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Abstract

This thesis covers different subjects of nonlinear and quantum optics, studied in systems
with scales smaller or comparable to the wavelength of interest. The manuscript is divided
into two parts. The first part of the manuscript deals with several applications of optical
nanofibers as a platform for light-matter interaction. In particular we will explore: the
coupling between a dipole placed on the surface of the nanofiber; the coupling between
two parallel nanofibers; as well as the mechanical properties of an optical nanofiber.

The research on the coupling of linear dipoles on the surface of nanofibers aims to
study the polarization characteristics of the dipoles coupled to the guiding mode of the
fiber. Due to the chirality of the guiding mode of the nanofiber, we can detect the polar-
ization properties of the dipole by monitoring the polarization at the fiber output. Full
polarization including linear polarization, circular polarization and elliptical polarization
are available through the coupling of dipole and optical nanofiber. Complete polarization
control can be achieved by controlling the azimuth angle of the dipole and the orientation
of the gold nanorod.

The research on the coupling between two parallel optical nanofibers aims to build
models to describe the photonic structures of nanofibers, including two different rings.
This provides a reference for the construction of integrated optical devices (Sagnac inter-
ferometer and Fabry-Perot resonator) based on nanofibers.

Finally, we combined the optical and mechanical properties of the nanofiber to achieve
a displacement detection system with an accuracy of 1.2 nm/

√
Hz.

In the second part of the paper, we will focus on solving the problem of the limited
photoluminescence quantum efficiency faced by single-photon emitters in the attenuation
of photon transmission in optical fiber telecommunication networks. We use frequency
conversion to convert the visible photons generated by the single-photon emitters to the
low-loss telecommunication band photons transmitted in the optical fiber. Based on
single-photon sources such as diamond color centers and CdSe-CdS quantum dots, we
propose numerical simulations and possible experimental solutions for quantum frequency
conversion. And we used laser to simulate the zero phonon line of the diamond nitrogen
vacancy color center and realized efficient frequency down conversion.
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Résumé

Cette thèse couvre différents sujets de l’optique non linéaire et quantique, étudiés dans des
systèmes avec des échelles plus petites ou comparables à la longueur d’onde d’intérêt. Le
manuscrit est divisé en deux parties. La première partie du manuscrit traite de plusieurs
applications des nanofibres optiques comme plate-forme d’interaction lumière-matière. En
particulier, nous explorerons: le couplage entre un dipôle placé à la surface de la nanofibre;
le couplage entre deux nanofibres parallèles; ainsi que les propriétés mécaniques d’une
nanofibre optique.

La recherche sur le couplage de dipôles linéaires à la surface de nanofibres vise à
étudier les caractéristiques de polarisation des dipôles couplés au mode de guidage de
la fibre. En raison de la chiralité du mode de guidage de la nanofibre, nous pouvons
détecter les propriétés de polarisation du dipôle en surveillant la polarisation à la sortie
de la fibre. La polarisation complète, y compris la polarisation linéaire, la polarisation
circulaire et la polarisation elliptique sont disponibles grâce au couplage du dipôle et de
la nanofibre optique. Un contrôle de polarisation complet peut être obtenu en contrôlant
l’angle azimutal du dipôle et l’orientation de la nanorode d’or.

La recherche sur le couplage entre deux nanofibres optiques parallèles vise à construire
des modèles pour décrire les structures photoniques des nanofibres, comprenant deux an-
neaux différents. Cela constitue une référence pour la construction de dispositifs optiques
intégrés (interféromètre Sagnac et résonateur Fabry-Pérot) à base de nanofibres.

Enfin, nous avons combiné les propriétés optiques et mécaniques de la nanofibre pour
obtenir un système de détection de déplacement avec une précision de 1.2 nm/

√
Hz.

Dans la deuxième partie de l’article, nous nous concentrerons sur la résolution du prob-
lème de l’efficacité quantique de photoluminescence limitée rencontrée par les émetteurs à
photon unique dans l’atténuation de la transmission de photons dans les réseaux de télé-
communication à fibre optique. Nous utilisons la conversion de fréquence pour convertir
les photons visibles générés par les émetteurs à photon unique en photons de bande de
télécommunication à faible perte transmis dans la fibre optique. Sur la base de sources
à photon unique telles que les centres de couleur du diamant et les points quantiques
CdSe-CdS, nous proposons des simulations numériques et des solutions expérimentales
possibles pour la conversion de fréquence quantique. Et nous avons utilisé le laser pour
simuler la ligne zéro phonon du centre de couleur de vide d’azote diamant et réalisé une
conversion efficace vers le bas de fréquence.

5





摘摘摘要要要

本论文在标度小于或等于目标波长的波导系统中对非线性光学和量子光学进行了研
究。当光纤的直径减小到亚波长区域时，被引导的光的边界条件发生改变。一部分光
在光纤表面的消逝场中传播。在消逝场中传播的光被高度限制在纤维表面附近的横向
平面中。纳米光纤周围的消逝场产生更大的光学深度。因此，利用纳米光纤，可以实
现将光与原子，纳米颗粒或者共振腔在光纤表面耦合，从而为研究光与物质相互作用
提供了平台，有非常广泛的理论研究和应用的空间。
论文分为两部分。论文的第一部分介绍了纳米光纤作为光和物质相互作用平台的几

种应用。我们研究了置于纳米光纤表面的偶极子之间的耦合；两根平行的纳米光纤之
间的耦合；以及纳米光纤的机械性能。
其中纳米光纤表面的偶极子之间的耦合的研究旨在研究偶极子发光耦合至光纤的传

导模式后的偏振特性。由于纳米光纤传导模式中的手性特性，我们通过激发与纳米光
纤表面耦合的金纳米棒可以在光纤出射端探测到偶极子的偏振性能，并能通过偶极子
与光纤耦合获得包括线偏振，圆偏振以及椭圆偏振。通过对偶极子方位角和相对光纤
轴的夹角的控制可以实现完全的偏振控制。
对于两根平行的纳米光纤之间的耦合的研究旨在构建模型以描述纳米光纤构成的光

子结构，包括两种不同的扭结。这为基于纳米光纤构建集成化的光学器件(Sagnac干涉
仪以及Fabry-Perot共振腔)提供了参考。
最后，我们将纳米光纤的光学特性与机械特性结合，实现了精度为1.2 nm/

√
Hz的

位移探测系统。该光学系统拥有足够的灵敏度，可将纳米光纤作为探针用来测量辐射
力。
在论文的第二部分中，我们将着重解决单光子发射器面临的有限的光致发光的量子

效率在光纤电信网络中产生的光子传输过程中的衰减的问题。
我们通过频率转换，将单光子发射器产生的可见光子转换至在光纤中传输具有低

损耗的通信波段光子从而实现减少传输损耗的目的。我们基于金刚石色心以及CdSe-
CdS量子点等单光子源，提出了用于量子频率转换的数值模拟和可能的实验解决方案，
并利用激光器模拟金刚石氮空穴色心的零声子线实现了高效的频率下转换。
其中，在利用PPLN波导之外，我们介绍了一种利用悬浮纤芯光纤中进行四波混频

的单光子频率转换实验方案。相位匹配可以通过控制悬浮芯纤维的孔中注入的稀有气
体的压力来调节。这个方法可以实现可调谐的单光子频率转换。
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Introduction

This thesis focuses on the research and application of optical waveguides and nano emitters
in nonlinear and quantum optics.

The study of optical waveguides has been rising quickly in recent years. Their potential
as a platform for quantum optics and nonlinear media is clear. Among the different types
of optical waveguides, we study mostly the optical nanofiber.

The high transmission of the optical fibers are realized by strict control of the surface
roughness. The high transmission glass fibers is observed by Kao and Hockham in 1966
[1], which is always a competitive point for the fused silica optical fiber. This advantage
has been inherited for optical nanofiber.

Fabrication technique of optical nanofibers

In 2003, Limin Tong published his work on fabrication of silica wires with diameter only
50 nm by two-step drawing while keeping low loss [2]. The first step is to reduce the fiber
diameter to few micrometers with a flame. In the second step, the silica fiber is coiled
around a sapphire tip and heated to melting temperature. The fiber is then pulled in a
direction perpendicular to the axis of the sapphire tip with diameter controlled by the
pulling speed.

Later, another way of fabricating optical nanofiber using heat-and-pull method in-
troduced by Warken [3] in 2007 and optimized by Hoffman in 2014 [4], which stretches
a softened fused silica optical fiber to subwavelength region with only one step. The
technique is now quite mature. With a profile offering adiabatic transition, an optical
nanofiber can have transmission above 95%. The fiber waist has only a bare silica core
with a diameter typically smaller than guiding wavelength and the surrounding air acts
as the fiber cladding. While the two sides of the optical nanofiber keep the structure
of original optical fiber. With this technique, the fiber waist length can be from several
millimeter to one centimeter and a waist radius down to 100 nm. Since the side of the
optical fiber remains unmodified, it can be directly connected to other fiber system.

Electrospinning is normally used to produce polymer nanofibers, but it can also be
used on silica fiber fabrication [5]. By controlling the movement of collector stage, we can
get aligned nanofibers.

Laser spinning is a method that can generate glass nanofibers with lengths up to
several centimeters [6]. It is realized by melting glass with a focused high power laser.
The melted material is blew by a gas jet with high velocity.

Another new technique based on laser melting can produce continuous glass fibers of
1 m long with diameter down to 300 nm [7].

Among all the techniques for glass nanofiber fabrication, one step heat-and-pull method
is the most attractive due to its simplicity and high transmission. Especially for optical
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14 Introduction

(a) (b)

Figure 1: (a) Cesium atoms are localized about 200 nm away from the nanofiber surface
trapped by the evanescent field adapted from [9]. (b) Tapered optical nanofiber couplied
with single nitrogen vacancy center adapted from [14].

applications, it can be adapted to other fiber system. This is also the technique we are
using in our lab to fabricate optical nanofibers.

Application of optical nanofibers

When the diameter of optical fibers is reduced to sub-wavelength region, the boundary
condition of the guided light changes. Part of the light propagates in the evanescent field
at the fiber surface. The light propagating in the evanescent field is highly confined in the
transverse plane near the fiber surface. The evanescent field around the optical nanofiber
produces larger optical depth. Therefore, with optical nanofiber platform, it is possible
to couple light with atoms [8, 9, 10, 11, 12], other small particles [13, 14, 15, 16] to study
the interaction between light and matters.

Once we have atoms or nanoparticles close enough to the surface of optical nanofiber,
the emission or the scattered photons can be coupled into the evanescent field of the
guided mode. We can use following methods to detect the light-matter interaction. First,
we can send laser through the optical nanofiber, and monitor the transmitted signal to get
the information of the photons absorbed by atom or nanoparticles. Second, we can send
laser through the optical nanofiber and detect the emission or scattered photons from the
atom or nanoparticles in the free space around the optical nanofiber. Third, we can send
a laser beam on the atoms or nanoparticles from the free space and detect the emission
or scattered photons coupled into the guided mode of optical nanofiber.

Since the optical nanofiber can be made in the lab with a simple heat-and-pull system
and can be connected to other quantum information devices with fiber connection to
generate hybrid quantum systems that can be used for quantum processing or quantum
memory [11].

Optical nanofibers can also be used to couple light into resonators [17] by placing the
fiber surface next to a cavity.

Optical nanofibers are also used in sensing and detection systems [18, 19, 20].
In consequence a strong evanescent field in the air is present along the fiber surface.

The possibility of coupling to nano emitters on the fiber surface with coupling efficiency
up to 20% opens gates to many applications in quantum optics.
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Plan of the thesis:

Chapter 1 is the introduction about the fundamental background knowledge of optical
nanofibers.

The first part of the manuscript, including Chapter 2-4, is about several applications
of the optical nanofiber considering the coupling between the dipole on the nanofiber
surface, the coupling between two parallel nanofibers and the mechanical property of
optical nanofiber.

In these experiments, we used gold nanorods or gold nanospheres as nano emitters
which exhibit dipolar emission pattern. When point-like metallic nanoparticles are de-
posited on the optical nanofiber, the spin and orbital angular momentum got coupled.
The guided light shows polarization corresponding to the dipole orientation and azimuthal
position.

In Chapter 2, we observed the emission of various elliptical polarizations, including
circularly polarized light by coupling a linear dipole with a tapered nanofiber without the
need for birefringent components. We experimentally analyzed the light directly collected
in the guided mode of the nanofiber in regard to the azimuthal position and orientation
of the dipole (gold nanorod), observed by means of scanning electron microscopy. We
demonstrated a mapping between purely geometrical degrees of freedom of a light source
and all the polarization states. This could open the way to alternative methods for
polarization control of light sources at the nanoscale. The result of this experiment has
been the subject of the publication [21].

In Chapter 3, we fabricated and characterized two types of photonic structures based
on tapered nanofiber, which are a ring and a knot. In the framework of the linear coupling
theory, we studied the coupling between two parallel nanofibers. We proposed a general
approach to predict the properties of these structures. We found that although both
nanofiber systems contain ring structures, they appear to operate in different ways due to
the difference in geometry, one refers to a Sagnac interferometer and another refers to a
Fabry-Perot resonator. In addition, we described a new source of birefringence due to the
ovalization of a nanofiber under strong bending, known in mechanical engineering as the
Brazier effect. The Fabry-Perot Cavity made of optical nanofiber can couple to atoms or
luminescence nanoparticles with evanescent wave at the surface of the fiber. The system
is both integrated and has a relatively small mode volume with a finesse of 8 and a quality
factor of 1300. The result of this experiment has been the subject of the publication [22].

In Chapter 4, we take advantage of the optical nanofiber’s small mass to implement a
highly sensitive sensor of vibrations and weak forces. We combine the optical and mechan-
ical properties of a nanofiber to create a sensing device for displacement measurements
and optomechanical applications. We coupled a gold nanosphere with optical nanofiber
and placed it within a optical standing wave to form a position sensing system with a
resolution down to 1.2 nm/

√
Hz. To calibrate the sensitivity of this displacement system

towards radiation pressure measurement, we proposed a mechanical model to estimate
the response of our sensor to optically-induced force. We found that the sensitivity cor-
responding to the sensibility of an externally applied force at the nanofiber waist is 1 pN.
The result of this experiment has been the subject of the publication [23].

The second part of the manuscript includes Chapter 5-7, in which we describe quantum
and nonlinear optics with single photon nano emitters. In this part, we focus on solving
two main challenges of emitters, one is the photoluminescence quantum yield, another is
the attenuation during propagation of the generated photons. The nano emitters we have
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studied include quantum emitters like defects in nanodiamond which are promising single
photon sources at room temperature, lanthanide-doped NaYF4 nanoparticles, metallic
nanoparticles, and quantum dots (CdSe-CdS dot-in-rods).

In Chapter 5, we introduced the enhancement of luminescence from single lanthanide-
doped upconversion nanoparticle with surface plasmon resonance. With the help of atomic
force microscope manipulation, we assemble a gold nanorod with a Yb3+/Er3+/Mn2+ co-
doped NaYF4 nanocrystal into a hybrid dimer. By comparing the upconversion trans-
mission from nanocrystals with and without the gold nanorod, we revealed the plasmonic
enhancement up to 110 times with gold nanorod. The result of this experiment has been
the subject of the publication [24].

For the typical fused silica glass fibers we use in this work, it is especially advan-
tageous for long-distance communications with infrared light which has loss generally
below 1 dB/km and a minimum loss at 1550 nm (0.2 dB/km). It is a much lower at-
tenuation compared to electrical cables. This allows to span long distances with few
repeaters. Here comes the problem that the communication between quantum nodes is
suffering from the mismatch between the frequency of the emitted photons and the low-
loss telecommunication-band region of silica, for which the quantum frequency conversion
can be a solution. The wavelength of the generated photons in the visible range can be
converted to communication-friendly telecommunication band while preserving the other
optical and quantum properties.

In Chapter 6 and 7, we introduced the numerical calculation and possible experimental
solutions based on different quantum emitters for quantum frequency conversion.

In Chapter 6, we numerically studied the difference frequency generation with defects
in diamond, specifically Nitrogen vacancy and Silicon vacancy color centers in nanodia-
mond. We calculated the phase matching condition of these two types of defects in dia-
mond while using two different nonlinear medias, the periodically poled lithium niobate
(PPLN) and periodically poled potassium titanyl phosphate (PPKTP). Since the light
refraction in the two crystals is different (lithium niobate is uniaxial crystal and potas-
sium titanyl phosphate is biaxial crystal), we want to understand how different nonlinear
crystals affect the phase matching condition and whether we find a numerical solution to
increase the conversion efficiency and bandwidth compression.

Finally in Chapter 7, we introduced a solution for single photon frequency conversion
with four wave mixing in suspended core fiber. The suspended core fiber has a cross
section with a sub-micro core surrounded by three holes. The interesting point of using
the suspended core fiber as the non-linear waveguide is that the surrounding holes can
be filled with gas to induce non-linearity. The type and the pressure of gas modify the
nonlinear refractive index of the fiber, therefore providing on demand phase matching.

In general, this manuscript covers different subjects of nonlinear and quantum op-
tics, studied in systems with scales smaller or comparable to the wavelength of interest.
Perspectives and experiments proposals conclude this manuscript.



Chapter 1

Subwavelength optical nanofiber

Waveguide is a physical structure that guides electromagnetic waves. The first study of
dielectric waveguide appeared in 1910 by Hondros and Debye who described the mode
propagation within a dielectric rod. In the late 1930’s, people found that the evanescent
field of the wave propagates outside the rod and provides highly directional radiation
at the bend, which leads to the development in microwave antennas. Since late 1950’s,
the light guiding properties of dielectric waveguides for optical wavelength was gradually
being studied. In 2009, a Nobel Prize was awarded for the groundbreaking achievements
by Charles K. Kao concerning the transmission of light in glass fiber waveguides for
optical communication. The development of optical waveguides brings the possibility for
"integrated optics" and long distance communication with high transmission.

The optical waveguide has a dielectric core with higher refractive index than the
outside cladding. In the higher index region of a waveguide, light propagates with total
internal reflection. In the lower index region, the fields decays exponentially, which is
defined as the evanescent wave. Thanks to the properties of optical waveguides especially
the high transmission and evanescent field, optical waveguides shows high potential as a
platform to investigate light-matter interactions and quantum optics. Quantum optics
deals with quantum states of light, as opposed to Poissonian distributed states (lasers) or
super-Poissonian distributed states (thermal light). Single photons Fock states, NOON
states or squeezed states, for instance, are quantum states of light.

This manuscript is divided into two parts, the first part will be about the application
of the optical nanofibers, the second part will be about the nano emitters.

In this Chapter, we will introduce the optical nanofiber.
The optical waveguides have a structure that consist of a dielectric core and a substrate

around it. The light coupled to the end surface of the waveguide is confined by total

x

z

Figure 1.1: Basic structure of an optical waveguide. a is the fiber radius. θ and φ represent
the incident angle and the angle of the light propagating in the waveguide respectively.
The refractive index of the core and cladding is marked with n1 and n0.
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internal reflection since the refractive index of the cladding n0 is lower than the refractive
index of the core n1. The refractive index mismatch between core and cladding is defined
as:

∆ =
n2

1 − n2
0

2n2
1

. (1.1)

This important figure of merit tells apart the weakly and strongly guiding regimes. Weakly
guiding fibers are the optical fibers with small refractive index mismatch (substantially
less than 1%). Otherwise, it will be regarded as a strongly guiding fiber.

At the incident plane, we have the relationship between the incident angle θ and the
light propagating angle in the waveguide φ, shown in Fig. 1.1, described as sin θ = n1 sinφ.
The maximum angle for the propagating light within the core is given by φmax =

√
2∆,

and the maximum incident angle or numerical aperture is given by θmax = sin−1
√
n2

1 − n2
0.

The wavelength and the wavenumber of light in the core are given by λ/n1 and kn1

with k = 2π/λ.The propagation constant β along z is expressed by:

β = kn1 cosφ. (1.2)

In this manuscript, our experiments are related to three different types of waveguides,
the optical nanofiber, the suspended core fiber, and periodically-poled lithium niobate
(PPLN) waveguide. In this chapter, we are going to introduce an interesting optical
waveguide, the subwavelength optical nanofiber. The optical nanofiber with subwave-
length diameter can be used as a platform for coupling nanoparticles or another optical
nanofiber with the strong evanescent field at the air-cladding fiber surface. Several sub-
sections will describe how these waveguides work and how we design and make them.
Another subsection will be dedicated to the coupling between these waveguides and dif-
ferent nanoparticles, as this will be important for chapters 2 and 4.

The suspended core fiber has a core equivalent to an optical nanofiber with diameter
down to 800 nm and a length up to kilometer. It has both potential in particle coupling
and the application in third-order nonlinear effect of silica.

The PPLN waveguides is interesting because the confinement of light within the waveg-
uide offers higher conversion efficiency compare to the traditional PPLN crystal.

Optical nanofiber is an air-cladding fused silica waveguide with circular cross section.
A homemade optical nanofiber can have a diameter of about 200 nm with high transmis-
sion, typically above 95%. A bare optical nanofiber with low surface roughness can have
very high damage threshold. In the work of Hoffman, a transmission power of more than
400 mW in high vacuum conditions was recorded [4]. When the optical nanofiber has a
subwavelength diameter, the guided modes can extend outside the fiber, in the air; the
field is then both propagating and evanescent. With further decreasing of the fiber diam-
eter, the enhanced evanescent field leads to the connectivity to other system for research
on light-matter interaction and precise sensing systems. By monitoring the transmitted
signal at the fiber output, one can realize several systems applied for quantum technology
by coupling to atom cloud, molecules and particles. For example, the emission fluores-
cence detection, absorption detection and laser-induced fluorescence detection introduced
in [25].

1.1 Light propagating in an optical nanofiber
The propagation of light within a tapered subwavelength optical nanofiber consists of
three distinct propagation regions (see in Fig.1.2):
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Figure 1.2: Propagation of light through a tapered nanofiber.

• the fiber input and output parts with standard optical fiber in weakly-guiding region,
where ∆ is small, for example only 0.006 for a Thorlabs HP630 fiber;

• the nanofiber waist with air cladding in strongly-guiding region, where in the case
for an air-cladding optical nanofiber ∆ is about 0.26;

• the tapered region connecting both.

Initially the light was launched into optical fiber core from the left. The taper part
adiabatically converts the light from unmodified fiber core to the nanofiber waist. The
shape of the taper part is defined with angle Ω varying along the fiber longitudinal axis.
For the light propagating in the unmodified fiber and waist region, the two-layer system
has only two refractive indexes, ncore and ncladding or ncladding and nair. Within the tapered
region, the effect of finite cladding radius becomes strong and the calculations needs to
consider the third medium, normally ncore, ncladding and nair [26].

The transmission rate of the whole system is mostly defined by the taper design, as
we will see in subsubsection 1.1.2.

HE and EH refer to the hybrid modes of optical waveguides with circular symmetry.
In EH modes the axial magnetic field Hz is relatively strong, whereas in HE modes the
axial electric filed Ez is relatively strong. To characterize which modes are guided by
an nanofiber, we introduce the normalized frequency V . It depends on the radius a, the
wavelength of interest lambda and the refractive indexes of the core and the cladding,
given by:

V =
2π

λ
a
√
n2
core − n2

cladding. (1.3)

Fig.1.3 shows the effective refractive index neff = β
k
as a function of the normalized

frequency V for various modes. The value of neff is between ncore = 1.45 (fused silica) and
ncladding = 1 (air). The boundary of single mode and multi mode is marked with a vertical
dashed line in Fig.1.3. With λ = 637 nm, the value of V at the boundary is 2.4, defined
as Vboundary. Here we show only the lower order modes, HE11, HE21, TM01, TE01. The
lowest-order mode in an optical waveguide is HE11, which is a mode without cutoff and
is defined as the fundamental mode of a optical fiber. When V of the nanofiber system
is sufficiently small (V < Vboundary), the fundamental mode HE11 will be the only mode
guided in the nanofiber. The mode structure of HE11 will be detailed in the next section.

Air-cladding nanofibers show different guiding properties compared to a weakly guid-
ing fiber. Due to the large refractive index mismatch, the HE11 can not be approximated
to linearly polarized (LP) mode. This leads to the interesting properties of the subwave-
length air-cladding optical fibers.
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Figure 1.3: The effective refractive index neff = β/k0, where k0 = 2π/λ as a function of
V . The boundary of single mode and multi mode is marked with a vertical dashed line.
With λ = 637 nm, we have the value of V at the boundary is 2.4. For V < Vboundary, the
optical nanofiber propagates only HE11 mode.

Nanofibers show lossless propagating evanescent fields1 When the light is propagat-
ing inside a higher refractive index medium and is reflected at the surface, the reflected
wave interferes with the incident wave to form a standing wave near the interface, and
a very small part of the energy will penetrate into the lower refractive index medium.
The electromagnetic field will penetrate a certain distance and propagate along the in-
terface, as shown in Fig.1.4. This is the evanescent wave. The evanescent field decays
exponentially from the surface. In air-cladding optical nanofibers, the decay parameter
of the evanescent field in the cladding becomes smaller due to the larger refractive index
mismatch. The evanescent field becomes significant. When the fiber diameter is small
enough corresponding to the guiding wavelength, the proportion of the evanescent field
can be higher than the wave guided inside the nanofiber.

The transverse components of the electric field outside the fiber becomes highly az-
imuthal dependent. The z component of the electric field both inside and outside the
fiber are substantial. The reason will be further explained in the next section.

1.1.1 Optical nanofiber electronmagnetic modes

The solution of the Maxwell equations in cylindrical coordinates leads to the following
expressions for the field components along the horizontal (x), vertical (y), and longitudinal
(z) directions inside and outside of the fiber core. Different modes of a cylindrical core
step index waveguide are described by Bessel functions in the core, and modified Bessel
functions outside the core. Assuming the core radius of the nanofiber is a, refractive
index of the core n1 (fused silica), and the refractive index of the cladding n2 (air). The
fundamental mode of an optical fiber (HE11 mode) is given by the three components of
electric and magnetic fields Ex, Ey, Ez and Hx, Hy, Hz in a cylindrical coordinates (r,θ,z):

1Gold films can also be used as waveguides by using surface plasmons, which also exhibit evanescent
fields, but the losses in the metal forbid any long distance propagation.
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Figure 1.4: Schematic of the evanescent wave around a subwavelength optical nanofiber.
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For r > a (outside the fiber),
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where ψ is the polarization angle, s = [(w)−2 + (u)−2] / [J ′1(u)/uJ1(u) +K ′1(w)/wK1(w)],
s1 = β2s/(k2n2

1), s0 = β2s/(k2n2
2), β is the propagation constant, u = a

√
n2

1k
2 − β2 and

w = a
√
β2 − n2

2k
2 (u2 + w2 = V 2, V is the normalized frequency). Jn and Kn are the
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Figure 1.5: Fundamental mode (HE11) at 637 nm in a 300 nm diameter nanofiber with
intensity normalized to its maximum value. a) the total intensity normalized to its max-
imum intensity. b) the intensity distribution along the axis y = 0. c) the intensity
distribution along the axis x = 0.

Bessel functions of the first kind and the modified Bessel functions of the second kind,
respectively, and the prime stands for the derivative.

For weakly guiding fiber, the value of s can be approximated to -1. For air-cladding
fused silica fiber, refractive index mismatch ∆ � 1%, the light is guided in strongly
guiding region. We need to use the full expression of s. The decay parameter of the
evanescent field w is based on the refractive index of air, which is small. The terms
K1

(
w
a
r
)
and K2

(
w
a
r
)
are significant. The terms K2

(
w
a
r
)
applied on cos(2θ + ψ) and

sin(2θ+ψ) make Ex and Ey components highly azimuthal dependent. The terms K1

(
w
a
r
)

gives substantial Ez component outside the fiber. The a
u
is parameter describing the field

within fiber will be comparable to propagation constant β. Therefore, we have non-
negligible z component inside the nanofiber compared to the transverse components.

The Fig. 1.6 shows the three normalized components Im(Ex), Im(Ey) and Ez of the
electric field of the 637 nm guided light with linear-polarization along x-axis in a 300 nm
diameter optical nanofiber. The component along z-axis is strong compare to linearly
polarized light in free space.

With the increasing fiber radius a, higher-order modes are supported in optical nanofiber
waveguides. The higher-order modes will have complex evanescent field around the
nanofiber, which enables the exploration of interaction with the surrounding medium
[27].

1.1.2 Adiabatic profile of the transitions in tapered fiber

The transmission rate of the whole system is defined by the taper region, where guidance
switch from core-cladding regime to cladding-air regime. Here we are going to explain in
detail how the taper profile is calculated.

For plane waves in homogeneous transparent media, the refractive index n can be used
to quantify the increase in the wavenumber (phase change per unit length) caused by the
medium. The wavenumber is n times higher than it would be in vacuum. The effective
refractive index neff has the analogous meaning for light propagation in a waveguide with
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Figure 1.6: Fundamental (HE11) mode structure of a 300 nm diameter optical nanofiber.
The value of the three components Im(Ex), Im(Ey) andEz are normalized to the maximum
intensity. The wavelength of the guided light is 637 nm.



24 CHAPTER 1. SUBWAVELENGTH OPTICAL NANOFIBER

(m
m
-1
)

Figure 1.7: The propagation constants of HE11 mode and HE12 mode as a function of
fiber diameter.

restricted transverse extension: the β value (phase constant) of the waveguide for a given
wavelength is the effective refractive index times the vacuum wavenumber.

β = neff
2π

λ
(1.6)

The geometry at the tapered region brings optical losses when the fundamental mode
is coupled to higher order modes which can not be carried by the nanofiber. In order to
avoid the losses, the profile of the tapered fiber must meet the adiabatic criterium [28].
The coupling coefficient between two different modes is given by [29]:

Cjl =
k

4

(
ε0

µ0

)1/2
1

βj − βl

∫
A

ê∗j · êl
∂n2

∂z
dA, j 6= l (1.7)

where the βj and βl are the propagation constant of the two modes and the êl and êj are
the electric fields of the two modes. The overlap between these two modes are integrated
in transverse plane A. If we assume that the cross-section of fiber taper is axisymmetric,
LP01 mode can couple only to modes with the same azimuthal symmetry, which means
to the higher order LP0m modes. For the calculation and optimization of the fiber profile
to minimize the losses when coupling from the fundamental mode, it is intuitive to focus
on the higher order mode with the closest propagation constant to the fundamental mode
dominating the coupling. For the tapered nanofiber, since the propagation constants are
close, the coupling between the fundamental mode HE11 and HE12 is the strongest [28].
In equation 1.7, j = 1 represents the fundamental mode HE11 and l = 2 represents the
higher order mode HE12.

It is worthwhile to examine their propagation constants more closely. In Fig.1.7,
we plot the propagation constants of HE11 mode and HE12 mode as a function of fiber
diameter. Strictly speaking, there is a three-layer system. To simplify matters, however,
depending on the fiber thickness, a system of core and jacket or of jacket and air is
assumed. In the area around r = 20 µm, the HE11 mode changes from the core to the
cladding, and the difference to the propagation constant of the HE12 mode is smallest,
which is why the two modes couple there the strongest.
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Figure 1.8: The optimized slope angle of the transition region as a function of the fiber
radius for minimizing the transmission loss.

Two coupled modes periodically exchange energy on the length of their coupling region:

∆l =
2π

β1 − β2

(1.8)

To have adiabatic transition, the slope angle of the transition must be small at each
location z compared to the ratio of the radius r to the length of the coupling region:

Ω(z) <
r(z)

∆l
=
r(z)

2π
(β1 − β2) (1.9)

where r(z) is the local core radius and β1(z) and β2(z) are the local propagation constants
of the HE11 mode and HE12 mode respectively. In Fig.1.8, we show the slope angle Ω of
the boundary between adiabatic and non-adiabatic transition when the guiding light is
at 637 nm wavelength. In order to minimize the coupling towards the higher order mode,
we need to choose the slope angle at different fiber radius in the adiabatic region (below
the boundary).

The propagation constant of fundamental mode HE11 and higher order mode HE11 are
the closest for a fiber radius of between 10 and 30 µm approximately. Thus, the coupling
coefficient C12 tends to be bigger in this zone, which can be compensated by smoothing
the slope (Ω) of the profile. For the region where the propagation constants differ more
strongly, for example at the beginning and end of a transition, the angle can be larger
than in the middle of the transition. Such a profile can be approximated experimentally
by means of three areas with two linear slopes with a mean slope and one exponential
slope, as shown in Fig.1.9.

In the next section, we are going to describe how to fabricate tapered nanofibers in
detail.

1.2 Fabrication of the optical nanofiber
The fabrication of the optical nanofiber is realized by a homemade pulling system. It
consists of an oxyhydrogen flame that can bring the fused silica to its softening point
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Figure 1.9: Simulated shape of nanofiber taper described with nanofiber radius along the
longitudinal axis of the fiber. The guiding wavelength is 637 nm.

(1585 ◦C) and two translation stages for holding and pulling fiber ends, as shown in
Fig.1.11. This fabrication method was originally designed by J. E. Hoffman [4]. During
the pulling process, the oxyhydrogen flame is fixed. The movement of translation stages
are controlled by a computer software based on computed adiabatic criterium introduced
in the previous section. The translation stages movement can be decomposed in two
components. First, they move away from each other, to stretch the fiber and make it
thinner. Second, they move in the same direction, displacing the heated portion of the
fiber of the fixed heat source. This portion is roughly the width of the flame. The speed
of the translation stages defines the fiber narrowing, indeed, if a given portion of the
fiber stays longer over the flame, it will become softer and elongates more easily. The
control of the speed and the moving range at each pass defines the final envelope of
the nanofiber. Here, we use a Matlab script that produces the control parameters for
motors to fabricate an optical nanofiber with a user defined taper geometry is written by
J. E. Hoffman (https://drum.lib.umd.edu/handle/1903/15069) based on the algorithm of
Florian Warken [3].

With the size and refractive index of the core and cladding of the original fiber (SM600-
Thorlabs) we used to guide the light with wavelength at 637 nm, the simulated nanofiber
radius along the longitudinal axis is shown in Fig. 1.9. In practice, this simulated radius
at the nanofiber waist matches well (±5 nm) with the measurement of fiber radius by
scanning electronic microscope (SEM), as shown in Fig.1.10. The SEM image is observed
by focusing an electron beam on the sample plane and detecting the elastic scattering,
emission of secondary electrons by inelastic scattering and the emission of electromag-
netic radiation to show the topography and composition at the surface with nanometer
resolution.

Producing optical nanofiber requires clean environment and careful fiber cleaning be-
fore pulling. Before the tapering of optical fiber starts, the plastic jacket needs to be
removed over the distance separating the fiber clamps (see Fig.1.11). Any dusts from
the environment fell on to the fiber, the remaining detritus of fiber jacket or grease on
fingers left on the fiber will burn when it’s brought to the flame and create some defects
on the fiber surface during pulling. Therefore, the pulling system is installed in a box
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Figure 1.10: Nanofiber image taken with scanning electronic microscope.

with air-flow. Clean room gloves 2 are necessary to avoid contamination by the operator.
The optical fiber is cleaned with a few wipes of isopropanol on lens tissue to remove most
of the particles on the surface, followed with a wipe of acetone to dissolve small remaining
pieces, and finalized with a wipe of isopropanol to remove the remaining acetone. The
clean environment can also avoid the dusts attaching to the nanofiber after tapering,
which will cause the scattering of light and lower the entire transmission rate.

Then, we mount the cleaned fiber into the v-grooves on the clamps.
A camera continuously monitors the nanofiber from the side. The focus plane of the

camera is adjusted to be on the fiber. The center of the flame needs to be aligned with
the fiber based on the focus plane of the camera.

During the entire fabrication process, we monitor the transmission of the fiber by
sending a few µW of light at the working wavelength of the nanofiber. The transmission
is detected with a photodiode, as shown in Fig. 1.11, and recorded. The output signal is
normalized to the initial laser power before pulling.

During the pulling, the hot air from the flame will slowly lift the nanofiber since the
weight of the fiber region on top of the flame drops. It is critical because the distance
between flame and the fiber becomes larger than the setting. The temperature of the
fiber might not reach the softening point of silica. The distance between the two trans-
verse stage increases during the pulling process, and this will break the fiber rather than
narrowing it. To avoid this problem, we move the flame up five times following the rising
of fiber with 100 µm at each step.

Fig.1.12 shows the typical transmission curve as a function of time and corresponding
spectrum during the tapering process with the profile shown in Fig.1.9 to reach a final
waist radius of 150 nm, with a fiber waist length of 10 mm. The sinusoidal oscillation
measured in the transmission represents the energy transfer between the two modes HE11

and HE12. The frequency of the oscillation depends on the difference in the propagation
constants. Therefore, the oscillation frequency increases while tapering since propagation
constant decreases when fiber radius decreases, as shown in the fast Fourier transform at
the end of the pulling. In the end, this optical nanofiber achieves a transmission of 98%.

2As opposed to standard chemistry protection gloves.
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Photodiode

Translation stage

Oxyhydrogen flame
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Laser source
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Oxyhydrogen flame
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Fiber clamp

Photodiode

Camera

Fiber clamp with v-groove

Single mode fiber Nanofiber

Figure 1.11: Schematic(a) and photo(b) of the optical nanofiber fabrication system. The
two sides of the optical fibers are fixed on the translation stage with v-groove clamps. The
oxyhydrogen flame is obtained by burning a mixture of hydrogen and oxygen mixed in a
ratio of 2:1. The hydrogen is generated with a hydrogen generator. The oxygen is from
a oxygen cylinder. We control the flow rate of the two gases to obtain the best mixing
ratio. The transmission of the optical nanofiber is detected with a photodiode. A real
time detection is available during the pulling process.
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Figure 1.12: The transmission curve detected with the photodiode (a) and corresponding
spectrum (b) through fast Fourier transform during the tapering process.

With this fabrication technique, the transmission of a fabricated optical nanofiber is
typically above 95 % transmission.

1.3 The evanescent field coupling of optical nanofibers

Optical nanofiber can be used as a platform for guiding luminescence from the particle
on the nanofiber surface into the optical fiber thanks to its evanescent field. In section
1.1, we introduced the electronic field of the light guided by an optical nanofiber. In
this section, we are going to talk about how we couple the nanoparticles, for example the
gold nanospheres and gold nanorods, with the evanescent part of the electromagnetic field
outside the fiber.

First, we will numerically explain the dependence of evanescent field at the fiber surface
on the wavelength and fiber radius. Because we deposit the gold nanoparticles directly
on the nanofiber surface, the coupling will be decided by the electromagnetic field at the
fiber surface where the evanescent field is the strongest. As introduce in section 1.1, the
evanescent field decays exponentially from the surface of the fiber to a few hundreds of
nm in the air. Then, we will introduce the optical response of metallic nanospheres and
nanorods. A gold nanoparticle acts similarly as a dipole when it scatters light. When
single dipole is coupled to optical nanofiber, the guided light shows chiral properties in
polarization. This phenomenon brings the possibility of polarization control of single
dipole.

Depending on the wavelength of the guided light and the fiber radius, the proportion
of the light propagating in the evanescent field varies. In Fig.1.13, we show the ratio of
the evanescent field Ievanescent by the total intensity of guided light Itotal increases with
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Figure 1.13: Ratio of the evanescent field among the total intensity of guided light as a
function of guiding wavelength λ. The fiber radius is set as 150 nm.

Fiber radius (�m)

Figure 1.14: Ratio of the evanescent field among the total intensity of guided light as a
function of fiber radius a. The guiding wavelength is set as 637 nm.

longer guiding wavelength λ. In Fig. 1.14, we show the ratio of the evanescent field by the
total intensity of guided light Ievanescent/Itotal drops with larger fiber radius a. As shown in
Fig.1.5, the evanescent field of the nanofiber is mostly around the fiber surface. The ratio
of the evanescent field among the total intensity of guided light Ievanescent/Itotal describes
the ratio of the light propagating outside the nanofiber.

However, it’s not enough to describe the possible coupling efficiency between nanofiber
and emitters deposited on the fiber surface. Most of the evanescent field is distributed
along the axis of the polarization, as shown in Fig.1.5. Therefore, we plot the axis along
the linear polarization only in Fig. 1.15 to show the evanescent field at the fiber surface
while varying the fiber radius. For guiding wavelength at 637 nm, the coupling efficiency
reaches it maximum with fiber radius around 150 nm. When the fiber radius is large, as
shown in Fig. 1.15-a with fiber radius of 100 nm, most of the light will be guided within
the fiber and evanescent part of the mode profile will be small, which is predicted in the
ratio of the evanescent field among the total intensity of guided light as a function of
fiber radius a, as shown in Fig. 1.14. Most of the time, a small fiber radius will offer
higher surface coupling efficiency. But it’s not always the case. When the fiber radius is
too small, the evanescent field will not be confined at the fiber surface, as shown in Fig.
1.15-a with fiber radius of 100 nm. The coupling efficiency between fiber and emitters
on the fiber surface will also drop. Therefore, the best fiber radius needs to be chosen to
achieve highest efficiency for surface coupling.

When we find the best radius for the wavelength of interest, we can have the mode
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(a)

(b)

(c)

Figure 1.15: The intensity profile of the mode along x axis with x linearly polarized light
at 637 nm with different fiber radius (a) 100 nm, (b) 150 nm and (c) 200 nm.
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confined within the evanescent field in the transverse plane. Sending a few milliwats
in fiber results in high intensity at the fiber surface. Besides, the nanofiber region of a
tapered fiber can easily reach 10 mm with high transmission. Therefore, the nanofiber
offers a long interaction length. This is very useful in an atomic system because it can
provide higher optical depth.

In this work, we study the coupling between the optical nanofiber and single dipoles
(gold nanoparticle). Two types of gold nanoparticles are used in our experiment, the gold
nanosphere and the gold nanorods. In this section, we will first introduce the coupling
between dipole to the evanescent field theoretically, and then introduce the deposition
procedure of gold nanoparticles on an optical nanofiber.

1.3.1 Coupling between dipole to the evanescent field

The surrounding evanescent field makes the optical nanofiber a platform to couple with
atoms or single particles at the fiber surface. In our experiment, gold nanospheres and gold
nanorods are used to couple with the evanescent field. In free space, the scattered light
from a point like metallic nanoparticle exhibits dipolar emission pattern. When single
metallic nanoparticle is coupled to optical nanofiber, because of the strong transverse
confinement of the guided photons around the fiber surface, their internal spin and their
orbital angular momentum get coupled [30]. In this section, we are going to introduce
how the gold nanosphere and gold nanorods are coupled to the evanescent field of optical
nanofiber as a dipole theoretically.

Gold nanoparticles

The gold nanoparticles we used as scatterer have spatial dimensions of about 50 nm, which
is small compare to the wavelength. The solution of Maxwell’s equations for spherical
particles (or infinitely long cylinders) is named after the physicist Gustav Mie and the
expansion for elliptical particles became known as Gans or Mie-Gans theory.

First, we use the Mie theory for the analytical solution of spherical particles. Scalar
wave equation in spherical coordinates ψ(r, θ, ϕ) is given by:[

1

r2

∂

∂r

(
r2 ∂

∂r

)
+

1

r2 sin θ

∂

∂θ

(
sin θ

∂
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)
+

1

r2 sin2 θ

∂2

∂ϕ2
+ k2

]
ψ = 0 (1.10)
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∑∞
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l (cos θ)h
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∑∞

l=1(i)lbl
2l+1
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l (cos θ)h
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l (koutr)

(1.11)

where al and bl are Mie scattering coefficients for mode l, given by:

al =
nrψl(nrx)ψ′

l(x)−µrψl(x)ψ′
l(nrx)

nrψl(nrx)ξ′l(x)−µrξl(x)ψ′
l(nrx)

; bl =
µrψl(nrx)ψ′

l(x)−nrψl(x)ψ′
l(nrx)

µrψl(nrx)ξ′l(x)−nrξl(x)ψ′
l(nrx)

. (1.12)

Once we have the Mie coefficients, we can calculate the extinction, absorption and
scattering cross sections or the electromagnetic fields inside and outside the spherical
particle. The cross sections is the net rate of the electromagnetic energy crossing a
sufficiently large sphere surface surrounding the particle.

The scattering, extinction and absorption cross sections of a spherical particle is given
by:

Csca =
2π

k2
out

∞∑
l=1

(2l + 1)
(∣∣a2

l

∣∣+
∣∣b2
l

∣∣) , (1.13)
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Cext =
2π

k2
out

∞∑
l=1

(2l + 1)<e (al + bl) , (1.14)

and
Cabs = Cext − Csca. (1.15)

For metallic nanorods, which can be regarded as elliptical spheroidal particles, the
analytical result is solved with Mie-Gans solution. In this case, the polarizations is given
by three values α1, α2, α3 of the polarizability tensor:

αi = 9V

(
Li +

1

εr − 1

)−1

, (1.16)

where Li are geometrical factors decided by the shape of the particle and need to meet
the rule L1 + L2 + L3 = 1. It’s also suitable for the spherical particles, in which case,
L1 = L2 = L3 = 1/3.

The shape of gold nanorods is close to elliptical spheroidal particles with lengths of
the three axis satisfy a > b = c. The geometrical factor along the long axis are given by:

L1 =
1− e2

e2

(
−1 +

1

2e
ln

1 + e

1− e

)
, (1.17)

where
e = 1−

(
b2

a2

)
. (1.18)

With L1 + L2 + L3 = 1 and L2 = L3, we can get the value of L2 and L3.
Then, we can get the polarizability tensor along three axis, α1, α2, α3.

Dipole coupled to nanofiber

Gold nanorods is close to a linear dipole polarized along the longitudinal axis of the
nanorod. In this subsection, we explain the coupling between a linear dipole laying on the
fiber surface. To make it clear, we define a section of the optical nanofiber with cartesian
coordinates (x, y, z), where in the perpendicular plane, x defines the horizontal direction,
y defines the vertical direction and z defines the longitudinal direction of the nanofiber.
The dipole (gold nanorod) is included in a plane tangent to the surface of the fiber which
limits its degrees of freedom to two: the angle α defines its azimuthal position around the
fiber and the angle θ defines its orientation relative to the fiber axis.

We introduced a new cartesian coordinates (x′, y′, z) by rotating the cartesian coor-
dinates (x, y, z) by an angle α. It is convenient to describe the guided electric field E on
the basis of quasi-linear modes

{
HEx′

11,HEy′

11

}
.

E = CHEx′

11 +DHEy′

11 (1.19)

The electric field of air-cladding nanofiber is described in the cylindrical coordinates
(r, ϕ, z), as introduced before in 1.1.1. ϕ0 defines the polarization orientation of the
guided light: ϕ0 = 0 for x-polarized light and ϕ0 = π/2 for y-polarized light.

The dipole is located on the surface of nanofiber. In the cartesian coordinates (x′, y′,
z), the r = a and ϕ = π/2. Thus, the amplitude C and D are given by:

C = d ·HEx′

11(a, π/2),

D = d ·HEy′

11(a, π/2).
(1.20)
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The dipole moment d in the cartesian coordinates (x′y′z) is given by:

dx =d sin θe−iωt,

dy =0,

dz =d cos θe−iωt,

(1.21)

where θ is the angle between the dipole and the nanofiber axis z, and d is the amplitude
of the dipole moment. The component according to y′ of the dipole is zero because the
dipole is supposed to be tangent to the fiber.

The electric field produced by the dipole HEx′

11(a, π/2) and HEy′

11(a, π/2) is given by
using Equations 1.1.1, with ϕ0 = 0 for HEx′

11(a, π/2) and ϕ0 = π/2 for HEy′

11(a, π/2).
Therefore, we have the generated electric field by the dipole described as:

HEx′

11(a, π/2) = (ε1, 0, 0),

HEy′

11(a, π/2) = (0, ε2, ε3).
(1.22)

and

ε1 =− iA
β

2q

J1(ha)

K1(qa)
[(1− s)K0(qa)− (1 + s)K2(qa)] ,

ε2 =− iA
β

2q

J1(ha)

K1(qa)
[(1− s)K0(qa) + (1 + s)K2(qa)] ,

ε3 =AJ1(ha).

(1.23)

Based on dipole moment equations (1.21) and equations (1.22), we can get the ampli-
tude of the electric field in cartesian coordinates (x′y′z). In equation (1.19), the amplitude
C = dε1 sin θ, which is an imaginary number, and the amplitude D = dε3 cos θ, which is
a real number. The guided electric field E can be described as:

E = dε1 sin θHEx′

11 + dε3 cos θHEy′

11 (1.24)

This equation gives the expression of guided polarization as a function of θ. As we
can conclude from the equation (1.24), only the x component of x-polarized light and z
component of y-polarized light emitted from the dipole on the nanofiber surface will be
guided.

The normalised Stokes parameters of the guided light are given by:

S1 = (|C|2 − |D|2)/S0,

S2 = 2 Re(C∗D)/S0,

S3 = 2 Im(C∗D)/S0,

(1.25)

where S0 = |C|2 + |D|2, C = dε1 sin θ, D = dε3 cos θ. The degree of polarization is
described with

√
S2

1 + S2
2 + S2

3 , it is equal to 1 for purely polarized light.
In Fig.1.16, we map the emitted polarization on a Poincaré sphere. The Poincaré

sphere is the parametrisation of the last three Stokes’ parameters in spherical coordinates.
The latitude of the Poincaré sphere shows the ellipticity of guided polarization as the
function of θ. The longitude of the Poincaré sphere shows the information of fast axis of
polarization with the angle α.
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(a) (b)

Figure 1.16: Mapping between dipole geometry and emitted polarization. (a) Cross-
section of the nanofiber. The azimuth of the dipole α defines the orientation of the
polarization ellipse ψ = α. (b) Poincaré sphere. A dipole with geometrical parameters
(α,θ) gives rise to a guided polarization represented by a point with coordinate (2α,f(θ))
on the Poincaré sphere. V (or S1), 45◦ (or S2), and LCP (or S3) axis represent vertically
linearly, linearly at ψ = 45◦, and left-circularly polarized light, respectively.
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Figure 1.17: Nanoparticle deposition. a, before deposition. b, A gold nanosphere de-
posited on the optical nanofiber.

1.3.2 Particle deposition procedure

In this section, we introduce in detail how we deposit single gold nanoparticle on the
optical nanofiber experimentally. Since the optical nanofiber is extremely fragile and the
transmission is highly influenced by the unexpected dusts on the surface. The deposition
of single nanoparticles is realized with special technique using nanoparticle suspension.

The experimental procedure is as following:
First, we prepare a highly diluted gold nanoparticle suspension in water. The concen-

tration of the nanoparticle suspension needs to be low enough to ensure that the number
of possible nanoparticle deposited on the optical fiber for each contact is less than 1. In
practice, this technique effectively avoids depositing clusters.

Then, we take 5 µL of gold nanoparticle suspension in water from the evenly dis-
tributed suspension with a pipette tip (10 µL volume). Leaving the sample in ultrasonic
bath for ten minutes before deposition will be helpful to distribute the nanoparticles ho-
mogeneously in the suspension. We carefully squeeze the nanoparticle suspension out of
the pipette tip and create a droplet of about 3 mm in diameter. The droplet needs to be
big enough so that we can slightly tilt the pipette to move it to the side of the pipette
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tip. And at the same time, it can not be too big so that due to the surface tension of the
water, the small droplet can maintain its shape without dripping.

To precisely control the approaching of the droplet, we mount the pipette on a three-
dimensional displacement stage. We adjust the focus plane of the camera filming the
nanofiber from the side to be on the fiber. In this way, we can move the droplet to the
same focus plane and see clearly the distance between curved droplet surface and the
nanofiber. As shown in Fig. 1.17-a, the arc on the top of the image is the reflection from
the edge of the droplet, and the thin line at the bottom is the scattering from the defects
on the nanofiber.

By controlling the space between the droplet and the nanofiber, we move the droplet
vertically towards the nanofiber. The instant when the droplet touches the nanofiber is
easily detectable, as light is strongly scattered at the contact. Then, we quickly lift the
droplet to disengage it from the nanofiber.

After several “attaching and disengaging" cycles, a single nanoparticle is deposited on
the nanofiber. On the camera, it appears to be a spot with strong scattering, as shown
in Fig.1.17-b. At the same time, the transmission drops about 20 %.

Conclusion
Optical nanofibers with subwavelength diameter can be used as a platform for light matter
interaction thanks to the transverse confinement of the evanescent field.

In this section, we first introduced the light guiding by optical nanofibers and the
fabrication of optical nanofiber with adiabatic profile.

Then, we introduced the coupling between gold nanoparticles and optical nanofiber
with surface evanescent field both in detail. The scattering from gold nanoparticles ex-
hibits dipolar like emission. When gold nanoparticles coupled to an optical nanofiber as
dipole, the guided light shows chiral property.



Chapter 2

Polarization control of linear dipole
radiation using an optical nanofiber

Publication: Joos, M., Ding, C., Loo, V., Blanquer, G., Giacobino, E., Bramati, A.,
Krachmalnicoff, V. and Glorieux, Q. (2018). Polarization control of linear dipole radiation
using an optical nanofiber. Physical Review Applied, 9(6), 064035.

In free space, a linear dipole will emit linearly polarized light. However, when we
combine a linearly polarized dipole with a subwavelength waveguide, this can change
dramatically. A subwavelength waveguide has a strong longitudinal component along the
light propagation direction, therefore, the guiding of light shows totally property than in
the free space. This phenomena has been reported in our previous work [21] by coupling
a gold nanorod to a nanofiber waveguide, and also by Martin Neugebauer and all [31] by
coupling to crossing waveguides. In this chapter, we explain this mechanism and show
that a linear dipole is not restricted to emit linearly polarized light, and our experiment
provides the evidence that the design of nanophotonic environment will strongly modify
the emission diagram and polarization.

2.1 Linear dipole

A nanoparticle has, by definition, much smaller dimensions than the wavelength of visible
light with which it interacts which could naively suggest that its shape does not play
an important role in phenomena such as absorption or diffusion. It is in fact otherwise;
the optical response of metallic nanoparticles largely depends on their shapes and is
significantly different from the macroscopic properties of the metal that constitutes them.

A rigorous treatment of the diffraction of a monochromatic plane wave by a metallic
nanoparticle involves solving Maxwell’s equations as well as the boundary conditions for
the system studied. This tedious work presents analytical solutions only for a few simple
geometries such as the cylinder, the sphere and the ellipsoid. In addition, this technique
does not allow us to develop intuition for cases where there are no analytical solutions
but which however interest us. Thus, we introduce a classical microscopic model, the
Lorentz model [32, 33], to describe qualitatively the interaction of light with a metallic
nanoparticle. In addition to fueling intuition, this model qualitatively predicts the optical
properties of gold nanoparticles as we will present in this chapter.

37
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2.2 Birefringence effect in a single mode fiber

Although in principle, a single mode fiber is cylindrically symmetric, it is visually bire-
fringent. This birefringence comes from slight anisotropies of the system, which can be
specific to the fiber and its manufacture - we then speak of intrinsic birefringence - or
caused by the manipulation of the fiber - we then speak of extrinsic birefringence. Among
the causes of intrinsic birefringence, we can cite the residual ellipticity of the fiber core or
internal mechanical tensions. The extrinsic causes of birefringence are diverse: pressures,
twists, curvatures of the fiber and the variation of temperature, etc.

Extrinsic birefringence is not so much a disadvantage for the experiments, but rather an
advantage because it is thus possible, in an integrated manner, to control the polarization
at the fiber output by applying the adequate constraints on the fiber. Many commercial
solutions exist for the integrated polarization control in single-mode fibers. Depending on
the nature of the anisotropy introduced, the birefringence may be linear, that is to say
that the two transverse components Ex and Ey of the electric field are out of phase with
one another, or circular, that is to say that the main axis of polarization rotates - we then
speak of rotary power. It generally follows that the polarization of the light propagating
in a standard single-mode fiber is not maintained.

2.3 Compensate birefringence in a single mode fiber

Controlling the polarization at the nanofiber waist is a necessary step for controlling the
coupling with the evanescent field. If we want to control the polarization at the nanofiber
waist, where the phase of light is already shifted due to the birefringence and rotary power
of the single mode fiber, we need to find a way to compensate the phase shift introduced
during light propagation from fiber input to nanofiber waist. The polarization of the
propagating light is represented by Stokes vectors.

Stokes vector is the combine of Stokes parameters (S0, S1, S2 and S3) that describe
the polarization state of electromagnetic radiation.

~S =


S0

S1

S2

S3

 =


I
Q
U
V

 =


Intensity

1 (0◦)− I (90◦)
I (45◦)− I (135◦)
I(RCP)− I(LCP)

 (2.1)

Let’s assume that the Stokes vector of the light at fiber input is Sin, the Stokes vector
of the light at nanofiber is Snanofiber. We describe the transformation of polarization in the
system composed of the fiber and the Berek compensator with Stokes-Müller formalism
[34]:

Snanofiber =MfMBSin (2.2)

The matrixMf describes the birefringence and optical rotation induced by an arbitrary
bent optical fiber. The birefringence will change the ellipticity of the polarization and the
optical rotation will rotate the polarization axes.

Mf = S(θ)G(δ, φ) (2.3)
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Birefringence of normal fiber part
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Linearly polarized

Figure 2.1: Schematic of the polarization transformation in the system composed of a
Berek compensator and a tapered optical fiber. MB andMf describes the birefringence
and optical rotation induced by a Berek compensator and an arbitrary bent optical fiber
respectively. The polarization at the input and at the nanofiber part are written as Sin

and Snanofiber.

where S(θ) is the rotation matrix:

S(θ) =


1 0 0 0
0 cos(2θ) − sin(2θ) 0
0 sin(2θ) cos(2θ) 0
0 0 0 1

 (2.4)

and G(δ, φ) describes a wave retarder with phase shift δ and polarization axes at angle φ:

G(δ, φ) = S(φ)


1 0 0 0
0 1 0 0
0 0 cos(δ) − sin(δ)
0 0 sin(δ) cos(δ)

S(−φ) (2.5)

Based on the equations above, the birefringence and optical rotation induced by an
arbitrary bent optical fiber can be described with three parameters: the rotation angle θ
of the rotator, the phase shift δ and polarization axes angle φ of the retarder.

The goal of the compensation procedure is to induce a birefringence opposite to the
equivalent retarder represented by G(δ, φ). Here, a Berek compensator was used. The
Berek compensator is an optical device that is capable of quantitatively determining the
wavelength retardation of fiber. By adjusting the two degrees of freedom of the Berek
compensator, we will be able to generate a birefringenceMB = G(δ, φ)−1.

In this way, the whole system can be simplified into a rotater with the rotation angle
θ:

MfMB =MfG(δ, φ)−1 = S(θ) (2.6)

To find the setting of the Berek compensator which compensates the birefringence of
the fiber system, it is necessary to be able to compare the polarization at the fiber input
with that in the nanofiber.

It is possible to obtain partial information on the polarization in the nanofiber region
by studying the diffusion by the nanofiber of the guided light. Observation under an op-
tical microscope suggests that the scattering originates from defects (localized impurities
or inhomogeneities of the refractive index) whose extent is much less than the observation
wavelength. This observation is consistent with the assumption generally accepted in the
literature [35] according to which the diffusion is of Rayleigh type, and thus preserves the
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Figure 2.2: Birefringence compensator. (a) Experiment setup for the Berek compensator.
(b) Nanofiber cross-section. Assuming a vertical polarization in the nanofiber, the dipole
radiation (Rayleigh) of the silica defects is detected with two cameras from two different
orientations with polarization filters.

polarization of the incident beam. We can therefore consider each point diffuser as a local
dipole probe of the fundamental mode of the nanofiber.

The diffusion of the nanofiber is detected with two cameras from two different orienta-
tions, as shown in Fig.2.2. One is installed horizontally, another is observing the image of
the same region with 45◦ angle. Both of the cameras are equipped with polarizing filters
allowing only the sagittal component of the diffusion to be detected.

To compensate the birefringence, we send a linearly polarized light at the fiber en-
trance. The orientation of the polarization can be rotated with a half-waveplate, as shown
in Fig.2.2(a). The dipole radiation of the silica defects is detected with two cameras in-
stalled horizontally (I1 for camera 1) and with a 45◦ angle (I2 for camera 2), as shown in
Fig.2.2(b). The detected dipole radiation I1,2 oscillates following the polarization orienta-
tion at the fiber entrance with a period of π respectively. The phase difference in between
is defined as φ corresponding to the angle between the orientations of the two cameras.
We define the visibility of polarization at camera 1 and camera 2 as:

V1,2 =
Imax

1,2 − Imin
1,2

Imax
1,2 + Imin

1,2

(2.7)

To induce a birefringence opposite to the one induced by optical fiber, the Berek
compensator needs to be finely adjusted with its two degrees of freedom. The appropriate
setting is confirmed by checking the curve of I1,2 plotted as a function of polarization
orientation at the region of interest at the nanofiber part and also the polarization at the
fiber entrance to meet following requirements:

• The visibility of the two cameras (V1,2) both reach their maximum (ideal visibility
is 1).

• The polarization in the nanofiber rotates in the same direction as at the input of
the system.
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Normal plane

Cross section

Figure 2.3: Coordinates definition of a gold nanorod (linear dipole) on the nanofiber.
The azimuthal position of the dipole is defined with angle α between vertical axis y and
normal vector axis y′. The orientation of dipole relative to the fiber axis z on the normal
plane is defined with angle θ.

In Fig.2.2-b, if the polarization at the fiber entrance rotates clockwise, the phase
shift φ should be about 45◦.

2.4 Relation between a linear dipole on nanofiber and
the guided polarization

In Fig.2.3, we define a section of the optical nanofiber with cartesian coordinates (x, y,
z), where in the perpendicular plane, x defines the horizontal direction, y defines the
vertical direction and z defines the longitudinal direction of the nanofiber. The dipole
(gold nanorod) is included in a plane tangent to the surface of the fiber which limits its
degrees of freedom to two: the angle α defines its azimuthal position around the fiber and
the angle θ defines its orientation relative to the fiber axis.

We introduced a new cartesian coordinates (x′, y′, z) by rotating the cartesian coor-
dinates (x, y, z) by an angle α. The guided electric field E is described on the basis of
quasi-linear modes

{
HEx′

11,HEy′

11

}
.

E = CHEx′

11 +DHEy′

11 (2.8)

The Ex, Ey, Ez electric field outside of an optical nanofiber with radius a are given
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by [36]:

Ex =− iA
β

2q

J1(ha)

K1(qa)
[(1− s)K0(qr) cosϕ0 + (1 + s)K2(qr) cos (2ϕ− ϕ0)] ei(ωt−βz),

Ey =− iA
β

2q

J1(ha)

K1(qa)
[(1− s)K0(qr) sinϕ0 + (1 + s)K2(qr) sin (2ϕ− ϕ0)] ei(ωt−βz),

Ez =A
J1(ha)

K1(qa)
K1(qr) cos (ϕ− ϕ0) ei(ωt−βz).

(2.9)

Here s = [(qa)−2 + (ha)−2] / [J ′1(ha)/haJ1(ha) +K ′1(qa)/qaK1(qa)], h =
√
n2

1k
2 − β2

and q =
√
β2 − n2

2k
2. Jn andKn are the Bessel functions of the first kind and the modified

Bessel functions of the second kind, respectively, and the prime stands for the derivative.
The electric field of air-cladding nanofiber is described in the cylindrical coordinates

(r, ϕ, z). ϕ0 defines the polarization orientation of the guided light: ϕ0 = 0 for x-polarized
light and ϕ0 = π/2 for y-polarized light.

As we introduced in the "Coupling between dipole to the evanescent field", the guided
electric field E can be described as:

E = dε1 sin θHEx′

11 + dε3 cos θHEy′

11, (2.10)

which gives the expression of guided polarization as a function of θ.

2.4.1 Role of the dipole orientation θ

The situation presented above evokes another optical device: a quarter-wave plate acting
on a linearly polarized beam. In the latter case, the amplitude of the components in
phase quadrature is determined by the angle between the incident polarization and the
optical axis of the plate. In the case of our system, the amplitude of the components
in phase quadrature is given by the angle between the dipole and the nanofiber. Thus,
in the same way as a quarter-wave plate, it is possible to control the ellipticity of a
beam. The orientation of the dipole defines the ellipticity of the transverse polarization
of the guided light. If the azimuthal position of the dipole is known, there is a bijection
between the angle θ and the state of the polarization of the guided light. It is possible to
represent this relation in different ways: In Fig.2.4a, we calculated the Stokes parameter
S3 characterizing the ellipticity as a function of the orientation of the dipole. We see that
for an orientation of the dipole θ ∈ [−θcirc, θcirc], the ellipticity is unique. Equivalently, on
the Poincaré sphere the orientation of the dipole defines the latitude that we have noted
f(θ) and which is approximately equal to:

f(θ) = arcsinS3 ≈
90◦

θcirc
θ ≈ 2θ. (2.11)

According to the orientation angle, we can divide the coupling of the dipole and the
nanofiber into several representative cases:

• (θ = 0◦, f(θ) = 0◦) The dipole is aligned with the nanofiber (quasi-linearly
polarized along x′ axis);

• (θ = ±45◦, f(θ) = ±90◦) The dipole is vertical to the nanofiber (left or right
circularly polarized);
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Figure 2.4: Measured state of polarization as a function of the orientation θ and the
azimuth α of the nanorod. (a) Ellipticity as a function of θ. (Graph) Measured Stokes
parameter S3 for nine different nanorods compared to the expected dipole model. We plot
the measured polarization ellipse for characteristic nanorods. (b) Measured ellipse orien-
tation ψ for five nanorods with different azimuths. (Inset) Cross-section of the nanofiber
showing the azimuth of a specific nanorod and the associated polarization ellipse. (c)
Poincaré sphere representation of the measured polarization for four nanorods from (b).



44 POLARIZATION CONTROL OF LINEAR DIPOLE

• (θ = ±90◦, f(θ) = ±180◦) The dipole is aligned with the nanofiber (quasi-
linearly polarized along y′ axis);

• The orientation of dipole lays in between (elliptically polarized).

2.4.2 Role of the dipole azimutal position α

Let us now consider the second degree of freedom of the dipole defined by the azimuthal
position around the fiber.

For reasons of symmetry, the position of the dipole has no influence on the ellipticity
of the polarization. The only effect of the position of the dipole is the rotation of the
coordinate system which implies an identical rotation of the polarization. The azimuthal
position α of the dipole therefore defines the inclination ψ of the polarization ellipse
as illustrated in Fig.2.4b. Equivalently, on the Poincaré sphere, the azimuthal position
defines the longitude as shown in Fig.2.4c. Thus, the two degrees of freedom of the dipole
θ and α act independently on the ellipticity and the inclination of the polarization and
allow in theory to generate in a deterministic way all the possible polarizations.

We measure the nanorod orientation θ with a scanning electronic microscope (SEM)
image. This measurement was done by collecting the nanofiber part on a silicon wafer
after the polarization measurement was finished.

2.4.3 Experimental approach

The experimental setup is shown in Fig.2.5. The demonstration of the dependence be-
tween the nanorod geometry and the polarization of the guided light requires an ensemble
of nanorods with various different positions and orientations. The guided polarization
state of each nanorod is analyzed with the following procedure:

First, we deposit a gold nanorod on the surface of the air-cladding optical nanofiber.
Second, as we introduced in section 4.3, we use the Berek compensator to compensate

the birefringence induced by the optical fiber between the particle and the polarimeter
system.

Third, we illuminate the particle with a focused laser beam from the top of the
nanofiber and align the excitation polarization along the nanorod.

Forth, we measure Stokes parameters of the guided light with a polarimeter system.
The second particle is deposited next to the first one. Since there are already particles

on the same nanofiber, the guided polarization state of the nanorod under investigation
can be influenced by the other particles on the way to the detection system. To prevent
this issue, each new particle is deposited on the nanofiber between the previously deposited
one and the detection system. Besides, sufficient space between the different particles is
needed for the excitation beam to address nanorods individually. This ensures that the
light emitted by the last deposited nanorod encounters no obstacles when guided towards
the detection system. We also record the exact relative positions of the particles with
respect to each other. This is meant to facilitate the finding of the nanorods when we
ultimately observe the nanofiber with a SEM.

On the SEM, we identify the various depositions, disregard the clusters or the rods with
odd shape to record only the azimuth α and the orientation θ of proper single nanorods.
The orientation is determined from analyzing SEM images.
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Figure 2.5: Experimental setup. A single gold nanorod is deposited on the surface of
an optical nanofiber. A focused laser beam illuminates the particle from the top of the
nanofiber and scatters light in the fundamental mode of the nanofiber. The guided light
is then analyzed with a polarimeter allowing to measure Stokes parameters.

Incident beam

Retarder

Linear polarizer

Detector plane

Figure 2.6: Stokes parameters measurement with polarimeter.

The Müller matrix was measured with an optical polarimeter. The output polarization
decoding system is composed of a quarter-wave plate, followed by a polarized beamsplitter
and a photon detector.

Assuming the Stokes vector of this beam is represented by:

~S =


S0

S1

S2

S3

 (2.12)

The Müller matrix of a retarder with its fast axis at 0◦ is:

M =


1 0 0 0
0 1 0 0
0 0 cos δ sin δ
0 0 − sin δ cos δ

 (2.13)

The Stokes vector of the beam after the retarder is obtained by multiplication of
Equations (2.12) and (2.13), which becomes:

S′ =


S0

S1

S2 cos δ + S3 sin δ
−S2 sin δ + S3 cos δ

 (2.14)
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The beam then passes through a linear horizontal polarizer. The measured intensity
I(δ) at the detector as a function of the rotation angle δ of the retarder is calculated using
Mueller calculus:

I(δ) =
1

2
· [A1 − A2 · sin(2δ) + A3 · cos(4δ) + A4 · sin(4δ)], (2.15)

where we obtain the Stokes parameters:

S0 = A1 − A3,
S1 = 2A3,
S2 = 2A4,
S3 = A2.

S0 is equivalent to the total intensity of a light beam. S1 is the amount of linearly
horizontal or vertical polarization. S1 is the amount of linearly polarization at ±45◦. S3

describes the ellipticity of the guided polarization state.
We deposited and tested several nanorods with various positions and orientations on

the nanofiber surface. In Fig.2.4(a), we plot the value of S3 as a function of θ and its
corresponding polarization ellipse. In Fig.2.4(b), we plot the measured ellipse orientation
ψ for five nanorods with different azimuths α. In Fig.2.4(c), we plot the depiction of the
guided polarization states for different nanorods on Poincaré sphere.

Conclusion
• We have experimentally demonstrated the capacity for a linear dipole located in an

evanescent field to emit an elliptical polarization. For example, circularly polarized
light can be emitted by a linear dipole.

• We can compensate the effect of birefringence and preserve the polarization from a
coupled dipole.

• We have thus shown that there is a deterministic relationship between the geometry
of the dipole / nanorod and the polarization emitted:
- The orientation of the dipole / nanorod defines the ellipticity of the polarization
of the guided light.
- The azimuthal position controls the main axis of polarization.

In the future, if we can control the rod orientation and azimuthal position, we can
control the dipole polarization, since we realized the mapping between the dipole geometry
and the guided polarization.



Chapter 3

Nanofiber interferometer and resonator

Publication: Ding, C., Loo, V., Pigeon, S., Gautier, R., Joos, M., Wu, E., Giacobino,
E., Bramati, A. and Glorieux, Q. (2019). Fabrication and characterization of optical
nanofiber interferometer and resonator for the visible range. New Journal of Physics,
21(7), 073060.

3.1 Introduction

Due to their low losses, optical fibers are undoubtedly a medium of choice to transport
optical information, making them critical to current telecommunication networks and to
the future quantum internet [37]. However collecting a specific state of light, for example
a single photon in a fiber with a good coupling efficiency is not an easy task. A typical
way to couple light into a fiber is to place the emitter directly at one end of the fiber
with or without additional optical elements [38]. An alternative approach recently raised
significant interest, by collecting light from the side of the fiber [8, 39]. Indeed, stretching
down the fiber diameter to the wavelength scale allows for a coupling between the fiber
guided mode and an emitter in its vicinity [40]. In such a nanofiber, the fundamental
propagating mode has a significant evanescent component at the glass/air interface, which
allows for interacting with emitters on the surface [15, 13, 9, 8, 39, 41, 21], as described
in chapter 1.

Collection efficiency is limited so far to 22.0 ± 4.8% for a bare nanofiber [15]. Maxi-
mizing this coupling is a challenging task as it requires simultaneously a fine-tuning of the
fiber size and the largest possible cross-section for the emitter. To render this "injection
by the side" technique more attractive, the collection efficiency has to be increased. One
approach to do so is to enhance the effective light-matter interaction. It is commonly done
by reducing the mode volume using confined modes of the electromagnetic field rather
than propagating modes. It leads, via the Purcell effect, to an increase of the sponta-
neous emission within the nanofiber confined mode and therefore to an increase of the
emitter-fiber coupling [27]. A detailed model predicts more than 90% collection efficiency
if one adds an optical cavity of moderate finesse to the nanofiber [27]. Diverse strategies
have been investigated to do so. One is to fabricate two mirrors directly in the fiber to
add a Fabry-Perot cavity within the nanofiber itself [42]. This strategy requires advanced
nanofabrication methods such as femtosecond laser ablation to modify the fiber index.
Using a Talbot interferometer, it has been possible to fabricate two fiber Bragg gratings
and form an optical cavity with a transmission of 87% for a finesse of 39 [42]. A similar
strategy, called nanofiber Bragg cavity, where a focused ion beam mills the nanofiber to

47
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create mirrors has shown a Purcell factor and coupling efficiency of 19.1 and 82% respec-
tively [43, 44]. Another solution relies on coupling the nanofiber with a whispering gallery
mode resonator with very high quality factor up to 109 [45, 46]. With this strategy, at
the difference of previous ones, the cavity is exterior to the nanofiber.

3.2 Effective coupling theory approach

The manufacturing of nanofibers is a well-controlled process, and it is possible to fabricate
fibers with a diameter down to 200 nm [47, 40], see chapter 1. At this size, only the
core of the fiber remains, and the surrounding air acts as a cladding. Consequently,
there is a strong evanescent field extending around the surface of the nanofiber. The
fundamental mode does not correspond anymore to the standard linearly polarized mode
LP01. Nevertheless, using Maxwell’s equations the correct propagating mode profile can
be precisely characterized [36]. We will consider single mode air-cladding nanofibers only,
that is, nanofibers in which the fundamental mode HE11 is the only propagating solution
[36]. This is the case if the normalized frequency V with V ≡ ka

√
n2 − 1 is lower than the

cutoff normalized frequency Vc = 2.405, where k is the wavevector, a is the fiber radius,
and n is the fiber index [36].

We have bent and twisted manually such nanofibers with great care to realize two
miniaturized optical devices: a fiber loop and a fiber knot (Fig. 3.1). The common
feature of these two structures is that they both present a section where the two parts of
the nanofiber touch each other as shown on Fig. 3.1. However, fiber knots and fiber loops
are topologically distinct, as it will be detailed later.

Beam splitter

Ain

Aout

Mirror
a b

Beam splitter

Aout

Ain
Mirror

dc

Figure 3.1: Optical nanofiber structures. a- Nanofiber twisted loop: optical microscope
image. b, Sagnac interferometer equivalent optical setup: the light emerging from the
port Aout consists of two reflections or two transmissions of the light from incident port
Ain through the beamsplitter. c- Nanofiber knotted loop: scanning electron microscope
image. d- Fabry-Perot ring resonator equivalent optical setup: light coming from Ain that
is not directly reflected to Aout by the beam splitter, is trapped in the cavity formed by
the beam splitter and the mirrors.
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Figure 3.2: Schematic of codirectional couplers. A0 and B0 are the amplitude of electric
fields at the input of the two fibers. The outputs of each fiber are labelled A(z) and B(z).

Given the strong evanescent field of the propagating mode, the contact between differ-
ent nanofiber regions leads to a coupling between the HE11 propagating modes. To model
this coupling, let us consider two parallel nanofibers nearby to each other, as represented
in Fig. 3.2.

Assuming the eigen modes of the waveguides before coupling are Ep and Hp where
p = 1 or 2 corresponding to the specific waveguide. According to Maxwell’s equations,
we have: {

∇× Ẽp = −jωµ0H̃p

∇× H̃p = jωε0N
2
p Ẽp

(3.1)

where N2
p represents the refractive-index distribution of each waveguide.

The electromagnetic fields of the coupled waveguide 1 and waveguide 2 can be ex-
pressed as the sum of the eigen modes in each waveguide:{

Ẽ = A(z)Ẽ1 +B(z)Ẽ2

H̃ = A(z)H̃1 +B(z)H̃2
(3.2)

The electromagnetic fields in the coupled waveguide also satisfy Maxwell’s equation:{
∇× Ẽ = −jωµ0H̃

∇× H̃ = jωε0N
2Ẽ

(3.3)

where ω = kc is the angular frequency, k is the wavenumber and c is the speed of light.
We do the curl at both side of 3.2, and got the following relation:

∇× (A(z)Ẽ1) +∇× (B(z)Ẽ2) = ∇× (A(z)Ẽ). (3.4)

Together with the vector formula:

∇× (A(z)Ẽ) = A(z)∇× Ẽ +∇A(z)× Ẽ = A(z)∇× Ẽ +
dA

dz
uz × Ẽ, (3.5)

and Maxwell’s equation, we get:

dA

dz
(uz × Ẽ1) + A(z)(−jωµ0H̃1) +

dB

dz
(uz × Ẽ2) + A(z)(−jωµ0H̃2) = −jωµ0H̃. (3.6)

Since H̃ = A(z)H̃1 +B(z)H̃2 , we obtained the equation:(
uz × Ẽ1

) dA
dz

+
(
uz × Ẽ2

) dB
dz

= 0. (3.7)

With similar process with magnetic field, we obtain the equation:(
uz × H̃1

)
dA
dz
− jωε0 (N2 −N2

1 )A(z)Ẽ1 +
(
uz × H̃2

)
dB
dz
− jωε0 (N2 −N2

2 )B(z)Ẽ2 = 0.

(3.8)
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N2, N2
1,2 are the refractive index distribution for the coupled waveguides, waveguide 1 and

waveguide 2 respectively, as shown in Fig. 3.3. N2 −N2
1 and N2 −N2

2 are the difference
of refractive index distribution. For N2−N2

p (p = 1; q = 2 or p = 2; q = 1), the refractive
distribution is n2

q − n2
0 within waveguide q and is 0 at the other region.

Depending on the propagation direction towards z or −z, we have{
Ẽp = Ep exp (−jβpz)

H̃p = Hp exp (−jβpz)
, or

{
Ẽp = Ep exp (jβpz)

H̃p = Hp exp (jβpz)
. (3.9)

where β is the phase constant of the waveguide for certain wavelength, which is given by
the multiplication of the effective refractive index and the wavenumber.

β = neff
2π

λ
(3.10)

Then, we can get the relation between output amplitudes:

dA
dz

+ c12
dB
dz

exp [−j (β2 − β1) z] + jχ1A+ jκ12B exp [−j (β2 − β1) z] = 0,
dB
dz

+ c21
dA
dz

exp [+j (β2 − β1) z] + jχ2B + jκ21A exp [+j (β2 − β1) z] = 0,
(3.11)

where:

κpq =
ωε0

∫∞
−∞

∫∞
−∞

(
N2 −N2

q

)
E∗p · Eqdxdy∫∞

−∞

∫∞
−∞ uz ·

(
E∗p ×Hp + Ep ×H∗p

)
dxdy

, (3.12)

cpq =

∫∞
−∞

∫∞
−∞ uz ·

(
E∗p ×Hq + Eq ×H∗p

)
dxdy∫∞

−∞

∫∞
−∞ uz ·

(
E∗p ×Hp + Ep ×H∗p

)
dxdy

, (3.13)

χp =
ωε0

∫∞
−∞

∫∞
−∞

(
N2 −N2

p

)
E∗p · Epdxdy∫∞

−∞

∫∞
−∞ uz ·

(
E∗p ×Hp + Ep ×H∗p

)
dxdy

. (3.14)

There are two cases: p = 1; q = 2 and p = 2; q = 1, which corresponding to the
coefficiencies of coupling from waveguide 1 to waveguide 2 and coupling from waveguide
2 to waveguide 1 respectively.

κ is the mode coupling coefficient of the directional coupler. c represents the butt
coupling coefficient between the two waveguides. For two adjacent waveguides, the elec-
tromagnetic field in the cladding of one waveguide p excites the eigen mode of the second
waveguide q. This excitation efficiency is cpq [48]. χ is the self-coupling coefficient, which
describes the change of the electromagnetic energy of the modes of original waveguide due
to the presence of an adjacent waveguide.

For the HE11 mode, which is the fundamental mode of an optical fiber, the electro-
magnetic field within and outside the fiber core is introduced in section 1.1.

We plot coupling coefficient, butt coupling coefficient and self-coupling coefficient as a
function of fiber radius in Fig.3.4. We assume the polarization of mode in two fibers are
both x-polarized (blue curve) or y-polarized (red curve). We normalize the coefficients κ
and χ to the wave number k = 2π/λ of light. The wavelength of light is λ = 800 nm
chosen based on the center wavelength of the white laser. The distance between two fibers
are 0.

According to the calculation, the coupling coefficient increases with fiber radius a
when a is small, reaches its maximum at around 150 nm and decreases when fiber radius
is higher. A peak also appears in the self-coupling coefficient as the function of fiber
radius. For comparison, the butt coupling coefficient decreases fast at small radius and
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x

y

Figure 3.3: Refractive-index distribution N2(x, y), and difference of refractive index dis-
tribution N2 −N2

1 , N2 −N2
2 of the coupled waveguides.

(a)

(b)

(c)

Figure 3.4: (a), (b) and (c) are Coupling coefficient κ, butt coupling coefficient c, and
self-coupling coefficient χ as functions of the fiber radius a for x-linearly polarized or y-
linearly polarized light in both fiber respectively. The coefficients κ and χ are normalized
to the wave number k = 2π/λ of light. The wavelength of light is λ = 800 nm. The
separation distance between the fibers is d = 0.
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gradually approaching 0 when fiber radius increases. In this curve, we show the effect of
this three coefficient at different fiber radius. When the fiber radius is big, the coupling
coefficient is the dominant factor for the mode coupling. When the fiber radius is small,
the butt coupling coefficient and self-coupling coefficient show their effect.

In most of the case, the value of cpq and χp are small compared to κ and are neglected.
For full calculation, especially for the cases when waveguides have small radius, these two
parameters have significant effects on the mode coupling.

For the case when butt coupling coefficient c and self-coupling coefficient χ are ne-
glected, to simplify the equation, we consider only the coupling coefficient κ. In this
scheme, the two fibers exchange energy in the contact region of length z with coupling
coefficient κ. Therefore, from equation 3.11, given the input amplitudes A0 and B0, the
output amplitudes are:

A(z) = A0 cos(κz)− iB0 sin(κz) (3.15)
B(z) = B0 cos(κz)− iA0 sin(κz) . (3.16)

The coupling coefficient κ depends on the overlap of the coupled modes [48]:

κ =
ωε0

∫∫
(N2 −N2

1 )E∗1 · E2 dxdy∫∫
uz · (E∗1 ×H1 + E1 ×H∗1) dxdy

(3.17)

where N1 is the refractive index distribution for the fiber 1, Ei and Hi are respectively the
electric and magnetic components of the modes propagating in the nanofiber labeled i, uz
is the unitary vector directed toward the propagation direction and ω the field frequency.

The full calculation of coupling between two parallel fibers where the butt coupling
coefficient and self-coupling coefficient is also taken into consideration has been introduced
in [49] by Fam Le Kien et all. This calculation is interesting because when the radius of
nanofiber is sufficiently small, the butt coupling coefficient and the self-coupling coefficient
play important roles in the mode coupling process, which can not be described with the
simplified equations introduced here.

According to Eqs. (3.15) and (3.16), we can regard the light going through the fiber
1 as transmitted, and the light going from fiber 1 to fiber 2 as reflected. The system
acts as a beam-splitter of transmission coefficient t = cos(κz), and reflection coefficient
r = −i sin(κz). For example, when the system has an input A0 = 1 and B0 = 0, the
output intensities appear to be |A(z)|2 = cos2(κz) and |B(z)|2 = sin2(κz), and complete
power transfer occurs when κz = (2p + 1)π/2, p being an integer. Consequently the
quantity π/2κ is equivalent to a coupling length.

Interestingly the orientation of the effective beam splitter depends on the topology of
the structure. In the case of the twisted loop represented in Fig. 3.1-b, the beam splitter is
equivalent to a Sagnac interferometer allowing for only one lap in the structure. Whereas
in the case of the knot (Fig. 3.1-d), the effective beam splitter allows for multiple laps
inside the setup and therefore is equivalent to a ring resonator.

As mentioned above, we place ourselves in conditions under which only one propagat-
ing mode exists: HE11. To estimate the coupling coefficient κ, we computed Eq. (3.17)
using the exact profile of modes HE11 [36]. In order to study the coupling coefficient
dependence on the polarization, we assume that nanofibers are identical and in contact at
(0,0) on x− y plane, as shown in Fig. 3.5-a, and that the light is linearly polarized in one
fiber, whereas it is circularly polarized in the other one. The detailed field distribution in
Fig. 3.6 shows the Electric field intensity of three components in Cartesian coordinate.
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Figure 3.5: Field distribution and overlap for two adjacent nanofibers (fiber radius a =
250 nm). a, The centers of two nanofibers are located on axis y=0. Fiber 1 is located at
position (a,0), and fiber 2 is located at (−a,0). b, The light in the fiber 2 corresponds
to an HE11 and linearly polarized as visible in the left panel (upper left panel for the
horizontally polarized and lower left panel for vertically polarized). The field is circularly
polarized in fiber 1 as visible in the central panels. Right panels represent the overlap
between the two fields directly related to the coupling strength κ given in Eq. (3.17).

The field density in the transverse section in this configuration is presented in Fig. 3.5-
b. We numerically calculated the coupling strength as a function of the fiber diameter
averaged over the polarization degree of freedom κ̄ = 〈κ〉ϕ, where ϕ is the angle of the
polarization vector with the x axis. Results are presented in Fig. 3.7-a. We see that κ̄
decays exponentially with the fiber diameter. The larger the fibers are, the smaller their
evanescent part of the field is. This decay is exponential so it is for the overlap of the
fields. This strong dependency illustrates well the general interest to work with fiber
at subwavelength scale rather than micrometric scale. Focusing now on the polarization
dependency of the coupling strength we show two cases in Fig. 3.5-b : (i) the polarization
of the linearly polarized field in fiber 2 is along the x axis (along the direction that connects
the centers of the two fibers) (ϕ = 0) (upper panels of Fig. 3.5-b) and (ii) the polarization
of the linearly polarized field in fiber 2 is normal to the x axis (ϕ = π/2) (lower panels
of Fig. 3.5-b). For both cases the field density is presented for the linearly polarized field
in fiber 2 (left panels), for the circularly polarized field in fiber 1 (central panels) and for
their overlap E∗1 ·E2 appearing in Eq. (3.17), where E∗1 ·E2 = E∗1x ·E2x+E∗1y ·E2y+E∗1z ·E2z.
The results shown are for a fiber diameter of 500 nm and wavelength of 800 nm. We see
that even if the overlap intensity distribution is different from one case to the other, their
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Figure 3.6: Three components of field distribution and overlap for two adjacent nanofibers
(fiber radius a = 250 nm) guiding x-linearly and circularly polarized light respectively.
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average magnitude and then the coupling coefficient are similar in the two cases as shown
in Fig.3.5-b.

Actually, the coupling coefficient κ is found to be only slightly dependent on the
polarization. This variation depends on the fiber diameter, as visible in the b panel of
Fig. 3.7 but leads to a marginal relative change. In the realization of the nanofiber twisted
loop below, we use a fiber diameter of 500 nm for which the relative change is estimated to
be less than ±3%. This is illustrated in Fig. 3.7-a by the colored region surrounding the
mean coupling strength κ̄, corresponding to the amplitude of the variation with respect
to the polarization. Given that, we can reasonably neglect the effect due to polarization
and approximate κ ≈ κ̄.
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Figure 3.7: a- Coupling coefficient κ (at 800 nm) between nanofibers with varying diameter
and averaged over the polarization degree of freedom. The colored area refers to the
amplitude of the variation with the polarization. b- Relative change of the coupling
coefficient as a function of the polarization angle with a fiber diameter varying from 500
nm to 900 nm.

In Fig.3.8, we show the directional coupling coefficient κ/k as a map of the polarization.
We assume the mode in both fibers are linearly polarized with polarization angle θ1 and
θ2 respectively, where θ1 and θ2 ∈ [0, π]. While the polarization angle θ1 and θ2 changes
from 0 to π, the directional coupling coefficient κ/k varies from -0.06 to 0.06.

Therefore, the changing of polarization angle within the fiber should change the value
of directional coupling coefficient κ/k. In an optical fiber, the polarization of the propagat-
ing light changes when the birefringence induced by stress or fiber cross-section geometry
changes. This is something that we need to consider about when we further analyze the
mode coupling of nanofiber structures.

3.3 Nanofiber interferometer

We realized an optical nanofiber by pulling a commercial single-mode fiber to reach a
500 nm diameter over a length of 1 mm following [4]. The transition between the com-
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Figure 3.8: Directional coupling coefficient κ/k as a map of the polarization. θ1 and θ2

are the angle of linearly polarized light in fiber 1 and fiber 2.

mercial single mode fiber and the single mode nanofiber is adiabatic and its transmission
is over 95% [21].

To make a twisted loop structure presented in Fig.3.1-a, we first make a ring in the
nanofiber region. Then, by fixing one side of the nanofiber, and rotating the other side,
we can slowly increase the length of the entwined part. This is a well-known mechanical
phenomenon studied in many contexts [50]. Increased torsion will reduce the size of the
loop and bend it locally. At some point the bending exceeds the fiber tolerance and it
breaks. In the experiment we carefully choose to remain below this threshold.

With this geometry, the system corresponds to a Sagnac interferometer [51]. As rep-
resented in Fig.3.1-b, light propagating towards the loop finds two counter-propagating
optical paths. After the entwined region, part of the light is transferred into the clockwise
path (red arrow) with a coefficient of r, whereas the remaining propagates along the anti-
clockwise path with a coefficient of t. This two beams propagate separately accumulating
a phase of eiβLr , where β is the propagation constant, and Lr is the length of the ring.
Then, both paths interfere back into the entwined region, which acts as a beam-splitter,
as represented in Fig.3.1.b. The amplitude of output electromagnetic field can be written
as:

Aout = [r2 + t2]eiβLrA0, (3.18)

with t = cos(κz), and r = −i sin(κz), as shown above, which leads to the following
transmittance for the device:

Tint =

∣∣∣∣Aout

A0

∣∣∣∣2 =
∣∣r2 + t2

∣∣2 . (3.19)

As mentioned above, we control the length of the coupling region by varying the torsion
applied on the nanofiber, which ultimately tunes the reflection and transmission coeffi-
cients of our device. Applied mechanical stress will be translated into an optical response,
from reflective to transmissive.

To probe the system transmittance we use a fiber-coupled linearly polarized super-
continuous white laser (NKT Photonics SuperK COMPACT). The laser beam is coupled
into the single mode fiber (SM800) with the twisted nanofiber region in the middle. The
output signal is sent to a spectrometer.
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Figure 3.9: The transmission spectrum and the corresponding image of twisted loop. a,
the map of transmission spectrum while varying the torsion applied on the nanofiber. b,
image of nanofiber structure when there is no coupling (measurement No. 324 and plus).
c, images of nanofiber twised loop when the coupling distance is measured to be fixed
(measurement No. 1-59, 130-189 and 290-323). d, image of nanofiber twisted loop when
it’s rotating and the coupling distance is changing (measurement No. 60-119).
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Figure 3.10: Transmission spectrum through twisted loop structure. a and b- Experi-
mental data and numerical simulation of the transmission spectrum of broad light source
through the nanofiber interferometer as a function of the wavelength and coupling dis-
tance. c and d- Experimental data (blue) and numerical simulation (red) of the transmis-
sion spectrum for an entwined length of 75 µm (panel c) and 100 µm (panel d) respectively.
The experiment data shown are smoothed using rloess methods with a span of 1%.
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To show the relationship between the transmission spectrum and the movement of
the nanofiber twisted loop, we measured the transmission spectrum and its corresponding
image of twisted loop in camera each time we rotate one side of the fiber 5 degrees. We
plot the transmission spectrum as a function of wavelength in Fig.3.9-a and the ordinate
is the number of measurements. The length of entwined part is measured by analyzing the
image taken with a calibrated camera, corresponding to the coupling length. The camera
is calibrated with a resolution test target (Thorlabs) at the focus plane. By measuring
the coupling length in each photo taken by camera, we find the coupling length changes
periodically instead of continuously when we rotate one side of the twisted loop. When
the coupling length is fixed, the rotating of fiber end lower the tension in the system.
The coupling length starts to decrease when the loop begins to rotate, and the coupling
length stops decreasing after the loop rotates 180 degrees and released one crossing in the
entwined part. In Fig.3.9-c, we show the image of twisted loop with 3, 4 and 5 crossing.
At the alternation of these two states, the state of the fiber is unstable. To study the
influence of coupling length on the transmission spectrum, we focus on the part when the
coupling length is changing or the part when loop is rotating.

Fig. 3.10-a shows a map of the transmission spectrum through the nanofiber twisted
loop structure as a function of the entwined region size.

To understand the spectrum obtained for a given entwined region length, also pre-
sented in Figs. 3.10-c and d in blue, one has to note that when the fiber diameter is
fixed, the extension of the evanescent part of the field increases with the wavelength.
Accordingly the coupling strength κ and so the effective reflection coefficient r change
too as shown by the red curves in Fig. 3.10-c and d. In consequence, the spectrum for
a fixed coupling length leads to the interference pattern visible in Fig. 3.10 and agrees
with our description of the device as an interferometer. Moreover, increasing the cou-
pling length leads to a shift of the interference to smaller wavelengths. In Fig. 3.10-b we
represent the same map as in Fig. 3.10-a, calculated from Eq. 3.17. Despite the variabil-
ity of many experimental parameters, our theoretical model shows good agreement with
the experimental data. This agreement can be verified quantitatively in panel c and d,
where we show the measured (blue) and calculated (red) spectrum for a coupling length
of respectively 75 µm and 100 µm with no adjustable parameters.

However, the contrast of the observed spectra is relatively low (0.2 to 0.6). Besides, the
contrast seems to be different between nearby peaks, which is different from the numerical
simulation. It is more obvious in Fig.3.10-d, the experimentally measured transmission
spectrum shows four peaks. The peaks at 700 nm and and 850 nm have higher contrast
while the peaks at 790 nm and 920 nm have lower contrast.To understand the limiting
factor of this phenomenon, we did numerical simulations of transmission spectrum to
study the effect of loss during the mode coupling. In our two fibers coupling model, the
energy transfer between the two fibers were regarded as lossless. In reality, the surface
of tapered nanofiber is not purely smooth. There are a lot of small defects which scatter
the light into free space as we can see in the camera after a nanofiber is fabricated. For
twisted nanofiber structure, the losses come from both the coupling between two fibers
at the twisted part and the light propagating in a bending fiber. Therefore, we add
parameters representing coupling loss and propagation loss based on the equation.3.18.
We have:

Aout = [((1− ρr)r)2 + ((1− ρt)t)2](1− ρ)eiβLrA0, (3.20)

where ρr is the coupling loss for reflection coefficient r, ρt is the coupling loss for trans-
mission coefficient t, ρ is the propagation loss for ring part.
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Figure 3.11: a, Optical microscope image of a nanofiber twisted loop. b, Schematic of
introducing losses in the Sagnac interferometer equivalent optical setup. The transmission
coefficient with loss is labeled as t′. The reflection coefficient with loss is labeled as r′.

When we take the coupling loss into consideration, we found that the loss is higher
for longer wavelength. In figure 3.12-a, we plot the directional coupling coefficient κ
as a function of wavelength. The fiber diameter is fixed at 500 nm. The longer wave-
length gives higher coupling coefficient. For the same coupling length, we can imagine
the longer wavelength bouncing back and forth more times than the shorter wavelength
in the entwined region. Thus for the longer wavelength, there will be more loss.

Besides, there is unbalanced loss between reflection coefficient r and transmission
coefficient t, which caused the contrast difference between nearby peaks. In Fig.3.12-b,c,
we plot the transmission spectrum when coupling length z = 100 µm and z = 75 µm with
10 percent loss for reflection coefficient r and 2 percent loss for transmission coefficient
t. We take the one with 100 µm coupling length as an example, the peaks at 700 nm
and and 850 nm have higher contrast while the peaks at 790 nm and 920 nm have lower
contrast, which is similar as the measurement. Therefore, we think the contrast difference
between nearby peaks comes from the unbalanced loss between reflection coefficient r and
transmission coefficient t. In reality, this can be due to the geometric asymmetry of
nanofiber structure.

By tuning the coupling length, we can adjust the high contrast region to the wavelength
we need, as we can see in the Fig.3.10-a, the high contrast region shifts from 700 nm to
750 nm when we change the coupling length from 100 µm to 75 µm.

3.4 Nanofiber resonator

Optical ring resonators can have many applications, such as optical add-drop filters, mod-
ulation, switching and dispersion compensation devices. To fabricate the knot structure
as presented in Fig. 3.1-c, we carefully made a large knot centered on the nanofiber region
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Figure 3.12: Transmission spectrum through twisted loop structure when coupling loss
is taken into consideration. (a) Coupling coefficient as a function of wavelength. (b)
Transmission spectrum when z = 100µm. (c) Transmission spectrum when z = 75µm.
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and by precise control of the spacing between the two displacement platforms used to pull
the fiber, we can decrease the diameter of the knot to tens of micrometers (≈ 11 µm).
As in the case of the twisted loop, the knotted loop induced an important bending of the
nanofiber. Accurate control of the size of the knot allows us to avoid breaking it.

With this geometry, the system acts as a resonator. As represented in Fig. 3.1-d, the
light injected in the device will either be directly reflected to the output with a coefficient
r, or transmitted in the loop with a coefficient t. In contrast with the twisted loop, there is
only one optical path within the loop. Moreover, the light circulating inside the knot will
split again everytime it passes through the coupling region: some will go to the output,
the rest will stay inside the knot. We represent in Fig. 3.1-d the corresponding optical
setup. It is remarkable that the change of the topology of the loop formed, twisted or
knotted, completely changes the behavior of the device. Schematically, passing from one
device to the other one is equivalent to rotating by 90◦ the beam splitter mimicking the
fiber coupling region as presented in Fig. 3.1-b and Fig. 3.1-d.

Along the propagation in a loop, the field undergoes losses with a rate ρ due to
scattering. In Fig. 3.13-a we present an optical microscopy image of the knotted loop
when light is propagating on the fiber. Bright spots on the fiber are due to the scattering
of imperfections on the fiber surface. Given the significant evanescent component of the
field, any defects located close to the surface will strongly scatter the propagating light.
However, most of the losses come from the knotted region itself as visible in Fig. 3.13-
a. They would drastically be reduced in a clean room environment. Indeed, when we
fabricate the knot manually, the knot was gradually tightened into small size. Thus, the
entwined region sweeps several centimeters of fiber. Impurities on the surface are blocked
by the knot and inevitably accumulate there.

After one lap in the loop we have B′0 = (1 − ρ)eiβLkt2B0, where Lk is the length of
the ring. Assuming the reflection coefficient r = −i sin(κz) and transmission coefficient
t = cos(κz), then we get the equation giving the amplitude of the electromagnetic field
at the output:

Aout = A0[r + (1− ρ)t2eiβLk + (1− ρ)2t2re2iβLk

+(1− ρ)3t2r2e3iβLk + · · · ],
(3.21)

leading to the following transmittance Tres of the device:

Tres =

∣∣∣∣Aout

A0

∣∣∣∣2 =

∣∣∣∣r +
(1− ρ)t2eiβLk

1− (1− ρ)reiβLk

∣∣∣∣2 . (3.22)

In contrast to the nanofiber interferometer case, the size of the loop plays a major role
here as it dictates the amount of phase accumulated after one lap in the device. Optical
resonances appear when the light traversing the loop accumulates a phase integer multiple
of 2π.

To characterize the system we use the same setup as for the twisted loop. Fig. 3.13-
b is the transmission spectrum of the knot for a given diameter. Within the spectrum
region (≈ 700 nm to ≈ 950 nm), many fine peaks are observed, revealing the resonant
wavelengths.

In Fig. 3.13-c, we present the calculated transmission spectrum, which agrees well with
the experimental data, for its three main features. Firstly, the wide spectral Gaussian
envelop; this is measured beforehand by recording the spectrum of our laser transmitted
through a fiber without the loop. The Gaussian envelop is observed due to the joint of
two effect. In the short wavelength region, light enters the SM800 fiber as multimode,
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Figure 3.13: Transmission spectrum through a knot structure. a- Image of the nanofiber
knot recorded by an optical microscope. b- Experimental transmission spectrum of a
broad light source through the nanofiber resonator as a function of the wavelength. We
measure ∆υFSR=2.21 THz. c- Calculated transmittance of the devices as given in eq.
(3.22). d- Left axis is the reflectance of the contact zone and right axis is the visibility of
resonance between wavelength 0.68 µm and 0.9 µm.
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and higher order modes were cleaned at the the nanofiber region. For the long wavelength
region, it’s due to the sensitivity of the Si-detector. Secondly, the fine peaks; they exhibits
matched free spectral range (FSR) and amplitudes. Finally, the larger scale contrast mod-
ulation ; its maximum around 750 nm and 850 nm are faithfully reproduced. To explain
this contrast modulation, we represent in Fig. 3.13-d the reflectance of the entwined
region (i.e. without knot) calculated for the same condition. As observed previously, it
depends strongly on the wavelength. For instance, at λ ≈ 800 nm, the reflectance |r|2
is zero; it corresponds to a scenario without beamsplitter. As 100% of the light leaves
the ring after one lap, there cannot be interferences, and the resonance peaks contrast
vanishes accordingly. Similarly when r2 ∼ 1, around 900 nm and 670 nm, the entwined
region acts as a simple mirror instead of a beam-splitter, and the resonance peaks fade as
well, since no light gets inside the ring.

The length of the ring Lk determines the interval between the peaks in the spectrum
known as FSR and given by ∆υFSR = c/(neffLk), where neff is the effective refractive
index of air clad optical fiber. The analysis of the spectrum gives ∆υFSR=2.21 THz,
which corresponds to a cavity length of about 108 µm. The finesse varies slightly along
the spectrum reaching 8 from 820 nm to 860 nm. In this range, we measure a quality
factor of 1300. It agrees well with the calculation which predicted a ∆υFSR of 2.136 THz,
a finesse of 7.5 and a quality factor of 1300. These calculations have been done with an
estimate of 35% losses, extracted from experimental data. In the next section, we push
forward the analysis of the spectrum and we identify an original birefringence effect.

Birefringence induced by ovalization under bending
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Figure 3.14: Blue: Fourier transform of experimental transmission spectrum. Inset yellow:
zoom of the Fig 6-b. Two different sets of peaks can be seen. The corresponding ∆υFSR
are 2.21 THz and 2.28 THz (peaks location in the blue curve). This splitting corresponds
to different polarization modes undergoing birefringence along the propagation in the
structure.

A keener look at the data reveals that two different resonance modes (see insert curve
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in Fig. 3.14) contribute to the spectrum, otherwise we would observe regularly spaced
peaks. The FSR for the different modes is slightly offset. When the peaks positions of
the two modes are staggered, we can clearly see the two discrete peaks. To identify the
two values of FSR, we took the Fourier transform of the spectrum, which is plotted in
Fig.3.14. There, we clearly see two distinct resonant contributions labeled 1 and 2. This
shift between the FSR values corresponds to a relative variation of the indices between
the two propagating modes of ∆ = (n1 − n2)/n1 = 3.1%, with n1 and n2 the effective
refractive indices of both modes.

To determine the origin of this lifting of degeneracy, we will now focus on the mechan-
ical properties of the knot. As for the twisted loop we have here a nanofiber under strong
bending constraints. This bending implies stress and related mechanical effect that we
assume at the origin of the mode splitting. We investigate two possible sources of bire-
fringence: (i) stress-induced birefringence (Bs) and (ii) ovalization-induced birefringence
(Bo) [48]. Stress-induced birefringence is a well-known phenomenon in optical fiber [52]
whereas ovalization-induced birefringence is directly linked to the diameter of the fiber
considered here.

Ovalization of an elastic rod is a well-known phenomenon in mechanical engineering
[53], and can be commonly experienced when bending an elastic tube. The perfect cir-
cular section of the tube will change due to the bending to an oval section with its short
axis along the direction of the bending. Such a mechanism is commonly neglected in
optical fibers given the rigidity of standard fibers in which a bending force will lead to
stress-induced birefringence and break the fiber before leading to significant ovalization
of the section. However, in our case, with fiber of nanometric diameter, the mechanical
properties are very different. Moreover, the electromagnetic field is significantly less sen-
sitive to stress, since it is largely localized outside the fiber. The stress only affects the
part of the mode confined inside the silica. We evaluate the relative change of indices due
to stress to be of ∆ ≈ 1.7%. This is not enough to explain the different values of FSR we
observed, and leads us to consider ovalization, or Brazier effect, as a significant factor in
the degeneracy lifting.
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Figure 3.15: Brazier effect on a bent optical fiber. a- Schematic of the fiber cross-section
(x−y plane) ovalization. σy is the y component of the bending induced stress, represented
with the color scale within the fiber cross-section. θ is the angle of rotation of the fiber
ends. b- Relative refractive index variation as a function of the fiber diameter change in
percent compared with an initial diameter of 630 nm.

We observe that ovalization or Brazier effect also participates in the birefringence.
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Brazier effect is a mechanical deformation that causes the ovalization of the cross-section
of a bent tube. As shown in the Fig. 3.15-a, σy is defined as the y component of the
bending induced stress. The color in the fiber cross-section shows the value of σy given
by [52]:

σy = K2(E/2)(x2 − a2) (3.23)

where E is the Young’s modulus of silica, K = 1/R is the curvature of the longitudinal
axis, and a is the fiber radius. The value of σy varies along the y axis from 0 GPa
at the fiber surface to -0.03 GPa at y = 0 (corresponding to the compression stress),
which gives an increased circumferential strain at fiber surface along the x axis and a
reduced circumferential strain at fiber surface along the y axis [54]. This effect caused the
ovalization in the plane perpendicular to the bending axis. The relative displacement of
two axes can be approximated as [53]:

δ = 0.553aK (3.24)

where a is the initial fiber radius before bending. Taking into account the measured loop
radius (R ≈ 11µm) and the fiber diameter we found a reduction of the fiber diameter of
1.5% parallel to the bending direction and an increase of 1.5% in the normal direction.
In contrast to standard fibers, this small change in the geometry will have strong impact
given the transverse distribution of the field. A difference of 3% of the radius, leads
to a difference of effective refractive index of (n+1.5% − n−1.5%)/n = 0.8%, as shown in
Fig.3.15-b. The joint effect of stress and ovalization give a birefringence of 2.5%, which
is in reasonable agreement with the observed value (∆ = 3.1%). The small discrepancy
between these two values is likely due to the fact that the loop is not perfectly circular
(as visible in Fig.3.13-a ) and therefore leads to a non-homogeneous ovalization and stress
effect along the ring.

Conclusion
In this chapter, we have reported the fabrication and characterization of two optical
devices based on looped nanometrical optical fibers. The nature of the devices changes
with the topology of the loop.

• The first device is a twisted loop.

The entwined part of the loop can be treated with the coupled mode theory and
can be seen as a tunable beam splitter. We showed that a twisted loop creates a
Sagnac interferometer, of which the dephasing is tuned by the torsion applied on
the nanofiber.

• The second device is a ring cavity, simply made out of a nanofiber knot.

We analyzed its spectral response and found a finesse of 8 and a quality factor of
1300. Unlike in common resonators, the coupling efficency into the cavity strongly
depends on the wavelength, which modulates the visibility of its resonances. It is
reproduced accurately by our theoretical model.

Both setups, Sagnac interferometer and Fabry–Perot resonator are essential to pho-
tonics applications and optics in general. Their miniaturized versions presented here pave
the way toward their integration in photonic circuits. A refined analysis of the cavity
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spectrum revealed that birefringence of a bent nanofiber is also affected by ovalization
of its profile, and not only by stress as a normal fiber would be. With both devices, we
showed how sensitive nanofibers are to mechanical constraints.





Chapter 4

Radiation force detection with a
nanofiber sensor

Publication: Ding, C., Joos, M., Bach, C., Bienaimé, T., Giacobino, E., Wu, E., Bra-
mati, A. and Glorieux, Q.. Nanofiber based displacement sensor. APPLIED PHYSICS
B, 126(6), (2020).

Interestingly, a nanofiber has remarkable mechanical properties, including a small
mass, on the order of 0.1 µg/m and a high sensitivity to vibrations and weak forces. In
this chapter, we combine the optical and mechanical properties of a nanofiber to create
a unique sensing device for displacement measurements and optomechanical applications.
This work is following the original idea of Arno Rauschenbeutel and build on the pre-
liminary work did by Maxime Joos. We present here an optimized system for measuring
nanometric displacements of an optical nanofiber.

4.1 Introduction

Position sensing with micro or nano-meter resolution is widely used both in scientific
research and for industrial applications [55, 56]. In order to probe weak forces the minia-
turization of the devices towards the nanoscale is one of the main approaches [57, 58].
Nanowires [59], carbon nanotubes [60], and graphene [61] were successfully demonstrated
as potential materials for position sensing. Several hybrid systems were also used in-
cluding nanomechanical oscillators coupled to a whispering gallery mode resonator [62],
superconducting microwave cavities cooled by radiation pressure damping [63], silicon
nanowire mechanical oscillators for NMR force sensing [64] and nanomechanical oscilla-
tors combined with single quantum objects [65].

Pico-meter sensitivity has been achieved using a quantum point contact as a scanned
charge-imaging sensor (sensitivity of 3 pm/

√
Hz [66]) or using a nanorod placed within a

Fabry-Pérot microcavity (sensitivity of 0.2 pm/
√
Hz [67]).

Here, we propose to use an optical nanofiber as a nanometric displacement sensor
which is all optical and can operate at room temperature and in free space. It is designed
by combining the optical and mechanical properties of a nanofiber. By depositing a
nanoparticle on top of a nanofiber and placing this system in an optical standing wave
positioned transversely as a ruler, we report an absolute sensitivity up to 1.2 nm/

√
Hz.

Using the Mie scattering theory, we evaluate the force induced on the nanofiber by an
external laser and demonstrate that a sensitivity of 1 pN can be achieved. Force sensing
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with pico-newton precision can be used as a sensor for optomechanics [68], biophysics
investigations [69] and molecule mechanics [70].

In this chapter, we first introduce the experimental setup and describe the calibration
procedure that is used to measure the sensitivity. We then present the experimental Allan
deviation of our device, measured up to 10 minutes with a 100 µs integration time. In the
second part, we present a possible application of our sensor to detect radiation pressure
force. We propose a mechanical model to estimate the displacement of our sensor under
an optically induced force, and we show that the full Mie scattering theory must be taken
into account for accurate predictions. Finally we model the two orthogonal polarization
as a signature of the anisotropy of the system.

4.2 Measuring the absolute displacement of an optical
nanofiber

In this chapter, we report on the use of an optical nanofiber as a nanometric displace-
ment sensor. We fabricated a tapered optical nanofiber with a diameter of 300 nm. The
diameter is chosen based on the guiding wavelength at 532 nm to achieve the best evanes-
cent coupling at the fiber surface, which is introduced in section 1.3.1. More than 95%
transmission is detected, following the method detailed in [47] and used in [21] as intro-
duced in section 1.2. To observe scattering, we overlapped a transverse standing wave
with the nanofiber, by retro-reflecting a standard laser diode at 532 nm on a mirror (see
Fig. 4.1a)). The mirror is mounted on a piezo-transducer, so that we can scan it in the
longitudinal axis to move the standing wave envelope around the nanofiber position. In
order to guarantee a high contrast of the standing-wave, we verified that the coherence
length of the laser is much longer than the distance between the mirror and the nanofiber.
In practice, this is not a stringent condition for standard narrow linewidth laser diode.

In this configuration the light scattered inside the guided mode of the nanofiber is
only due to the rugosity of the nanofiber and is extremely low. To guarantee a high
signal to noise ratio on the detection and therefore a high displacement sensitivity, we
have deposited a gold nano-sphere on the nanofiber to enhance scattering (see Fig. 4.1c).
The nano-sphere has a radius of 50 nm. The deposition is done by filling a highly dilute
solution of gold nano-spheres inside a micro-pipette and touching repeatedly the nanofiber
with the meniscus at the extremity of the pipette. We continuously inject light inside the
nanofiber to monitor the scattered light from the deposition region. As seen in Fig. 4.1-d,
the scattered light increases dramatically after the deposition of the gold nano-sphere [15].

The nanofiber is mounted on a custom holder, which has a bending piezo transducer
at one side, in order to control its tension. Finally, we placed the system under vacuum
to avoid dust particle deposition and perturbations from air-flows. The scattered light
guided into the fiber is detected with an avalanche photodiode to have high detection
efficiency (50%) and fast response up to 100 MHz.

To calibrate the displacement, we first scan the standing wave around the nano-sphere.
The signal oscillates with a period corresponding to λsw/2 = 266 nm. The visibility of
the standing wave is defined as v = (Imax − Imin)/(Imax + Imin), where Imin and Imax are
the minimum and maximum detected intensity.

The time window for photon counting adds a high frequency filter on the detected
signal, which is defined as integration time. A sinusoidal fit of the experimental data
is presented in Fig. 4.2 and gives a visibility of 0.71 calculated using the the measure-
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Nanofiber

133 nm

Diffusion signal
Nanofiber

Standing wave

Gold nanosphere

Photon diode

(a) (b)
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Figure 4.1: a) Sketch of the experimental setup. A gold nano-sphere on the waist of an
optical nanofiber is placed in a standing wave (λsw is 532 nm). The diffusion signal is
collected via the fiber. b) Ruler resolution. Maximum and minimum intensity are marked
as Imax and Imin, with 133 nm interval. c) Scanning electron microscope (SEM) image of
a single gold nano-sphere deposited on nanofiber. d) Optical microscope image of a gold-
nano-sphere on the nanofiber within the standing wave. (a,b is adapted from Maxime
Joos [71])
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Figure 4.2: Collected photon counts per second while scanning the standing wave. Inte-
gration time is τint = 100 µs for grey lines and τint = 100 ms for green dots. The solid
green line is a sinusoidal fit of the data with 100 ms integration time to determine the
visibility. Imax = 4.7 and Imin = 0.87. Inset: the maximum resolution region is fitted with
a linear trend.
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ment when the integration time is 100 ms. In Fig. 4.2, we can see the vibrations in the
environment through the sensing system. These vibrations have high amplitude which
widened the scan curve. For this measurement a relatively long integration time (100 ms)
has been used and therefore high frequency noise reduces the contrast below 1. For small
displacements (d� λ/4), the most sensitive region of the standing wave is the linear part
(see Fig. 4.1b). In this region, the calibration of the displacement as a function of the
scattered light is obtained by fitting the region with a linear model.

4.3 Sensitivity of the system
The sensitivity of our system is linked to two main factors: at short integration time, the
noise essentially comes from the fluctuations of the scattered light and the mechanical
oscillations of the nanofiber and, at long time scale, we observed a drift caused by a
temperature shift in the environment which displaces the standing wave.

A quantitative description of the sensitivity is given in Fig. 4.3 by presenting the
Allan deviation. The Allan deviation is typically used to measure frequency stability in
oscillators but it can also be implemented in the time domain. Differently from standard
deviation which gives only one value for a given integration time, Allan deviation gives
access to the whole noise spectrum at different integration time in our system. We follow
the equation given by [72]. Ω(τ) is the measured time history of photon counts with a
sample period of τ0. We divide the data sequence (photon arrival time on the photodiode)
into clusters of time τ . The averaging time is set as τ = mτ0, where the averaging factor
m is a group of integers from 1 to n. n = 100 was used in calculation. The Allan deviation
σ(τ) is calculated using averages of the output rate samples over each time cluster.

σ(τ) =

√
1

2τ 2
〈(xk+2m − 2xk+m + xk)

2〉, (4.1)

or in practice:

σ(τ) =

√√√√ 1

2τ 2(N − 2m)

N−2m∑
k=1

(xk+2m − 2xk+m + xk)
2 (4.2)

where x(t) =
∫ t

Ω (t′) dt′ is the integrated photon counts. N is the sample points.
According to the fit in Fig. 4.2, we got the correspondence between fiber displacement

and photon count, which is about 2.9 kcounts/nm. Therefore, the Allan deviation is given
in unit nm/

√
Hz in Fig. 4.3.

On Fig. 4.3, three main regions can be identified: i) at integration time shorter than
1 ms (frequency higher than 1 kHz) where the sensitivity increases with the integration
time (lower σ), ii) at integration time between 1 ms and 1 s (between 1 kHz and 1 Hz)
where we observe a sinusoidal noise with characteristics bumps in the Allan deviation
signature of the mechanical modes of the nanofiber, and iii) at integration time longer
than 1 s (frequency lower than 1 Hz) where the sensitivity increases again. Finally,
at longer integration times than 3 minutes (not shown), the sensitivity decreases again
(higher σ) due to the thermal drift in the standing wave phase. We can extract two key
figures of merit from these data. The resolution at 1 s integration time is 5.1 nm/

√
Hz,

and the maximum absolute resolution is 1.2 nm/
√
Hz. Comparing to the previous work,

the displacement sensing system has higher visibility and higher resolution.
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Figure 4.3: Allan deviation. Inset: scattering signal versus time.

4.4 Displacement of the nanofiber driven by externally
applied force

In this section, we propose one possible application of our nanofiber displacement sensor
for optomechanics experiments. We assess the possibility to detect the radiation pressure
force, by estimating theoretically the displacement of the nanofiber when it is driven by
an externally applied force and we investigate in particular optically-induced forces based
on the Mie theory.

We model the nanofiber as an elastic string of circular section (radius a) with the two
ends fixed. The location of the applied force on the nanofiber is an important parameter
for the sensitivity to the force. Here, we assume that the force is applied at the middle of
the nanofiber waist, i.e. in the most sensitive region, however the model can be extended
easily to other positions. First, we take the initial tension on the nanofiber to be zero.
The expression of the displacement as function of the applied force F is then given by:

δ =

[
F

8πa2EY

]1/3

L, (4.3)

where EY is the Young modulus of silica, and L is the length of the nanofiber region
[73, 74].

It is interesting to evaluate if a radiation pressure force applied by an external pushing
laser could be observed using this system with the sensitivity measured earlier. A coarse
evaluation can be made using a simple model by considering the nanofiber with radius a
as a beam with squared section (2a)2 and estimate the force by the differential Fresnel
reflections on the sides of the silica beam. In this geometrical approach, the pushing laser
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is described by its diameter d, its power P and its intensity I = P/(πd2/4). If d � 2a,
the illuminated section of the nanofiber is 2a× d and the force is

Fgo =
2I

c
2R 2ad = 8

P

cπd
2R 2a, (4.4)

with c the speed of light in vacuum and R the normal incidence reflection coefficient. With
this model, we can estimate the force of a flat top beam of P = 100 mW and diameter
d = 10 µm on a nanofiber of squared section 2a = 500 nm made in silica (optical index
of 1, 5 which induces a Fresnel reflection coefficient R = 0, 04):

Fgo ∼ 3 pN.

However, if this simple model is instructive to obtain an order of magnitude of the
applied force, it must be refined to take into account the interference and polarization
effects. In the following, we use the Mie theory of diffusion to give a more precise es-
timation of the optical force. We assume a cylindrical nanofiber (radius a and index of
refraction n1) illuminated on normal incidence by a plane wave (with Gaussian envelope
of width d).

Two linear polarization can be used, either parallel or perpendicular to the nanofiber
axis. The force given by the Mie theory is [75, 76]:

FMie =
2I

c
adY, (4.5)

where Y is a dimensionless quantity which depends on the polarization. For a linear
polarization parallel to the nanofiber Y = Y||(n1, k, a) is given by

Y||(n1, k, a) = − 1

ka
Re

[
+∞∑
l=−∞

bl(b
∗
l+1 + b∗l−1 + 2)

]
. (4.6)

The geometric coefficient bl = bl(n1, k, a) is given by

bl =
n1J

′
l (n1ka)Jl(ka)− Jl(n1ka)J ′l (ka)

n1J ′l (n1ka)H
(1)
l (ka)− Jl(n1ka)H

′(1)
l (ka)

, (4.7)

with H
(1)
l is the first order Hankel function and Jl is the first order Bessel function.

Similarly, for a linear polarization perpendicular to the nanofiber, we have

Y⊥(n1, k, a) = − 1

ka
Re

[
+∞∑
l=−∞

al(a
∗
l+1 + a∗l−1 + 2)

]
, (4.8)

with
al =

J ′l (n1ka)Jl(ka)− n1Jl(n1ka)J ′l (ka)

J ′l (n1ka)H
(1)
l (ka)− n1Jl(n1ka)H

′(1)
l (ka)

. (4.9)

.
This model is compared numerically to the geometric model in Fig. 4.4a). It can be

observed that the geometric model, represented by the red line in the figure clearly under-
estimate the force for both polarizations above a nanofiber diameter of 200 nm. Compared
to the geometrical optics model, the Mie scattering model also predicts oscillations in the
radiation force as a function of the increasing radius of the nanofiber, which corresponds to
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Figure 4.4: Estimation of the radiation force on a silica nanofiber. (a) Radiation force
F̄rad on a nanofiber per unit of intensity and per unit of length of illuminated fiber as a
function of the nanofiber radius. (b) Deflection of the nanofiber under the effect of the
radiation force δ as a function of the nanofiber radius. Parameters: flat-top laser beam
(λ = 780 nm), with power P = 100 mW and diameter d = 10 µm, the Young’s modulus
of silica EYoung = 70 GPa and the length of the nanofiber L0 = 10 mm. This figure is
adapted from Maxime Joos [71].
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an interference between the specularly reflected waves from the edge of the nanofiber and
those reflected by its dielectric core. In addition, the radiation force shows dependence
on the incident polarization which is characteristic of the anisotropy of the system [77].

In the following, we use the full model of Mie scattering to estimate the displacement.
We inject the expression of the force in the displacement of the nanofiber given by Eq.
(4.3) and we trace the displacement as function of the nanofiber radius in the absence
of tension T0. In this configuration, we predict a displacement on the order of 5 µm for
both polarizations at fiber diameter around 400 nm. While 5µm far exceeds the linear
dynamical range introduced in the first part of this paper, we can easily reduce the power
of the beam generating the radiation pressure force such that the beam displacement is
compatible with the requisite range of our experimental technique (displacement smaller
than 266 nm). The minimal force that can be detected with our device is then on the
order of 1 pN. Finally, to extend our model, we can include a non-zero initial tension on
the fiber. In presence of an initial tension T0, a correction term can be added to Eq. (4.3)
to determine the force F required to induce a displacement δ of the nanofiber:

F = 8πa2YE

[
δ

L

]3

+ 4T0
δ

L
. (4.10)

The first term is linked to the mechanical properties of silica as the second one is a
consequence of the nanofiber tension. As δ/L � 1 in our experiment, tension might
play an important role in the ability of our system for detecting weak force applied on the
fiber. Experimentally, we have anticipated this situation by adding a bending piezoelectric
transducer to the nanofiber holding mount. This open the way to future investigations of
the tension as well as the potential role of damping due to air around the nanofiber.

4.5 Experimental procedure

To install the nanofiber inside the vacuum chamber, we designed a mechanical piece
working as a vacuum port that can hold the nanofiber and two feedthrough for optical
fiber. The optical fiber feedthrough is designed based on swagelok system, as shown in
Fig.4.5, following Baptiste Gouraud [78]. The stainless steel fitting ferrule is replaced by
one made with Teflon. For a commercial optical fiber, the hole diameter on the Teflon
ferrule was chosen to be 0.3 mm to achieve good transmission at the same time. With
this diameter, optical fiber without cladding can pass through the hole easily, and the
part with cladding can be squeezed by Teflon producing a good seal.

The process of installing the nanofiber with a gold nanorod in the vacuum chamber is
as following.

The first step is the nanofiber preparation. We fabricate the nanofiber and deposit
a single gold nanosphere on the nanofiber, as introduced in section 1.2 and 1.3.2. The
whole process needs to be done in the air flow box. The detailed process of the nanofiber
fabrication and particle deposition are introduced in chapter 1. We install the nanofiber
on the fiber holder with particle aligned with the location mark, shown in Fig. 4.6, so
that we can always have the particle around the same place in the vacuum chamber. One
side of the fiber holder is equipped with a bending piezo with ±450 µm traveling range
to adjust the tension of the fiber. We clean the two stages that will hold the fiber with
isopropanol. The two sides of the nanofiber are glued to the stage with UV curing optical
adhesive.
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Figure 4.5: Assembly diagram for the Teflon fiber feedthrough on vacuum chamber.
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Figure 4.6: Tension-adjustable nanofiber holder for vacuum chamber.
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The second step is to install the fiber holder on the vacuum port. The design of
the nanofiber holder for vacuum chamber is shown in Fig. 4.6. The fiber holder is
installed on a column attached to the vacuum port aligned with the location mark on the
column. We pass the two fiber ends through the swagelok tube adapter. Then, we need
to clean both sides of the optical with isopropanol again before adding the Teflon ferrule
and the swagelok nut. We leave both sides of the fiber with appropriate length. Also,
we need to leave the fiber in a stable state with relatively large curvature to maintain
high transmission. The swagelok nut should not be fully tightened at this step. Then
we plug the electronic connection and fix the free wire to avoid touching the optical
nanofiber. We need to do all these steps with great care to avoid fiber breaking. We
transfer the mechanical piece with fiber holder into a container about the same size as the
vacuum chamber so that the nanofiber can be well protected before we put it into vacuum
chamber. And also we can check the fiber transmission (The transmission is about 80%
after we deposit a gold nanosphere) and adjust the electronic wire to avoid it touching
the nanofiber.

The third step is to transfer the mechanical piece with fiber holder into the vacuum
chamber. We transfer the vacuum port into the vacuum chamber. We slightly adjust the
port to have no electronic wires on the way of standing wave. Then, we fix the vacuum
port on the chamber. Between the vacuum chamber and the vacuum pump, there is a
valve and a pressure detector. To avoid the dust in the pipe blew onto the nanofiber, the
pipe needs to be pumped with valve closed first. Then we vacuum the vacuum chamber.
We carefully tighten the Swagelok nut while detecting the nanofiber transmission and
pressure in the vacuum chamber. Pressing the Teflon ferrule too much will not help to
lower the pressure, so we stop before the transmission is going to drop.

The last step is the alignment of the sensing system. Thanks to the location marks,
the nanosphere is already within the view of camera at this step. The focus plane of the
camera needs to be adjusted to set the focus on the gold nanosphere. So we just need
to adjust the laser at wavelength 532 nm to pass the gold nanosphere. By detecting the
nanofiber guided signal, we can optimize the alignment. Then we add the dichroic mirror
at the other side of vacuum chamber to reflect back the laser. To have the standing wave
with best visibility, the reflected laser beam needs to be aligned with the incoming laser
and the focus plane needs to be on the mirror. The nanofiber guided signal is doubled
after adding the dichroic mirror.

The experiment setup of the nanofiber displacement measurement is shown in Fig.4.7.
The reflected light is isolated with an Faraday isolator. The well isolated laser was sent
to the gold nanosphere through two mirrors to gain the alignment freedom in x−y plane.
We flip down the dichroic mirror to have a clear view of the scattered light from gold
nanosphere and the location of laser beam in the camera. We need to adjust these two
mirrors to have the laser beam aligned with the gold nanosphere and along the z axis
of the camera. The fine tuning of these two mirrors are guided by the scattered light
from the gold nanosphere detected with the photodiode. A quarter waveplate is installed
before the vacuum chamber to adjust the excitation polarization. We maximize the signal
on the photodiode to align the laser and the gold nanosphere in the transverse plane.

The piece of single mode fiber and the beam splitter connected to the optical power-
meter after the Faraday isolator is used for checking the alignment of the standing wave.
The single mode fiber is used as a target for the reflected light to ensure the overlap of the
light coupled out and coupled in. With the dichroic mirror flipped up, the light reflected
back can be optimized by adjusting the angle of dichroic mirror and the z position of



80 NANOFIBER SENSOR

2

Optical nanofiber

Vacuum chamber

Camera

Powermeter

Dichroic mirror

Faraday isolator

Focus plane

PD

Laser

Laser

z

Red pitaya

PC

Single mode fiber

Figure 4.7: Experiment setup of displacement measurement.

the out coupling lens of the single mode fiber. The z position of the out coupling lens
of the single mode fiber decides the focus plane of the standing wave. As we shown in
the Fig.4.7, the focus plane of the standing wave need to be on the surface of dichroic
mirror. To find the best z position for the out coupling lens, we check the scattered light
from the gold nanosphere detected with the photodiode. The best position is when the
maximum power of the scattered light from the gold nanosphere with the standing wave
is about double the one without diachroic mirror. The maximum power of the scattered
light from the gold nanosphere illuminated by the standing wave is measured by scanning
the dichroic mirror in z axis. The dichroic mirror is mounted on a piezo. The voltage of
the piezo is connected to a voltage amplifier controlled by a programmed Arduino. The
visibility of the sensing system is highly related to the alignment of the standing wave.

The time resolution of the sensing system is further improved by replacing the photo-
diode by a single photon detector (which based on avalanche photodiode with 65% photon
detection efficiency at wavelength from 400 nm to 1060 nm and a dead time of 22 ns).
To know the damage threshold of the guiding light at 532 nm wavelength in our home-
made optical nanofiber with 300 nm diameter within a the vacuum chamber, we did the
following test. We slowly increase the power of coupled light and when the power is 15
µW, the nanofiber fused. This is due to the gold nanosphere has been heated too much
and melt the nanofiber.

To acquire scattering signal from the gold nanosphere, we need to respect the damage
threshold of the nanofiber. We use a photodetector with femtowatt sensitivity (Thorlabs
PDF10A2) to read the weak scattered signal guided to one side of the optical nanofiber,
which is a low-frequency device (20 Hz). This limits the time resolution of our sensing
system. When we replace it by a single photon detector, the detection frequency has been
increased and the sensitivity as well. The data of photon number in time scale is recorded
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Figure 4.8: Radiation pressure detection experiment setup. The nanofiber is placed hori-
zontally (along x axis). A 780 nm laser line is added additionally on the position sensing
system. An acousto-optic modulator (AOM) is used to modulate the intensity of the
beam. The beam focuses on the nanofiber waist and is vertical to the nanofiber. To avoid
heating the gold nanosphere, the focus position on the nanofiber is shifted tens of µm in
the x axis along the longitudinal direction of the nanofiber.

with the single photon detector and then sent to a programmed Red Pitaya which is
connected to PC with local area network connection. We can have 10 µs time resolution
with real time data collection. This allows us to obtain the mechanical movement of the
optical nanofiber with frequency higher than kHz.

By scanning the dichroic mirror, we obtain the photon counts per second as a function
of mirror displacement. We move the dichroic mirror so that the gold nanosphere is in
the linear region as shown in Fig.4.2.

4.6 Radiation pressure detection

In section 4.4, we introduced the displacement of a silica nanofiber driven by the external
force and estimated the situation when a radiation force is applied on the nanofiber waist.
As shown in Fig.4.4, when the nanofiber has a radius about 150 nm, which is the parameter
we use for the displacement sensing system, the displacement of the nanofiber under the
effect of the radiation force from a flat-top laser beam at 780 nm with power of 100 mW
and diameter about 10 µm applied on the center of the nanofiber waist can reach few µm.
In this section, we introduce the experiment on radiation pressure detection.

The experiment setup for detecting radiation pressure is shown in Fig.4.8. The idea is
to use an external laser beam to push the nanofiber at certain frequency. The displacement
of the nanofiber is recorded with the position sensing system. We expect to detect an
extra signal with applied frequency. Based on the position sensing system, we add a
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780 nm laser line. An acousto-optic modulator (AOM) is used to modulate the intensity
envelope of the beam as a function of time t : I(t) = Apeak sin (2π t

Tp
) . The period Tp and

peak amplitude Apeak are adjustable with function generator. We focus the beam on the
nanofiber waist and incident angle is vertical to the nanofiber. To avoid heating the gold
nanosphere, the focus position on the nanofiber is shifted tens of µm in the x axis or the
longitudinal direction of the nanofiber.

4.7 Mechanical vibration detection

With our displacement sensing system, a resolution of 1.2 nm/
√
Hz is obtained, corre-

sponding to the sensibility of an externally applied force at the nanofiber waist of 1 pN.
That’s a good sign for applying the sensing system to the radiation pressure detection.
Here we study the displacement of the nanofiber in frequency domain. As we can see
in the inset image in Fig. 4.3, the movement of the nanofiber is a mix of periodic and
random vibration, and it can be continuous or intermittent. For a periodic vibration, the
motion repeating itself after certain periods of time T .

By adding a periodically modulated radiation force, the displacement measurement
can be replaced by vibration measurement in the frequency domain. And we can target
at the resonance frequency of the fiber and extract the signal from background noise.

4.7.1 Standing wave sensing system

We use the same experiment system to measure the mechanical resonance of the nanofiber.
The experiment setup is shown in Fig.4.7. The position of the dichroic mirror is set to
have the gold nanosphere in the sensitive region. As we introduced before, our sensing
system can record the displacement of the nanofiber with frequency higher than kHz.

Although we have the information of the fiber displacement, there is other informa-
tion hidden in the signal’s frequency content, for example, the mechanical resonance of
the nanofiber triggered by the vibration in the environment. In order to extract fre-
quency information from information of fiber displacement, the Fourier Transform (FT)
and Wavelet Transform (WT) are used for transforming mathematically our view of the
signal from time-based to frequency-based. By FT, a raw time domain signal is broken
down into constituent sinusoids of different frequencies. Consequently the frequency-
amplitude representation obtained by FT presents a frequency component for each fre-
quency that exists in the signal. The serious drawback of FT is that the information in
time domain is lost in transforming to the information in frequency. So FT is appropriate
for the situation when the frequency does not change a lot over time. However, for the
spectrum characteristics of a time varying signal, for example, if we want to distinguish
the resonance spectrum of the nanofiber when it’s pushed by a radiation force, FT will
not be a perfect choice. The frequency generated at certain time will be easily covered
by the background noise in larger time scale during the whole data acquisition.

In Fig.4.9, we show the Fourier transform of the signal acquired within 10 seconds with
integration time τint =100 µs when there is only the background noise. The resonance
frequency shown in this figure comes from the background mechanical vibration in the
lab.

Therefore, it would be better to analyze the time localized signal with spectrum that
also vary with time. We introduce another mathematics approach that can transform
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Figure 4.9: Fourier transform of the signal acquired within 10 seconds with integration
time τint =100 µm. Inset: the Fourier transform in log scale.

signal from time-based to frequency-based while keep the information in time domain,
which is the Wavelet Transform (WT).

A wavelet is a mathematical function that is used to divide a given function or
continuous-time signal into different scale components [79]. Wavelet transform provides
a time-frequency window that can be modulated. The width of the window changes with
the frequency. When the frequency increases, the width of the time window becomes nar-
rower to improve the resolution. The average value of the amplitude of the wavelet in the
entire time range is 0, and it has limited duration and sudden frequency and amplitude.
We use the continuous wavelet analysis to deal with the 1-D signals we recorded.

We show in Fig.4.10 the WT of the signal acquired within 10 seconds with integration
time τint =100 µm, which is using the same set of data as the Fourier transform in Fig.4.9.
With wavelet transform approach, we manage to extract the spectrum of the signal over
time. The maximum distinguishable frequency we have is 4 kHz, which is limited by
the time resolution of photon number detection system. In principal it can be further
improved by using a Time-Correlated Single Photon Counting (TCSPC) system with
picosecond resolution.

The resonance frequency of the string produce wave is decided by the length and
tension of the string. Similar effect as stringed instrument, the increase of tension on
optical nanofiber increase its resonance frequency. To find the resonance frequency of
the nanofiber, we increase continuously the tension applied on the nanofiber at 1 second
intervals to trace the frequency shift. The tension was added to the optical nanofiber by
the bending piezo on one side of the fiber holder, introduced in previous sections. Based
on Mersenne’s laws, the relation between the resonance frequency of the string can be
given by the tension T , the linear density of the string µ and the length of the string L:

f =
1

2L

√
T

µ
. (4.11)
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Figure 4.10: Wavelet transform of the signal acquired within 10 seconds with integration
time τint =100 µs.
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Figure 4.11: Wavelet transform of the signal acquired within 10 seconds with integration
time τint =100 µs. Each 1 second apart, we increase the tension applied on the nanofiber.
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The WT of the signal is acquired within 10 seconds with integration time τint =100
µs, as shown in Fig.4.11. The added tension causes the resonance to increase because
it takes a greater wave speed to move the wire. Therefore, we expect to see the shift of
frequency towards higher frequency, and this can give us the information of fiber resonance
frequency as well. However, in Fig.4.11, the frequency excited by added tension seems
to be stable. The obtained frequency when we add tension is 400 Hz, 800 Hz, 1.2 kHz,
1.6 kHz, 2 kHz, 2.4 kHz, appears to be a harmonic spectrum. Since the distinguishable
frequency of our system is limited, and the resonance frequency of a nanofiber can be
higher, the resonance frequency might be out of our detection range.

We didn’t find the resonance frequency of the nanofiber. It might be due to the limit
of the detection range or the sensitivity of this system is not enough for the radiation
force we applied. Based on the suggestion by Arno Rauschenbeutel, homodyne detection
system is a better choice for detecting the frequency of the fiber deflection. It measures the
phase changing due to the birefringence caused by the bending of optical nanofiber, which
gives higher sensitivity than the displacement system. Therefore, in the next section, we
introduce our attempt to add a homodyne detection system on the original displacement
system to have better resolution in vibration sensing.

4.7.2 Homodyne detection system

Homodyne detection system can extract information of the phase variation with high sen-
sitivity. When a nanofiber is triggered by arbitrary mechanical vibration, the nanofiber
starts to swing in the direction perpendicular to the fiber longitudinal axis, or alternately
twist clockwise or counterclockwise taking the fiber as axis. When the mechanical vi-
bration is the same frequency as the nanofiber resonance frequency, the amplitude of the
movement becomes larger. The sensing system based on standing wave is based on the
displacement of the nanofiber. An absolute sensitivity up to 1.2 nm/

√
Hz offers quite

good visibility to arbitrary movement in the direction perpendicular to the fiber longitu-
dinal axis, but will not give as much sensitivity to the twisting of the nanofiber. In both
movement, extra birefringence is induced since bending the fiber or twisting the fiber will
create asymmetric stress distribution on the fiber cross-section. Therefore, Homodyne
detection system can be sensitive to the vibration in both case. Although it can not give
the information of fiber displacement like the standing wave sensing system does, it can
offer the information of fiber vibration more precisely in general.

2

Laser diode
PBS

2

BS

optical nanofiber

PD

Figure 4.12: Schematic of experiment system for measuring phase variation with homo-
dyne detection. The interference of two beams was detected by a photodiode (Thorlabs
DET36A/M 25 MHz). It gives the information of the phase shift ei(ω1−ω2)t within the
nanofiber compared to the reference beam.

In Fig.4.12, we show the sensing system with homodyne detection. A linearly polar-
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ized beam was divided into horizontally-polarized and vertically-polarized beams with a
polarized beam splitter. The vertically-polarized light acts as the reference beam that
propagating in the free space. The reference beam carrying the phase information in free
space is represented by Aeiω1t. The horizontally-polarized light is coupled into the optical
nanofiber and then coupled back to the free space followed by a half waveplate to rotate
the polarization at the fiber output to match with the reference beam at the beam splitter.
The signal beam carrying the phase information of the nanofiber is represented by Beiω2t.
The two beams interfere with each other after the beam splitter and carry the information
of phase variation in the optical nanofiber generated by the induced birefringence due to
the bending of the fiber, which can be described as ABei(ω1−ω2)t.

With the homodyne detection system we will be able to monitor the movement of
optical nanofiber, and the displacement sensing system will provide the information in
absolute position.

Conclusion
First, we have presented a position sensor based on a gold nano-sphere deposited on a
nanofiber and placed within a standing wave.

This sensing system can measure the displacement of a nanofiber driven by externally
applied force and vibrations. We experimentally calibrated our sensing system and ob-
tained a resolution of 1.2 nm/

√
Hz. We proposed a mechanical model to estimate the

response of our sensor to optically-induced pressure force and we found that the sensitiv-
ity corresponding to the sensibility of an externally applied force at the nanofiber waist
is 1 pN. This optical nanofiber sensor paves the way to realize integrated optomechani-
cal research using this platform, such as the demonstration of superfluidity of light in a
photon fluid [68, 80].

Second, based on the position sensor, we extract the spectrum over time, which can
be used for mechanical resonance detection.

Third, we introduced a nanofiber homodyne detection system for measuring the me-
chanical resonance.



Chapter 5

Plasmonic enhancement of
luminescence from single
lanthanide-doped upconversion
nanoparticle

Publication: Xue, Y., Ding, C., Rong, Y., Ma, Q., Pan, C., Wu, E., Wu, B. and Zeng,
H.. Tuning plasmonic enhancement of single nanocrystal upconversion luminescence by
varying gold nanorod diameter. Small, 13(36), 1701155, (2017).

5.1 Lanthanide-doped upconversion nanoparticles

Upconversion nanoparticles (UCNPs) are a unique class of optical nanomaterials doped
with lanthanide ions featuring a wealth of electronic transitions within the 4f electron
shells. These nanoparticles can up-convert two or more lower-energy photons into one
high-energy photon. To be precise, they are capable of converting near-infrared exci-
tation into visible and ultraviolet emission[81, 82]. Their anti-stokes optical properties
have advanced a broad range of applications, such as fluorescent microscopy, deep-tissue
bioimaging, nanomedicine, optogenetics, security labelling and volumetric display[83, 84].

In this work, we use lanthanide-doped NaYF4 nanoparticles. The NaYF4 crystal is
the host lattice material, which have a substantial influence on the optical transitions
of the dopant ions within 4f energy levels. Different lanthanide ions are doped into the
NaYF4 lattice as activator, which is a foreign ion which when incorporated into a host
lattice gives rise to a center which can be excited to luminescence or sensitizer, which is
a foreign ion incorporated into a host lattice and is capable of transferring its energy of
excitation to a neighboring activator, thus inducing luminescence. Sensitizer ions are used
when the optical absorption of the activator ions is weak. To achieve high upconversion
efficiency, it is essential to co-dope sensitizer ions alongside activator ions that have a
closely matched intermediate-excited state. The design of doping process needs to offer
optimal interactions of a network of the sensitizer and activator ions.

However, a light-sensitive molecule originally in its excited state can transfer the energy
to another nearby molecule by emitting a virtual photon that is instantly absorbed by
the nearby molecule. The nearby molecule are pumped into the excited state. During
the whole process, there is no photon emitted. This radiationless energy transfer process
is called Forster nonradiative energy transfer. Forster nonradiative energy transfer only

87
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happens when the distance between molecules is smaller than the wavelength of the light
emitted. When the concentration of an activator is higher than an appropriate value,
the emission intensity of the luminescent material will decrease [85]. The decreasing in
luminescence caused by high concentration is defined as concentration quenching.

For lanthanide-doped upconversion nanoparticle, the concentration quenching can
happen both inside the nanoparticle and at the surface of the nanoparticle. Inside the
particle, a first molecule or ion initially in an excited state exchanges energy with a second
molecule or ion that is initially in the ground state, it might resulting in both molecules
or ions simultaneously changing to excited states that are intermediate in energy between
the two initial states. This is called cross-relaxation or self-quenching. At the surface of
the particle, some molecules in the surrounding environment of the UCNPs like surface
ligands and solvent molecules with high energy vibrations can interact with the excited
states of doped ions within UCNPs (Er3+, Yb3+ for example) by dipole-dipole interac-
tions, particularly for small UCNPs with a large surface area-to-volume ratio. This is
named as surface quenching [86, 87].

For nanomaterials with a high ratio of surface area to volume, high-doping concen-
tration is likely to induce both cross-relaxation energy loss and energy migration to the
surface quenchers. The constraint of concentration quenching on upconversion lumines-
cence has hampered the nanoscience community to develop bright UCNPs with a large
number of dopants[88]. To avoid the concentration quenching, the separating distance
between the dopants needs to be well adjusted to reach high upconversion efficiency.

The codoping of Er3+ as activator and a high concentration of sensitizer Yb3+ forms
the most attractive energy transfer upconversion system. In Fig.5.1, we show the energy
level diagram of Yb3+/Er3+/Mn3+ co-doped NaYF4 nanocrystals. We first introduce the
energy transfer between Yb3+ and Er3+. The dashed lines are the nonradiative energy
transfers between energy levels. When the sensitizer Yb3+ is excited by infrared photons
at 980 nm, the energy level of the Yb3+ ions rise from 2F7/2 to 2F5/2. The molecules at
excited state emit virtual photons which are absorbed by nearby activator Er3+, and create
Er3+ energy transition from 4I15/2 to 4I11/2 and 4F7/2 , and from 4I13/2 to 4F9/2 and 2H9/2.
Among these nonradiative energy transfer process, 4I15/2 →4 F7/2 and 4I13/2 →2 H9/2

transition need to absorb two virtual photons.

The Er3+ and Yb3+ codoping system can generate green and red upconversions origi-
nating from the 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions of Er3+ respectively, which
is marked green and red in Fig.5.1.

Here we study the upconversion transmission from Yb3+/Er3+/Mn2+ co-doped NaYF4

nanocrystals. It is because the Mn2+ ions will create the non-radiation energy transfer
from 2H11/2,

4S3/2 to 4T1 to avoid the green photon emission turning into red photon
emission by relaxation to 4F9/2.

In Fig.5.3(a), we show the energy level of Yb3+/Er3+/Mn2+ co-doped NaYF4 nanocrys-
tals. An intense red emission band around 660 nm and a weaker green emission band
around 550 nm could be identified in the spectrum, which were attributed to the 4F9/2 to
4I15/2 and the 2H11/2,

4S3/2 to 4I15/2 transitions of Er3+ ion (Fig.5.1), respectively.
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Figure 5.1: Energy level diagram of upconversion transmission from Yb3+/Er3+/Mn2+

co-doped NaYF4 nanocrystals. The nonradiative energy transfers between energy levels
are marked with dashed lines. After absorbing 980 nm photons, Yb3+ ions are pumped to
the excited state 2F5/2 and emit virtual photons which are absorbed instantly by nearby
Er3+ ions, and create Er3+ energy transition to higher energy levels by absorbing one
photon or two photons. Er3+ ions at 4F9/2 and 4S3/2 go back to ground state and generate
red photons and green photons.

5.2 Surface plasmon resonance enhancement with
UCNP–Au nanorod hybrid dimers

Metal material contains a large number of free electrons, the fluctuation of the electron
density in the metal will induce the collective movement of the electrons based on the
Coulomb interaction between the electrons.

Dielectric function ε(ω,k) describes the dielectric response to the plane-wave electric
field E(ω,k)e−i(ωt−kr). In general, the dielectric function is expressed to be a complex
quantity as a function of frequency ω and wave number vector k. εr and εi represent the
real and imaginary parts of the material dielectric function. Noble metals are described
as a gas of noninteracting electrons with a frequency-dependent dielectric function. The
dielectric function ε(ω) is derived by solving the equation of motion for the electrons
driven by a time-harmonic electric field with an effective electron relaxation time τD (or
mean free time of electron scattering events) given by [89]:

ε(ω) = εr(ω) + iεi(ω) = 1−
ω2
p

ω2 + iΓω
, (5.1)

with Γ = 1/τD is the electron relaxation rate, ωp = (Ne2/ε0m
∗)

1/2 is the plasma frequency,
N is the number of electrons per unit volume, e = 1.602× 10−19 C is the electron charge,
ε0 = 8.854 × 10−12 F/m is the permittivity of free space, and m∗ is the effective mass of
the electron.

The sign of the real part of the dielectric function shows the electronic vibration across
the interface. This phenomenon is called surface plasmon.

When the size of metal particle is reduced to subwavelength scale, the free electrons
on the surface will collectively oscillate along the direction of the electric field, as shown
in Fig.5.2. This collective vibration under the action of an external field is confined to the
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Figure 5.2: Schematic diagram of local surface plasmon resonance generation.

surface of the metal nano-particles, manifesting as a back-and-forth oscillation, forming
a special surface plasmon mode that is confined in a nanoparticle of size comparable to
or smaller than the wavelength of light used to excite the plasmon, namely the localized
surface plasmon (LSP). And when the frequency of the incident light matches the oscil-
lation frequency of the free electrons in the metal, the strong oscillations are called local
surface plasmon resonance, which will cause strong near-field enhancement near the metal
nanostructures.

The efficiency of plasmonic enhancement is decided by both the electron-magnetic field
intensity and the matching of resonance frequency. Which means, first, the rare earth ion
need to be placed in a position close to the metal structure where the electronic field of
surface plasmon resonance is most significant. Second, the fluorescence emission band of
the rare earth doped nanoparticles needs to match the extinction band of the local surface
plasmon of the metal structure. Then, we can say that the rare earth doped nanoparticles
are well coupled with the local surface plasmon resonance.

However, we need to pay attention to the fact that it can increase the radiation
transition rate but at the same time induce the non-radiative energy transfer of the rare
earth ion luminescence center to the metal nanoparticles. The former effect enhances the
luminescence and the latter weakens the luminescence. The competition between the two
determines the final fluorescence enhancement efficiency.

Here, we used a gold nanorod to enhance the upconversion luminescence of a Yb3+/
Er3+ /Mn2+ co-doped NaYF4 nanocrystal. In the case of metallic nanorods, Gans [90]
predicted that for small ellipsoidal nanoparticles with dipole approximation, the surface
plasmon mode would split into two distinct modes due to the surface curvature and
geometry of the ellipsoidal nanoparticles. When studying the interaction of light and
point dipoles, it is common to use cross sections to quantify the distinction between the
total amount of “incident radiation” and light which is then either scattered (scattering
cross section) or absorbed by the dipole (absorption cross section). The extinction cross
section gives the total radiant flux scattered and absorbed by the object. We treat the
gold nanorod as ellipsoids. According to Gans’ formula, the extinction cross-section Cext
for metallic nanorods can be calculated as follows [91]:

Cext =
2πV Nε

3/2
m

3λ

∑
j

(
1/P 2

j

)
εi

(εr + ((1− Pj) /Pj) εm)2 + ε2
i

, (5.2)

where V is volume of the particle and Pj is the depolarization factors for the three axes
of the nanorods, which is a function of the ellipticity of the nanorods (PL is defined as the
depolarization factor for longitudinal axis, PT is defined as the depolarization factor for
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the transverse axes), λ is wavelength of the absorbing radiation and εm is the dielectric
constant of the surrounding medium (assumed to be frequency independent), εr and εi
represent the real and imaginary parts of the material dielectric function, respectively
(ε(ω) = ε1(ω) + iε2(ω), where ω is the angular frequency of the light).

The depolarization factors for the elongated particles may be described as:

PL =
1− e2

e2

[
1

2e
ln

(
1 + e

1− e

)
− 1

]
,

PT =
1− PL

2
,

(5.3)

where e is the ellipticity of the nanorod, given by:

e2 = 1−
(
length
width

)−2

. (5.4)

The relationship length/width is the aspect ratio of the rod. The localized surface plas-
mon resonance (LSPR) occurs when εr = − ((1− Pj) /Pj) εm, where Pj = PL for the
longitudinal plasmon resonance and Pj = PT for the transverse plasmon resonance.

Any small change in the aspect ratio of the nanorod will result in a significant change
in the plasmon band. Therefore, the wavelength of the longitudinal surface plasmon
resonance from a gold nanorod is highly related to its aspect ratio.

Besides, the scattering and absorption cross section of gold nanorods with fixed de-
polarization factors vary with the diameter of nanoparticle [92]. For Au nanorods with
a diameter greater than 30 nm, the extinction spectrum is mainly dominated by scatter-
ing. This property has been used in metal-enhanced fluorescence and biological imaging
[93, 94]. For Au nanorods with a diameter of less than 30 nm, the extinction spectrum is
dominated by absorption which offers high light-to-heat conversion efficiency and makes
it possible to be used in fields such as phototherapy [95]. Au nanorods used in current
studies on gold nano-enhanced rare earth-doped nanocrystals up-conversion luminescence
are smaller than 25 nm in diameter, which increases the loss caused by photon-to-thermal
conversion and reduces the enhancement effect of Au nanorods.

In our experiment, two different types of nanorods have been used. One with an
average diameter of 27.3 ± 1.7 nm and an average length of 78.1 ± 8.2 nm, another
with an average diameter of 46.7 ± 5.3 nm and an average lengths of 115.7 ± 13.1
nm. In Fig.5.3-a, longitudinal(peak around 700 nm) and transverse(peak around 500
nm) plasmon bands corresponding to the electron oscillation along the long axis and the
short axis of gold nanorods respectively. Au nanorods with the diameters of 27.3 nm and
46.7 nm showed similar longitudinal plasmon band at 708 nm with the aspect ratio both
around 2.5 (ellipticity e = 0.91). The transmission electron microscope (TEM) is shown
in Fig.5.3-b,c.

In Fig.5.3-d,e, we show the simulated extinction, absorption and scattering spectra of
gold nanorods with the diameters of 27.3 nm and 46.7 nm respectively. The extinction
spectra is the overall attenuation of the incident light for different wavelength. The
absorption and scattering spectra are the part of the attenuation due to absorption or
scattering respectively. In the extinction spectra of the gold nanorods with 27.3 nm
diameter, the absorption intensity is much higher than the scattering, which offers high
light-to-heat conversion efficiency. For the gold nanorods with 46.7 nm diameter, it has a
larger proportion of scattering. The scattering cross section of gold nanorods with certain
longitudinal surface plasmon resonance increases with its diameter.
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Figure 5.3: a) Experimentally measured extinction spectra of Au nanorods with the
diameters of 27.3 and 46.7 nm in aqueous solution (not scaled relative to the nanorods
concentrations). b,c) TEM images of Au nanorods with the diameters of 27.3 and 46.7 nm,
respectively. d,e) Simulated extinction, absorption and scattering spectra of Au nanorods
with the diameters of 27.3 and 46.7 nm, respectively.
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Figure 5.4: Schematic diagram of a Yb3+/Er3+/Mn2+ co-doped NaYF4 nanocrystal cou-
pled to a gold nanorod. The thickness of the silica shell is 7 nm.

5.3 Quench of upconversion luminescence

In 1954, Dexter and Schulman pointed out that considerable quenching of luminescence
in bulk materials arises when the activator concentration reaches 10−3 to 10−2 M [96].
The limitation set by the threshold of concentration quenching becomes a real problem
for nanoscale luminescent materials. The general cause follows that high-doping concen-
tration (shorter distance) leads to increased occurrence of energy transfer process between
the dopants, where non-radiative relaxation occurs. Besides, the excited-state electrons
can be quickly short-circuited to the surface of nanomaterials, where a relatively large
number of quenchers exist. Therefore, a dramatic decrease in luminescence intensity is
observed.

As shown in Fig.5.4, an inert shell out of a relatively low doping-concentration core
can avoid surface quenching by shielding the luminescent core from surface quenchers.
In previous experimental reports, the optimized separation distance between UCNPs and
Au nanoparticles was revealed to be around 6 to 10 nm [97, 98, 99]. We use 7 nm silica
layer to prevent the energy transfer between Au nanorods and UCNPs, which will cause
the quench of upconversion luminescent, as shown in Fig.5.4.

5.4 Fabrication of UCNP–Au nanorod hybrid dimers

We realize the UCNP-Au nanorod hybrid dimer with the help of atomic force microscope
(AFM). AFM is a used to measure the geometric information of material surface with
subnanometer resolution. This is based on the mutual attraction or repulsion between
atoms (Van der Waals forces). The probe under the cantilever is affected by van der Waals
force, causing the cantilever to deform slightly. The built-in laser hitting the cantilever
will also be reflected to a position away from the detector’s bullseye. The displacement
of the reflected laser point from the bullseye defines the distance between probe and
sample. By scanning the sample with a fixed distance between probe and sample, AFM
gives a height map of defined area on the sample surface. Another function of AFM is
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the manipulation of particles. Similar as kicking a football, the manipulation function
of AFM is realized by fixing the distance between the probe and substrate while moving
the probe to push the particle with a speed of about 1 µm/s. With this technique, it is
possible to manipulate single particle in a very precise way.

Here, we use the scanning mode of AFM to scan the coverslide with Yb3+/Er3+ /Mn2+

co-doped NaYF4 nanocrystal and Au nanorod spin coated on the surface to know the
location and shape of different particles. Then, we use the manipulating mode of AFM to
push the Yb3+/Er3+ /Mn2+ co-doped NaYF4 nanocrystal towards the end of gold nanorod.
The new location of the Yb3+/Er3+ /Mn2+ co-doped NaYF4 nanocrystal can be confirmed
by scanning the surface again. In this way, we manage to combine a Yb3+/Er3+ /Mn2+

co-doped NaYF4 nanocrystal with a gold nanorod to create a UCNP-Au nanorod hybrid
dimer structure shown in Fig.5.4.

5.5 Experiment procedure
In this section, the experiment setup and the experiment approach will be introduced.

Fig. 5.5 shows the experiment setup we used. The setup includes two parts, the AFM
system and the confocal microscope system.

The AFM is used to manipulate the UCNP nanocrystals and Au nanorod to create the
UCNP-Au nanorod hybrid dimers, as introduced in the section before. UCNP nanopar-
ticles and Au nanorods are spin-coated on a microscope glass coverslide. The coverslide
is mounted on the three dimension transverse stage of the AFM. With the AFM, we
can scan the sample with nanometer resolution to locate and identify the nanoparicles
on the coverslide. Then, the manipulation function of the AFM is used to transport the
nanoparticles with the AFM tip to certain location and form it into the UCNP-Au hybrid
dimer we need.

The confocal microscope system is used to illuminate the sample, filter out the exci-
tation light and collect the fluorescence. As shown in Fig. 5.5, the laser line includes a
laser, a Glan prism, a half wave plate, a chopper and a dichroic mirror. The laser is at
980 nm for pumping the sensitizer Yb3+ from ground state 2F7/2 to excited state 2F5/2.
The Glan prism (GP) is used as a polarizer, following with a half wave plate that is used
to rotate the polarization to measure the dependence of the fluorescence intensity on the
excitation polarization. The laser line is equipped with a chopper, which is used for life-
time measurement. The lifetime measurement is realized by time-correlated single photon
counting (TCSPC). Since the lifetime of UCNP nanoparticles is about 100 µs, which is
relatively long, the commercial TCSPC devices like Picoharp is not very well adapted.
Here we build our own TCSPC system for lifetime measurement. A synchronized signal
from the chopper is used as the trigger of the oscilloscope (start). The output of the
avalanche photon diode (APD) is also linked to the oscilloscope. When the APD detects
fluorescence from the UCNP nanopariticle, a pulse signal would be sent to the oscilloscope
(stop). The time differences between the "start" and "stop" are recorded to obtain the
curve showing rising and decay time for UCNP nanoparticles.

The objective we used in this setup is a oil immersion objective (Olympus, ×60) which
has high numerical aperture (1.35). The camera is added to the confocal microscope
system with a filp-flop mirror. It is for observing the focus of the laser on the sample
plane and also for alignment of the targeted UCNP-Au nanorod hybrid dimer to the focus
point of the confocal microscope system.

After alignment, the fluorescence signal from the UCNP nanoparticle or UCNP-Au
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Figure 5.5: Experiment setup. GP is a Glan Prism; APD is a avalanche photon diode;
laser is at 980 nm; the objective is a oil immersion objective.

nanorod hybrid dimer would be send to the detection line. It is composed of a spacial
filter system made of a pinhole and two lens, a spectral filter (a high frequency passing
filter cut at 780 nm), an APD and a spectrometer. The spacial filter is to avoid the
background noise out of the focus plane of the objective, which is common when using a
confocal microscope system.

A flip-flop mirror is used to choose between intensity detection and spectrum detec-
tion. The spectrometer is used to measure the spectrum of the fluorescence from UCNP
nanoparticles and UCNP-Au nanorod hybrid dimers.

5.6 Optical property of UCNP–Au nanorod hybrid dimers

5.6.1 Upconversion luminescence spectrum of UCNP–Au nanorod
hybrid dimers

Upconversion luminescence (UCL) spectra of single UCNPs before and after assembling
with single Au nanorods under transverse (⊥) and longitudinal (‖) polarized laser excita-
tions relative to the long axis of Au nanorod are exhibited in Fig.5.6. For the UCNP–Au
nanorod hybrid dimers, the upconversion luminescence intensity reaches its maximum or
minimum value at the longitudinal or transverse laser polarization. For the longitudinal
polarization, the presence of Au nanorod with larger diameter is found to enhance the
upconversion luminescence intensity the most. It increases by a factor of 110 for a diam-
eter of 46.7 nm, while the enhancement factor is 19 for the case of Au nanorod with the
diameter of 27.3 nm.

This significant upconversion luminescence enhancement achieved in the larger diam-
eter Au nanorod is ascribed to its larger scattering cross-section and near-field enhance-
ment.
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Figure 5.6: a,b) Upconversion luminescence spectra of single nanocrystals (NCs) before
and after assembling with single Au nanorods with the diameters of 27.3 and 46.7 nm
under transverse (⊥) and longitudinal (‖) polarized laser excitations. Excitation power
density was about 4.4 × 105 W cm−2. The inset in (b) shows the upconversion lumi-
nescence spectra with a small intensity scale. c,d) Upconversion luminescence intensity
dependent on the excitation power density for single NCs and UCNP-Au nanorod dimers
with the diameters of 27.3 and 46.7 nm in the longitudinal (‖) polarized laser excitation.
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The upconversion luminescence intensity for different single UCNPs shows variation
of a factor less than 5, while large fluctuation in intensity was observed when the UCNPs
were coupled with different Au nanorods, especially for the longitudinal polarization. The
enhancement factor in the longitudinal polarization for Au nanorods with the diameters
of 27.3 nm varied from 7.9 to 19.0, while it changed from 25.3 to 110 for Au nanorods
with the 46.7 nm diameter. The variation of enhancement factors for different samples
was due to the dispersibility in Au nanorod sizes, which results in the variation of LSPR
wavelengths and electromagnetic near-field around Au nanorods.

5.6.2 Excitation power dependence of UCNP–Au nanorod hybrid
dimers

It is known that upconversion luminescence intensity I exhibits distinct power law de-
pendence on the excitation power density Pn: I ∝ Pn, where n is the number of pump
photons required to excite electrons to an emitting state. As we introduced in section
5.1, the energy transition of Er3+ to different emitting states are realized by absorbing
one or two 980 nm photons. Therefore, the upconversion luminescence intensity for the
green photon emission will be half of the red photon emission since it needs to absorb two
photons to reach the emitting state, as shown in Fig.5.3(a).

In Fig.5.6-c,d, we show the upconversion luminescence intensity dependent on the
excitation power density for single UCNP crystal and UCNP-Au nanorod hybrid dimers
with different diameters. Both measurements were done under longitudinal (‖) polarized
laser excitation.

The measurements shows similar law that upconversion luminous intensity quadratic
to laser power density under low excitation power and proportional to laser power density
under high excitation power.

UCL enhancement arises from both excitation enhancement ηexc and quantum effi-
ciency enhancement Q. During the excitation process, the incident 980 nm laser excites
not only the UCNPs but also the LSPR of Au nanorods. The LSPR produces enhanced
local nearfield and increases excitation rate. The excitation enhancement ηexc is propor-
tional to the local near-field enhancement |E|2/|E0|2. With low excitation power, the
excitation enhancement dominates the UCL enhancement.

In the subsequent emission process, the presence of Au nanorods alters the quantum
efficiency of UCNPs via the modification of both radiative and nonradiative decay rates.
The initial quantum efficiency q0 of the UCNPs can be expressed as:

q0 =
K0

r

K0
r +K0

nr

, (5.5)

where K0
r and K0

nr are the initial radiative and nonradiative decay rates of the UCNPs
without Au nanorods, respectively. When assembled with Au nanorods, the quantum
efficiency q of the UCNPs is defined as:

q =
Kr

Kr +Knr +Kct

, (5.6)

where Kr, Knr, and Kct are the radiative rate, nonradiative decay rate, and energy trans-
fer rate between the UCNPs and Au nanorods, respectively. Therefore, the quantum
efficiency enhancement can be written as:

Q =
q

q0

=
Kr

K0
r

× K0
r +K0

nr

Kr +Knr +Kct

. (5.7)
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Figure 5.7: Excitation polarization dependence of single nanocrystal and UCNP–Au
nanorod hybrid dimers with gold nanorod diameter of 27.3 nm (a,b) and 46.7 nm (c,d).

With high excitation power, quantum efficiency enhancement dominates the UCL
enhancement.

If we look carefully into Fig.5.6-c,d, the turning point from excitation enhancement
to quantum efficiency enhancement is slightly different. The UCNP–Au nanorod hybrid
dimers began to show the effect of quantum efficiency enhancement at lower excitation
power. This is a strong indication that the localized surface plasmon resonance of gold
nanorod enhanced the intensity of local electric-magnetic field.

5.6.3 Excitation polarization dependence of UCNP–Au nanorod
hybrid dimers

The excitation polarization dependence of UCNP-Au nanorod hybrid dimers is measured
with the experiment setup shown in Fig. 5.5. The APD is used to detect the intensity of
the fluorescence from UCNP-Au nanorod hybrid dimers. By rotating the half wave plate,
we change the excitation polarization, and obtain the fluorescence intensity as a function
of the excitation polarization.

The curve is shown in polar coordinates in Fig. 5.7. Fig. 5.7-a,c are the excitation
polarization dependence of single UCNP nanocrystal. The upconversion luminescence in-
tensity shows very weak polarization dependence when it is not coupled to gold nanorod.
Fig. 5.7-b,d are the excitation polarization dependence of UCNP-Au nanorod hybrid
dimers with gold nanorod diameter of 27.3 nm and 46.7 nm respectively. The upcon-
version luminescence intensity of UCNP-Au nanorod hybrid dimers shows high sensitiv-
ity to the excitation polarization. When excited with linearly polarized beam along the
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longitudinal axis of the gold nanorod, a maximum upconversion luminescence intensity
was detected. When we rotate the linearly polarized beam along the transverse axis of
the gold nanorod, the minimum upconversion luminescence intensity was observed. Even
in this case, the UCNP-Au nanorod hybrid dimer still has significant enhancement effect
compare to single UCNP nanocrystal.

5.6.4 Upconversion luminescence lifetime of UCNP–Au nanorod
hybrid dimers

The lifetime of the UCNP–Au nanorod hybrid dimers is measured with time-correlated
single-photon counting (TCSPC). Considering the relatively long lifetime of UCNP nanopar-
icles (above 100 µs), we use a chopper (as shown in Fig. 5.5) to turn the continuous laser
into pulsed mode with low repetition rate. The time difference between the trigger signal
from chopper and the detected signal from APD gives the information about the time
a UCNP nanoparticle or a UCNP–Au nanorod hybrid dimer stays at the excited stage
before it releases a photon and goes back to the ground state.

The fluorescence lifetime analysis is realized by measuring the time-resolved emission
spectra. The intensity decay of the total emission is the decay that would be observed
in the absence of excited-state processes. Here we show both the rise time and decay
time curve. There will be only the decay time if the emitter of the fluorescence is excited
directly by the laser. A rise time can be observed when the emission is not directly excited,
but rather forms from a previously excited state, which is our case. As introduced in
the energy level diagram of the upconversion transmission of Yb3+/Er3+/Mn2+ co-doped
NaYF4 nanocrystals, the 980 nm photons is used to pump the Yb3+ ions to the excited
state 2F5/2. The energy then transferred to the Er3+ ions. This process contains virtual
photon emission and absorption, which is shown as the rise time in the time-resolved
emission spectra.

In Fig.5.8, we show the time dependence of experimental (dots) and fitted (solid lines)
fluorescence intensity of the single nanocrystals (black) and UCNP-Au nanorod hybrid
dimers in longitudinal (blue) and transverse polarization (red). The fitting of the curve
gives the value of the rise time and decay time.

The intensity decay following excitation is a single exponential:

I(t) = I0 exp(−t/τ),

where I0 is the intensity at t = 0.
In the first set of data, the nanoparticle is combined with a gold nanorod with 27.3

nm diameter. With nanocrystal alone, the rise time is 232 ± 17 µs and the decay time
is 259 ± 7 µs. For hybrid dimers, the rise time is 125 ± 11 µs in transverse polarization
and 64 ± 2 µs in longitudinal polarization. The decay time for transverse polarization
and longitudinal polarization are 123 ± 2.7 µs and 105 ± 1 µs, respectively.

In the second set of data, the nanoparticle is combined with a gold nanorod with 46.7
nm diameter. With nanocrystal alone, the rise time is 185 ± 13 µs and the decay time
is 221 ± 7 µs. For hybrid dimers, the rise time is 119 ± 13 µs in transverse polarization
and 57 ± 2 µs in longitudinal polarization. The decay time for transverse polarization
and longitudinal polarization are 116 ± 3 µs and 85 ± 1 µs, respectively.

The rise and decay of luminescence from UCNP-Au nanorod hybrid dimer is more
rapid than the ones of the bare nanocrystal. It means that both the excitation and
emission process of the upconversion luminescence from the Yb3+/Er3+/Mn2+ co-doped
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Figure 5.8: a,b) Rise and decay times for the single nanocrystals (NCs) and UCNP–Au
nanorod (the diameter of 27.3 nm) hybrid dimers in longitudinal and transverse polariza-
tion. c,d) Au nanorod with the diameter of 46.7 nm.
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NaYF4 nanocrystal have been enhanced by the gold nanorod. The coupling efficiency is
higher with longitudinal polarized laser excitation.

Conclusion
In this chapter, we have reported the plasmonic enhancement of luminescence from single
lanthanide-doped upconversion nanoparticle. A new structure (UCNP-Au nanorod hybrid
dimers) was assembled by AFM manipulation to realize surface plasmon resonance. By
studying the optical properties of UCNP-Au nanorod hybrid dimers, we revealed the effect
of Au nanorods on the up-conversion luminescence of a single UCNP.

• The enhancement factor varies based on the diameter of gold nanorod used to gener-
ate surface plasmon resonance. Larger diameter gold nanorods have stronger lumi-
nescence enhancement effect. A 110 times enhancement was obseved from UCNP-
Au nanorod hybrid dimer with gold nanorod of 46.7 nm diameter. For UCNP-Au
nanorod hybrid dimer with gold nanorod of 27.3 nm diameter, a 19 times enhance-
ment was detected. This is due to the larger scattering cross section of gold nanorods
with larger diameter, which offers stronger near field enhancement.

• Upconversion luminescence enhancement arises from the joint effect of excitation
enhancement (raising of plasma radiation rate) at low excitation power and quantum
efficiency enhancement at high excitation power.

• Upconversion luminescence enhancement shows strong excitation polarization de-
pendence corresponding to the longitudinal axis of gold nanorod.





Chapter 6

Study of difference frequency
generation with diamond vacancy

Quantum emitters can be used to generate a qubit carrying information in a quantum
network. Light sources that is restrict to emit light in the form of unit energy or single
photons are quantum emitters. The most popular ones include atoms, ions, defects in
diamond lattice and semiconductor quantum dots [100, 101, 102, 103]. The wavelength
of the emitted single photons distributes around visible-range according to the difference
between energy levels.

The communication between nodes in a quantum network is normally realized by op-
tical fiber. As a medium for telecommunication and computer networking, the advantage
of optical fiber lies in its flexibility and low-loss communication. For the typical fused
silica glass fibers we use today, it is especially advantageous for long-distance communi-
cations with infrared light which has loss generally below 1 dB/km and a minimum loss
at 1550 nm (0.2 dB/km). It is a much lower attenuation compared to electrical cables.
This allows to span long distances with few repeaters.

Here comes the problem that the communication between quantum nodes is suffering
from the mismatch between the frequency of emitted photons and low-loss telecommunication-
band region of silica.

Quantum frequency conversion can solve this problem by alternating the visible pho-
tons to communication-friendly telecommunication band while preserving the other opti-
cal and quantum properties. We are interested in learning the possibility of achieving high
conversion efficiency under room temperature with color centers in diamond considering
their excellent stability for optical properties under room temperature.

6.1 Color centers in diamond
Color centers in diamond is one of the most promising candidates for efficient and stable
single photon generation. With a laser beam, one can repeatedly excite electrons at the
color center. Each time, it emits a single photon in a specific quantum state when it
decays back to its ground state. There are differences between the diamond structure
defects formed by different elements. The mechanisms behind are also slightly different.

• Nitrogen Vacancy color center in diamond

The nitrogen-vacancy center is a point defect in the diamond lattice. The simplified
atomic structure is shown in Fig. 6.1. It consists of a substitutional nitrogen atom

103
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Figure 6.1: Simplified atomic structure of the NV− center

with an adjacent carbon vacancy and has C3v symmetry, with the symmetry axis
oriented along the crystallographic [111] axis, as shown in Fig. 6.1-a).

The absorption spectrum of the NV color center is very wide, so there is no strict
requirement in choosing the excitation laser. The laser with wavelength around
500 nm can be used to excite the NV color center. NV color center has two different
charge states: neutral (NV0) or negative (NV−). NV color center with neutral charge
state has 5 electrons with spin S = 1/2. If NV0 captures one electron in the lattice,
it becomes NV−, which has 6 electrons with spin S = 1. The spectrum of NV color
center includes an intensity peak at 637 nm (zero phonon line for NV−) and another
peak at 575 nm (zero phonon line for NV0). The phonon sideband of NV0 expands
to 750 nm, and the phonon sideband of NV− expands to 800 nm. Therefore, the
whole emission spectrum of NV− centers covers a wavelength range of about 100
nm. The zero phonon transition between the excited state and the ground state
with energy level difference of E1 −E0. The strength of the zero-phonon transition
arises in the superposition of all of the lattice modes. In the spectrum, it appears as
a peak (called zero phonon line or ZPL) corresponding to the energy level difference
between the excited state and the ground state. The phonon sideband of NV color
center in diamond is strongly suppressed at low temperatures, and the ZPL will be
more obvious. Besides, NV color center ensemble in nanodiamond has larger ZPL
linewidth than the ZPL linewidth of NV color center in bulk diamond, which is the
non-uniform broadening due to the presence of stress near the color center.

• Silicon Vacancy color center in diamond

Silicon Vacancy color center is another type of defect in the diamond lattice. The
lattice structure of a silicon vacancy color center is composed of one silicon atom
with two adjacent carbon vacancy and has D3d symmetry, as shown in Fig. 6.2.

At room temperature, the SiV color center emits much more of its emission (approx-
imately 70%) into its zero phonon line at 738 nm than most other optical centers
in diamond, such as the nitrogen-vacancy center (approximately 4%). Therefore, a
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Figure 6.2: Simplified atomic structure of the SiV center

significantly narrow spectral linewidth (2 nm) is achievable for SiV in bulk diamond
under room temperature.

So far, the frequency down-conversion working at a single-photon level from the visible
to the telecommunication wavelengths has been actively studied by using nonlinear optical
media [104]. The difficulty of this method is to minimize the loss of photons during the
conversion process while preserving the quantum properties.

The coupling of single color centers, like a nitrogen-vacancy (NV) [105] or silicon-
vacancy [106] defect in diamond lattice, to an optical microcavity is considered as an
essential building block for applications in quantum information [107, 108] or magnetom-
etry [109]. For example, the zero phonon line of such color centers in diamond can be
resonantly enhanced by coupling to a diamond microcavity with an enhancement factor
of 12 [110].

However, the Purcell enhancement of spontaneous emission is highly related to the
emission bandwidth. The Purcell factor of an optical cavity can be approximated as:

F ≈
[
4g2/(κγ)

]
κ/γ? = 4g2/ (γγ?) , (6.1)

where g is the emitter-cavity coupling rate, κ the cavity loss rate, γ the emitter’s natural
linewidth, and γ? the homogeneously broadened linewidth.

Here, we take NV center as an example. The NV center’s broad emission bandwidth
spanning over 100 nm under room temperature is a drawback for coupling to narrow
cavity modes. To get a sharp zero phonon line with about 20 GHz linewidth, the diamond
needs to be cooled to below 10 K in a continuous-flow liquid-helium cryostat during the
experiment [110].

In this chapter, we numerically calculate the efficiency of the frequency down-conversion
from color centers in diamond under room temperature without an optical microcavity
in order to see the possibility to enhance the conversion efficiency with a broad emission
bandwidth, especially for the NV color center and SiV color center that we are interested
in.
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Nonlinear polarization term Corresponding nonlinear process
P (2ω1) = ε0χ

(2)E2
1 SHG of ω1

P (2ω2) = ε0χ
(2)E2

2 SHG of ω2

P (ω1 + ω2) = 2ε0χ
(2)E1E2 SFG

P (ω1 − ω2) = 2ε0χ
(2)E1E

∗
2 DFG

P (0) = 2ε0χ
(2)(E1E

∗
1 + E2E

∗
2) Optical rectification 1

Table 6.1: The nonlinear polarization terms and their corresponding nonlinear process.

The conversion efficiency is decided by the phase matching between the signal and
pump wavelength, which has limited convertible linewidth. This is bound to significantly
lower the conversion efficiency during the frequency down-conversion process with a nar-
row bandwidth pump laser due to the corresponding narrow phase matching linewidth of
signal.

Our simulation focuses on the possibility of conversion efficiency improvement and
spectral compression based on wide-bandwidth pump source.

6.2 Difference frequency generation

The optical field incident upon a second-order nonlinear medium consists of two distinct
frequency components, whose electric field strength is represented as:

Ẽ(t) = E1e
−iω1t + E2e

−iω2t + c.c. (6.2)

Since
P̃ (t) = ε0[χ(1)Ẽ(t) + χ(2)Ẽ2(t) + χ(3)Ẽ3(t) + . . . ], (6.3)

where ε0 is the permittivity of free space, the second-order contribution to the nonlinear
polarization is:

P̃ (2)(t) =ε0χ
(2)Ẽ2(t)

=ε0χ
(2)[E2

1e
−2iω1t + E2

2e
−2iω2t + 2E1E2e

−i(ω1+ω2)t + 2E1E
∗
2e
−i(ω1−ω2)t

+c.c] + 2ε0χ
(2)[E1E

∗
1 + E2E

∗
2 ].

(6.4)

We divide the second-order contribution to the nonlinear polarization into several
terms based on the converted frequency. P̃ (2)(t) =

∑
n P (ωn)e−iωnt, where ωn is the

frequency of the converted photon. Each term corresponds to a second-order nonlinear
process, including Second harmonic generation (SHG), Sum frequency generation (SFG)
and Difference frequency generation (DFG), as shown in Table. 6.1.

Both the SHG and SFG will generate photon at higher frequency, only DFG can realize
frequency conversion from visible range to infrared. In the process of DFG, the atom first
absorbs a photon of frequency ω1 and jumps to the highest virtual level. This level decays
by a two-photon emission process that is stimulated by the presence of the ω2 field. Two-
photon emission can occur even if the ω2 field is not applied. The generated fields in such
a case are very much weaker since they are created by spontaneous two-photon emission
from a virtual level. The DFG term can be described with effective nonlinear coefficient
deff:

P (ω1 − ω2) = 4ε0deffE1E
∗
2 . (6.5)
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6.3 Conversion efficiency of difference frequency gener-
ation

Spectral compression of single photons by using sum frequency generation has already be
determined [111], while there is no good solution for spectral compression during difference
frequency generation. Difference frequency generation (DFG) as one of the three wave
mixing process is the reverse of sum frequency generation (SFG).

In order to study the influence of emission bandwidth of different single photon emit-
ters, it’s essential to calculate numerically the conversion efficiency of the DFG process.
Let’s consider the situation that two optical waves at frequency ω1 and ω2 interact in a
lossless nonlinear optical medium to generate a wave with frequency ω3 = ω1 − ω2.

The coupled amplitude equation can be described with the population of signal, pump
and idler photons [112]:

dA3

dz
=

2iω2
3deff

k3c2
A1A

∗
2e
i∆kz, (6.6)

dA2

dz
=

2iω2
2deff

k2c2
A1A

∗
3e
i∆kz, (6.7)

where the A1, A2, A3 are the amplitude of photons at ω1, ω2, ω3 respectively, and the
wavevector mismatch is:

∆k = k1 − k3 − k2. (6.8)

In the case of perfect phase matching, ∆k = 0.
The relation between the intensity of signal (I1), pump (I2) and idler (I3) beam is

described with the equation calculated referring to the SFG process in [112]:

|I3| =
2π2L2χ2

effn2cε0

n1n3λ2
3

|I1‖I2| sinc2

(
∆k

2
L

)
. (6.9)

The conversion efficiency of the DFG η is oscillating with the phase matching between
pump and signal ∆k times the crystal length L. In a periodically poled nonlinear crystal, a
period of twice the coherent buildup length Lcoh is chosen to compensate for the influence
of wave vector mismatch, defined as Λ. The field amplitude grows monotonically with
the propagation distance. With an appropriate choice of the poling period (Λ), one can
practically realize the quasi-phase-matching of desired non-linear interaction between the
pump, signal and idler photons. In experiment, this quasi-phase-matching is tuned with
modified refractive index and thermal expansion under temperature regulation.

6.4 Difference frequency generation with PPLN
Periodically poled lithium niobate (PPLN), especially the one fabricated into waveguide,
has a conversion efficiency 4 orders of magnitude more than that obtained employing bulk
crystals [113, 114].

As shown in Fig. 6.3, the telecommunication wavelength was divided into telecom
O, E, S, C, L bands, corresponding to the original-band, extended-band, short-band,
conventional-band and long-band. The transmission loss of different bands in optical
fiber vary between 0.2 dB/km to 0.8 dB/km. In general, longer wavelengths show lower
losses in transmission. At telecom E band, the transmission loss is higher due to the OH−
absorption. The minimum loss in this band is about 1 dB/km.
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Figure 6.3: Definition of different bands in telecommunication wavelength.

Figure 6.4: Measured attenuation in silica fibers (solid line and theoretical limits (dashed
lines) given by Rayleigh scattering in the short-wavelength region and by molecular vi-
brations (infrared absorption) in the infrared region, adapted from Fig.22.2 of [115].
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Figure 6.5: Conversion efficiency as a function of ω1 and ω2. ω1 and ω2 are the wavelength
of signal and pump respectively with 50 mm long and 11 µm period PPLN.

636 636.5 637 637.5 638

Figure 6.6: The oscillation of conversion efficiency η with the signal frequency when pump
wavelength is fixed at 1040 nm.

6.4.1 DFG based on NV color center

To convert single photon signal from NV color center which has ZPL at 637 nm to telecom-
munication frequency, the pump wavelength can be chosen at 1040 nm to get 1550 nm
converted light at telecommunication C band (0.2 dB/km).Under room temperature, the
suitable period calculated for PPLN crystal is about 11 µm.

In Fig. 6.5, we show the conversion efficiency as a function of signal wavelength and
pump wavelength considering a PPLN with 50 mm length and 11 µm period for poling.
When the signal wavelength shifts from 636 nm to 638 nm, the wavelength of the pump
meeting the quasi phase matching condition varies from 1030 nm to 1050 nm. For a
pump with fixed wavelength, the convertible signal wavelength is quite narrow. The Fig.
6.6 shows the oscillation of conversion efficiency η with the signal frequency when pump
wavelength is fixed at 1040 nm. Only the photons between 637±0.1 nm are able to be
converted with high efficiency, while the other wavelengths will not be able to join this
frequency conversion process. Considering the emission spectrum of NV, a lot of energy
will not be converted.
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Figure 6.7: (a) Conversion efficiency as a function of the wavelength of signal (ω1) and
pump (ω2) respectively with 50 mm long and 16.85 µm period PPLN. In practice, the
PPLN period can be finely adjusted with temperature. (b) Phase matching described
with ∆k as a function of ω1 and ω2. (c) Wavelength of idler light (ω3) as a function of ω1

and ω2.

6.4.2 DFG based on SiV color center

We did the conversion efficiency calculation based on the SiV color center in bulk diamond,
whose emission spectrum has relatively narrow linewidth, which is about 2 nm.

To convert single photon signal from SiV color center which has ZPL at 738 nm to
telecommunication frequency, the pump wavelength can be chosen at 1403 nm so that we
can get 1560 nm converted light at telecommunication C band.Under room temperature,
the suitable period calculated for PPLN crystal is 16.8 µm.

In Fig. 6.7-a, we show the conversion efficiency as a function of signal wavelength
centered at 738.5 nm and pump wavelength centered at 1400 nm considering a PPLN
with 50 mm length and 16.85 µm period. The phase matching is described with ∆k as a
function of ω1 and ω2, shown in Fig. 6.7-b. And the wavelength of converted light as a
function of ω1 and ω2 is shown in Fig. 6.7-c.

If we use 1506 nm as pump wavelength, we can convert the 738.5 nm signal to telecom
E band instead of telecom C band with slightly higher transmission loss of about 1 dB/km.
In Fig. 6.8-a, we show the conversion efficiency as a function of signal wavelength centered
at 738.5 nm and pump wavelength centered at 1560 nm considering a PPLN with 50 mm
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Figure 6.8: (a) Conversion efficiency as a function of the wavelength of signal (ω1) and
pump (ω2) respectively with 50 mm long and 16.85 µm period PPLN. (b) Phase matching
described with ∆k as a function of ω1 and ω2. (c) Wavelength of idler light (ω3) as a
function of ω1 and ω2.
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Figure 6.9: Conversion efficiency when converting signal from SiV color center to 1400
nm (telecom E band) using a pump with a width ∆vp = 1, 740± 50GHz FWHM varying
from 2.5 nm to 10 nm centered at 1560 nm. We use experimentally measured fluorescence
spectrum of single SiV color center in nanodiamond at room temperature.

length and 16.85 µm period. The phase matching is described with ∆k as a function of
ω1 and ω2, shown in Fig. 6.8-b. And the wavelength of converted light as a function of
ω1 and ω2 is shown in Fig. 6.8-c.

We analysis the conversion efficiency of fluorescence from single SiV color center con-
verted to 1400 nm at telecom E band and its dependence on the pump linewidth. We
calculated the conversion efficiency using the experimentally measured fluorescence spec-
trum of a single SiV color center in nanodiamond at room temperature. The spectrum
linewidth of the SiV color center in nanodiamond we measured is about 5 nm centered at
738.5 nm instead of 2 nm centered at 738 nm. The optical coherence property of defects
in nanodiamonds is worse than that in bulk diamond, causing the spectral diffusion of
ZPL (or spectral jumping of ZPL frequency) [116]. When we vary the spectrum full width
at half maximum (FWHM) of the pump from 2.5 nm to 5 nm and 10 nm centered at
1560 nm (308 GHz, 616 GHz, 1 THz in frequency), the map of conversion efficiency as
a function of pump wavelength and signal wavelength is shown in Fig. 6.9. When the
pump’s linewidth becomes larger, the converted signal increased by factor 10.

6.5 Difference frequency generation with PPKTP

We calculated the phase matching condition of defects in diamond while using two different
nonlinear medias, the periodically poled lithium niobate (PPLN) and periodically poled
potassium titanyl phosphate (PPKTP). Since the light refraction in the two crystals is
different (lithium niobate is uniaxial crystal and potassium titanyl phosphate is biaxial
crystal), we want to understand how different nonlinear crystals affect the phase matching
condition and whether we find a numerical solution to increase the conversion efficiency
and bandwidth compression.

For calculating the conversion efficiency of different material, the difference lays in
the material dispersion and thermal expansion. The thermal expansion was found to be
governed by parabolic dependence on temperature:

L = L0[1 + α(T − 25◦C) + β(T − 25◦C]. (6.10)
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Figure 6.10: (a) Conversion efficiency as a function of the wavelength of signal (ω1)
and pump (ω2) respectively with 50 mm long and 29.8 µm period PPKTP. (b) Phase
matching described with ∆k as a function of ω1 and ω2. (c) Wavelength of idler light (ω3)
as a function of ω1 and ω2.
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For material KTP:

α = (6.7± 0.7)× 10−6, β = (11± 2)× 10−9. (6.11)

In Fig. 6.10-a, we show the conversion efficiency as a function of signal wavelength
centered at 738.5 nm and pump wavelength centered at 1560 nm considering a PPKTP
with 50 mm length and 29.8 µm period. The phase matching is described with ∆k as a
function of ω1 and ω2, shown in Fig. 6.10-b. And the wavelength of converted light as a
function of ω1 and ω2 is shown in Fig. 6.7-c.

6.6 Conversion efficiency calibration of PPLN waveg-
uide

In this section, we introduce the experiment result of frequency down conversion with a
PPLN waveguide. We realized frequency down conversion of light at 637 nm to telecom-
munication wavelength of optical fiber for simulating the nonclassical emission of nitrogen
vacancy color center ZPL with pump wavelength at 1064 nm.

By mixing high-power pump at λ=1064 nm, we realized the frequency down conversion
of the low-power signal source at λ=637 nm to λ2 =

(
λ−1

1 − λ−1
p

)−1
= 1587 nm.

For a PPLN waveguide with a length of L=4.6 cm, the â1(L) and â2(L) is are given
by:

â1(L) = cos(γL)â1(0)− sin(γL)â2(0)
â2(L) = sin(γL)â1(0) + cos(γL)â2(0)

(6.12)

where the coupling constant γ =
√
ηnorPp.

The expected value of the number of photons at the output 〈n̂2(L)〉 can be obtained
according to the following equation:

〈n̂2(L)〉
〈n̂1(0)〉

=

〈
â+

2 (L)â2(L)
〉〈

â+
1 (L)â1(L)

} = sin2(γL) = sin2
(√

ηnor PpL
)

(6.13)

When
√
ηnorPpL = π/2, the parametric gain is close to 0, and all photons at ω1 are

converted to ω2.

6.6.1 Experiment approach

In the experiment, we need to couple the signal and pump light into the waveguide with
low-loss. To test the mode shape of the PPLN waveguide, we first couple light to the
waveguide through an optical fiber placed face to face in front of the waveguide. The
output of the waveguide is monitored with a powermeter. The coupling efficiency we
obtained is about 70%. When we couple the space light to the waveguide from the lens,
and the efficiency obtained is much lower. The main reason is that the mode at the
output end after single-mode fiber filtering is closer to the standard Gaussian mode than
the mode of the spatial light.

High coupling efficiency from free space to the waveguide requires the matching be-
tween the mode of the waveguide and the mode of the signal and pump in the free space.
Therefore, we added two telescopes to adjust the beam sizes of signal and pump in free
space. Cylindrical lens are used to optimize the beam shape to match with the mode of
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Figure 6.11: The pump power dependence of quantum conversion efficiency, where the
solid line is the fitting of the data according to equation.6.6. When Pp = 220 mW, we
obtained the highest quantum conversion efficiency, which is 96.7%.

the PPLN waveguide. In the end, a coupling efficiency of about 50% is achieved for both
signal and pump.

The PPLN waveguide we used is type 0, which means the polarization of the signal
photons and pump photons need to be the same, either vertical or horizontal to the
waveguide. In the experiment, we used two half-waveplates to control the polarization of
signal and pump.

The output signal is filtered first with a Pellin Broca Prism, then with longpass filters.
The signal at 1560 nm is detected with a indium gallium arsenide (InGaAs) photodiode.

The temperature of the PPLN waveguide is controlled with a customized oven with
fine temperature control from room temperature up to 200 ◦C. To achieve the best quasi-
phase matching, we measured the temperature dependence of the conversion efficiency and
find the maximum conversion efficiency when the temperature of the PPLN waveguide is
154 ◦C.

The thermal expansion of the crystal changes the phase-matching condition as well
as the coupling of the pump and signal beam. The coupling efficiency is sensitive to the
temperature shift. Therefore, optimizing the coupling is necessary during the temperature
dependence measurement.

6.6.2 Result and discussion

As it is obtained that the PPLN waveguide achieves the best quasi-phase matching when
temperature is 154 ◦C. The conversion efficiency is measured when the temperature of
the PPLN waveguide is fixed at 154 ◦C.
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We fixed the power of the signal at 50 µW and varied the power of the pump from 25
mW to 500 mW. The power of the converted photons varies with the power of the pump
light, and the curve of conversion efficiency is shown with quantum conversion efficiency
which takes the energy difference between the photons into consideration:

In Fig.6.11, we show the quantum conversion efficiency as a function of the pump
power, fitted with the equation.6.6. The quantum conversion efficiency reaches its max-
imum when the power of pump is Pp = 220 mW. The acquired conversion efficiency is
expressed with quantum frequency conversion efficiency which is 96.7%. The normalized
conversion efficiency of the waveguide ηnor = 53.00%/W/cm2 can be obtained by the
fitting of the curve.

Conclusion
In this chapter, we proposed numerical simulation for quantum frequency conversion
from visible range to telecommunication wavelength. We calculated the phase matching
condition for nitrogen vacancy color center and silicon vacancy color center with PPLN or
PPKTP waveguide. The calculation shows the opposite effect on bandwidth compression
or expanding when using pump of wavelength longer or shorter than idler signal. Besides,
by using a wide-bandwidth pump, we can increase the convertible bandwidth to 2 nm
centered at 738.5 nm for silicon vacancy color center and get a conversion efficiency of
more than 50% with bandwidth compression.

Besides, we experimentally realized the frequency down conversion of light at 637 nm
to telecommunication wavelength of optical fiber corresponding to the zero phonon line
of the emission from nitrogen vacancy color center. The quantum frequency conversion
efficiency we obtained is 96.7%.



Chapter 7

Four wave mixing in suspended core
fiber for single photon frequency
conversion

Parametric down-conversion is commonly chosen to generate efficient frequency down
conversion by using nonlinear media lacking inversion symmetry. Some materials with
symmetry can also achieve relatively high frequency conversion efficiency, which mainly
bases on their third-order nonlinear susceptibility, for example, a fused-silica optical fiber.
In this chapter, we introduce a novel system which uses a noble-gas-filled three holes
suspended-core fiber (SCF) for the frequency down conversion of single photons with
four-wave mixing.

In this chapter, we introduce a possible solution for experimentally realizing single pho-
ton frequency conversion from visible range to telecommunication range with suspended
core fiber using four wave mixing.

The suspended core fiber has a cross section with a sub-micro core surrounded by three
holes. The interesting point of using the suspended core fiber as the non-linear waveguide
is that the surrounding holes can be filled with gas to induce non-linearity. The type and
the pressure of gas modify the nonlinear refractive index of the fiber, therefore providing
on demand phase matching. In this chapter, we will first introduce the nonlinear process
in a solid-core fused-silica fiber. Then we will discuss the four wave mixing with fused-
silica fiber and explain the influence of gas pressure filling the suspended-core fiber on the
phase matching condition of the four wave mixing process.

7.1 Nonlinear process in a solid-core fused-silica fiber

Parametric amplification in a glass fiber absorbs two pump photons and, through the
χ(3)E3 term in the polarization expansion, creates one photon higher in frequency than
the pump and one photon lower in frequency than the pump. We refer to the low frequency
wave as the Stokes wave and the higher frequency wave as the anti-Stokes wave. The third-
order susceptibility χ(3) is a complex number with the real part leading to the parametric
gain and the imaginary part giving Raman Stokes gain and Raman anti-Stokes absorption.
The second-order susceptibility χ(2) is zero in glass because of inversion symmetry.

The nonlinearity in solid-core-fused-silica fiber is provided by the third-order nonlinear
susceptibility χ(3) of silica, which is always present in centro-symmetric materials. In
χ(3)-based sources, twin beams can be generated through the interaction of four waves

117
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Figure 7.1: Normalized gain spectrum for Raman scattering, modulational instability
(MI) and four-wave mixing (FWM) in a solid-core fused-silica fiber adapted from [118].
The sideband at higher frequency is named as "signal" and the one at lower frequency is
named as "idler".

[117]. The two possible nonlinear generation processes are four-wave mixing (FWM) and
modulational instability (MI). FWM leads to narrow sidebands with a large separation
in frequency from the pump, whereas MI generates broad sidebands in the vicinity of the
pump as shown in Fig.7.1 [117]. However, additional uncorrelated photons are generated
due to Raman scattering giving increased frequency downshifted (Stokes) noise [118]. This
is the major drawback of χ(3)-based correlated photon sources and is a serious problem
for applications in quantum optics. Of course, the reverse process can happen as well
and generates a frequency up-shifted (anti-Stokes) photon, however, it has a much lower
probability to occur. In the case of fused silica, the gain for Raman scattering extends
over a broad bandwidth of about 45 THz with a strong peak near -13 THz when pump
and Stokes wave are co-polarized, as shown in Fig. 7.1.

Frequency conversion from visible to telecom wavelength with a near infrared (NIR)
pump has a frequency offset of more than 100 THz. The twin beam generated in FWM
regime can have frequency offset large enough to avoid the influence of the Raman noise.

7.2 Dispersion in fused-silica fiber

The dispersion in optical fiber comes from four different reasons.
In an optical fiber allowing multimode propagation, since the effective reflective index

of different modes are different due to the proportion of mode propagating in the core
or cladding, the group velocity itself may be different from mode to mode, causing the
multimode dispersion.

Besides, in birefringence fibers (also in bending single mode fibers), there is polariza-
tion related dispersion caused by the difference between the orthogonally polarized HEx11

and HEy11 modes as discussed in chapter 3.
Material refractive index varies with wavelength and therefore causes the group veloc-

ity to vary. It is classified as material dispersion. The wavelength dependence of refractive
index can be expressed by Sellmeier’s equation [119]:
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Coefficient Value
B1 0.696166300
B2 0.407942600
B3 0.897479400
C1 4.67914826× 10−3µm2

C2 1.35120631× 10−2µm2

C3 0.979340025× 102µm2

Table 7.1: The Sellmeier coefficients for fused silica.

n2(λ) = 1 +
B1λ

2

λ2 − C1

+
B2λ

2

λ2 − C2

+
B3λ

2

λ2 − C3

, (7.1)

where n is the refractive index, λ is the guiding wavelength, and B1, B2, B3, C1, C2, C3

are experimentally determined Sellmeier coefficients of material. The coefficient for fused
silica is shown in Table 7.1.

Waveguide dispersion is the result of wavelength-dependence of the propagation con-
stant of the optical waveguide. It is important in single-mode waveguides. The larger the
wavelength, the more the fundamental mode will spread from the core into the cladding.
This causes the fundamental mode to propagate faster.

For an ideal single mode waveguide, material dispersion and waveguide dispersion are
the dominant factors. The sum of material dispersion and waveguide dispersion is called
chromatic dispersion, given as σ = σm+σw. The material and waveguide dispersion gives
∆km and ∆kw respectively.

In optical fiber, the material and waveguide dispersion can effectively cancel each other
out to produce a zero-dispersion wavelength (ZDW). The ZDW of a waveguide can be
controlled by changing the core diameter and relative refractive-index difference between
core and cladding.

7.3 FWM in fused-silica fiber: theoretical considera-
tions

The Kerr nonlinearity of a system can be quantified by the nonlinear index, which relates
the refractive index change to the optical intensity.

ñ(ω, I) = n(ω) + n2I = n+ n̄2|E|2, (7.2)

where n is the linear refractive index and n̄2 is the (second order) nonlinear-index coeffi-
cient, which describes the instantaneous nonlinearity and is related to χ(3) for a linearly
polarized field via n̄2 = 3/(8n) Re(χ(3)).

The third order non-linearity process in a fused-silica fiber allows the spontaneous
conversion of two photons at pump wavelength to a pair of photons, which are defined
as signal and idler. The energy is conserved with 2ωp = ωs + ωi. The phase matching
condition for this FWM process is given by the peak power of the pump beam Pp and the
effective nonlinearity of the fiber mode γ and the wave vectors of pump, signal and idler:

2k(ωp)− 2γPp = k(ωs) + k(ωi). (7.3)
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(c) (d)

(a) (b)

Figure 7.2: The cross-section of suspended-core fiber under scanning electronic micro-
scope(SEM). a, fiber core with triangle shape; b, the thickness of the wall separating the
holes is about 100 nm; c, three holes structure; d, the whole fiber cross-section with fiber
diameter about 170 µm. The SEM image of the suspended core fiber is offered by Jonas
Hammer from Max Planck Institute for the Science of Light.

γj =
n2ωj
cAeff

, (7.4)

Aeff = 〈|F |2〉2 / 〈|F |4〉 is the effective mode area, n2 is the nonlinear refractive index, c is
the speed of light.

The FWM process can be realized in silica fiber with seed photons or without. In the
case of sending photons at any one of the sideband as seed, the FWM process is a classic
non-linear phenomenon. The unseeded FWM can be regarded as seeded by the vacuum
fluctuation, and be described by quantum optics. The unseeded FWM generates a pair
of photons at the two sidebands.

The cross-section microscope image of the fiber we used is shown in Fig. 7.2.abcd. It is
composed of three holes around the fiber center at each 120 degrees. The three hole walls
are connected at the center of the fiber and form a sub-micro waveguide with triangle
cross-section.

Fig. 7.3 is the calculated by fixing the pump wavelength at 0.8 µm and shifting the
signal wavelength from 0.5 µm to 2 µm. And the phase mismatch is therefore between the
pump wavelength (0.8 µm), signal wavelength (x axis) and corresponding idler wavelength.
The points when the phase mismatch is 0 satisfy the phase matching condition. We
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have two groups of signal and idler that matches the condition. Here we choose the one
when signal is in visible range and idler is in infrared range. The point at the middle is
when signal, pump and idler are all 0.8 µm. In Fig. 7.3, we show the calculated phase
matching given by the difference between propagation constant while varying wavelength:
∆β = 2βp− βs− βi. It is calculated in an idealized (symmetric) air-cladding optical fiber
with a core diameter of 790 nm, roughly corresponds to the fiber we used in Fig. 7.2. It’s
calculated based on the effective refractive index neff of the waveguide as a function of λ.
The wavelengths of the intersection points when the curve intersects with line ∆β = 0
are: 800 nm, 530 nm and 1.62 µm, corresponding to two pump photons, signal and idler.
Here we use the blueshifted sideband at 530 nm as the signal and the redshifted sideband
at 1.62 µm as idler, marked in the Fig. 7.3. As we show in Fig.7.2(a), the core of the
suspended core fiber we used has approximate size of about 790 nm. Here we assume
the phase matching wavelength for this suspended core fiber is close to our calculation of
a symmetric air-cladding optical fiber with a core diameter of 790 nm. With this phase
matching wavelength, we can convert photons from visible range (530 nm) to infrared
range (1.62 µm) with pump wavelength at 800 nm.

We also studied the possibility using an optical nanofiber as the nonlinear medium.
The good point is that it’s possible to have the single photon emitter deposited directly on
the nanofiber and the system will be very integrated with both single photon generation
and frequency conversion on a piece of optical nanofiber. The premise for achieving this is
that the fiber diameter needed for strong evanescent coupling at the emitter’s wavelength
has to be close to the fiber diameter needed for meeting the phase matching condition
in FWM. According to the calculation for the phase matching when pumping at 800 nm
and generated idler at telecom wavelength, it requires a fiber diameter of about 800 nm.
The wavelength of the signal photons are better to be infrared to achieve high coupling
efficiency. For a emitter emitting light around 600 nm, the best coupling appears when
the nanofiber diameter is below 300 nm. Therefore, it’s not suitable for the case when
the frequency conversion goes from visible to telecom wavelength. In Fig. 7.4, we show
the coupling efficiency of 637 nm light as a function of fiber diameter.

The advantage of using the central part of the suspended core fiber instead of an optical
nanofiber is that: first, we can realize the fine tuning of phase matching, the feasibility
has been recently proven by [120]. The holes within the suspended core fiber can be
filled with noble gas. The changing of refractive index shifts the group velocity dispersion
of the gas-filled suspended core fiber. Therefore, changing the gas pressure changes the
refractive index of the gas around the core. Second, high conversion efficiency due to
unlimited optical path lengths. Third, the risk of scattering loss during propagation due
to pollution is lower. It will be easier to handle outside the clean room.

In Fig.7.5, we show the nonlinear refractive index for several noble gases as a function
of gas pressure. The nonlinear refractive index of silica is also plotted as a comparison.
The gas pressure varies from 0 to 200 bar. As shown in the figure, the nonlinear refractive
index of the gas increases significantly following the rising of pressure. The nonlinear
refractive index discribes the instantaneous nonlinearity of the filling gas. The joint effect
of linear refractive index and nonlinear refractive index changes causes the shift of Kerr
nonlinearity of the gas-filled suspended core fiber.
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pumpsignal idler

Figure 7.3: Phase matching of FWM as a function of wavelength in an idealized (sym-
metric) air-cladding optical fiber with a core diameter of 790nm.

Figure 7.4: Ratio of the evanescent field among the total intensity of guided light as a
function of fiber radius a. The guiding wavelength is set as 637 nm.

Figure 7.5: Pressure variation of the nonlinear refractive index at 800 nm for various
noble gases at room temperature (293 K). (Reprinted from Fig.2.11 in Tunable Twin
Beams Generated in Hollow-Core Photonic Crystal Fibers by Martin Arnold Finger, Max
Planck Institution for the science of light(2017))
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7.4 Experiment setup

The experiment setup for FWM is shown in Fig. 7.6. The general idea of this setup
is that the pump and the signal are coupled into the suspended core fiber to generate
idler by FWM. This system contains some important parts, which are marked in Fig. 7.6,
corresponding to (1)the super-continuum signal generation, (2)delay, (3)intensity auto-
correlation and (4)frequency conversion. We will introduce them in detail in the following
paragraphs.

In our setup, both the pump and signal are pulsed. The pump and signal are gener-
ated originally with the same pulselaser at 800 nm with 700 fs pulsewidth and 80 MHz
repetition rate and has an average power above 1 W. The laser beam was divided into
two paths with adjustable intensity in each path with three sets of half-waveplates and
polarized beam splitters, which are pump line and signal line respectively.

We generate a pulse signal with a wavelength from 400 nm to infrared (above 1000
nm). This is realized by using the super-continuum generation, marked as number 1 in
Fig. 7.6. Here we use the SCF as a medium to generate super-continuous signal. When the
ultrashort pulses at the zero dispersion wavelength (ZDW) reaches a certain peak power,
the non-linear refractive index starts to play an important role which leads to nonlinear
process including self-phase modulation, modulational instability, soliton generation and
fission and cross phase modulation and expand the linewidth [121, 122]. Here, we use
the SCF with ZDW of 800 nm, matching the laser wavelength. Using a super-continuum
signal can be helpful to search for the phase matching wavelength of the SCF and adjust
the phase matching point with the gas pressure. Later, the signal line will be replaced
by a single photon generation system based on CdSe-CdS dot-in-rods emitting photons
around 580 nm wavelength. The optical property of CdSe-CdS dot-in-rods has studied
by previous colleagues in our group [101, 102, 123]. In order to have super-continuum
signal, the optical power of the laser beam coupled into the SCF needs to reach a certain
threshold. The mode size of the SCF we used is 2 µm. The coupling efficiency from
free space to the SCF is above 50%. With optical power around 1 W, we manage to get
super-continuum signal at SCF output.

The pump is generated from the same pulse. Therefore, it is centered at 800 nm with
700 fs pulsewidth and 80 MHz repetition rate. The average pump power needed to get
enough peak power for frequency conversion is 200 µW. On the contrary, the average
pump power I got is 10 mW, which is much higher than the power needed for FWM with
high conversion efficiency.

The signal line and the pump line join together after a dichroic filter. We add two
mirrors in both signal and pump line for the alignment of the two beams.

We add a delay in pump line, marked (2) in Fig. 7.6, with a retro-reflector mounted on
a transverse stage. This is to synchronize the pump and signal pulses at the FWM system
by changing the length of the pump line. A delay adjustment with 0.1 mm resolution is
required to get good overlap between two pulses of different wavelengths.

To realize this, firstly, we send both the pump and the signal to a photodiode placed at
the location of the SCF for frequency conversion. The output signal of the photodiode is
sent to an oscilloscope. We can read the pump pulse and signal pulse with the oscilloscope
and adjust the delay in pump line to roughly synchronize these two pulses with 6 cm
resolution, which is limited by the time resolution of oscilloscope. In order to further
increase the resolution, an intensity auto-correlation measurement is necessary. In our
experiment, an auto-correlator was used to measure the auto-correlation between the two
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Figure 7.6: The experiment setup for FWM with SCF. The polarization beam splitter is
written as PBS. The OSA corresponds to the optical spectrum analyzer. The laser beam
was divided into the pump line and signal line. The two lines are later join together at a
dichronic filter and sent to a SCF for frequency conversion. The super-continuum signal
generation, delay, intensity autocorrelation and frequency conversion systems are marked
with frames with dashed line.

paths, marked (3) in Fig. 7.6. It was linked to the pump and signal lines through a flip
mirror. The intensity autocorrelation is based on the second harmonic generation of the
input signal. When the input beams are synchronized, there will be only one second
harmonic generation output. However, when we have two input signals corresponding to
the pump pulse and signal pulse that are not synchronized, the output of the intensity
autocorrelation will include the second harmonic generation of the pump pulse and signal
pulse respectively. Besides, when the delay between these two pulses is small, it will
generate an extra peak in between which is the second harmonic generation between
the two input pulses (or sum frequency generation if the two input pulses have different
wavelengths). The nonlinear crystal in the auto-correlator we used was suitable only for
infrared wavelengths. Therefore, we added a filter in the signal line and synchronized
the pulses at 850 nm in the supercontinuum signal line with the pump pulses using the
autocorrelator. We need to be aware of the fact that the pulses at visible range will be
shifted in time scale due to the dispersion in SCF. The delay length needs to be further
optimized based on the output spectrum after the frequency conversion with the SCF.
The output spectra is measured with an optical spectrum analyzer (OSA) at the fiber
output.

The frequency conversion part marked (4) in Fig. 7.6 is composed of a three-holes SCF
and two coupling lens. The three holes within the SCF can be filled with noble gas. Since
the refractive index of the SCF is dependent on the pressure of the filled noble gas. In
this way, we can control the phase matching of the FWM within the SCF by tuning the
gas pressure. In practice, the SCF needs to be fixed within a high pressure chamber using
gas system (Swagelok) equipped with a pressure controllable gas input. The SCF will be
fixed with two v-groove clamps inside the chamber. Since the gas will be both inside and
outside the SCF, the pressure will be balanced. To couple the light into the SCF, the
two sides of the SCF need to be equipped with lens to have a good match between beam
waist and the mode size of SCF. In our system, the coupling efficiency is about 50 %.

The bottom path is used to generate supercontinuous signal with a photonic crystal
fiber (PCF). By filtering this supercontinuous signal, we can get a pulsed signal at ex-



7.4. EXPERIMENT SETUP 125

pected wavelength. FWM process happens in the SCF where the pump and signal need
to be synchronized.

A high peak power is the advantage of using a femtosecond pulse laser in our experi-
ment. However, there are also drawbacks using femtosecond pulse laser. The narrow pulse
width brings trouble in the synchronicity between pump and seed. Since the wavelength
difference between pump and seed is large, the walk off between different wavelength
within the fiber will be significant, which limits the interaction length and the conversion
efficiency. the increasing of length of optical path in suspended-core fiber will not further
increase the conversion efficiency. A continuous wave laser with high power can be a
solution.

This cooperate experiment with the group of Nicolas Joly in Max Planck Institution
for the science of light. Since the suspended core fiber has a different cross section from the
ideal cylindrical fiber. The calculation we did on the phase matching will not completely
match with the fiber we used in experiment. With the fabricated suspended core fiber, we
didn’t observe the expected evidence of generated idler photons in spectrum. Therefore,
we didn’t put data of the spectrum here. There will be more work to be done in the future
on the technique. The good news is that, the group of Nicolas Joly recently published their
work on four wave mixing with the suspended core fiber, but for different phase matching
wavelength [120]. The gas pressure was tuned up to 25 bar to have on demand phase
matching. It is a promising solution for on demand single photon frequency conversion.

Conclusion
In this chapter, we introduced a possible solution for single photon frequency conversion
by four-wave-mixing in a suspended-core fiber. The single photons are emitted from CdSe-
CdS quantum dots. Based on the core size of the suspended core fiber we used, through
seeded four wave mixing with input single photons at 530 nm, photons at 800 nm will be
converted into photons at 1.62 µm. The phase matching is adjustable by controlling the
pressure of the injected noble gas in the holes of the suspended-core fiber. This technique
is proposed to be implemented for on demand frequency conversion.





Conclusion

In this thesis, we discussed theory, experiment and applications of optical waveguides and
single nano emitters in non-linear and quantum optics and explained the physics behind.

In part one, we introduced several applications of the optical nanofibers based on dif-
ferent properties, including the coupling between the dipole on the nanofiber surface, the
coupling between two parallel nanofibers and the mechanical property of optical nanofiber,
corresponding to chapter 2-4 respectively.

Our first experiment on the optical nanofiber indicates that a linear dipole located
in an evanescent field can emit elliptical polarizations. A Berek compensator was used
to eliminate the influences of the birefringence of the optical fiber between the location
of the coupled dipole and the fiber output. Therefore, the fiber output can preserve the
guided polarization from the coupled dipole. We deposited a group of gold nanorod and
analyzed the guided polarization. The experimental result has shown a deterministic
relationship between the geometry of the dipole (nanorod) and the polarization emitted
that the orientation of the dipole (nanorod) defines the ellipticity of the polarization of the
guided light and the azimuthal position controls the main axis of polarization. This opens
the way to alternative methods for polarization control of light sources at the nanoscale.

The second experiment on the optical nanofiber shows the fabrication and character-
ization of two optical devices based on looped nanometrical optical fibers. The nature of
the devices changes with the topology of the loop. The first device is a twisted loop. The
entwined part of the loop can be treated with the coupled mode theory and is shown to be
a tunable beam splitter. We showed that a twisted loop creates a Sagnac interferometer,
of which the dephasing is tuned by the torsion applied on the nanofiber. The second
device is a ring cavity, simply made out of a nanofiber knot. We analyzed its spectral
response and found a finesse of 8 and a quality factor of 1300. Unlike in common res-
onators, the coupling efficency into the cavity strongly depends on the wavelength, which
modulates the visibility of its resonances. It is reproduced accurately by our theoretical
model.

Both devices are essential blocks for photonics applications. Their miniaturized ver-
sions presented here pave the way toward their integration in photonic circuits. A refined
analysis of the cavity spectrum revealed that birefringence of a bent nanofiber is also
affected by ovalization of its profile, and not only by stress as a normal fiber would be.
With both devices, we showed how sensitive nanofibers are to mechanical constraints.

The third application of optical nanofiber is a displacement sensor based on a gold
nano-sphere deposited on a nanofiber and placed within a standing wave. During this the-
sis, this device was implemented and calibrated to have a resolution down to 1.2 nm/

√
Hz.

We also proposed a mechanical model to estimate the response of our sensor to optically-
induced pressure force and we found that the sensitivity corresponding to the sensibility of
an externally applied force at the nanofiber waist is 1 pN. We also introduced a nanofiber
homodyne detection system for measuring mechanical vibration detection. This optical
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nanofiber sensor is an exciting tool to realize integrated optomechanical research using
this platform, such as the demonstration of superfluidity of light in a photon fluid [68, 80].

In the second part of the manuscript about single emitters, we presented the results
we obtained for improving the photoluminescence quantum yield of lanthanide-doped
upconversion nanoparticles, and lower the attenuation during transportation of single
photons through frequency conversion.

In Chapter 5, we realized the enhancement of luminescence from single lanthanide-
doped upconversion nanoparticles with surface plasmon resonance from gold nanorods.
With the help of atomic force microscope manipulation, gold nanorods are assembled
with Yb3+/Er3+/Mn2+ co-doped NaYF4 nanocrystals into hybrid dimers. We sheltered
the NaYF4 nanocrystals with 7 nm shell silicon to avoid quenching. We studied the en-
hancement dependence on the shape of gold nanorods, and got the conclusion that the gold
nanorods with larger scattering cross section offer stronger near field enhancement. The
excitation polarization dependence measurement shows the upconversion luminescence
enhancement is the strongest when the excitation polarization is along the longitudinal
axis of gold nanorod. With gold nanorods of 46.7 nm diameter, we obtained a plasmonic
enhancement up to 110 times. Besides, the upconversion luminescence enhancement arises
from the joint effect of excitation enhancement (raising of plasma radiation rate) at low
excitation power and quantum efficiency enhancement at high excitation power.

In Chapter 6 and 7, we proposed numerical simulation and possible experimental
solutions for quantum frequency conversion. The emitters we studied include defects
in nanodiamond which are promising single photon sources at room temperature and
quantum dots (II-VI) CdSe-CdS dot-in-rods.

In Chapter 6 we gave the numerical study of difference frequency generation with
defects in diamond, specifically Nitrogen vacancy and Silicon vacancy color centers in
nanodiamond. We calculated the phase matching condition of these two types of defects
in diamond while using different nonlinear media, the periodically poled lithium niobate
(PPLN) and periodically poled potassium titanyl phosphate (PPKTP). The calculation
shows the opposite effect on bandwidth compression or expanding when using pump
of wavelength longer or shorter than idler signal. Besides, by using a wide-bandwidth
pump, we can increase the convertible bandwidth to 2 nm centered at 738 nm for silicon
vacancy color center and obtain a conversion efficiency of more than 50% with bandwidth
compression.

In Chapter 7, we introduced a solution for single photon frequency conversion with
four wave mixing in suspended core fiber. The single photons are emitted from CdSe-
CdS quantum dots. Based on the core size of the suspended core fiber we used, through
seeded four wave mixing with input single photons at 530 nm, photons at 800 nm will be
converted into photons at 1.62 µm. The phase matching is adjustable by controlling the
pressure of the injected noble gas in the holes of the suspended-core fiber. This technique
is proposed to be implemented for on demand frequency conversion.
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MOTS CLÉS

Guide d’ondes optique, Interaction lumière-matière, Nanophotonique et Effet plasmonique

RÉSUMÉ

Cette thèse couvre différents sujets de l’optique non linéaire et quantique, étudiés dans des systèmes avec des échelles
plus petites ou comparables à la longueur d’onde d’intérêt. Le manuscrit est divisé en deux parties. La première partie du
manuscrit traite de plusieurs applications des nanofibres optiques en tant que plateforme d’interaction lumière-matière.
En particulier nous explorerons : le couplage entre d’un dipôle posé à la surface de la nanofibre ; le couplage entre
deux nanofibres parallèles ; ainsi que les propriétés mécaniques d’une nanofibre optique. Dans la deuxième partie du
manuscrit, nous nous concentrerons sur la résolution de deux principaux défis lorsque l’on travail avec des émetteurs :
l’un est le rendement quantique de photoluminescence, l’autre est l’atténuation lors du transport des photons générés
dans réseaux télécom fibrés.

ABSTRACT

This thesis covers different subjects of nonlinear and quantum optics, studied in systems with scales smaller or com-
parable to the wavelength of interest. The manuscript is divided into two parts. The first part of the manuscript deals
with several applications of optical nanofibers as a platform for light-matter interaction. In particular we will explore: the
coupling between a dipole placed on the surface of the nanofiber; the coupling between two parallel nanofibers; as well as
the mechanical properties of an optical nanofiber. In the second part of the manuscript, we will focus on solving two main
challenges when working with emitters: one is the quantum efficiency of photoluminescence, the other is the attenuation
during transport of the photons generated in fiber telecom networks.
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