirmed later.

4.3.3/ POLARIZATION PROPERTIES OF THE TW-HPA

Figure (a) shows a simplified schematics of the experimental setup used for mea-
suring the polarization response of a single TW-HPA. We first characterize the response
of the TW-HPA to different input polarizations. To this end, the linear analyzer (LP2), as
shown in green dash square is removed. We rotate the linear polarizer (LP1) and record
the intensity of TW-HPA emission. Fig. (b) shows the corresponding result, where
we can see that the presence of TW-HPA does not change the polarization filtering prop-
erty of the feeding RNA. Thus, the optimal excitation of the TW-HPA occurs when the
input light is linearly polarized perpendicular to the long side of the RNA.

The inset of Fig. (a) shows an optical image of the TW-HPA under the optimal ex-
citation condition. We can see that the emission from our TW-HPA has a well-defined
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Figure 4.15: RNA response measurements. (a) Measurement of RNA’s response to
the input polarization: simplified experimental scheme (left panel) and measured RNA
emission intensity regarding the input polarization orientation (right panel). Experimental
results (blue circles) are compared with Malus law (red curve). Measurement of RNA'’s
radiation property: simplified experimental set-up (left panel) and measured RNA polar-
ization diagram (intensity), compared with the typical response of a dipole Malus’s curve
(right panel). Those measurements in (a) and (b) are enabled by rotating a linear polar-
izer inserted either in the input or output benches, respectively. The two insets, in both
(a) and (b), show the optical and SEM images of the RNA. In all cases, 6 denotes the
orientation of the polarizer’s transmission axis, counted from x-axis).

spot shape without noticeable side lobes. Such an intensity profile basically keeps un-
changed as we scan the excitation wavelengths from 1470 nm to 1650 nm. We analyze
the polarization state of TW-HPA emission with a rotating linear polarizer (LP2) inserted
in front of the camera. The obtained polarization states of the TW-HPA is shown in Fig.
4.16[(c). Notably, we can see that the polarization ellipse at 2 = 1640 nm is almost a circle
(AR = 0.97, DOCP = 0.99). This indicates a near perfect circular polarization state of our
TW-HPA. At 2 = 1470 nm, the TW-HPA keeps fairly well circular polarization with however
a little decrease of the ellipticity factors (AR = 0.86, DOCP = 0.98).

A more comprehensive ellipticity measurement can be seen in Fig. (d), within the
wavelength range from 1470 nm to 1650 nm (spectra of the AR and DOCP). We can see
that the ARs at the lower and higher wavelengths are around 0.70 and 0.94, respectively.
In low frequency regime, the operation bandwidth of an antenna used as a circular po-
larizer is defined by the spectral bandwidth over which AR > 0.5 [211]. According to our
simulation result (Fig. (c)), we can assume that the CP operation bandwidth of our
TW-HPA extends much larger than 180 nm. However, due to the limited available wave-
length range of our laser, a direct experimental demonstration of such bandwidth is not
possible. The point here is that we have achieved a fully functional subwavelength optical
antenna, which enables the generation of CP light.

Here, the helix radius (Ry) is 155 nm and the vertical pitch (S) is around 350 nm, giving
an experimental AR peak at 1640 nm. One may notice that such a TW-HPA geometry
is different from that showed in the design part (see Section[3.3.2.1). In that case, the
TW-HPA geometry is R, = 175 nm and S = 415 nm, which leads to a simulated AR peak
at 1493 nm (cf. Fig. (c)). Considering their difference in helix radius, there exists
a spectral redshift about ~ 200 nm between the simulation and experimental AR spectra
(for HPAs of the same R, value). Such a shift results from the inhomogeneous gold layer
around the carbon wire, caused by the shadowing effect during metal coating. Indeed,
the gold thickness on the back side of the carbon is about 5 nm, which significantly differs
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Figure 4.16: Circularly polarized optical emission from a single TW-HPA. (a) The left
panel shows a simplified schematic depicting the experimental bench for characterizing
the polarization properties of the helical antenna (inset shows a typical far-field optical
image of the TW-HPA emission). The right panel shows a side-view SEM micrograph
of the TW-HPA, whose central radius and vertical pitch are R, ~ 155 nm and § ~ 350
nm, respectively. (b) Measured antenna emission intensity with respect to the input linear
polarization. (c) State-of-polarization analysis at 2 = 1.55 um and A = 1.64 um. (d) Exper-
imental spectra of the AR and DOCP, compared with the simulation results considering a
10-nm thick homogeneous metal coating onto the carbon skeleton.

from the 25-nm design value. In this case, the SP wire mode interacts with the carbon
skeleton and leads to the spectral red-shift of TW-HPA. We thus adopt in our simulations
an effective homogeneous coating thickness of 10 nm for the helix (R, = 155 nm, S = 350
nm). In doing so, the numerical predictions fit better the experimental results (solid curves
in Fig. [4.16 (a)).

We investigate the emission helicity of two HPAs of opposite handedness (see Fig. [4.17]
(a)). The geometry and polarized emission of the left-handed TW-HPA are shown in Fig.
[4.16). Here, we focus on the helicity. Fig. [4.17](a) schematically shows our experimental
bench. In front of the camera. a quarter-wave plate (QWP) is rotated with respect to a
fixed linear (LP2) to analyze the emission helicity. The transmission intensity (at 1 = 1640
nm, normalized) of the two HPAs are shown in Fig. (b), regarding a full QWP turn.
Assigning 0 as the angle between the fast axis of the QWP and the transmission axis of
the LP, the two polarization elements form a circular analyzer of left and right handedness
when 6 = 45° or 8 = 135°, respectively. As shown in Fig. (b), the emissions from the
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Figure 4.17: (a) Left panel: simplified schematic of the experimental set-up, where a
rotating quarter wave plate (QWP) and a fixed linear polarizer (LP2) are put in front of the
camera to analyze the helicity of the antenna emission. Right panel: optical and SEM
images of two HPAs of opposite handedness. (b) Measured transmission intensity for
the two HPAs through the circular analyzer. Maximum helicities are obtained for angles
between the QWP and LP of 45° and 135°. This resembles two circular polarizers of
opposite handedness. We have o = =1 for the two HPAs, where o stands for the helicity
of light.

left and right HPAs are canceled at a 6 value of 45° and 135°, respectively. Therefore, the
handedness of the TW-HPA emission is identical to that of the helix.

4.3.4/ DEMONSTRATION OF THE PLASMON SWIRLING EFFECT IN CIRCULAR PO-
LARIZATION GENERATION

As discussed in the last chapter, our TW-HPA relies on spin-orbit interaction (SOI) to gen-
erate circularly polarized emission (see Section [3.2.3). Specifically, excited at one end
by a nanoscale coupling feed element, the plasmonic helix develops surface plasmons
(SPs) swirling along the curved path defined by the helix. Due to the helical trajectory,
these traveling SPs acquire an extrinsic orbital angular momentum (EOAM) and induce,
by leakage, free-space light emission. For sharp curvatures, the EOAM of the SPs can
match the spin angular momentum (SAM) of free space propagating photons. The helic-
ity of the far-field emission is thus dictated by the handedness of the near-field swirling
SP mode. The swirling SPs play a critical role in the SOI driving of our TW-HPA. For
generating such SPs, the helix should be locally end-fired and long enough (N > 4) to
maintain well their traveling-wave characteristic. Therefore, demonstrating the near-field
feeding mechanism and the helix turn number effect might offer us indirect proofs for the
SOI working principle of the TW-HPA.
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4.3.4.1/ DEMONSTRATION OF THE END-FIRE EXCITATION PROCESS OF THE PLASMONIC
HELIX

The SOI, as discussed in the last chapter, relies on the swirling movement of surface
plasmons along the helical nanowire. A critical prerequisite is that these SPs should be
excited in an end-fire configuration. That is to say, the rectangular aperture transfers
energy to SPs directly via near-field coupling, rather than through far-field scattering.
Therefore, demonstrating the near-field coupling mechanism might offer a proof for the
swirling-plasmon effect and thereby the SOI principle within the plasmonic antenna.
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Figure 4.18: Circularly polarized emission originates from the excitation of a subdiffraction
surface plasmon within the helix. AR spectrum of the TW-HPA emission for the RNA in

contact to the helix pedestal (blues squares), 185 nm away from the helix pedestal (red
circles), and turned by 90° regarding the two first cases (green diamonds), respectively.

To demonstrate the near-field interaction between the helix and the feed element, we
consider their combination under three different configurations, as shown in SEM images
in Fig. 4.18l The two SEM images marked by a blue square show a common Helix-
RNA configuration where the RNA contacts the helix pedestal (Case-1). In the other
two cases, the RNA is put with its center 185-nm far away from the helix pedestal, either
parallel (Case-2, red circles) or perpendicular (Case-3, green diamonds) to the RNA in
the first case. The AR spectra of the overall plasmonic structures obtained in the three
cases are shown on the left side in Fig. [4.18]

The AR spectra of Case-2 shows the same trend as that of Case-1, with only a slight
decrease in the overall AR level (~ 0.22). Case-3, however, gives an AR spectrum well
below 0.32, distinct from the former two cases and more close to linear polarization. The
similarity between Case-1 and Case-2 lies in the fact that the near-field coupling between
the RNA and helix works in both cases. Placing the two elements slightly further (185 nm)
just decreases their coupling efficiency. A small portion of energy leaking directly from
the RNA will not harm much the polarization property of the TW-HPA. However, Case-3
is completely different. Due to its special RNA orientation, the direct RNA-to-helix energy
transfer is very weak. A large portion of energy leaks from the RNA, which thus imparts
the far-field a linear polarization characteristic. Therefore, our results clearly demonstrate
that circular polarization at the antenna output arises from a near-field coupling between
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the RNA and the helix.

4.3.4.2/ DEMONSTRATION OF A HIGHER AR WHEN THE HELIX TURN NUMBER IN-
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Figure 4.19: Spectrum of the AR of the TW-HPA emission for a single structure with one
turn (orange triangles), two turns (green diamonds), three turns (red circles), and four
turns (blue squares).

We also test helices with a growing turn number (N = 1 ~ 4) to finalize the demonstration
of the plasmonic swirling phenomenon. The principle is that the AR peak converges to
a high value close to 1 as the helix turn number increases. Figure [4.19) shows the AR
spectra obtained with helices whose turn number increases from 1 to 4. A single-turn
helix has an AR maximum at 1480 nm, which equals to 0.64. Then for N = 2, we have
a flatten AR spectrum, showing a maximum AR of 0.81 at a wavelength around 1520 nm.
For HPAs with N = 3 and 4, we can see that the AR is further enhanced to 0.92 and 0.96
at 4 = 1590 nm and A = 1640 nm, respectively. The convergence of the maximum AR is
accompanied by a redshift of the AR peak of about 40 ~ 60 nm as N increases from 1 to
4. Such a spectral redshift is much smaller than the increment of vertical pitch, which is
360 nm.

The above-shown phenomenon tend to confirm that the swirling-plasmon effect is intrin-
sic to traveling-wave TW-HPA. The observed helix turn effect is consistent with the low-
frequency traveling-wave helical antennas whose AR performance also improves with an
increasing turn number [83].

4.4/ (CONCLUSIONS

By combining FIBID and GLAD techniques, we have successfully fabricated HPAs with
well-defined geometries and material properties. We demonstrate that even a single
TW-HPA is capable of radiating almost perfect circularly polarized light at optical telecom-
munication wavelengths. Fed by a linear-dipole-like nanoaperture in the near-field, such
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an antenna allows to control the polarization of light to produce highly localized circularly
polarized light sources. The TW-HPA may find various applications in integrated optical
communication and polarization-encoded optics. Finally, by experimentally examining the
traveling-wave and near-field coupling mechanisms, we validate that it is the underlying
swirling-plasmon effect that originates the SOI within the plasmonic antenna (EOAM-to-
SAM transfer).






5

TW-HPA-BASED PLATFORM FOR
DETECTING AND CONTROLLING LIGHT
POLARIZATION

In the last chapter, we have shown that a single traveling-wave helical plasmonic antenna
(TW-HPA) can generate circularly polarized light at subwavelength scale, with emission
helicity defined by the handedness of the structure. Besides, the TW-HPA is fed with
a rectangular nanoaperture, which has a dipolar response to input excitation. Taking
advantage of these properties, here we develop new optical functionalities based on TW-
HPA. We will first show that the TW-HPA, working in detection mode, can discriminate
circular polarizations of opposite handedness. Then, we will show strongly integrated
arrays of point-light emissions of opposite handedness and tunable intensities, as well as
a 3D device of subwavelength volume that enables polarization manipulation unreachable
with conventional materials.

5.1/ TRAVELING-WAVE HELICAL PLASMONIC ANTENNA AND CIR-
CULAR DICHROISM

The helix is a 3D chiral object, which has different responses to circularly polarized light
of opposite handedness. For example, helical plasmonic metamaterial (arrayed helices)
can transmit CP light of certain handedness and reject the opposite, with a transmission
ratio for the two CP components around 10:1 [45]. Such a circular dichroism response, if
transferred to a single plasmonic helix, can be used for locally probing light polarization,
which however has not been demonstrated yet. In this section, we will show the circular
dichroism of a single TW-HPA.

5.1.1/ CONCEPT AND SIMULATION

The TW-HPA can work on two reciprocal operation modes, which involve optical propa-
gation in two opposite directions within the HPAs. In the emission mode, we consider the
illumination of the rectangular nano-aperture antenna from the backside and the emis-
sion of circularly polarized light by the helix. The collection mode corresponds to an
illumination of the helix from the front and emission of linearly polarized light from the

97
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Figure 5.1: Schematics of the two operation modes of the TW-HPA, involving light wave
propagation in two opposite directions along the antenna axis, respectively.

rectangular nano-aperture antenna in the substrate. Previously, we have shown that the
TW-HPA, working in the emission mode, radiates CP light whose handedness follows that
of the helical structure. According to the reciprocity principle, we expect that the TW-HPA,
operating in detection mode, has a differential response to left and right CP illuminations.

(@) L R

Figure 5.2: Simulation of the TW-HPA in detection mode: (a) Schematics of the simulation
model. (b,c) Simulated intensity distribution (x0z plane) of the TW-HPA under illumination
with (b) left and (c) right-handed circularly polarized light, respectively. The intensity plots
have been saturated equally for a better view of the TW-HPA wire mode. RNA: rectangular
nanoaperture.

We first conduct numerical simulations with Fullwave (a commercial FDTD software) to
verify our concept. Figure[5.2](a) shows a scheme of the simulation model. The left-hand
helix has a core radius of 175 nm, a vertical pitch of 415 nm and a turn number of 4. Its
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Figure 5.3: Schematic diagrams of the experimental setups for measuring the circular
dichroism of the TW-HPA (a) in emission mode, and (b) in collection mode. LP: Linear
Polarizer, OBJ: Objective, QWP: Quarter-wave plate, BS: beam spilitter.

wire is considered to have a carbon core of a 105-nm diameter and a homogeneous gold
coating of 25 nm. It lies onto a 100-nm long pedestal. A rectangular nano-aperture (RNA)
with a length and width of 370 nm and 40 nm, respectively, is perforated in contact to
the pedestal into a 100-nm thick gold layers covering a glass substrate. The TW-HPA is
illuminated with LCP or RCP plane waves from the front side, at a wavelength of 1493 nm.
The launch plane is placed in air, 300 nm away from the helix end. The overall simulation
volume extends in air, 800 nm from the utmost boundaries of the TW-HPA structure along
the +x, +y and +z. Along the —z direction, it extends in the glass substrate, 800 nm below
the lower surface of the RNA. The simulation volume is terminated by perfect match layers
at all six boundaries to avoid unphysical parasitic reflections. A fine meshgrid of 5 nm is
used in the portion enclosing the TW-HPA while a larger meshgrid of 30 nm is applied to
the periphery.

Figures |5.2| (b) and (c) show the electric intensity distribution in the (x0z) plane obtained
with LCP and RCP illuminations, respectively. Under LCP illumination, the RNA shows
the maximum transmission intensity, which turns to almost zero with a RCP illumination.
Such a response evidences the circular dichroism of the TW-HPA in detection mode. The
intensities within the RNA in the two cases have a ratio as high as 1000:1.

5.1.2/ EXPERIMENTAL DEMONSTRATION

Figures[5.3|(a) and (b) show the schematics of the measurement setups in emission and
collection modes, respectively. Characterizations in emission and collection modes in-
volve an inverse of the illumination and detection benches. Light of tunable wavelength,
ranging from 1.47 um to 1.65 um, emerges from a tunable laser source (Yanista Tunics-
T100S) and is coupled to a single mode polarization maintaining fiber (P3-1500PM-FC-2,
Thorlabs). It is collimated by an achromatic reflective fiber collimator (RCO8APC-PO01,
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Thorlabs), and focused onto the plasmonic structures with a (25X, 0.4) microscope ob-
jective. The polarization of the incident collimated wave is manipulated using a fixed
polarizer (LPNIR100-MP2) and a quarter-wave plate (AHWPO5M-1600, Thorlabs) posi-
tioned in between the collimator and the objective. The quarter-wave plate is mounted
onto a motorized stage (KDC-101, Thorlabs) to be accurately rotated with respect to the
polarizer. The plasmonic structures are imaged with a (50X, 0.65) infrared objective from
Olympus (LCPIlanN) coupled to an infrared camera (GoldEye model G-033, Allied Vision
Technologies GmbH) through a proper field lens.
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Figure 5.4: (a) Schematics of the two operation modes of the TW-HPA, involving light
wave propagation in two opposite directions along the antenna axis, respectively. (b) Cir-
cular dichroism spectra measured with a left-handed TW-HPA operating in emission and
collection modes. Circular dichroism is defined as (Igcp — Ircp)/Urcp + Iicp), Where Ircp
and I;cp stand for the emission intensity of the TW-HPA, with an illumination by right and
left circularly polarized light, respectively. Emission intensity is measured either from the
helix, in air (in emission mode), or from the rectangular nano-aperture antenna, through
the substrate (in collection mode). Figure inset: helicity analysis in emission mode, at
A=1.55 um. The measurement is realized by placing a circular analyzer, consisting of a
rotating quarter-wave plate followed by a fixed polarizer, in front of a detector and measur-
ing the transmitted power. RCP and LCP refer to right and left-handed circular polarization
of the emitted light, respectively.

Figure (a) shows a SEM image of the TW-HPA used for measuring the circular dichro-
ism. In emission, such an antenna radiates almost perfect circularly polarized light at a
wavelength of 1630 nm (cf Section [4.3.3). Figure (b) shows the measured circular
dichroism spectra, both in emission and collection modes. Circular dichroism occurs only
in collection mode. Measured circular dichroism larger than 0.96 in the wavelength range
of interest witnesses a transmission process mainly governed by a near-field coupling be-
tween the helix and the RNA, which has been shown previously in Section The
inset of Figure [5.4] (b) shows the helicity analysis in collection mode, at 1=1.55 um. The
maximum and minimum intensities occur when the input light is circular left and circular
right. As a contrast, in emission mode, the circular dichroism is almost zero. That is
because the feed element of TW-HPA has a dipolar response to input excitation and thus
is insensitive to helicity.

To conclude, the TW-HPA working in collection mode shows a high degree of circular
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dichroism. The HPAs are thus appealing tools to discriminate right and left circular polar-
izations at the subwavelength scale, for instance, to locally measure the degree of circular
polarization.

5.2/ CLOSELY PACKED SUBWAVELENGTH LIGHT SOURCES WITH
OPPOSITE HELICITY

In the last chapter, we have demonstrated that a single TW-HPA is capable of radiating
almost perfectly polarized light. When such HPAs of opposite handedness are arranged
with a spacing of a few microns, the overall structure transmits light under the form of a
small array of right and left-handed circularly polarized sources. Moreover, by using HPAs
with various orientations of the feed apertures, the relative intensities of these point-like
sources become controllable by the polarization of the incident light. In the following, such
a device will be referred to as “circularly polarized light source array" (CP-LSA).

5.2.1/ CONCEPT AND ANALYTICAL MODEL

Figure [6.5]schematically shows the concept of CP-LSA. In this architecture, two right and
left-handed HPAs are placed at the apexes A/C and B/D of a square ABCD, respectively.
At the same time, the feed elements of each two adjacent HPAs on the same side of the
square are set perpendicular, as shown in Fig. The diagonal length of the square
(2p) is set to be a few microns to fully separate the emissions from these HPAs.

Figure 5.5: Schematics of the CP-LSA, consisting of two couples of HPAs of opposite
handedness and orthogonal aperture nano-antennas. The right and left handed HPAs
are identified with the letters R and L, respectively. Red and blue arrows indicate the
linear polarization states of the incident light, at which only the two right and left-handed
HPAs are respectively switched on emission.

The rectangular nano-aperture has a linear dipole response with the emission axis per-
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pendicular to its long side (cf. Fig. 5.5). We thus have the following analytical model to
describe the emission from the CP-LSA:

sl s cos2(6 — t/4) [W.) sin®(0 — m/4) |¥r) (5.1)
“|I1e 1p cos2(0 — m/4) W) sin?(0 — n/4) ¥R |’ '

where 0 denotes the angle between the input linear polarization (E;,.) and the x axis, |¥)
and |¥g) represent the spin state of the emitted photons.

Equation [5.1] shows that the relative intensities of the four point-like emissions is con-
trollable by tuning the polarization of excitation light. Especially, when 6 = mn + n/4 and
0 = mn+3n/4 (m = 0, 1), only the two left-handed HPAs (A and C) and the two right-handed
HPAs (B and D) are switched on, respectively. When 8 = mn/2 (m = 0,1,2,3), all HPAs
emit with the same intensity.

5.2.2/ EXPERIMENTAL DEMONSTRATION

Figure 5.6: Scanning electron micrograph of the CP-LSA, which consists of two couples
of HPAs of opposite handedness and orthogonal aperture nano-antennas. The right and
left-handed HPAs are identified with the letters R and L, respectively. The letters A, B, C
and D show the arrangement configuration of these HPAs (cf. Fig. |5;5[)

Figure shows the SEM picture of a CP-LSA with 2p = 5 um. In order to characterize
its emission properties, we basically follow the experimental set-up depicted in Fig. [4.14]
However, in the input bench, we use a low magnification objective (OBJ-1: 4x/0.1) to
obtain a large laser spot (around 20 um) to cover the whole area of the CP-LSA.

The left panel of Fig. [5.7](a) shows a simplified scheme of the experimental setup used to
examine the tunability of the CP-LSA. The input polarization is linear and has an tunable
angle 6 with respect to the x-axis. The right panel of Fig. [5.7] (a) shows the optical im-
ages of the structure obtained with three different linear polarizations, at a wavelength of
1640 nm. As indicated by the bright spots, the SLA is switched from the status “L-helices
on/R-helices off" (9 = 0°) to “L-helices on/R-helices on" (6 = 90°) and then “L-helices off/R-
helices on" (6 = 135°). Figure[5.7] (b) shows the emission intensities of the two left- (red
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circles) and right-handed HPAs (blue squares) corresponding to a full turn of the input
polarization. They follow the two-lobe Malus’ patterns that are perpendicular in orienta-
tion, which shows orthogonal polarization responses of HPAs with opposite handedness.
Such a property is predicted by Eq.
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Figure 5.7: Measurement on the tuning property of the spin-light array (cf. Fig. with
linearly polarized excitation light. (a) Left panel: schematic diagram of the experimental
setup and right panel: far-field optical images of the four-HPA device at three input po-
larizations. (b) Emission intensities of the two HPAs of opposite handedness at various
input polarization states.

The helicity of the emissions is also investigated. To this end, the input polarization is
fixed along (Oy) so that all HPAs are switched on simultaneously. We insert a fixed linear
polarizer and a rotating quarter-wave plate in the collection bench before the camera to
analyze the transmitted power (see Figure [5.8| (a), left panel). The right panel of Figure
[5.8] (a) shows the optical images of the emissions as a function of the angle ¢ between
the fast axis of the quarter wave plate and the transmission axis of the linear polarizer.
Especially, 6 values of 45° and 135° correspond to right- and left-handed circular analyz-
ers, respectively. The emission helicity of each TW-HPA is identical to the handedness
of the helix, which can also be confirmed by the measured transmitted power of left and
right-handed HPAs at a full turn of the quarter-wave plate (Figure|5.8| (b)).

We can therefore create ultracompact optical architectures made of tiny circularly-
polarized directional light sources with arbitrary handedness and tunable intensities, thus
achieving unprecedented integrated devices for manipulating light polarization at small
scale.

5.3/ SUBWAVELENGTH-SCALE WAVE-PLATE BY COUPLING FOUR
TW-HPAs

In a traditional way, one can manipulate light polarization with a linear polarizer and a
quarter-wave plate. In this process, two orthogonal linearly polarized waves that are
phase-retarded by n/2 and with proper amplitudes are combined. Similar polarization
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Figure 5.8: Helicity characterization of the emissions from the spin-light array (cf. Fig.
5.6). (a) left panel: schematic diagram of the experimental setup, right panel: far-field
optical images of the four-TW-HPA device with a (middle) right-handed and (bottom) a
left-handed circular analyzer in front of the camera. (b) Helicity analysis of two HPAs of
opposite handedness. The measurement is realized by placing a rotating quarter wave-
plate and a fixed linear polarizer in front of a detector and measuring the transmitted
power.

manipulation can be realized by composing two elliptical polarizations of opposite helic-
ities. In the CP-LSA shown previously, HPAs of the opposite handedness are placed at
a distance larger than one wavelength to produce decoupled far-field emissions. The
emission intensities of the left and right handed HPAs can be controlled by tuning the po-
larization of incident light. In this section, we will introduce a more complex polarization
response by reducing the spacing between the HPAs to a value smaller than one wave-
length, resulting in the coupling of the light emissions created by individual plasmonic
antennas.

5.3.1/ CONCEPT AND ANALYTICAL MODEL

Figures[5.9)(a) and (b) schematically show the concept of four-coupled TW-HPA-platform.
Two couples of HPAs of opposite handedness (as marked by “L" and “R") are arranged
with the helices centered at the apexes of a subwavelength square. The polarization
manipulation of such a device relies on the combination of two elliptically polarized waves
described by parallel polarization ellipses of opposite handedness, and the control of their
respective amplitudes. Such a configuration can be simply modeled by the interference
of two co-propagating plane waves described by parallel polarization ellipses of opposite
handedness and tunable amplitudes.

Owing to the field projection rules defined by the two involved pairs of orthogonal aperture
nano-antennas, the electric fields E, and E; of these two plane waves take the form:
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Figure 5.9: (a) 3D and (b) 2D top-view schematics of the four-coupled HPAs. It consists
of two couples of HPAs of opposite handedness and orthogonal aperture nano-antennas.
The right- and left-handed HPAs are identified with the letters R and L, respectively.
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Figure 5.10: Theoretical prediction of the polarization state of the four-coupled TW-HPA
structure (i.e., the polarization angles |2y| and 2y on the Poincaré sphere), as a function of
the polarization direction (angle 6) of an incident linearly polarized wave. Three ellipticity
factors are considered: by = b, = 1 (blue curves), by = b, = 0.5 (orange curves) and

by = by = 0.1 (yellow curves).

E,

E,

sin(@ - ;_r) (1,iby,0) exp [—i(wt — wz)],

cos(e - g) (=1, iby, 0) exp [—i(ewl — w2)] .

(5.2)

(5.3)

The two plane waves show the same wave vector (0,0, w). (x,y,z) are the space coordi-
nates, w is the angular frequency, and ¢ refers to time. b; and b, are two positive constants
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smaller than 1, called axial ratios.
According to this configuration, circular polarization arises when:

E| + E; = K (+1,1,0) exp [-i(wt — w2)], (5.4)
where K is a constant, thus imposing:

1ib2
1Fb

tan(f) = ‘

T
+ 1 (5.5)

Right and left circular polarizations are then obtained with two specific values of ¢ that are
dependent on the axial ratios b; and b, of the two initial waves.

More generally the electric field resulting from the wave combination can be written:

(Ex, E,,0) = sin(e - ;1)(1, iby,0) + cos(a - %)(—1, iby, 0). (5.6)

We can consider this total field as an elliptically polarized wave whose major and minor
radii take respectively the form :

1

OA = V2 [lEx|2 +|Eyf + \/|Ex|4 +|Ey|* + 2|ELP|E,|* cos (2A¢)‘ , (5.7)
| 1

OB = % [lEx|2 +|Ey - \/|Ex|4 +|Ey[* + 2|EL|E, | cos (2A¢)_ ’ (5-8)

where A¢ refers to the phase difference between E, and E, [83]. From Egs. [5.7]and
we anticipate the polarization state of the four-TW-HPA emission, as a function of the
projection angle 6 related to incident polarization (Fig. [5.70). We consider the particular
case where by = by, i.e., two plane waves of identical ellipticities and opposite handed-
ness. When these two waves are circularly polarized, the angular spacing A8 between
right and left polarizations is 90°. The resulting polarization manipulation is similar to that
of a rotating polarizer in front of quarter-wave plate. In that case, 6 refers to the projection
angle of an incident linearly polarized wave onto the crystalline axes of the retardation
plate.

Polarization control deviates from this well-known conventional configuration when we
consider two elliptically polarized waves (b; and b, become smaller than 1). Depending
on the axial ratio of the two initial waves, the angular spacing A8 between the right and
left circular polarizations decreases down to 53° when b; = b, = 0.5 and 11.5° when
b1 = b, = 0.1. The four-coupled TW-HPA structure would thus possibly lead to a near-
switching effect of circular polarization handedness while rotating linear polarization of an
incoming light.

5.3.2/ EXPERIMENTAL DEMONSTRATION

Figure shows the SEM images of a nanofabricated four-coupled TW-HPA structure.
The antennas of opposite handedness are spaced a distance of 560 nm apart and are
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Figure 5.11: Scanning electron micrographs of the four-coupled TW-HPA structure: (a)
Angled view, (b) Top view. Figure inset shows the optical image of the structure on emis-
sion, exhibiting a single light spot (regardless of the input polarization).
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Figure 5.12: Subwavelength scale manipulation of light polarization by four coupled HPAs.
(a,c) Polarization angles 2y and 2y of the emitted field versus the polarization direction of
an incident linearly polarized light (Poincaré sphere approach of polarization). The optical
waves are impinging from the substrate at normal incidence, with (a) 2=1615 nm and (c)
A=1470 nm. (b,d) Polarization diagram of the antenna emission for incident polarization
corresponding to 6 equal to 45° and 135°, leading to the selective excitation of the two
couples of HPAs of opposite handedness: (b) 1=1615 nm. (d) 1=1470 nm. Near-field cou-
pling between the HPAs of opposite handedness ensures parallel outcoming polarization

ellipses for orthogonal incident linear polarizations.
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made up of orthogonal apertures (Fig. [5.11](a) and (b)). Each TW-HPA has a radius of 175
nm and a vertical pitch around 380 nm. The wire has a carbon core of 100-nm diameter
and a gold coating of around 25 nm. The rectangular aperture is 370-nm long and 40-nm
wide. We use the experimental setup shown in Fig. (a) to characterize the optical
property of the four-coupled HPAs. Inset of Fig. (b) shows the far-field emission of
the four-TW-HPA device. It exhibits a single spot whatever the incident polarization, which
confirms a coupling between the four antennas.

We further analyze the polarization transformation functionality of the four-coupled HPAs.
We rotate a half-wave plate to tune the incident polarization angle (6), by rotating a half-
wave plate. Owing to the oscillatory nature of light fields, the full set of incident linear
polarizations is covered with a polarization angle 6 ranging from 0 to 180 ° (see theoretical
predictions in Fig. [5.10). At each 4° increment of ¢, we analyze the polarization state
of the emitted light. To this end, we insert a rotating polarizer in front of the camera
and analyze the transmission power to measure the polarization ellipticity. The emission
helicity is analyzed with a rotating quarter wave plate and a fixed linear polarizer inserted
in front of the camera.

Figures [5.12| (a) and (c) compare measured and calculated tilt angle 2y and ellipticity
angle 2y of the outcoming polarization (Poincaré sphere approach), as a function of the
direction angle 6 of the incident linear polarization, at two different wavelengths 1615 nm
and 1470 nm, respectively. The measurements reveal the theoretically anticipated tun-
ing of the angular spacing A6 between the two right- and left-handed outcoming circular
polarizations. Whereas A6 is fixed at 90° with conventional phase retardation plates, it
is here equal to 69° at A= 1615 nm and decreases down to 51° at 1=1470 nm. Such
a tunability in polarization manipulation is not standard at all. It arises from the ability

(b)

Figure 5.13: Schematics illustrating the generation of parallel elliptical polarizations of
opposite helicity at 8 = 45° and 135°, due to the near-field coupling of SPs in the four-
coupled TW-HPA device. (a) 3D schematic showing the near-field coupling of surface
plasmons (SPs) in the four TW-HPAs at 6 = 45°. (b,c) Top-view schematics showing the
coupling between SPs in such a system with (b) 6 = 45° and (c) 6 = 135°. The blue
and red open circles with an arrow indicate the swirling SPs in the left- and right-handed
TW-HPAs, respectively. The green arrows indicate the parallel propagation directions of
those SPs. The corresponding output polarization states are represented by the blue and
red ellipses in the insets of (a) and (b).
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of our structure to generate circular polarizations from the combination of the two ellip-
tically polarized waves of parallel ellipticities (as shown experimentally in Figs. |5.12/ (b)
and (d)), opposite handedness and tunable intensities. By spectrally detuning the HPAs,
the outcoming polarization ellipticities are modified, thus resulting in a controlled angular
spacing A6.

The two experimental polarization ellipses with § = 45° and 6 = 135° are basically parallel
at the two wavelengths (1 = 1615 nm and A = 1470 nm), as shown both in Figs. (b)
and (d). We think this is imposed by the near-field coupling between the four TW-HPAs,
as shown in Fig. Take 6 = 45° for example (see Fig. (a,b)), the two left-handed
TW-HPAs are excited by the rectangular nanoapertures (marked by blue halos). The
resulting SPs (blue curved arrows) evoke, by near-field coupling, the SPs in the two right
handed TW-HPAs (red curved arrows). Such a coupling is rendered possible because the
adjacent rims of the TW-HPAs of opposite handedness are in close proximity (distance:
~ 100 nm) and the allowed local wave vectors for the two HPAs are parallel (favorable of
phase matching). The above-described coupling process imposes on the four TW-HPAs
system an optical response of mirror-symmetry about the y axis, leading to the emission
polarization shown by the ellipse in Fig. (a). As the SPs in the left-handed HPAs
has a stronger amplitude than those in the opposite, the emission is left-handed. Similar
coupling process happens when 4 = 135° (see Fig. (b)), which produces an emission
polarization parallel but in opposite helicity to the case when 6 = 45°.

5.4/ CONCLUSIONS

In this chapter, we first show the circular dichroism of TW-HPA in collection mode. Then,
we show a circularly polarized light source array by assembling four TW-HPAs of opposite
handedness with a distance of a few microns. We show that the emission intensity from
those TW-HPAs is tunable regarding the input linear polarizations. Finally, we introduce
and demonstrate the concept of a subwavelength-scale wave-plate by coupling the four
TW-HPAs. We show an unconventional polarization transformation of such a device that
the output polarization can be switched between the two circular polarization states with
the input polarizations rotated by an angle much smaller than 90°.
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SUMMARY AND PERSPECTIVES

My thesis is devoted to novel nano-optical phenomena and devices based on spin-orbit
interaction (SOI) of light. Two major works have been accomplished under this frame: 1)
magnetic spin-locking, i.e., an SOI solely driven by the magnetic field of light, which pro-
vides a new manifestation of the magnetic light field. 2) traveling-wave helical plasmonic
antenna (TW-HPA), which offers an unconventional approach to flexibly and tunably de-
fine light polarizations on subwavelength scale.

First, we showed a magnetic spin-orbit interaction of light (magnetic spin-locking), where
the magnetic field of light tunably steers Bloch surface waves. We experimentally demon-
strate that the helicity of optical magnetic field defines a directional excitation phe-
nomenon, with a single subwavelength groove as the light-to-BSW coupler. Despite the
electric dipole nature of this coupler, we found this new magnetic optical effect is of the
same order of magnitude as the electric effect in play in the coupling process. As a per-
spective, we could use couplers that can develop magnetic resonances to realize a pure
magnetic tunable unidirectional coupling. In addition, we could use BSWs as probes to
locally investigate the magnetic polarization properties of light. They may enable mea-
surement of the optical magnetic spin density of light [66].

We also introduced the concept of traveling-wave helical plasmonic antenna (TW-HPA).
We assumed an EOAM-to-SAM transfer process underlying the TW-HPA to link near-
field swirling plasmons and far-field circular polarized emissions. It is noted that, this is
far from enough to fully understand the behavior of the TW-HPA. For example, the current
distribution along the helix wire has almost uniform amplitude over a long distance. Con-
sidering the field damping caused by ohmic and radiation losses, this is pretty unusual.
Theoretical understanding is currently carried out by our group.

We fabricated and characterized the TW-HPA. We experimentally showed that the fabri-
cated TW-HPA radiates almost perfect circularly polarized light at infrared wavelengths.
Such an antenna can be used to define the polarization properties of nano-emitters such
as quantum dots, which might be interesting for developing circularly polarized single-
photon sources. Besides, one can geometrically scale the TW-HPA for working in other
optical regimes, e.g., in the visible wavelength band. We could also taper the helix geom-
etry to further broaden the operation bandwidth.

We developed new optical functionalities by combining two couples of HPAs of oppo-
site handedness, including a compact circularly polarized light source array with pro-
grammable helicity and a four-coupled TW-HPA device whose volume is smaller than
one cubic wavelength. The former offers an approach to unprecedented integrated de-
vices for manipulating light polarization and intensity at small scale. The latter enables,

111
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at subwavelength scale, a background-free polarization transformation featuring a faster
switching between the two CP states. It would be interesting to integrate these com-
ponents with active polarization-control components, say a liquid crystal device, to gain
more advanced polarization tunability. It might be also interesting to optimize the helix
dimension for a faster switching between the two CP states.

The detection of light polarizations is important for many applications. We show that the
TW-HPA, operating in detection mode, exhibit circular dichroism. We can thus use the
TW-HPA to resolve and characterize light polarizations at the subwavelength scale. Local
measurement of the DOCP or even polarimetry could be foreseen with our TW-HPAs.
In addition, the TW-HPA may also enable new polarization-based optical functionalities
for sensing or communications, which could include the unique electrical and mechanical
properties of our 3D metal-coated helical wires.
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Schematics of the electric fields of circularly polarized light with: (a) right
and (b) left handedness, respectively. The green curved arrows indicate
the rotation sense of the electric field in a single transverse plane. o de-
notes the helicity of SAM (s), which is parallel or anti-parallel to the wave
vector k. . . . . e

Schematic diagrams of (a) polarization ellipse and (b) Poincaré sphere.
Note the north and south poles of the Poincaré sphere stand for RCP and
LCP, respectively. On the equator of the Poincaré sphere, the correspond-
ing polarization states are linear with the orientation varying with the az-
imuthal position. . . . . . .. L

Schematic diagram depicting the rotating electric and magnetic fields of a
circularly polarized light. . . . . . . . . . ... ..

Transverse spin angular momentum and optical evanescent fields. (a)
Schematic showing the field damping and the corresponding spin angular
momentum (s, ). k, and k, are the wave vector projections along the x and z
axis, respectively. (b) Polarization structure of a TM-polarized evanescent
WAVE. o o o o e e e e

Coupling between the helicity of transverse SAM to the propagation direc-
tion of evanescent waves: (a) and (b) schematically show TM-polarized
evanescent waves propagating to the left (a) and right (b), respectively.
This spin-locking phenomenon is akin to that with a rolling wheel, which
thus gives optical transverse SAM the name "photonic wheel" [56]. . . . . .

Phase and intensity properties of light beams with a vortex charge number
¢ =-1,0,1,2,3 (from right to left): (a) Schematic snapshots of the instan-
taneous phase. Helical phase fronts occurs when ¢ # 0. The blue dash
lines indicate the wave propagation. (b) Phase profiles in a transverse
plane [91]. (c) Intensity distributions in a transverse plane. Annual intensity
patternscanbeseenwhen £ #0. . . . . . . . . . . ... ...

Two examples for extrinsic orbital angular momentum (EOAM) of light. (a)
Light gains a transverse EOAM when its centroid has a distance with re-
spect to an external reference (z-axis). (b) Light propagates along a helical
trajectory, developing an EOAM parallel to z-axis. . . . . ... ... ... ..

Schematic illustrating the geometric phase induced by the rotation of coor-
dinateframes.. . . . . . . . .

Schematics illustrating the optical geometric phases induced by (a) the
redirection of wave vectors [55] and (b) the transformation of polarization
state on the Poincaré sphere. (a,b) are reproduced from literature [98]. . . .
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1.10 Spin-orbit interactions in paraxial regime. Spin-Hall effect occurs when light

travels along a helical pathway in a glass cylinder [55] [98]: (a) schematic
showing the helicity-dependent trajectories for LCP and RCP lights, and (b)
measured transverse splitting of LCP and RCP lights with respect to the
propagation distance. Helicity-dependent lateral shift of a paraxial beam
occurs while deflecting at optical interfaces [104]: (c) schematic showing
the transverse shift attached to a RCP light during reflection. (d) Measured
Spin-Hall splitting of the LCP and RCP components when a linearly po-
larized Gaussian beam refracts at air-glass interface. Angstrom accuracy
can be reached with "quantum weak measurement" techniques [104,[105].
(a-d) are grabbed from the literature [55]. . . ... ... ... .. ... ...

Spin-orbit interactions in nonparaxial regime: (a) Schematic showing the
optical vortex generated by tightly focusing circularly polarized light [55] (b)
Tightly focused LG modes with ¢ = 1 and o = +1. An optical vortex appears
in the longitudinal electric component when ¢ and ¢ have the same sign
(top panel), evidenced by a faster orbiting speed of the trapped nanoparti-
cles (middle panel) than that with o~ and ¢ of opposite sign (bottom panel)
B8l. . . . . e

1.12 Spin-orbit interactions due to Pancharatnam-Berry (PB) phase. Space-

variant wave plates induce (a) linear [110] and (b) azimuthal PB phase
gradients, leading to a helicity-dependent light splitting and optical vortices
with charge numbers ¢ = 24, respectively. (c) Polychromatic optical vortex
generation with a single nematic liquid crystal droplet whose anisotropy di-
rects radially in three dimensions. The numbered photos show the intensity
profile of the polychromatic vortex and its RGB components, respectively.
[61] (d) A 100-nm thick silicon metamaterial splits lights of opposite handed-
ness [111]. (e) Closed-path nano-slits convert CP light into optical vortices,
with the charge number defined by the number of slit loops. [63] (f) Chains
of plasmonic nano-structures generate vortex beams of various orders [62].
(g) A simple subwavelength arch leads to tunable helicity-controlled direc-
tional excitation of nanoscale surface plasmons. The orange, blue and pink
halos indicate the positions of incident light and those from the right and
left nanoantenna out-couplers, respectively. [112] . . . . . . . ... ... ..

1.13 Spin-locked unidirectional excitation of surface plasmons (SPs). (a,b) Sim-

ulation snapshots of the transverse magnetic component of a spinning
electric dipole (a) in air and (b) coupled to surface plasmons [118]. (c,d)
Experimental demonstration of the spin-locked directional launching of sur-
face plasmons with a subwavelength groove: (c) schematic of the exper-
imental setup and (d) measured coupling ratios of the left and right SPs
(solid lines), in comparison with simulation results (dash lines) [118]. (e-
g) Unidirectional light-SP coupling mediated by a gold nanoparticle: (e)
schematic for the light-to-SP coupling process, (f) measured left and right
SP intensities with respect to the polarization state of the incident light and
(g) schematic of the reciprocal SP-to-light coupling process. The scattered
light shows a tunable helicity, depending on the direction at which the SP
encounters the nanoparticle. [69] . . .. ... ... ... . ... ...
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1.14 (a) Schematics of the helicity-dependent unidirectional light coupling from

2.1

2.2

2.3

2.4

2.5

2.6

a local emitter to an optical waveguide (left panel). The right two panels
show that the helicity of the transverse spin depends on both the propaga-
tion direction of the waveguide mode and the azimuthal position regarding
the waveguide. [119] (b) A spin-locking architecture built by attaching a
scattering nanoparticle to a nano fiber. Both the polarization state of the
illumination (green arrow) and the azimuthal position of the scatterer are
controlled separately, which lead to a tuning ratio of energies coupled to
the left and right sides of the nanofiber. [120] (c) Quantum dot zone inside
a photonic crystal waveguide that is engineered to be asymmetric (glided
plane-waveguide), allowing one-way propagation of helicity-opposite pho-
tons. [72] (d) QD embedded in a symmetric suspended waveguide, the
directionality shows a dependence on the lateral position of the QD in the
waveguide. [121] . . . . . . . . ..

Electromagnetic field induced by a circularly polarized magnetic dipole in
close proximity to an interface of a material with u = -1.5 + 0.25, (j =
v-1) and € = 1. The color map represents amplitude, and white arrows
represent the direction of instantaneous magnetic field. [150] . . . . . . ..

Design of the 1D photonic crystal (1D PC). (a) Schematic diagram for the
1D PC structure and corresponding field intensity distribution across the
1D PC (at a wavelength of 1.55 um). (b) Dispersion diagram of the 1D PC
with a log-scale color bar. The structure generates a photonic band gap at
the middle of which a BSW dispersion curve is observed. . . .. ... ...

Screen print of the 3D FDTD model built in Rsoft Fullwave for simulating
the scenarios of BSW mode excitation with various electric dipole sources.
Here, we show the case of an electric dipole oriented along x—axis. . . . . .

Simulation of the electromagnetic field of the BSW mode: (a) and (b) real
part of the magnetic and electric field components H, and E,, respectively.
(c) and (d) real part of the in-plane magnetic field components H, and H_,
respectively. . . . . . . . .

Schematic diagram of the polarization of TE-polarized BSWs. (a) and (b)
correspond to BSWs propagating toward the right and left directions, re-
spectively. . . . . .

Real part of the electric field (Ex) of the TE-polarized Bloch surface wave
excited with various dipole sources. (a), (b) and (c) are obtained with an
electric dipole oriented along the x, y and z axis, respectively. (d), (e) and
(f) are obtained with a magnetic dipole oriented along the x, y and z axis,
respectively. . . . . . .
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TE-polarized Bloch surface waves excited with linear ED and spinning MD.
Simulation by FDTD of the coupling of (a) an ED oriented along the x
axis, and (b,c), a spinning MD, to a TE-polarized BSW. All three results
show, in false colors, the absolute value of the real part of the electric field
(IRe(E)|).The MD rotates either (b) anti-clockwise or (c) clockwise. (d) Di-
rectionality factor (ratio of the electric intensities for the left and right BSWs)
for various MD polarizations. The MD polarization ellipticity is changed
along the path shown in red in the Poincaré sphere (see inset). The MD
moment is also expressed at specific values of the ellipticity angle 2y re-
lated to the Poincaré sphere. [74] . . . . . . . . . ... ... ... ...

(a) and (b) Snapshots (FDTD simulations) of the optical electric field pro-
duced in the (yz) plane by two MDs oriented along y and z axis, respectively.
In these figures, the field around the dipoles has been saturated in order to
provide a better view of the light distributions across the structure. The field
distribution in (b) is multiplied by 0.53;. By adding/subtracting the results
of (a) and (b), we achieve the field distributions across the 1D photonic
crystal, produced by two spinning MDs of opposite handedness, which are
described by dipole moments m proportional to (e, + 0.53je;). (c) Electric
field profiles (Re(E,)) along the dashed lines of (a) and (b), respectively.
Adding these field profiles leads to the total electric field produced by a
spinning MD moment proportional to e, + 0.53 je, (anti-clockwise rotation).
(d) Electric field profiles with a spinning MD moment of e, —0.53 je. (the field
plotted in (b) is inverted, leading to a clockwise rotating MD). (c) and (d)
show that the BSW coupling process is unidirectional and tunable with the
helicity of light. . . . . . . . . . ...

Schematic diagrams of the excitation process of the BSW mode with (a)
a linear ED and (b) spinning MD source, which corresponds to the sce-
narios shown in[2.7(a) and (b), respectively. The schematics compare the
polarization states of the excitation dipole sources and the corresponding
electric or magnetic components of the BSW mode. Large red arrows show
the energy flow of the emerging BSW mode. In (a), the ED source(purple)
is linearly polarized, which coincides with the polarization state of the BSW
electric field. In (b), the MD is elliptically polarized (in purple), which is

orthogonal to the polarization state of the BSW electric field on the left side.

2.10 A simple all-dielectric platform unveiling the magnetic spin-orbit interaction.

(a) Photograph of the collection bench, (b) Schematic diagram of the ex-
perimental setup, (c) SEM images of the 1D PC (inset: top view graphs of
the subwavelength groove milled in the top layer of the 1D PC), (d) photo
of the illumination bench. BSW: Bloch surface wave, PC: photonic crystal,
QWP: quarter wave plate, LP: linear polarizer. . . . . . .. ... ... ....

2.11 Images of the 1D PC surface obtained by illuminating the subwavelength

groove with light of various polarization states: (a) linear polarization (b)
right elliptic polarization (c) left elliptic polarization. . . . . . . ... ... ..
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2.12 Schematic diagrams for the polarization state of the incident light after
passing through a LP and a QWP: (a) the QWP is fixed and the LP is
rotated. (b) the LP is fixed and the QWP is rotated. The green arrow in (a)
and (b) show the immediate linear polarization state after the LP. The red
ellipse (with handedness indication) in (a) and (b) show the final polariza-
tion state afterthe QWP. . . . . . . . . . ... ..

2.13 Schematic diagram of the electric field projection and corresponding global
and local coordinate frames. e, and ¢; (in red) represent the unit vectors
parallel to the electric field components of the right and left BSWs. . . . . .

2.14 Pure electric coupling model for the excitation of BSWs from the oblique
illumination of a subwavelength groove. Plot of the coupling rates R, and R;
of the incident light into the right and left BSWs, calculated from Egs.

and[2.10} respectively. . . . . . ...
2.15 (a) Schematic diagram of the magnetic field handedness in the helicity
planes of the left and right BSWs for an incident right-handed polarization.

(b) Ellipticity 2y of the incident magnetic field in the helicity planes (y*, z*)
and (y, z®) of the left and right TE-polarized BSWs. . . .. .. ... .. ..

2.16 Screen print of the 3D FDTD model built with Fullwave software to simulate
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the scenario of a BSW excitation with the configuration depicted in Figs. 42

2.17 Simulation snapshots of the TE-polarized BSWs excited by a groove under
the illumination with (a) left circular polarization and (b) right circular polar-
ization. The two results show, in false colors, the absolute value of the real
part of the electric field (|Re(Ey)|). The white lines show the profile of the
subwavelength groove, which has a cross-section of 400 nm x 400 nm. The
blue and red arrows in (a), which have a angle of 33.8° with respect to the
groove, indicate the BSW propagation directions on the left and right sides,
respectively. . . . . . . L

2.18 Magnetic spin-orbit interaction steers Bloch surface waves. (a) detected
signals (circles) and simulated intensities by FDTD (solid lines), on the
right and left BSWs, as a function of the angle 6 between the QWP and
the LP. The curves related to the right and left BSWs are represented in
red and blue, respectively. (b) and (c) Fourier spectra (amplitude) of the
experimental blue and red curves of (a), obtained by Fourier transforma-
tion. Coefficient u defines the harmonic orders for the Fourier series. (d)
and (e) Representation, in the real space, of the non-null harmonics for
the two Fourier series shown in (b) and (c): (d) second harmonics and (e)
fourth harmonics. Experimental and numerical curves are shown by solid
and dash lines, respectively. [74] . . . . . . . . . ... o .

3.1 (a) Schematic of dipolar antennas connected at the two ends of a plas-
monic waveguide [171]. (b) Scanning electron microscope (SEM) images
of a monopole antenna mounted at a fiber tip [50]. (c) Schematic and SEM
image of a gold particle antenna attached at a fiber tip [172]. (d) Schematic
of acrossresonantantenna [173]. . . . . . . . . .. ... ...

3.2 Schematics of (a) bowtie nanoantenna [179] (b) bowtie nanoaperture an-
tenna fabricated at a fiber tip [180] (c) diabolo nanoantenna.[173] . . . . . .

42



134

3.3

3.4

3.5

3.6

3.7

3.8

3.9

LIST OF FIGURES

(a,b) Optical Yagi-Uda antenna[51] with (a) SEM image and (b) theoretical
and measured emission patterns. (c,d) Plasmonic horn antenna [185] with
(c) a schematic and (d) emission patterns on two principle planes. . . . . . 50

Schematic showing a single helix, whose geometrical parameters include
the core radius Ry, the vertical pitch S, the total turn number N of the helix
and the radius of the helix wire R,,.. . . . . . . .. ... ... ... ......

Helical antenna modes: (a) normal radiation mode and (b) axial radia-
tion mode, (c) and (d) show the fundamental and high order transmission
modes along an infinite helix wire, which correspond to the radiation modes
shown in (a) and (b) respectively. . . . . . . . .. ... L. K

Typical current distributions measured along a helical antenna working at
a wavelength (a) beyond the axial-mode operation region and (b) near the
spectral center of the axial-mode region. (c) Analysis of the antenna cur-
rent shown in (b) in terms of outgoing and reflected waves. [167] . . . . . . B4

schematics of the time-evolution of induced currents and charges for a (a)
normal mode and (b) axial mode, respectively. For clarity, only the very first
current node is shown in (b) to represent the traveling wave. The red and
blue disks with "+" and "-" sign represent positive and negative charges,
respectively. The purple and orange curves with an arrow show the orbiting
direction of the induced currents. Green and red straight arrows show the
corresponding electric and magnetic fields, respectively. Notably, in (a) the
electric and magnetic fields are parallel and have a relative phase shift of
n/2, thus evidencing a signature of optical chirality. In (b), the electric and
magnetic fields are always perpendicular. . . . . .. ... ... ... ... 55

Helical metamaterial works as circular polarizer: (a) broadband chiral re-
sponse (b) snapshots of the induced current along the helix, showing
standing-wave characteristics along the structure. [45] . . . . ... ... .. 57

(a) and (b) SEM images of carbon and platinum helical metamaterials fab-
ricated with FIBID, respectively. Those helices featuring a triply-intertwined
configuration and ultra-small dimensions. (c) and (d): measured cir-
cular dichroism and optical activity spectra for the two metamaterials,
respectively.[199] . . . . . . . . . . 58]

3.10 Chiro-optical near-fields produced by resonant plasmonic helices. (a)

Schematics for the chiral eigenmodes of a single plasmonic helix with op-
posite handedness (b) False color plot of the optical chirality enhancement
factor, in the near-field of an intertwined 4-helix structure. [164] . . . . . . . 8
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3.11 (a) A schematic of the prototype HPA, consisting of a 4-turn helical nano-
wire (along z—axis), a straight rod and a round sphere to join the two parts.
The HPA is fed by a z—oriented electric dipole source in end-fire configu-
ration. FDTD simulation is used to study the spectral response of the TW-
HPA. The green and orange planes represent the monitors used to collect
the electric field data of the TW-HPA. They are placed 20 nm and 2 um far
away from the open end of the helix, with their centers on the helix axis. (b)
and (c) show the intensity spectra (normalized by the dipole source) of the
two transverse electric components (E, and E,, which are responsible for
the CP polarization) obtained with the two monitors. Dash vertical lines in
magenta and light blue show positions of the spectrum peaks at free-space
wavelengths 1; = 658 nm, 1, = 1641 nm, A3 = 2259 nm and A4 = 4310 nm. . [K9

3.12 Near-field and far-field properties of the helical plasmonic antenna (HPA)
working on axial and normal modes. The HPA has the same geometries
as shown in but working at different wavelengths, which are 658 nm
(A1) for (a~c) and 4310 nm (A4) for (d~e). (a,d) pseudo-color plots for the
normalized electric field intensity closely around the HPA, where regions
around the dipole source have been saturated for a better view of the helix
wire modes. (b,e) pseudo-color plots for the electric field intensity in a
larger area around the HPA. In (b) and (e), the intensities have been taken
logarithm before normalization, for showing the transition from near-field to
far-field. Red arrows in (b) and (e) mark the directions with the maximum
far-field radiation. (c,f) intensity radiation patterns of the HPA constructed
via near-field to far-field projections. The near field data are recorded with
box monitors enclosing the HPA, which are finally projected to a far-field
sphere witharadiusof 100m. . . . . .. ... ... ... ... ........ 60

3.13 Far-field spectra of the prototype HPA, where the blue and red curves rep-
resent the intensity and AR spectrum, respectively. To obtain the blue
curve, the raw far-field intensity spectrum has been normalized twice: first
with the intensity spectrum of the dipole source and then with its own max-
imum value to offer a clear view. The AR spectrum is constructed with the
spectra data of the two transverse electric components (E, and E,). . . . . [61l

3.14 Schematic showing the optical angular momenta associated with the heli-
cal SPS. . . . . e

3.15 Schematic of the FDTD simulation model for studying the effects of the
helix geometries on the AR spectrum. . . . . . ... .. ... ... ..... 64]

3.16 AR spectra of an TW-HPA with various S values ranging from 240 nm to
840 nm. Other geometric parameters are the same for all helices: R, = 180
nM, R, =25nM, N =4. . . . . e e e e e e e e e e 65

3.17 Influence of the helix wire radius (R,,) on the far-field polarization property
of TW-HPA. Solid lines with different colors show the AR spectra of HPAs
with various R,, values ranging from 25 nm to 60 nm. Other geometric
parameters are the same for all helices: R, = 180 nm, S = 740 nm, N = 4.
The red dash line shows an axial ratioof 0.5. . . ... ... ... ...... 661
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3.18 Axial ratio spectra of HPAs with various wire radii (R,, ranging from 25 nm
to 60 nm) and optimal vertical pitches (S) that enable an AR peak. Note
for helices with different wire radius, the total number of such optimal «;
values are different, which is one when R,, ranges from 25 nm to 35 nm
and two when R, ranges from 40 nm to 60 nm. According to their similar
shapes, those AR spectra have been divided in two groups, i.e. (a) and (b)
for a better view. All helices have the same radius(R, = 180 nm) and total
turn number (N = 4). The red dash line shows an axial ratio of 0.5. . . . ..

3.19 Dispersion relations of gold nano-wires with various radii ranging from 25
nmto60nNm. . . ... ..

3.20 (a) and (b) show the AR spectra for two sets of helices, whose wire thick-
ness is fixed as 60 nm and 25 nm and pitch angle is 14° and 39°, respec-
tively. Here, we only plot the axial ratio spectra around its peak to have a
betterview. . . . . . ..

3.21 Axial ratio spectra of HPAs with various N values ranging from 1 to 4. Other
geometric parameters remain identical for all helices: R, = 180 nm, R,, = 60
nm, S = 540 nm. The red dash line shows an axial ratio of 0.5, above which
an antenna can be thought as circularly polarized antenna. . . . . ... ..

3.22 (a) Axial ratio spectra (on-axis calculations) of left and right-handed he-
lices (b) Corresponding amplitude ratio (ln(lEyl/lExl)) and phase difference
(¢(Ex) — @(Ey)) spectra of the two transverse electric components of the
far-field emission. The helices have geometric parameters: R, = 180 nm,
R,=60Nnm,S =540nm, N=4. . . . . . . .. e

3.23 Aspect ratio spectra of a helix optimized for working at optical telecommu-
nication wavelengths. The helix dimensions are: R, = 160 nm, R,, = 60 nm,
S =495nm, N =4. . . . . e e e e e e

3.24 Schematics of (a) circular nano aperture (b) bowtie nano aperture and (c)
rectangular nano aperture. The red arrows show the linear polarization
of the excitation light (E;,.), which leads to enhanced electric fields in the
regions marked by thered halos. . . . . ... ... ... ... ... .....

3.25 Schematics showing the FDTD model built for studying the optical prop-
erties of a helix with a feed element. PML:perfect match layer, A: largest
wavelength involved in the simulation. . . . . ... ... ... ........

3.26 Design of the rectangular nano aperture (RNA) for working at optical
telecommunication wavelength (1p = 1.55 um). (a) Schematic of the RNA.
(b) Normalized intensity spectra of RNAs with various side lengths (L) and
widths (W). The gold layer in which the RNA resides has a fixed thickness
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of 100 nm. (d) Electric field intensity distribution of the RNA in the (x0y) plane. [72]
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3.27 Helical plasmonic antenna as circularly polarized subwavelength source:

(a) Schematics of the final TW-HPA and operation principle. End-fire ex-
citation is represented with a white spike. Under curved trajectory along
the helix, SPs acquire EOAM and are simultaneously released as freely
propagating waves (white arrow). Part of the mode leakage re-excites the
plasmon wire mode, thus participating in the plasmon swirling effect. (b)
dispersion relations of the m = 0 and m = 1 modes of a gold-coated carbon
wire (105-nm diameter carbon wire, 25-nm thick gold coating). Energy is
plotted versus icB’ and icB”. At 1=1.5 um, only the m = 0 mode is guided.
Figure inset: intensity plot of the m = 0 mode at 1=1.5 um. (c) Spectra of
the AR and DOCP of the TW-HPA emission. (d) Amplitude of the electric
current distribution along the gold-coated carbon wire for 1=1.5 um.

3.28 Traveling SP mode in a TW-HPA (see more information in Section (3.3.2.1).

The pseudo-color field maps show the simulation snapshots of the instan-
taneous electric field distribution at wz = i7 (i = 0, 1,2...7) and on two planes
that cross the helix axis. The x0z and y0z plane field maps are shown on the
upper and lower sides, respectively. These field maps are normalized with
the same maximum amplitude value. The white dash line and red arrow
indicate the axial advance of SP modes. The white thin solid lines show
the gold layer and the nanoaperture on the substrate. . . . ... ... ...

3.29 TW-HPA emission diagram. The TW-HPA shows a directional emission

4.1

4.2

perpendicularly to the (xOy) ground plane of the antenna, thus confirming
its axial operationmode. . . . . . .. ...

DLW for the fabrication of gold helix arrays. (a) Schematic for the orig-
inal DLW process where a positive-tone photoresist is used to form the
mould with helical voids. (b) Cross-sectional SEM image of the polymer
mould filled by electro-plated gold. (c) Side-view SEM image of the re-
sulting monofilar gold helix array after mould removal. (d) Schematics of
the modified DLW process where a negative-tone photoresist is patterned
by stimulated-emission-depletion-DLW to form the mould. (b) SEM image
of the written polymer mould after chemical development and (c) Side-view
SEM image of the final triply-intertwined gold helix array. (a)~(c) and (d)~(f)
are snapped from the Refs. [45] and [196], respectively. . . . ... ... ..

FIBID/FEBID fabrication of nano-helix structures: (a) Schematic depicting
the FIBID fabrication process. [200] (b) and (c) : SEM images of the plat-
inum helices fabricated by FIBID and FEBID, respectively. The helix geom-
etry shown in (b) is: R, = 200nm, R,, = 65 nm, S = 300 nm and in (c) are
Rp = 100nm, R,, = 30 nm, § = 350 nm, respectively. (d) Triply inter-winded
Pt helix array fabricated by tomographic rotatory FIBID growth. Dimensions
of a single helix are: R, = 187.5nm, R, =55 nm, § =705 nm. [203] . . . ..

137

78]



138

4.3

4.4

4.5

4.6

4.7

4.8

4.9

LIST OF FIGURES

GLAD fabrication of nano-helix structures [205]. (a-c): Schematics of the
GLAD fabrication process with (a) seeded substrate with grain sites pre-
pared by nano-lithography, (b) structure growth under grazing-incidence
particle flux and (c) resulting nano-helix arrays. (d-f): SEM images of the
GLAD-fabricated nano-helices with (d) a nano-helix array attached on the
substrate (e) and (f) a single left- and right-handed helix picked out from
the nano-helix array, respectively. . . . . . . ... .. ... L.

Glancing angle deposition (GLAD) equipment used in my thesis: (a)
Schematic diagram and (b) a photo of the running machine. Inset of (b)
shows the glowing plasma in the fabrication chamber. . . . . ... ... ..

SEM images of the nano-helix structure fabricated by GLAD: (a) cross-
sectionand (b)topview. . . . . . ...

Photograph of the SEM/FIB dual-beam system (Helios Nanolab 600i, FEI)
available at FEMTO-ST Institute. It is the workhorse for both structuring
and characterizing HPAs. . . . . . . . . . ..

Schematic diagrams of the fabrication process we develop for realizing the
TW-HPA structures. (a) Fabrication of the carbon helices on a gold coated
glass substrate by FIBID. The FIB is used to induce the carbon wire de-
position and the SEM is used to monitor the deposition process. (b) Met-
alization of carbon helices with gold by GLAD involving plasma sputtering
approach. Direct current is applied between the substrate and gold target
to generate argon plasma. (c) Fabrication of the rectangular aperture by
FIB milling. The small angle is kept between ion flux and the helix to avoid
side-cutting effect. . . . . . . . ...

SEM images of various 4-turn carbon helices fabricated by FIBID: (a) with-
out pitch correction (b-d) with pitch correction. Scale bars: 200 nm. . . . . .

SEM images of carbon helices with total turn number varying from 1 to 4.
Scale bars: 200 nm. . . . ...

4.10 SEM images of grouped carbon helices with opposite handedness. (a)

4.11

Paired left and right helices. (b) Closely-packed four-helix system where
helices with the same handedness are placed at the diagonal positions of
a subwavelength square. Scale bars: 200nm. . . . . . . ... ... .....

Metal coating results of a carbon helix with R, ~ 155 nm, S ~ 350 nm. (a)
Bird-view SEM image of the gold-coated carbon helix. (b) Cross-section
SEM image of the helix, embedded in a FIBID-deposited platinum (Pt)
block. The bright gray areas show the gold coating (Au) and the dark gray
areas show the carbon core (C). (c) 3D tomographic image of the gold-
coated carbon helix, which is reconstructed from a series of sliced SEM
images of the HPA. The gold and carbon materials are represented in yel-
low and black, respectively. Scale bars: 200 nm. The green and red arrows
in (c) show two representative regions with a thick and thin gold coating,
respectively. . . . . . . L
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4.12 Fabrication results of the helix-RNA nano-structure. (a) SEM images of a
resulting structure. (b) Top view of a single RNA and (c~e) its combination
with a gold-coated helix in different configurations. Here, the aperture is
milled outside the winding area of the helix. . . . . ... ... .. ... ... 87

4.13 Fabrication of the TW-HPA: three steps. Scanning electron micrographs of
the subwavelength structure after (a) fabrication of the carbon helix skele-
ton by FIBID, (b) metal deposition onto the helix skeleton, and (c) fabrica-
tion of rectangular nano-aperture antenna by FIB milling. . . . . . ... .. 87

4.14 Experimental setup for measuring the polarization property of the antenna
emission: (a) Schematic diagram and (b) photograph of the experimental
bench. LP: linear polarizer, QWP: quarter wave plate, HWP: half wave
plate, OBJ: objective, BS: beam splitter. The fiber used here is a polariza-
tion maintaining fiber, which transmits infrared light produced by a tunable
laser (1470 ~ 1650 nm). The magenta dash rectangle in the illumination
bench indicates the polarizer system, which contains a LP and a HWP.
The green dash rectangles in the detection bench indicate the analyzer
system, which can be switched between i) a rotating LP for acquiring the
polarization diagram, and ii) a rotating QWP followed by a linear polarizer
for analyzing the helicity of light. Both the polarizer and analyzer systems
are driven by a motorized stages. The sample holder is mounted on a 3D
piezoelectric translation stage, which enables the precise focusing of the
excitation light ontothe antenna. . . . . .. ... ... ... ......... 88

4.15 RNA response measurements. (a) Measurement of RNA’s response to the
input polarization: simplified experimental scheme (left panel) and mea-
sured RNA emission intensity regarding the input polarization orientation
(right panel). Experimental results (blue circles) are compared with Malus
law (red curve). Measurement of RNA’s radiation property: simplified ex-
perimental set-up (left panel) and measured RNA polarization diagram (in-
tensity), compared with the typical response of a dipole Malus’s curve (right
panel). Those measurements in (a) and (b) are enabled by rotating a linear
polarizer inserted either in the input or output benches, respectively. The
two insets, in both (a) and (b), show the optical and SEM images of the
RNA. In all cases, 6 denotes the orientation of the polarizer’s transmission
axis, counted from x-axis). . . . . . ... 90

4.16 Circularly polarized optical emission from a single TW-HPA. (a) The left
panel shows a simplified schematic depicting the experimental bench for
characterizing the polarization properties of the helical antenna (inset
shows a typical far-field optical image of the TW-HPA emission). The right
panel shows a side-view SEM micrograph of the TW-HPA, whose central
radius and vertical pitch are R, ~ 155 nm and S ~ 350 nm, respectively.
(b) Measured antenna emission intensity with respect to the input linear
polarization. (c) State-of-polarization analysis at 1 = 1.55 um and 1 = 1.64
um. (d) Experimental spectra of the AR and DOCP, compared with the
simulation results considering a 10-nm thick homogeneous metal coating
onto the carbonskeleton. . . . . . ... .. ... ... ... ... ...
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4.17 (a) Left panel: simplified schematic of the experimental set-up, where a

rotating quarter wave plate (QWP) and a fixed linear polarizer (LP2) are
put in front of the camera to analyze the helicity of the antenna emission.
Right panel: optical and SEM images of two HPAs of opposite handedness.
(b) Measured transmission intensity for the two HPAs through the circular
analyzer. Maximum helicities are obtained for angles between the QWP
and LP of 45° and 135°. This resembles two circular polarizers of opposite
handedness. We have o = +1 for the two HPAs, where o stands for the
helicity of light. . . . . . . . . . . .

4.18 Circularly polarized emission originates from the excitation of a subdiffrac-

tion surface plasmon within the helix. AR spectrum of the TW-HPA emis-
sion for the RNA in contact to the helix pedestal (blues squares), 185 nm
away from the helix pedestal (red circles), and turned by 90° regarding the
two first cases (green diamonds), respectively. . . . . ... ... ... ...

4.19 Spectrum of the AR of the TW-HPA emission for a single structure with

5.1

5.2

5.3

54

one turn (orange triangles), two turns (green diamonds), three turns (red
circles), and four turns (blue squares). . . . . .. .. ... ... ... ...,

Schematics of the two operation modes of the TW-HPA, involving light wave
propagation in two opposite directions along the antenna axis, respectively.

Simulation of the TW-HPA in detection mode: (a) Schematics of the simula-
tion model. (b,c) Simulated intensity distribution (x0z plane) of the TW-HPA
under illumination with (b) left and (c) right-handed circularly polarized light,
respectively. The intensity plots have been saturated equally for a better
view of the TW-HPA wire mode. RNA: rectangular nanoaperture. . . . . . .

Schematic diagrams of the experimental setups for measuring the circular
dichroism of the TW-HPA (a) in emission mode, and (b) in collection mode.
LP: Linear Polarizer, OBJ: Objective, QWP: Quarter-wave plate, BS: beam
splitter. . . . . .

(a) Schematics of the two operation modes of the TW-HPA, involving light
wave propagation in two opposite directions along the antenna axis, re-
spectively. (b) Circular dichroism spectra measured with a left-handed
TW-HPA operating in emission and collection modes. Circular dichroism
is defined as (Ircp = Ircp)/Urcp + I1cp), where Ircp and Ircp stand for the
emission intensity of the TW-HPA, with an illumination by right and left cir-
cularly polarized light, respectively. Emission intensity is measured either
from the helix, in air (in emission mode), or from the rectangular nano-
aperture antenna, through the substrate (in collection mode). Figure inset:
helicity analysis in emission mode, at 1=1.55 um. The measurement is re-
alized by placing a circular analyzer, consisting of a rotating quarter-wave
plate followed by a fixed polarizer, in front of a detector and measuring the
transmitted power. RCP and LCP refer to right and left-handed circular
polarization of the emitted light, respectively. . . . . .. .. ... ... ...
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5.5

5.6

5.7

5.8

5.9

Schematics of the CP-LSA, consisting of two couples of HPAs of opposite
handedness and orthogonal aperture nano-antennas. The right and left
handed HPAs are identified with the letters R and L, respectively. Red and
blue arrows indicate the linear polarization states of the incident light, at
which only the two right and left-handed HPAs are respectively switched
ONEeMISSION. . . . . . . . e e e

Scanning electron micrograph of the CP-LSA, which consists of two cou-
ples of HPAs of opposite handedness and orthogonal aperture nano-
antennas. The right and left-handed HPAs are identified with the letters
R and L, respectively. The letters A, B, C and D show the arrangement
configuration of these HPAs (cf. Fig.[5.5). . .. ... .. ... ........

Measurement on the tuning property of the spin-light array (cf. Fig.
with linearly polarized excitation light. (a) Left panel: schematic diagram
of the experimental setup and right panel: far-field optical images of the
four-HPA device at three input polarizations. (b) Emission intensities of the
two HPAs of opposite handedness at various input polarization states. . . .

Helicity characterization of the emissions from the spin-light array (cf. Fig.
5.6). (a) left panel: schematic diagram of the experimental setup, right
panel: far-field optical images of the four-TW-HPA device with a (middle)
right-handed and (bottom) a left-handed circular analyzer in front of the
camera. (b) Helicity analysis of two HPAs of opposite handedness. The
measurement is realized by placing a rotating quarter wave-plate and a
fixed linear polarizer in front of a detector and measuring the transmitted

(a) 3D and (b) 2D top-view schematics of the four-coupled HPAs. It consists
of two couples of HPAs of opposite handedness and orthogonal aperture
nano-antennas. The right- and left-handed HPAs are identified with the
letters Rand L, respectively. . . . . . .. .. .. ... ... .

5.10 Theoretical prediction of the polarization state of the four-coupled TW-HPA

structure (i.e., the polarization angles |2y| and 2y on the Poincaré sphere),
as a function of the polarization direction (angle 6) of an incident linearly
polarized wave. Three ellipticity factors are considered: b, = b, = 1 (blue
curves), by = b, = 0.5 (orange curves) and by = b, = 0.1 (yellow curves).

5.11 Scanning electron micrographs of the four-coupled TW-HPA structure: (a)

Angled view, (b) Top view. Figure inset shows the optical image of the
structure on emission, exhibiting a single light spot (regardless of the input
polarization). . . . . . ..
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5.12 Subwavelength scale manipulation of light polarization by four coupled
HPAs. (a,c) Polarization angles 2y and 2y of the emitted field versus the
polarization direction of an incident linearly polarized light (Poincaré sphere
approach of polarization). The optical waves are impinging from the sub-
strate at normal incidence, with (a) 2=1615 nm and (c) 4=1470 nm. (b,d)
Polarization diagram of the antenna emission for incident polarization cor-
responding to 6 equal to 45° and 135°, leading to the selective excitation
of the two couples of HPAs of opposite handedness: (b) 1=1615 nm. (d)
A=1470 nm. Near-field coupling between the HPAs of opposite handed-
ness ensures parallel outcoming polarization ellipses for orthogonal inci-
dent linear polarizations. . . . . . . . .. .. ...

5.13 Schematics illustrating the generation of parallel elliptical polarizations of
opposite helicity at 6 = 45° and 135°, due to the near-field coupling of SPs
in the four-coupled TW-HPA device. (a) 3D schematic showing the near-
field coupling of surface plasmons (SPs) in the four TW-HPAs at 6 = 45°.
(b,c) Top-view schematics showing the coupling between SPs in such a
system with (b) 6 = 45° and (c) & = 135°. The blue and red open circles
with an arrow indicate the swirling SPs in the left- and right-handed TW-
HPAs, respectively. The green arrows indicate the parallel propagation
directions of those SPs. The corresponding output polarization states are
represented by the blue and red ellipses in the insets of (a) and (b). . . . .[108
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