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ABSTRACT

The aim of this thesis is to study the nonlinear response of plasmon-

�ber cavity systems achieved by depositing metallic nanoparticles

onto the surfaces of tapered micro�bers. In such systems, the local-

ized plasmon resonances (LSPR) of the metallic nanoparticles can be

excited via side-illumination and then coupled to the �ber cavities.

In a classical picture, light with certain frequencies circulates and

interacts with the metallic nanoparticles hundreds of times within

the microcavities by continuous total internal re�ection. This phe-

nomenon is known as whispering gallery modes (WGMs). Thus, the

light-matter interaction is dramatically boosted by e�cient coupling

between the plasmon modes of the metallic nanoparticles and the

optical modes of the micro�bers. It provides us with an opportunity

to boost and investigate the nonlinear processes on the nanoscale

in this hybrid system, especially the second-harmonic generation

(SHG) and multiphoton photoluminescence (MPPL).

We �rstly investigate the linear scattering response and SHG of

the plasmon-�ber systems by coating gold nanoparticles onto the

surface of micro�bers. A specially developed dark-�eld re�ection

microspectroscopy setup combined with a switchable white light

source and ultrafast laser source is utilized in the experiment. By

sweeping the laser over the ultranarrow linear scattering spectral

range, the frequency-dependence of the second-harmonic response is

traced. It leads to an ultranarrow second harmonic resonance. Mean-

while, a coupled anharmonic oscillator model is used to describe

the linear as well as second-harmonic resonances. It can be used

to predict not only the shape of the SH resonance but also the SH

e�ciency. Based on this model, we come to the conclusion that the

second harmonic intensity is directly proportional to the 4th power

of the quality factor (Q) of the linear resonance. This result is clearly
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proved by performing linear scattering and nonlinear emission mea-

surements for 5 hybrid systems with slightly di�erent quality factors.

Secondly, we �nd that there is always a broad MPPL background

besides SHG in the nonlinear emission spectra of the coupled Au

nanoparticles. We �rstly determine and analyze the MPPL process

of the �ber-coupled gold (Au) nanorods by performing excitation

power dependent measurements. Furthermore, we observe the MPPL

of coupled gold bipyramids (NBPs) particles di�er from the emission

spectra of coupled Au nanorods. Thus the polarization characteristics

of the PL emission are investigated and also explained on the basis

of the band and crystalline structure of gold. Based on the under-

standing of MPPL in gold NBPs, a quenching e�ect of four photon

photoluminescence (4PPL) is discovered when coating the palladium

(Pd) shell onto the gold NBPs due to the fast transfer of electrons

from the gold to the palladium.

Finally, a high-Q doubly resonant plamson-�ber cavity is realized

by �ne-tuning the diameter of the micro�bers in the hybrid systems

further. In this system, the plasmon response of the gold bipyramid

is matched to a high-Q cavity mode and simultaneously the second

harmonic wavelength is also in resonance with a higher order cavity

mode. Thanks to the simultaneous realization of the doubly resonant

case and the high quality, the SHG is successful enhanced by 5 − 6

orders of magnitude compared to the gold NBPs on the fused silica

substrate. With an indirect calibration method, we estimated a second

harmonic conversion e�ciency up to 1.59× 10
−5
, which is believed to

make the nonlinear plasmons stepping much closer towards practical

applications. At the end, some applications and more design ideas of

enhancing the nonlinear conversion e�ciency based on the research

in this thesis are proposed.
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DEU TSCHE ZUSAMMENFAS SUNG

Das Ziel dieser Arbeit ist es, die nichtlineare Antwort eines Faser-

Resonator-Systems zu untersuchen, indem metallische Nanopartikel

auf die Ober�äche von verjüngten optischenMikrofasern aufgebracht

werden. In einem solchen System können die lokalisierten plasmo-

nischen Resonanzen (engl. localized plasmon resonances: LSPR) der
metallischen Nanopartikel über eine seitliche Beleuchtung angeregt

und dann an die optischen Mikrofasern angekoppelt werden. Im

klassischen Bild kann man sich vorstellen, dass Licht bestimmter

Frequenzen aufgrund der Totalre�exion mehrere hunderte Male in

der Faser zirkuliert und bei jedem Durchlauf mit den metallischen

Nanopartikeln interagiert. Dieses Phänomen ist unter dem Namen

„Whispering Gallery Mode“ (WGM) bekannt. Daraus folgt, dass die

Licht-Materie-Wechselwirkung durch die e�ziente Kopplung zwi-

schen den Plasmon-Moden der metallischen Nanopartikeln und den

optischen Moden der Mikrofasern drastisch verstärkt wird. Dies er-

möglicht uns die nichtlinearen Prozesse auf der Nanometerskala in

diesem Hybrid-System, speziell die Frequenzverdopplung (engl. se-
cond harmonic generation: SHG) und die Multiphoton-Lumineszenz

(engl. multiphoton photoluminescence: MPPL), zu verstärken und zu

untersuchen.

Zunächst untersuchen wir die lineare Streuung und die Frequenz-

verdopplung des Plasmon-Faser-Systems, indem wir Nanopartikel

aus Gold (Au) auf die Ober�äche der Mikrofasern aufbringen. Für

dieses Experiment verwenden wir einen speziell entwickelten Auf-

bau bestehend aus einem Dunkelfeldmikroskop und einer variablen

Lichtquelle, bei der zwischen Weißlicht und Licht aus einem Ul-

trakurzpulslaser gewählt werden kann. Durch Abtasten des ultra-

schmalrandigen Spektralbereichs der linearen Streuung mit dem La-

ser, wird die Frequenzabhängigkeit des frequenzverdoppelten Signals
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untersucht. In diesem Fall ist dieses Signal eine untra-schmalbandige

Resonanz zweiter Ordnung. Sowohl die linearen, als auch die Reso-

nanzen zweiter Ordnung können mit Hilfe eines anharmonischen Os-

zillatormodells beschrieben werden. Dieses kann nicht nur die Form,

sondern auch die E�zienz der Resonanz zweiter Ordnung vorhersa-

gen. Auf Grundlage dieses Modells kommen wir zu dem Ergebnis,

dass die Intensität des frequenzverdoppelten Signals proportional zur

vierten Ordnung des Gütefaktors (Q) der linearen Resonanz ist. Die-

ses Ergebnis wird veri�ziert, indem wir sowohl die lineare Streuung,

als auch die nichtlineare Emission von fünf verschiedenen Systemen,

die jeweils leicht unterschiedliche Gütefaktoren besitzen, vermessen.

Darüber hinaus stellen wir fest, dass die Spektren der gekoppel-

ten Gold-Nanostäbchen neben dem frequenzverdoppelten Signal,

stets einen breiten MPPL-Hintergrund aufweisen. Wir identi�zieren

und untersuchen den zugrundeliegenden MPPL-Prozess bei faser-

gekoppelten Gold-Nanostäbchen, indem wir Messungen mit vari-

ierender Anregungsleistung durchführen. Des Weiteren �nden wir

Unterschiede in den MPPL-Spektren von gekoppelten Gold Nano-

Doppelpyramiden und gekoppelten Gold Nanostäbchen. Die Polari-

sationseigenschaften der Photolumineszenz-Emission werden unter-

sucht und mithilfe der Bandstruktur von kristallinem Gold erklärt.

Basierend auf dem grundlegenden Verständnis der MPPL in Gold

Nano-Doppelpyramiden entdeckten wir einen Quenching-E�ekt der

Vier-Photonen-Lumineszenz, wenn die Nano-Doppelpyramiden mit

einer Palladiumschicht ummantelt werden. Dieser hat seinen Ur-

sprung in einem schnellen Elektronentransport von Gold zu Palladi-

um.

Zum Abschluss realisieren wir einen doppelt-resonanten Plasmon-

Faser-Resonator mit hohem Gütefaktor, indem wir den Durchmesser

der optischen Mikrofaser weiter optimieren. In diesem System ist

sowohl die Plasmonresonanz der Gold-Doppelpyramiden auf eine Re-

sonatormode der Faser mit hohem Gütefaktor abgestimmt, als auch

die Resonanz zweiter Ordnung auf eine Fasermode höherer Ordnung.

Dank des gleichzeitigen Vorhandenseins der beiden Resonanzen und

des hohen Gütefaktors, kann das SHG-Signal im Vergleich zu Gold
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Nano-Doppelpyramiden auf einem Glassubstrat, erfolgreich um das

5 − 6-fache gesteigert werden. Mithilfe einer indirekten Kallibrati-

onsmethode können wir eine SHG- Umwandlungse�zienz von bis

zu 1.59 × 10
−5

abschätzen, was einen wichtigen Schritt auf dem Weg

zu praktischen Anwendungen von nichtlinearen Plasmonen darstellt.

Zum Schluss werden einige mögliche praktische Anwendungsmög-

lichkeiten diskutiert und weitere Designideen, die auf Grundlage

dieser Arbeit die nichtlineare Umwandlungse�zient weiter steigern

könnten, werden vorgestellt.
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1
I N TRODUCT ION

Laser as one of the greatest inventions at 20𝑠𝑡 century opened a

completely new �eld of research called nonlinear optics. The �rst

laser was constructed by Theodore Maiman at 1960.[1] Shortly after-

wards, two-photon absorption was observed at Bell Labs.[2] Almost

simultaneous the SHG was discovered by Peter Franken et al. in

the Randall Laboratory when the rubi laser beam illuminated to the

quartz crystal. Enough strong electric �eld leads to the e�cient in-

teraction between photons and optical medium beyond simple linear

interference, which means the response of the medium is no longer

linearly related to the electric �eld of the laser beam. It was sud-

denly realized that some optical media, such as quartz crystal, could

change the frequency of light. Afterwards, a lot of nonlinear optical

media were investigated.[2–5] Until now, the nonlinear crystals have

been one of the most important communications materials, which

are widely used in the laser communication, optical radars, medical

devices, material processes and so on. Meanwhile, it is observed that

the phase-matched interacting beams play a key role in determining

the e�ciency of the nonlinear optical e�ects in those bulk nonlinear

optical materials.

At the early stage of nonlinear optics, metal was not considered

as a suitable choice to do nonlinear optics research due to their low

optical nonlinearities. Especially, the second-order nonlinear e�ect is

forbidden for most metals because of their inversion centrosymmet-

ric structures.[6] However, sliver (Ag)-air interface was �rst reported
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introduction

to produce a second-harmonic response (SH) in 1974.[7] The non-

linear polarization in metals is found to be induced by the surface

plasmon-polariton at themetal surfacewhere the symmetry is broken.

Afterwards, nanofabrication techniques developed fast. Meanwhile,

the ability of probing optical �eld has a great advantage. It makes the

metallic nanostructures, which support the localized surface plasmon
resonance (LSPR) that is the collective oscillations of free-electrons in
metallic subwavelength structures showing a big potential to process

nonlinear response since the metal-light interaction is boosted at

the nano structures surfaces.[2, 8–10] The e�ciency of the nonlinear

optical e�ects is more determined by the con�nement and strength

of the electromagnetic �elds in the nonlinear optical structures, not

by the phase matching between the interacting lights and nonlinear

materials. It opens a new door and even shifts the main research

directions in nonlinear optics.

Regarding the linear response properties, the electro-magnetic

resonances performed in metal nanostructures are experimental and

theoretically proven to be sensitive to not only the dielectric charac-

teristics of the material but also the details of the plasmonic nano-

structure.[11–14] The physical mechanisms behind it have already

been well established. In order to understand and study the nonlinear

processes, especially the coherent processes, such as second harmonic
generation (SHG) in those metallic nanostuctures, a series of research

is done with a variety of metallic nano geometries, such as single

nanoparticles,[15, 16] naon-apertures,[17] split-ring resonators,[18, 19]

L-shape arrays,[20, 21] T-shaped nanodimers[22] and so on. Mean-

while, a great deal of e�ort is put into promoting the nonlinear

conversion e�ciency, such as matching the multiple resonances with

the fundamental and generated second harmonic frequency,[23–27]

combining nanostructures with high-nonlinear materials,[28–30]

designing special non-centrosymmetric structures,[31, 32] utilizing

the interaction between localized and delocalized plasmons[33, 34]

and so on. However, as the nanofabrication technology develops and

the research goes to deeper, the researched systems are more and

more complex.
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introduction

In order to design optimized con�gurations to boost the nonlinear

conversion e�ciencies and realize their applications in ultrafast non-

linear optical devices, it is necessary to reveal what determines the

properties of generation of high-order harmonic in metallic nano-

structures. Conceptually, some mechanisms including surface non-

linearities, bulk or volume nonlinearities and �eld enhancement

are mainly responsible for the nonlinear optical response of metallic

nanoparticles in a dielectric environment. However, as the researched

systems are more and more multifarious and complex, the origin

turns out to be more intricate. The linear properties, near-�eld dis-

tributions, spatial symmetries, di�erent materials combination and

other structure characteristics[35–37] are all factors to in�uence their

nonlinear response. Especially, it was observed unexpectedly that the

breaking centrosymmetry does not induce an increase in SH inten-

sity in coupled plasmonic nanoparticles, compared to the symmetric

systems.[24, 38] More and more open questions about the origin of

the nonlinearity come and remain. The fundamental mechanism of

determining the enhancement fact is still not clear. It is even a big

challenge to completely describe the nonlinear process both from

the experiment side or the theory side.[39–42]

As mentioned above, unraveling the mechanism responsible for

the plasmonic nonlinear response is still an arduous task. The physi-

cist Steven Weinberg said our job in physics is to see things simply,

to understand a great many complicated phenomena in a uni�ed

way, in terms of a few simple principles. So we can think about our

question from another side with a certain direction by getting rid

of its complexity. Particularly, Although the factors which in�uence

the nonlinear response vary in the di�erent plasmonic systems, it is

evident that a resonance at the fundamental frequency and its quality

are crucial for all the harmonic generation.[43–45] The anharmonic

oscillator model has been already utilized well to predict a nonlinear

signal that is superlinearly proportional to the inverse of the reso-

nance linewidth,[44, 46, 47] which is directly related to the quality

factor. Thus, we get our main story-line in this thesis, namely how

the quality factor in�uences the plasmonic nonlinear response and
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introduction

followed with the question of what we can do with it to boost the

nonlinear process further.

1.1 thesis outline

This thesis is mainly researching a hybrid �ber-plasmon cavity which

is designed to realize high second-harmonic e�ciency on the sub-

wavelength scale. In the process of tailoring, the in�uence on the

nonlinear e�ciency in plasmonic systems are �rstly considered and

analyzed. By optimizing the parameters in the hybrid cavities with

speci�c designs, the nonlinear e�ciency increases step by step. Micro-

spectroscopy combining the microscopic and spectroscopic means

is implemented to present the results of the optical properties in

the coupled systems. Finally, ultra-high second harmonic generation

enhancement is achieved in the plasmon-�ber hybrid system with

high quality factors (Q) and under the doubly-resonant condition.

The main outline is as follows:

Chapter 2 gives a theoretical background starting from the light-

matter interaction in metals. As one component of our hybrid system,

metallic nanoparticles and their optical properties are introduced. In

the following, the principles of nonlinear plasmonics is described,

in particular, the second harmonic generation is discussed in an

anharmonicmodel. Meanwhile, whispering gallerymodes (WGMs) in

microcavities are presented as the other element of our hybrid system.

All these theoretical background provides us with a fundamental

point of view about how the nonlinear process can be boosted by the

enhanced localized electric �eld in the plasmonic nanostructures.

Chapter 3 introduce the preparation process of the �ber-gold nano-

particle hybrid systems including the �ber pulling, chemical synthesis

of gold nanoparitcles and drop-coating process. Furthermore, we give

a detailed description of a re�ection dark-�eld microscopy setup com-

bined with a spectrometer and switchable white light/laser source,

which is utilized to implement and perform our microspectroscopic

experiments.
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1.1 thesis outline

Chapter 4 demonstrates the coupled structure between the mi-

cro�ber and gold nanoparticles. In the linear optical regime, we

see how the scattering is in�uenced by the illumination condition

and the parameters of the coupled system, like the diameter of the

micro�ber, the size of the nano particles, etc. Next, the nonlinear

microspectroscopic measurement is implemented. The results depict

an ultra narrow second harmonic resonance. Meanwhile, the strong

multiphoton induced photoluminescence is also detected and studied.

Chapter 5 present how the giant second harmonic generation

enhancement is obtained starting from introducing the basic concept

of the doubly resonant high-Q plasmon system. We �rst study the

Q-dependent second harmonic generation by tailoring the quality

factors in the hybrid system and then de�ne the boosting e�ect

in a high-Q system. The second step is followed to enhance the

second harmonic response further by �ne-tuning the diameter of

the micro�ber to make another hybrid mode generate at the second

harmonic wavelength in respect to the central wavelength of the

linear scattering. At the end, a method to calibrate the power of the

spectrometer is introduced and implemented to quantify the power

of the measured second harmonic response.

Chapter 6 gives a short conclusion of the main results displayed

in this thesis and a brief outlook of how these results can be used in

future developments of the nonlinear plasmonic systems.
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2
THEORY BACKGROUND

Fundamental concepts and the theory backgrounds are always solid

foundation for the experimental research. In this chapter, we focus on

the concept of plasmonics, whispering gallery modes, and nonlinear

optics. The interaction of metal nanoparitlces to the driving electric

magnetic wave in the optical regime are introduced after the basic

description of light-matter interaction. We will see how the surface

electrons in such particles oscillate coherently with the excitation

light. Based on the introduction of the nonlinear optics in the bulk

materials, nonlinear optical properties of metal nanoparticles are

studied with an extension of the Lorentz oscillator model. At last,

the basic properties of the whispering gallery modes are presented

and the parameters which in�uence those properties are discussed.

2.1 light-matter interaction

The interaction of metal nanoparticles to the driving electric wave

can be understood as the one of the particular cases. Starting with

the fundamental Maxwell equations, the light-matter interaction

can be understood in general. Then the Lorenz oscillator model

provides us with a bridge betweenmicroscopic andmacroscopic view,

which means it is available in both cases. At last, a series of Drude-

based models are developed to study the light-metal nanoparticles

interaction, especially the nonlinear plasmonics. This section and

7



theory background

the Section 2.2 mostly follow the argumentations in the work of

Stepan Maier,[10] Lukas Novotny and Bert Hecht,[48] and Craig F.

Bohren.[49]

2.1.1 Maxwells equations

The Maxwell’s equations of classical electrodynamics are the key

basement to study the light-matter interaction. The di�erential form

read as follows:

Gauss’s law

∇ · 𝑫 = 𝜌ext, (2.1)

Gauss’s law for magnetism

∇ · 𝑩 = 0. (2.2)

Maxwell-Faraday equation

∇ × 𝑬 = − 𝜕𝑩

𝜕𝑡
, (2.3)

Ampère’s circuital law

∇ ×𝑯 =
𝜕𝑫

𝜕𝑡
+ 𝒋ext, (2.4)

Here, 𝑬 , 𝑫 , 𝑯 , 𝑩 are the electric �eld, the dielectric displacement, the

magnetic �eld, and the magnetic induction �ux density, respectively.

The source of these �elds are the external current density 𝒋ext and
the external charge density 𝜌ext.

In the macroscopic view, the relations between 𝑫 and 𝑬 , as well
as 𝑯 and 𝑩 are speci�ed in constitutive relations, which start with

the de�nition of the auxiliary �elds themselves as follows,

𝑫 = 𝜖0𝑬 + 𝑷 , (2.5)

𝑯 =
1

𝜇0
𝑩 −𝑴 (2.6)

8



2.1 light-matter interaction

where 𝜖0 is the electric permittivity of free space and 𝜇0 is the

magnetic permeability of free space. They are linked to each other

with the vacuum speed of light c by c =
1

√
𝜖0𝜇0

. Meanwhile, 𝑷 is the

polarization �eld and𝑴 is the magnetization �eld, which are de�ned

in terms of microscopic bound charges and currents, respectively.

Moreover, the macroscopic bound charge density 𝜌int and bound

current density 𝒋int in terms of polarization 𝑷 and magnetization 𝑴
are then de�ned as

𝜌int = −∇ · 𝑷 , (2.7)

𝒋int = ∇ ×𝑴 + 𝜕𝑷

𝜕𝑡
, (2.8)

When we insert constitutive equations 2.5 and 2.6 into Gauss’s law

Equation 2.1 and Ampère’s circuital law Equation 2.4, the equivalent

equations including only the electric �eld 𝑬 and the magnetic �ux

density 𝑩 are obtained:

∇ · 𝑬 =
1

𝜖0
(𝜌ext − ∇ · 𝑷 ) = 1

𝜖0
(𝜌ext + 𝜌int) =

1

𝜖0
𝜌total (2.9)

∇ ×𝑯 = 𝜇0(𝒋ext +
𝜕𝑷

𝜕𝑡
+ ∇ ×𝑴) = 𝜇0(𝒋ext + 𝒋int)

= 𝜇0𝒋total

(2.10)

Where we de�ned the total charge density 𝜌total = 𝜌int + 𝜌ext and the

total current density 𝒋total = 𝒋int + 𝒋ext.
The magnetization 𝑴 can be neglected when dielectric or metal-

lic materials are considered. Assuming all external sources are far

enough from the considered object, the external charge density 𝜌ext

and the external current density 𝒋ext can be set equal to zero. In

the following a wave equation for the electric �eld 𝑬 in matter is

derived by applying a rotation on 2.1 2.3 2.4 and together with two

constitutive equations 2.5 and 2.6:

𝛥𝑬 (𝒓 , 𝑡) − 𝑛2

𝑐2
𝜕2𝑬 (𝒓 , 𝑡)

𝜕𝑡2
= 𝜇0

𝜕2𝑷 (𝒓 , 𝑡)
𝜕𝑡2

(2.11)
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theory background

The left side correspondes to the wave equation in vacuum conditions

for the electric �eld 𝑬 , while the right side describes the polarization
𝑷 of the medium responding from the external light �eld 𝑬 .

In order to make the following steps more convenient, now we

switch the wave equation in the spatial and the temporal domain 2.11

to a frequency domain description by Fourier-Transform as follows:

𝛥𝑬 (𝒓 ,𝜔) + 𝑛2𝜔2

𝑐2
𝑬 (𝒓 ,𝜔) = −𝜇0𝜔2𝑷 (𝒓 ,𝜔) (2.12)

In following, we only consider the linear optical response of the

isotropic and nonmagnetic media in a low electric �elds 𝑬 . The
linear relationship between the induced optical polarization 𝑷 and

the electric �eld 𝑬 is expressed as follows,

𝑷 = 𝜀0𝜒𝑬 (2.13)

Then we insert equation 2.13 into wave equation 2.12. The Helmholtz

equation is obtained:

𝛥𝑬 (𝒓 ,𝜔) + (1 + 𝜒 (𝜔))︸       ︷︷       ︸
𝜀 (𝜔 )

𝑛2𝜔2

𝑐2
𝑬 (𝒓 ,𝜔) = 0 (2.14)

where we de�ned the dielectric function 𝜀 (𝜔) = 1 + 𝜒 (𝜔), where
𝜒 (𝜔) is the dielectric susceptibility, with the frequency-dependence

arising from material resonances. We can also get a conclusion that

the temporally dispersive response of a medium induces a frequency

dependence in permittivity.

So far, the linear electric �eld in the matter is described clearly by

the Helmholtz equation. It has the same form as the wave equation in

the free space, in particular in the case that the dielectric constant is

directly related to the propagation velocity. The propagation velocity

of the electric-magnetic wave is described as 𝜈 = 𝑐
𝑛̃ (𝜔 ) , with the com-

plex refractive index 𝑛̃(𝜔)2 = 𝜀 (𝜔) = 1 + 𝜒 (𝜔). Hence, to determine

the frequency-dependent complex refractive index or equivalently

the complex dielectric constant is the key to study the linear optical

properties of a medium.

10



2.1 light-matter interaction

Alternatively, the induced electrical current 𝒋(𝜔) can be used

to describe the optical response with electrical conductivity 𝜎 (𝜔)
as 𝒋(𝜔) = 𝜎 (𝜔)𝑬 (𝜔). Then the relationship between the typical

complex 𝜎 (𝜔) and 𝜀 (𝜔) can be straightly written as:

𝜀 (𝜔) = 1 + 𝑖

𝜀𝑟𝜔
𝜎 (𝜔) (2.15)

When we consider the dielectric function, the conductivity and the

refractive index as the complex function, more information directly

related to damping e�ect in the medium can be derived in following:

𝑛2 −𝜅2 = 𝜀𝑟 (2.16)

2𝑛𝜅 = 𝜀𝑖 (2.17)

Using 𝑛̃ = 𝑛 + 𝑖𝜅 and dispersion relation 𝜔 =
𝑐

𝑛̃
𝜅̃, one obtains the

complex wave vector as follows,

𝜅̃ = 𝑛̃
𝜔

𝑐
= 𝑛

𝜔

𝑐
+ 𝑖𝜅𝜔

𝑐
= 𝜅𝑟 +𝜅𝑖 (2.18)

2.1.2 The Lorenz oscillator model

When we talk about the electron-magnetic (EM) wave propagation in

the media, we generally divide the media into three main categories:

insulating media, conducting media (metals) and semiconducting me-

dia. Their dielectric properties di�er in terms of their band structures.

The interaction of electron-magnetic wave with medias excites the

electrons inside of materials, in where the intraband and interband

transition are possible.

In the dielectric medium or the energy of the propagating wave

is low enough, only valence electrons are a�ected and can be re-

garded as bound in a harmonic potential. In this case, the Lorentz

oscillator (harmonic oscillator) can give a perfect description. It is

the fundamental to investigate the origin frequency dependence of

11
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the electric susceptibility in real materials. The bindings between

electrons and nucleus are supposed to be similar to the that of a

mass-spring system. Electrons react to an electromagnetic �eld by

vibrating like damped harmonic oscillators. The way of the dipole

responds to an external electric �led 𝑬 (𝑡) = 𝑬 (0)𝑒−𝑖𝜔𝑡 is given by

the following equation of motion a bound electron:

𝑚𝑒

𝑑2𝒙

𝑑𝑡2
+𝑚𝑒𝛾

𝑑𝒙

𝑑𝑡
+𝑚𝑒𝜔

2

0
𝒙 = −𝑒𝑬 𝑖𝜔𝑡

0
(2.19)

Where

𝑚𝑒 mass of an electron

𝒙𝑡 displacement of the electron

𝛾 damping factor

𝜔0 resonance frequency of undamped oscillator

𝑒 elementary charge

𝑬0 the driving electric �eld

The damping parameter𝛾 is a phenomenological parameter, which

means it only can be determined from a particular experiment or

quantum-mechanical considerations. In quantum mechanics it is

iversely proportional to the lifetime 𝜏 and thus proportional to the

decay rate of the excited electrons. Furthermore, the eigenfrequency

𝜔0 of the damped driven harmonic oscillator corresponds to the

energy di�erence of both quantum states 𝛥𝑬 = ℏ𝜔0.

The solution to the previous equation submits the expression for

the amplitude of oscillation 𝑥 depending on the frequency:

𝒙 (𝜔) = 𝑒

𝑚𝑒

1

𝜔2 −𝜔2

0
+ 𝑖𝛾𝜔

𝑬 (𝜔) (2.20)

12



2.1 light-matter interaction

The displacement 𝑥 leads to a dipole moment 𝒑 = −𝑒𝒙 and then we

can generally write for the dipole moment 𝒑 = 𝜀0 · 𝛼 · 𝑬 , where 𝛼 is

the atomic polarizability:

𝛼 (𝜔) = − 𝑒 · x
𝜀0 · 𝑬

=
𝑒2

𝑚𝑒 · 𝜀0
· 1

𝜔2

0
−𝜔2 − 𝑖𝛾𝜔

(2.21)

When we consider that the dipole moments in a dielectric are

independent and directed to the same direction, the polarization per

unit volume can be attained by taking the sum of the single atom

dipole moment over all atoms in a volume:

𝑷 = 𝑁 · 𝒑 = 𝑁 · 𝜀0 · 𝛼 · 𝑬 (2.22)

According to equation 2.13 𝑷 = 𝜀0 · 𝜒 · 𝑬 , we can have:

𝜒 (𝜔) = 𝑁 · 𝛼 (𝜔) (2.23)

𝜀 (𝜔) = 1 + 𝜒 (𝜔) = 1 +𝑁 · 𝛼 (𝜔) (2.24)

Then the susceptibility 𝜒 (𝜔) is deduced from the previous equa-

tions:

𝜒 (𝜔) = 𝑁 · 𝑒2
𝜀0 ·𝑚𝑒

1

𝜔2

0
−𝜔2 − 𝑖𝛾𝜔

(2.25)

Here, we introduced the de�nition of the plasma frequency of the

free electron gas 𝜔𝑝 (the deeper meaning will be explained at the

end of this section):

𝜔𝑝 =

√︄
𝑛𝑒𝑒

2

𝜀0𝑚𝑒

(2.26)

Consequentially, the dielectric function is given through this relation

𝜀 (𝜔) = 1 + 𝜒 (𝜔) = 1 +
𝜔2
𝑝

𝜔2

0
−𝜔2 + −𝑖𝛾𝜔

(2.27)

13
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Splitting into real and imaginary part, it turns out to be:

𝜀𝑟 (𝜔) = 1 +𝜔2

𝑝 ·
𝜔2

0
−𝜔2

(𝜔2

0
−𝜔2)2 + (𝛾𝜔)2

(2.28)

𝜀𝑖 (𝜔) = 𝜔2

𝑝 ·
𝜔𝛾

(𝜔2

0
−𝜔2)2 + (𝛾𝜔)2

(2.29)

2.1.3 Drude-based models

Regarding to the conducting media, namely metals, the bands are

partly occupied by the conduction electrons. Hence, the electrons

can transfer from di�erent quantum states in the band and move

in the metals. As a result, we can basically consider them as ideal

free electrons , which are not bounded to particular nucleus. In this

case, the interband excitation is neglected and Drude model can be

used to describe the propagation of EM wave in the media. However,

the bound-electron region also always exists in metals, especially

in the noble metals. The d-bands of the electronic structure in the

noble metals are �lled and close to the Fermi surface. As a result, a

residual polarization is caused due to the positive back ground of

the ion cores. In this case, modi�ed models are developed to predict

the optical response to the outside driving electron-magnetic �eld

more precisely, such as quasi-free-electronmodel, Drude-Sommerfeld

model and so on.

Drude model is also named free-electron model, in which electrons

are completely free. Hence, we can also consider it as the Lorenz

model without restoration force. Then the equation of motion of a

free electron can be obtained from Lorentz model 2.19:

𝑚𝑒

𝑑2𝒙

𝑑𝑡2
+𝑚𝑒𝛾

𝑑𝒙

𝑑𝑡
= −𝑒𝑬 𝑖𝜔𝑡

0
(2.30)

Then the expression of the dielectric function derived from the emo-

tion equation of the Drude model simpli�es to:

𝜀 (𝜔) = 1 −
𝜔2
𝑝

𝜔2 + 𝑖𝛾𝜔 (2.31)

14



2.1 light-matter interaction

The result can be separated into its real and imaginary parts as:

𝜀𝑟 (𝜔) = 1 −
𝜔2
𝑝

𝜔2 +𝛾2 (2.32)

𝜀𝑖 (𝜔) =
𝜔2
𝑝𝛾

𝜔3 +𝜔𝛾2 (2.33)

When we concern the optical frequency, namely 𝜔𝑣𝑖𝑠𝑖𝑏𝑙𝑒 � 𝛾 , the

dielectric function can be simpli�ed further:

𝜀 (𝜔) ' (1 −
𝜔2
𝑝

𝜔2
) + 𝑖 (

𝜔2
𝑝

𝜔3/𝛾 ) (2.34)

If we only consider the ideal case of the undamped free-electron

gas without decay and interband transitions, then the dielectric func-

tion can be further approximated to 𝜀 (𝜔) ∼ 1 −
𝜔2
𝑝

𝜔2
. The e�ective

damping in metals is generally generated from the scattering events,

like electron-electron scattering, electron-phonon scattering, or scat-

tering at lattice defects.

Here, it is worthy to point out the actual meaning of 𝜔𝑝 . When the

electrons in a plasma are displaced from a homogeneous background

of ions, they will be pulled back to the original positions in order

to restore the neutrality of the plasma by the new built-up electric

�elds. As a result, the electrons will overshoot, and then oscillate

around their balanced positions with a certain frequency. We call this

characteristic frequency as plasma frequency. Equation 2.34 provides

us with an important information that only in the frequency range

below the plasma frequency, the metallic characters are maintained.

The dielectric function in a widely frequency range below the

interband transitions can be described well in the undamped Drude

model. However, there is no damping mechanism included. It is

necessary to modify it in the visible and near infrared frequency

range as if approaches d-band resonances. The �rst modi�cation is

made by correcting the electron rest mass to an e�ective mass𝑚∗

to account for the electron correlation e�ect in a heuristic manner.

15
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In addition, an empirical, largely frequency independent term 𝜀∞
(usually 1 ≤ 𝜀∞ ≤ 10 is inserted into the dielectric function. This

correction is mainly considering the contribution of the positive ion

cores to the dielectric function:

𝜀 (𝜔) = 𝜀∞ −
𝜔2
𝑝

𝜔2 + 𝑖𝜔𝛾

= (𝜀∞ −
𝜔2
𝑝

𝜔2 +𝛾2 ) + 𝑖 (
𝜔2
𝑝𝛾

𝜔3 +𝜔𝛾2 )
(2.35)

The plasma frequency is corrected to 𝜔𝑝 =

√︄
𝑛𝑒2

𝜀0𝑚
∗

This modi�ed Drudemodel (also named Drude-Sommerfeld model)

has been proved suitable to predict the dielectric function in a broader

frequency range. For example, the results from it are in good agree-

ment to the measured data for silver bellow 2.5 eV. However, re-

garding to the interband regions, there are more correction needed

obviously. The extended Drude (Drude-Lorentz) model[50] consist-

ing in addition of one Lorentz term has been developed. It succeeds to

overcome the limitation of the Drude model for gold below d-bands

energy range. Meanwhile, the interband transitions are also taken

into account. Regarding the general form of the Lorentz terms of

insulator, the dielectric function of gold is written as:

𝜀 (𝜔) = 𝜀∞ −
𝜔2
𝑝

𝜔2 + 𝑖𝜔𝛾 −
𝛥𝜖 ·𝛺2

𝐿

𝜔2 −𝛺2

𝐿
+ 𝜏𝐿𝜔

(2.36)

where 𝛺𝐿 stands for the oscillator strength, 𝜏𝐿 is the spectral width

of the Lorentz oscillators and 𝛥𝜖 can be interpreted as a weighting

factor. The results obtained by employing the Drude-Lorentz model

are depicted in Figure 2.1 with compared to the results from the single

Drude model. It is clearly seen that the real and imaginary parts of the

dielectric function get excellent agreements within 500 nm ∼ 1 µm

for the experimental data of gold.
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2.2 metallic nanoparticles

Figure 2.1. Real (a) and imaginary part (b) of the dielectric function of

gold as measured by Johnson and Christy, calculated employing the single

Drude model and the Drude-Lorentz model.

2.2 metallic nanoparticles

So far, the optical properties of bulk materials are introduced by

mainly calculating the dielectric function in the varying models, es-

pecially the Drude-based models of metals. Now it comes to our

concerned question: how do metallic nanoparticles with dimensions

below 100 nm respond to the driving EM waves in the optical fre-

quency range?

2.2.1 Near-�eld distribution

When the electrons in the metallic nanoparticles are excited by the

illuminating light, harmonic oscillations will arise from coupling to

the oscillating EM �eld since the conduction electrons in metals are

almost free, like the electrons and ions in a plasma. Meanwhile, an

e�ective restoring force will be supplied to the driven electrons by

the curved surface. As a result, a resonance is formed which leads to a

�eld ampli�cation inside and in the near-�eld area outside the particle.

This resonance is called localized surface plasmon resonance (LSPR),
which is di�erent from the propagating surface plasmon polaritons

at a metal/dielectric interface. The illustration of this oscillation in

plasmonic particles is represented in Figure 2.2 in which showing

17
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the displacement of the conduction electron cloud relative to the

nuclei. Regarding the e�ect and its result of the curved surface, it

can be simply suspected that its resonance frequency and position

should depend on the size, the geometry, the material and also the

surroundings.

+
+
+ +

+
+

-
-
- - -

-

+
+
++

+
+

-
-
---

-

External 
electric 
field

Conduction e- cloud

Nanoparticle 
ionic background

Figure 2.2. Sketch of a dipolar plasmon oscillation in a metallic

nanosphere.

In the following section, we will discuss where these resonances

arise from and how they depend on the parameters of these metallic

nanoparticles. Furthermore, we will brie�y show a sample with a

series of gold nanorods, which is also utilized in this thesis.

We start with the simplest geometry for an analysis: a homoge-

neous sphere with radius a placed in a uniform, static electric �eld

𝐸 = 𝐸0𝒛. The surroudings is dielectric medium with dielectric con-

stant 𝜀 (𝜔). (see Figure 2.3)
Because the nanosphere we are talking about has a size much

smaller than the wavelength of the illuminating light, the phase of

the EM wave over the whole nanosphere is nearly constant at any

18
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z
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ε(ω)

εm

E0

θ

Figure 2.3. Sketch of a gold nanosphere with dielectric constant 𝜀 (𝜔)
placed in an electrostatic �eld.

moment in time. Thus the retardation e�ects can be almost neglected.

In other words, we can take the quasi-static approximation to analyze
the optical response of nanoparticles with sizes below 100 nm.

In the above approximation, the applied �eld therefore can be

regarded as the static 𝐸 = 𝐸0𝒛. Meanwhile, the magnetic �ux density

𝑩 does not change depending on the time and the Faraday’s law 2.3

can be simpli�ed to ∇× 𝑬 = 0. Hence, we can de�ne the electric �eld

𝑬 = − 5𝛷 . Now we need a solution of the Laplace equation 𝛥𝛷 = 0

for the electric potential𝛷 . Due to the azimuthal symmetry in this

case, the solution for the potentials inside𝛷𝑖𝑛 and outside𝛷𝑜𝑢𝑡 the

sphere can be given as:

𝛷𝑖𝑛 (𝑟 ,𝜃 ) =
∞∑︁
𝑙=0

𝐴𝑙𝑟
𝑙𝑃𝑙 (𝑐𝑜𝑠𝜃 ) (2.37)

𝛷𝑜𝑢𝑡 (𝑟 ,𝜃 ) =
∞∑︁
𝑙=0

[𝐵𝑙𝑟 𝑙 +𝐶𝑙𝑟
−(𝑙+1) ]𝑃𝑙 (𝑐𝑜𝑠𝜃 ) (2.38)
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where 𝑃𝑙 (𝑐𝑜𝑠𝜃 ) are the Legendre Polynomials. The coe�cients 𝐴𝑙 ,

𝐵𝑙 and 𝐶𝑙 can be determined from three boundary conditions in the

next step. The �rst one is the boundary condition at in�nity 𝑟 → ∞:

𝛷𝑜𝑢𝑡 → −𝐸0𝑧 = −𝐸0𝑟𝑐𝑜𝑠𝜃 (2.39)

Then they demand the continuity of the tangential components of

the E-�eld and meanwhile the continuity of the normal components

of the displacement �eld:

− 1

𝑎

𝜕𝛷𝑖𝑛

𝜕𝜃

����
𝑟=𝑎

= −1

𝑎

𝜕𝛷𝑜𝑢𝑡

𝜕𝜃

����
𝑟=𝑎

(2.40)

− 𝜀0𝜀
𝜕𝛷𝑖𝑛

𝜕𝜃

����
𝑟=𝑎

= −𝜀0𝜀𝑚
𝜕𝛷𝑜𝑢𝑡

𝜕𝜃

����
𝑟=𝑎

(2.41)

By implementing the boundary conditions, the electric potential

inside and outside the metal sphere can be written as:

𝛷𝑖𝑛 (𝑟 ,𝜃 ) = − 3𝜀𝑚

𝜀 + 2𝜀𝑚
𝐸0𝑟𝑐𝑜𝑠𝜃 (2.42)

𝛷𝑜𝑢𝑡 (𝑟 ,𝜃 ) = −𝐸0𝑟𝑐𝑜𝑠𝜃 +
𝜀 − 𝜀𝑚

𝜀 + 2𝜀𝑚
𝐸0𝑎

3
𝑐𝑜𝑠𝜃

𝑟 2
(2.43)

Interestingly, the potential outside is a superposition of two contri-

butions including the externally applied electric �eld and that one

of a dipole at the center of the particle. The latter term is originally

induced from the surface charge density on the interface of the par-

ticle. Thus, we can rewrite the potential outside by bringing in the

dipole moment 𝑷 as:

𝛷𝑜𝑢𝑡 (𝑟 ,𝜃 ) = −𝐸0𝑟𝑐𝑜𝑠𝜃 +
𝑷 · 𝒓

4𝜋𝜀0𝜀𝑚𝑟
3

(2.44)

with

𝑷 = 4𝜋𝜀0𝜀𝑚𝑎
3
𝜀 − 𝜀𝑚

𝜀 + 2𝜀𝑚
𝐸0 (2.45)

Furthermore, the polarizability 𝛼 can be introduced via 𝑷 = 𝜀0𝜀𝑚𝛼𝑬0:

𝛼 (𝜔) = 4𝜋𝑎3
𝜀 − 𝜀𝑚

𝜀 + 2𝜀𝑚
(2.46)
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Equation 2.46 is the key result of this part. On the one hand, it is

clearly seen that the polarizability 𝛼 is proportional to 𝑎3 and hence

to the volume of the particle. On the other hand, the phase and

absolute value of the polarizability 𝛼 varies as the dielectric function

𝜀𝜔 of the Drude form. It is obvious that the polarizability exhibit a

resonance under the condition of the minimum | 𝜀 + 2𝜀𝑚 | for the case
𝑅𝑒 [𝜀𝜔 ] = 2𝜀𝑚 (Fröhlich condition). In particular, when we consider

the dielectric function in the Drude model, the resonance frequency

𝜔0 of a sphere located in air can be calculated to 𝜔0 = 𝜔𝑝/
√
3. Finally,

we can also see the strong dependence of the resonance frequency

on the dielectric function from the Fröhlich condition.

Now we can return back to the question proposed at the beginning

of this section: how to evaluate the distribution of the electric �eld

from the above results about the potentials.

𝑬𝑖𝑛 =
3𝜀𝑚

𝜀 + 2𝜀𝑚
𝑬0 (2.47)

𝑬𝑜𝑢𝑡 = 𝑬0 +
3𝒆𝒓 (𝒆𝒓 · 𝑷 ) − 𝑷

4𝜋𝜀0𝜀𝑚

1

𝑟 3
(2.48)

As expected, the resonance in 𝛼 leads to a resonant enhancement of

both the inside and outside �elds. This is also the key motivation to

drive a great deal of scienti�c interest in plasmonics. The enhanced

interaction between the metallic nanoparticles and the high sensitiv-

ity of the resonance position dependent on the surroundings makes

them show a big potential for optical devices and sensors.

2.2.2 Far-�eld response

Up to now, we have already discussed the near-�eld optical properties

of the metallic nanoparticles. A metallic particle reacts with the sur-

rounding medium and also the adjacent other nanoparticles through

the near-�eld response. This near-�eld response can be probed via

certain means, like the scanning of near-�eld optical microscopy

(SNOM), electron energy-loss spectroscopy (EELS) and so on. On the
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other hand, metallic nanoparticles also have strong far-�eld responses

dominated by absorption and scattering light (named extinction in

combination). In the quasi-static regime, a metal sphere with small

size (much smaller than wavelength of light) can be regarded as an

ideal dipole in an applied �eld. The radiation of this dipole conducts

the scattering of plane-wave illumination by the sphere.

The problem about the scattering and absorption of a spherical

metallic nanoparticle was �rst solved by Gustav Mie.[51]. This so-

lution allows us to predict the linear response The absorption and

scattering cross-sections can be written as[49]:

𝜎𝑎𝑏𝑠 = 𝑘 · 𝐼𝑚[𝛼 (𝜔)] (2.49)

𝜎𝑠𝑐𝑎 =
𝑘4

6𝜋
| 𝛼 (𝜔) |2 (2.50)

Here, 𝑘 is the wave-vector in the surrounding dielectric medium and

𝛼 is the polarizability determined by equation 2.46. Then we can get

the conclusion that the e�ciency of absorption scales with 𝑎3, while

the e�ciency of scattering is proportional to 𝑎6.

Now,we continuewith another example: the rod-like nanoparticles

with a size still much smaller than the wavelength of the light. The

scattering problem of a small ellipsoidal particle was �rst solved by

Gans.[52] Based on it, the linear polarizability along one certain axes

𝑛(1, 2, 3) is written as:[49, 53]

𝛼𝑛 (𝜔) = 𝑉
𝜀 − 𝜀𝑚

𝑔𝑛 (𝜀 − 𝜀𝑚) + 𝜀𝑚
(2.51)

Here,𝑉 is the volume of the rod-like nanoparticle and 𝑔𝑛 is geometric

factors along the axes of the ellipsoid. Regarding to the case of rod-

like shape, in which the two axes are equal and another one is long

(𝑎 > 𝑏 = 𝑐), the geometrical factors can be written as:

𝑔1 = (1/𝑑2 − 1)
[
(1/2𝑑) ln

(
1 +𝑑
1 −𝑑

)
− 1

]
(2.52)

𝑔2 = 𝑔3 = (1 −𝑔1)/2 (2.53)
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Longitudinal 
Surface 
Plasmon

Transverse 
Surface Plasmon

(a) (b)

(c)

(d)

Figure 2.4. (a) Schematic of longitudinal and transverse surface plasmon

oscillations for a nanorod. (b) A typical measured absorbance spectrum of

a gold nanorod solution.(c) Measured absorbance spectra of gold nanorods

with di�erent aspect ratio, whose corresponding transmission electron

microscope images are presented in (d).

where 𝑑 =
√︁
1 −𝑏2/𝑎2 stands for the eccentricity ratio of the particle,

which is related to the aspect ratio 𝑎/𝑏.

By combining equations 2.51, 2.49, and 2.50, the scattering and ab-

sorption cross-sections for the nanorods can be calculated. It clearly

shows there will be two resonances in the spectrum involving the

electron oscillations along the long axis called the longitudinal sur-

face plamson (LSP) and the one along the short axis called the trans-

verse surface plasmon(TSP), see Figure 2.4(a) and (b). Meanwhile, the
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aspect ratio has a signi�cant e�ect on the LSP resonance but only

slightly in�uence the TSP resonance. The measurement results in

Figure 2.4(c) and 2.4(d) provide clear presentation. Furthermore, a

bigger aspect ratio leads to a larger corss-section as the volume of

the particle increases.

A few things need be noticed here. Firstly, for small particles with

sizes much smaller than the wavelength, one can neglect its scatter-

ing and the measured extinction cross-section is governed by the

absorption cross-section. Relatively, the scattering cross-section 𝜎𝑠𝑐𝑎

will fast become larger than 𝜎𝑎𝑏𝑠 as the particle size increase. Thus

the optical response from a single particle is dominated by scattering.

Secondly, not only the particles’ size but also the surrounding dielec-

tric medium contribute the tuning of the surface plasmon resonance.

All those parameters are considered in our designed hybrid system.

2.3 nonlinear optics

The research interest on nonlinear optics can be traced back to the

advent of the laser. Nonlinear optical processes only can occur when

a large enough amount of photons is con�ned in a small volume. The

ultrafast laser sources with duration from picoseconds to femtosec-

onds made it possible in practice. The temporal interaction between

the laser pulse and the target medium decrease the risk of optically

induced damage. Furthermore, the energy carried by the short pulse

gives rise to high light intensities. Thus, the ultrafast laser sources are

the ideal means to provoke a variety of nonlinear optical phenomena.

Nonlinear optical e�ects are inherently weak since they are gov-

erned by photon-photon interactions enabled by materials. Mean-

while, the phase matching is a critical precondition for a variety of

nonlinear optical processes, for example, the high-order generations,

coherent anti-Stokes Raman scattering, and so on. However, the op-

tical near �eld interacting with matter in metallic nanostrucutres is

just subwavelength scales, where the phase matching is no longer

the su�cient condition for the nonlinear processes. Thus metallic
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nanostructures become proper candidates to boost the nonlinear

processes. In this emerging paradigm of nonlinear optical �eld, the

key parameter to determine the e�ciency of the optical processes

is not the quality of the phase matching between the interacting

optical beams anymore, but the degree of con�nement of the opti-

cal near-�eld and nonlinear optical structures in a nanometer size

volume.

In this section, the basic main theoretical concepts pertaining to

nonlinear optics in metallic nanostrucutres will be introduced. We

start with the explanation of wave interactions and propagation in

bulk nonlinear optical media, which is mostly based on the argumen-

tation in the work of Robert W.Boyd [6], and then continue with

a more detailed discussion of the origins and theory of the nonlin-

ear plasmonics which are nonlinear light-matter interaction in the

sub-wavelength regime. In particular, we will focus on the second

harmonic generation and multiphoton photoluminensce of metal-

lic nanostructures, which is also the main research content in this

thesis. Moreover, the extension of the Lorentz oscillator model to

the nonlinear regime is given, which is important for the research

of resonant optical nonlinearities. This model is used to predict the

second harmonic response from our �ber-plasmon hybrid system

and meanwhile inspires us to reveal the relation between the quality

factor of the system and the SHG intensity experimentally, which

will be introduced in later Chapter 5.

2.3.1 Light-matter interaction in nonlinear media

For a theoretical concepts of nonlinear optics, it is necessary to review

back to the polarization of a medium in the time domain 𝑷 (𝑡), which
was already introduced for the case of a linear optical response in

Equation 2.13. In order to determine the nonlinear optical response
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of a medium, the polarization can be expressed as a power series

expansion in terms of the E-�eld.

𝒑(𝒓 , 𝑡) =𝜀0𝜒 (1) (𝒓 , 𝑡)𝑬 (𝒓 , 𝑡) + 𝜀0𝜒 (2) (𝒓 , 𝑡)𝑬 (𝒓 , 𝑡)2

+ 𝜀0𝜒 (3) (𝒓 , 𝑡)𝑬 (𝒓 , 𝑡)3 +…

(2.54)

where 𝜒 (𝑛) (𝒓 , 𝑡) is the 𝑛th-order optical susceptibility of the bulk ma-

teria, which is in general a (𝑛 + 1)𝑡ℎ rank tensor and 𝜀0 is the vacuum

permittivity. In the case of anisotropic materials, the susceptibility

depends on the crystal structure of the medium. While, in the case

of the isotopic and homogeneous materials, such as noble metals, it

plays a key role in plasmonics and the tensorial character can be ne-

glected when only one tensorial component is of interest. In this case,

the susceptibility can be characterized by scalar quantities. Moreover,

the symmetries of the crystal lattice will leads to the reduction of the

number of nonzero tensorial components.[6] And the higer order

ones are generally dependent on time or frequency.

Based on the power dependence on the electric �eld, the po-

larization above can be divided into linear and nonlinear parts as

𝒑(𝒓 , 𝑡) = 𝒑𝑙 (𝒓 , 𝑡) + 𝒑𝑛𝑙 (𝒓 , 𝑡), where 𝒑𝑙 (𝒓 , 𝑡) = 𝜀0𝜒
(1) (𝒓 , 𝑡)𝑬 (𝒓 , 𝑡) and

𝒑𝑛𝑙 (𝑡) is the sum of the left terms in Equation 2.54.

In order to analyze the second-order response more convenient in

the following part, we specify the second-order polarization here:

𝒑2(𝒓 , 𝑡) = 𝜀0𝜒
(2) (𝒓 , 𝑡)𝑬 (𝒓 , 𝑡)2 (2.55)

Meanwhile, we assume the driving EM �eld consists of the two co-

propagating monochromatic plane waves with central frequencies

𝜔1 and 𝜔2, separately. For convenience, we also assume all �elds are

linearly polarzied in x direction. Hence the incident electric �eld can

be expressed as:

𝑬 (𝒓 , 𝑡) = 𝑬1𝑒
𝑖 (𝒌1 ·𝒓−𝜔1𝑡 ) + 𝑬2𝑒

𝑖 (𝒌2 ·𝒓−𝜔2𝑡 ) + 𝑐𝑐 (2.56)

where 𝒌1 and 𝒌2 are corresponding wave vectors and 𝑐𝑐 stands for the
compplex conjugation, since the electric �eld must be a real quantity.
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2.3 nonlinear optics

By inserting Equation 2.56 into Equation 2.55, the second-order

nonlinear polarization is obtained:

𝒑2(𝒓 , 𝑡) =𝜀0𝜒 (2) (𝒓 , 𝑡) [𝑬2

1
𝑒2𝑖 (𝒌1 ·𝒓−𝜔1𝑡 ) + 𝑬2

2
𝑒2𝑖 (𝒌2 ·𝒓−𝜔2𝑡 )

+ 2𝑬1𝑬2𝑒
𝑖 [ (𝒌1+𝒌2 ) ·𝒓−(𝜔1+𝜔2 )𝑡 ]

+ 2𝑬1𝑬
∗
2
𝑒𝑖 [ (𝒌1−𝒌2 ) ·𝒓−(𝜔1−𝜔2 )𝑡 ] + 𝑐𝑐]

+ 2𝜀0𝜒
(2) (𝒓 , 𝑡) (𝑬1𝑬∗

1
+ 𝑬2𝑬

∗
2
)

(2.57)

In Equation 2.57, a series of important nonlinear processes in the

bulk material are described. We will specify them later. One should

note that strong, coherent nonlinear signals only can be generated

when individual nonlinear sources sum up in phase. Hence, the

phase-matching between two interacting �elds plays a key role for

the frequency conversion in samples with sizes much larger than the

wavelength.

If we rewrite the second-order polarization 𝒑2(𝒓 , 𝑡) as

𝒑2(𝒓 , 𝑡) =
∑
𝑛
𝑷 (2) (𝜔𝑛)𝑒−𝑖𝜔𝑛𝑡 . Then the second-order polariza-

tions in the di�erent nonlinear optical processes in Equation 2.57

can be expressed as :

𝒑2(2𝜔1) = 𝜀0𝜒
(2)𝑬2

1
(2.58)

𝒑2(2𝜔2) = 𝜀0𝜒
(2)𝑬2

2
(2.59)

𝒑2(𝜔1 +𝜔2) = 2𝜀0𝜒
(2)𝑬1𝑬2 (2.60)

𝒑2(𝜔1 −𝜔2) = 2𝜀0𝜒
(2)𝑬1𝑬

∗
2

(2.61)

𝒑2(0) = 2𝜀0𝜒
(2) (𝑬1𝑬∗

1
+ 𝑬2𝑬

∗
2
) (2.62)

The above equations describe the most common second-order

nonlinear optical processes in the bulk materials, namely second

harmonic generation (SHG),[54] sum frequency generation (SFG),

di�erence frequency generation (DFG), which are schematically il-

lustrated in Figure 2.5 and optical recti�cation (OR).

In Figure 2.5, SHG, SFG and DFG are all quanti�ed by the second

order susceptibility as illustrated in Equations 2.58 to 2.61. Di�erent
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Second Harmonic Generation (SHG) Two-Photon Photoluminescence (2PPL)

Electronic 

excited 
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ω1

ω2

ω = ω1 - ω2

Figure 2.5. Energy diagrams for typical nonlinear optical processes in-

cluding the SHG, 2PPL, SFG and DFG from the left to right diagrams,

respectively.

with them, the two-photon absorption is a process related to third

order susceptibility. Although both two photon induced photolu-

minescence (2PPL) and SHG include the process of absorbing two

photons with the same frequency, SHG is a parametric e�ect (co-

herent process), while 2PPL is incoherent process. Although 2PPL is

intrinsically highly spatially resolved. However, similar to harmonic

generations in plasmonic nanostructures, it is also additionally in�u-

enced by local �eld enhancements. Finally, those nonlinear responses
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can be predicted to scale with the excitation intensity when consider-

ing the collective oscillation in localized surface plasmon structures

as an anharmonic oscillation. It will be introduced with the example

of SHG in the following.

2.3.2 Second harmonic generation

Now, we focus our attention mainly on the second harmonic gener-

ation with the susceptibility described in Equation 2.58. Two parts

need to be explained here, namely, the phase-matching condition[55]

and the centrosymmety induced forbidden.[56]

As illustrated in Figure 2.5, SHG is a process involving electrons

getting excited to the conduction band by absorbing two photons

with the same frequency and then relaxing back to the ground state,

emitting a new photon with double the frequency of the absorbed

photons. Obviously, this is a coherent process, thus its generation re-

quires phase-matching conditions, which is momentum conservation

between the fundamental and nonlinear momentum- (k-) vectors. In

other words, the coherent nonlinear response only grow over the

coherence length of the interaction. Other than for the bulk materi-

als, for particles with sizes on the order or smaller than wavelength,

the phase-matching is not important anymore. Instead, the second

harmonic emission from nanostructures depends strongly on their

con�gurations.[40] The nonlinear light is scattered from the metallic

nanoparticles in certain situations allowing for the separation of local

surface and non-local bulk susceptibilities. We will discuss it in the

following content.

It is well-established that the second-order nonlinear processes are

forbidden in centrosymmetric materials within the dipolar approxi-

mation. It can be considered that if the sign of the applied E-�eld is

changed, then the sign of the polarization must also change. However,

when we apply an inverse E-�eld, we obtain:

−𝒑2(2𝜔) = 𝜀0𝜒
(2) (−𝑬) (−𝑬)

= 𝜀0𝜒
(2)𝑬2 = 𝒑2(2𝜔)

(2.63)
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This case can only occurs when −𝒑2(2𝜔) = 0, which demonstrates

that the nonlinear susceptibility 𝜒 (2)
must be zero in centrosymmet-

ric materials. In other words, SHG is not allowed in centrosymmetric

materials within the dipolar approximation. The crystal lattice in

most of metals used in plasmonics retains centrosymmetry properties.

However, the symmetry is broken at the interface between the cen-

trosymmetric medium and its surroundings. Hence, a second-order

nonlinear response can occur at the surfaces of the plasmonic par-

ticles. Moreover, even in symmetric materials, second-order e�ects

also exist when higher-multipole e�ects are considered, in particular,

the magnetic-dipole and electric-quadrupole.

The inferences above can be found and explained in a model,[57]

which is widely used to study the SHG in centrosymmetric media.

In this model, the second-order polarization is composed of two

components. The �rst one is a local polarization as the contribution

of the surface nonlinearity. The second is a nonlocal bulk nonlinear

polarization , which is generated inside the materials and related to

the higher-multiple e�ects mentioned in the last paragraph. They

will be brie�y introduced in the following.

Considering the surface contribution to the second-order response,

we rewrite Equation 2.58 as:

𝒑𝑠
2
(2𝜔1, 𝒓) = 𝜀0𝜒

(2)
𝑠 𝑬2

1
𝛿 (𝒓 − 𝒓𝑠 ) (2.64)

where 𝜒
(2)
𝑠 stands for the surface second-order susceptiblity tensor, 𝒓𝑠

de�nes the surface, the 𝛿 function expresses the surface characteristic

of the second-order polarization. One should notice here that the

�elds in Equation 2.64 are evaluated only side the materials. When

we neglect the surface anisotropy, the nonlinear susceptiblity 𝜒
(2)
𝑠

only has three components, namely 𝜒
(2)
𝑠 ,⊥⊥⊥, 𝜒

(2)
𝑠 ,⊥‖ ‖ 𝜒

(2)
𝑠 ,‖⊥‖ . Here, ⊥

and ‖ mean the direction perpendicular and tangent to the interface,

respectively. In plasmonics, the component 𝜒
(2)
𝑠 ,⊥⊥⊥ is the dominated

one by the magnitude by 1 order.

30



2.3 nonlinear optics

Beyond the electric dipole approximation, the nonlocal bulk non-

linear polarization is also possible. One can write it as:

𝒑𝑏
2
(2𝜔1, 𝒓) =𝛾 5𝑖 [𝑬 (𝜔 , 𝒓)]2 + 𝛿 ′ [𝑬 (𝜔 , 𝒓) · 5]𝑬 (𝜔 , 𝒓)

+ 𝛽 [5 · 𝑬 (𝜔 , 𝒓)]𝑬 (𝜔 , 𝒓) + 𝜁𝑬 (𝜔 , 𝒓) 5 𝑬 (𝜔 , 𝒓)
(2.65)

where 𝛾 , 𝛿 ′ 𝛽 𝜁 are material physical parameters related to the mate-

rial properties describing the magnetic dipole and electric quadrupole

interactions.

Considering the material is homogeneous, the third term in Equa-

tion 2.65 can be neglected. The second term is also usually neglected

in most theoretical models due to the transverse character of the

E-�eld at the fundamental frequency when the plane wave propagate

in the homogeneous materials. Moreover, for the noble metals, the

ratio between 𝛿 ′ and 𝛾 is of the order of the ratio between the damp-

ing frequency and frequency 𝜔 . This ratio can also be neglected at

optical frequencies. The anisotropy parameter 𝜁 in the noble metals

has a nearly negligible value.

In the experiment, it is a big challenge to separate the surface and

bulk contribution to the nonlinear response. However, it is proven

that the bulk contributions are much weaker than the surface con-

tributions.[58] Though the bulk contribution to the second-order

nonlinear response in plasmonics is weak, one must still consider

it together with the surface contribution to describe the nonlinear

plasmonic systems dependence on the experimental conditions. The

fundamental question related to the exact origin of SHG in metallic

nanostructures is still under investigation. The contribution of the

interband and intraband transitions, the enhancement e�ect from the

intrinsic material and extrinsic structure resonances should always

be considered and investigated in both theoretical and experimental

research.

Regarding the enhancement e�ect in the nonlinear response of

the plasmonic strucutres, two mechanisms are generally considered.

The �rst one is that plasmons enhance the incident �eld at the fun-

damental frequency. In this mechanism, special structures which can
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possess strong �eld localization are favorable candidates to boost the

nonlinear response. The second one is that plasmons amplify the non-

linear emission e�ciency, in general, by coupling the nonlinear signal

to radiative localized surface plasmon modes. Both mechanisms are

considered and play key roles in our hybrid systems.

2.3.3 Anharmonic oscillation model

As discussed above, the nonlinear susceptibility is the key to describe

the nonlinear optical e�ect. For the nonlinear optical crystals, the non-

linear optical response is generally far o� their material resonances.

In this case, the nonlinear optical susceptibility can be considered as

frequency-independent. However, the frequency dependence of the

nonlinear susceptibilities will plays an increasingly important role

as the fundamental or nonlinear optical frequency moves closer to

the material resonance.

Consequently, a basic model based on the Lorentz model will be

introduced to determine the frequency-dependent nonlinear suscep-

tibilities for 𝑛𝑡ℎ harmonic generation. The classical Lorentz model

which describes the harmonic oscillation of the nucleus-bounded

electrons in an external E-�eld has been introduced in Section 2.2.

Now, we will consider the case that the external electric �eld strength

is high and induces large displacements of the electrons from the equi-

librium positions. The nonlinear restoring termmust also be included

in the restoring force. Thus we include higher order corrections in

the Taylor series of the restoring (binding) potential 𝑉 (𝑥):

𝑉 (𝑥) = 1

2
𝑚𝑒𝜔

2

0
𝑥2 + 1

3
𝑚𝑒𝑎2𝑥

3 + 1

4
𝑚𝑒𝑎3𝑥

4 +… (2.66)

Here 𝑎𝑛 (𝑛 = 1, 2, 3…) are coe�cients that describe the strength of

the n-th order of the anharmonicities of the potential V. Taking
the negative derivative to the spatial coordinate x, the restoring
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force is delivered and then inserted into the Lorentz model, a driven

anharmonic oscillation is described as:

¥𝑥 (𝑡) +𝛾 ¤𝑥 (𝑡) +𝜔2

0
𝑥 (𝑡) +

∑︁
𝑛>2

𝑎𝑛 [𝑥 (𝑡)]𝑛 = − 𝑒

𝑚𝑒

𝑬0𝑒
𝑖𝜔𝑡

, (2.67)

We will neglect the summation and only consider the �rst non-zero

nonlinear term in Equation 2.67 for convenience in the following.

Unfortunately, we cannot solve the di�erential equation 2.67 analyti-

cally. Instead, we can take a perturbative approach to solve it with a

perturbative ansatz for 𝑥 (𝑡):

𝑥 (𝑡) = 𝑥0(𝑡) + 𝑎𝑛𝑥1(𝑡) + 𝑎2𝑛𝑥2(𝑡) +… (2.68)

Now we insert Equation 2.68 into Equation 2.67 and then divide

the motion equation 2.67 into two according to the order of the

perturbation (zeroth and �rst order):

¥𝑥0(𝑡) +𝛾 ¤𝑥0(𝑡) +𝜔2

0
𝑥0(𝑡) = − 𝑒

𝑚𝑒

𝐸 (𝑡) (2.69)

¥𝑥1(𝑡) +𝛾 ¤𝑥1(𝑡) +𝜔2

0
𝑥1(𝑡) = −[𝑥0(𝑡)]𝑛 (2.70)

The Equation 2.69 is completely equivalent to the motion equation

of the classical Lorentz model introduced in Equation 2.19. Hence,

the solution in the frequency domain of Equation 2.69 is given by:

𝒙0(𝜔) =
𝑒

𝑚𝑒

1

𝜔2 −𝜔2

0
+ 𝑖𝛾𝜔

𝑬 (𝜔) (2.71)

In order to simplify the next steps, we here de�ne a linear response

function:

𝑔(𝜔) = − 1

𝜔2 −𝜔2

0
+ 𝑖𝛾𝜔

(2.72)

In equation 2.25, one can clearly see that this linear response function

is proportional to the linear susceptibility.

Now the solution 2.69 can be written as:

𝒙0(𝜔) =
𝑒

𝑚𝑒

𝑔(𝜔)𝑬 (𝜔) (2.73)
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We assume a uniform monochromatic illumination 𝐸 (𝑡) = 𝐸1𝑒
−𝑖𝜔1𝑡

for simplicity. It can be expressed in the frequency domain in terms

of a delta function 𝐸 (𝜔) = 2𝜋𝐸1𝛿 (𝜔 −𝜔1). Then the solution in 2.73

can rewritten again as:

𝒙0(𝜔) =
𝑒

𝑚𝑒

𝑔(𝜔1)𝐸1𝛿 (𝜔 −𝜔1) (2.74)

corresponding to the time domain solution is given by Fourier trans-

form:

𝒙0(𝑡) =
𝑒

𝑚𝑒

𝑔(𝜔1)𝐸1𝑒−𝑖𝜔1𝑡 (2.75)

Now we can continue to solve the �rst order of perturbation. If we

compare Equations 2.69 and 2.70, they have the same functional

form on the left. on the right part, the zeroth order displacement

𝑥0(𝑡) plays the role of an external �eld. Hence, we can express the

solution for the displacement 𝑥1(𝜔) = −𝑔(𝜔)F [𝑥0(𝑡)𝑛], where F
stands for the Fourier transform. Then we insert 𝑥0(𝑡) into it and

then transform back to the time domain. The displacement 𝑥1(𝑡) is
obtained:

𝒙1(𝑡) = (−1)𝑛 ( 𝑒

𝑚𝑒

)𝑛 [𝑔(𝜔1)]𝑛𝑔(𝑛𝜔1)𝐸𝑛1 · 𝑒−𝑖𝜔1𝑡 (2.76)

According to the relation between the displacement and the polar-

ization, which is analogous to the case of the classical Lorentz model

(see Equations 2.20 2.21 2.22 2.25), we can express the nonlinear

susceptibilities of 𝑛th-order as:

𝑃 (𝑛) (𝑡) = 𝜀0𝜒
(𝑛)𝐸 (𝑡)𝑛 = −𝑒𝑛𝑒𝑎𝑛𝑥1(𝑡)

= (−1)𝑛𝑎𝑛
𝑒𝑛+1

𝑚𝑛
𝑒

[𝑔(𝜔1)]𝑛𝑔(𝑛𝜔1)𝐸 (𝑡)𝑛
(2.77)

Then 𝑛th order nonlinear susceptibility for the 𝑛th harmonic genera-

tion is obtained:

𝜒 (𝑛) (𝜔) = (−1)𝑛𝑎𝑛
𝑒𝑛+1

𝜀0𝑚
𝑛
𝑒

[𝑔(𝜔)]𝑛𝑔(𝑛𝜔) (2.78)

Equation 2.78 is the most important conclusion in this section. It

relates the 𝑛th nonlinear susceptibility 𝜒 (𝑛) (𝜔) to the 𝑛th power of
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the linear response function 𝑔(𝜔). Meanwhile, this linear response

function leads to a response of the generation frequency with 𝑔(𝑛𝜔)
in the nonlinear susceptibility function. Therefore, we can get the

conclusion that the linear optical properties of the medium largely

determine its nonlinear response.

Moreover, this results provide us with critical guidance to model

the resonance shape and even nonlinear frequency of SHG and design

the systems with the high SHG e�ciency. A brief introduction and

derivation of the SHG e�ciency will be given in the following. As

mentioned above, the source term of the nonlinear response is the

plasmon oscillation amplitude 𝑥0(𝑡). And it is directly proportional

to the e�ective electric �eld enhancement in the near �eld of the

plasmonic nano structures.

As mentioned above, the solution 𝑥1(𝜔) can be expressed as

𝑥1(𝜔) = −𝑔(𝜔)F [𝑥0(𝑡)2], where F stands for the Fourier transform.

The macroscopic SH polarization 𝑃𝑆𝐻 (𝜔) is the source term for the

SH and directly proportional to the perturbed solution 𝒙1(𝜔). There-
fore, the SH intensity radiated into the far-�eld can be expressed

as:

𝐼𝑆𝐻 (𝜔) ∼| 𝐸𝑆𝐻 (𝜔) |2∼| 𝜔 · 𝒙1(𝜔) |2 (2.79)

Thus, this anharmonic model can be used to predict not only the

shape of the SH resonance but also the SH intensity. For sure, it is a

purely classical model to do simple prediction while neglecting a lot

of e�ect, which can notbe accounted for by this model. Therefore, it

cannot replace the full quantitative electrodynamic simulations in

certain real systems. However, it gives an intuitive understanding of

themicroscopic origin of the nonlinear optical processes in plasmonic

systems.

Notably, the maximum near-�eld enhancements always take place

at the red-shifted wavelength with respect to its corresponding far-

�eld spectrum due to the damped nature of the plasmon oscillator.

This universal phenomenon is also explained by a driven and damped

harmonic oscillator.[59] As a result, the plasmon oscillation amplitude
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does not peak at the resonance frequency 𝜔0. Instead, the peak is at

a red-shifted near-�eld resonance frequency 𝜔𝑁𝐹 =

√︃
𝜔2

0
− 2𝛾2.

According to the derivation of the 𝑥 (𝜔) in the anharmonic os-

cillator model, the absolute value of the plasmon oscillation ampli-

tude is | 𝑥0(𝜔) |=| 𝑔(𝜔) · 𝐸 (𝜔) |. For continuous illumination with

𝐸 (𝑡) = 𝐸0 · 𝑒−𝑖𝜔𝑡 , we have:

| 𝑥0(𝜔) |=
2𝜋𝑒𝐸0

𝑚

1√︃
(𝜔2 −𝜔2

0
)2 + 4𝛾2𝜔2

(2.80)

Thus, the peak value of the oscillation amplitude at the red-shifted

near-�eld resonance frequency 𝜔𝑁𝐹 should be calculated as:

| 𝑥0(𝜔𝑁𝐹 ) | =
2𝜋𝑒𝐸1

𝑚

1

2𝛾

√︃
𝜔2

0
−𝛾2

' 2𝜋𝑒𝐸1

𝑚

1

2𝛾𝜔0

∼ 1

𝛾𝜔0

(2.81)

Here, we considered 𝛾 � 𝜔0 in plasmonic systems.

Now, we can brie�y conclude on the in�uence factors on the linear

and nonlinear response in this classical model based on the above

derivations. Firstly, the resonance position 𝜔0 in�uences the near-

�eld enhancement. It can be easily understood when the term 𝜔2

0
is

considered as the restoring force in our anharmonic oscillator. The

lower resonance 𝜔0 stands for a smaller restoring force and thus

results in a bigger oscillation amplitude. Secondly, the damping con-

stant 𝛾 largely determine the amplitude of the oscillation, namely,

a long lifetime 𝜏 or a narrow linewidth of the plasmon resonant

corresponding to the smaller damping 𝛾 leading to higher �eld en-

hancements. Finally, the nonlinear e�ect scales with a higher power

of the local near-�eld enhancement. In particular, the SH response

scales with the 4𝑡ℎ power of the plasmon oscillation amplitude 𝑥0(𝑡).
Combining Equations 2.79 and 2.81 and also the relation 𝛾 ' 4𝜔 , we
can clearly see that the SH intensity is proportional to the 4𝑡ℎ power

of the Q factor, which is de�ned by 𝜔/4𝜔 .
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2.4 whispering gallery modes

2.4 whispering gallery modes

Optical cavities plays an important role in modern atomic, molecular,

and optical physics. They are widely used in a great deal of optical

devices, such as lasers, narrow �lters, optical switching, nonlinear

optical devices and also act as powerful tools to enhance the de-

tection sensitivity, nonlinear interactions, and quantum dynamics

in measurements and nonlinear optical experiments.[60–64] Bulk

optical cavities in some applications, however, meet big challenges

caused by their size, alignment and stability problems. In this situa-

tion, the integrated optics approach, particularly the integrated ring

resonators, was proposed to overcome most of these problems.[65]

Another class of miniaturized optical resonators that emerges rapidly

is the dielectric structures having circular symmetry, which sustain

the named whispering gallery modes, that are the main structure

introduced in this chapter.

（a） （b）

Figure 2.6. Photographs of (a) St Paul’s Cathedral in London. (b) Temple

of Heaven in Beijing.

WGMs were �rst discovered in acoustic structures. In some old

buildings, such as the dome of St Paul’s Cathedral in London and

the Temple of Heaven in Beijing (see the photographs in Figure
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2.6), one can found a common characteristic. People can hear at

any point around the gallery with an ear held to the wall when a

whisper against the wall at any other point around the gallery occurs.

John William Strutt (Lord Rayleigh) who observed and studied this

characteristic de�ned it as whispering gallery modes.[66]

Similarly, optical whispering gallery modes take places when light

waves are con�ned in the dielectric microstructures where the refrac-

tive index is greater than that of outside material as a consequence of

internal total re�ection. When the light beam returns to the incoming

point in phase, a standing wave is formed. Figure 2.7 illustrates the

geometrical optics and wave optics representation of a whispering

gallery mode. By con�ning light as WGMs on the cavity interface,

The photon storage time can be very long, i.e. exceeding a microsec-

ond.[67] Based on this, the low threshold optical e�ects such as lasing

and nonlinear wave generation can be realized.[68, 69] Moreover, the

Q factor of these whispering gallery mode resonators can be as high

as several billions.[67] This ability of con�ning light for a signi�cant

long time in a micro-size volume have profound implications for

various areas.[70–75]

（a） （b）

no >  ni

Figure 2.7. (a) Geometrical optics and (b) wave optics representation of a

whispering gallery mode.
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2.4 whispering gallery modes

2.4.1 Basic properties

Whispering gallery mode microcavities as one important category

of microcavities have the advantages of low mode volume, a high
quality factor and a large optical �eld strength which are induced by

the enhanced light-matter iteration. Those properties are of great in-

terest for lasers, quantum optics, optical and RF communications and

sensors.[76, 77] Thus they are extensively studied by researchers. Up

to now, various structures have been designed and investigated for

sustaining whispering gallery modes. They are not limited to spher-

ical.[76, 78] Cylindrical-,[79] toroidal-,[80] bottle-,[81] and bubble-

shaped[82] dielectric resonators have been also explored in abundant

application. Speci�c structures are designed for certain purposes of

applications and research. In order to characterize them, basically,

there are key parameters needed to be considered: quality factor and
resonant position of a whispering gallery mode.

Before we introduce those two parameters, we �rst need to make

it clear that the optical modes of a spherical-like dielectric cavity can

be characterized by a set of four quantum numbers (𝑟 ,𝑚, 𝑙 , 𝑝), where
𝑟 denotes the radial mode order, 𝑙 and𝑚 the angular and azimuthal

mode numbers, and 𝑝 the polarization (TE or TM). Depending on

these mode numbers, the WGM wavelengths vary. For azimuthal

and radial modes, the spatial distribution of the electromagnetic

�eld also depends on the mode numbers as illustrated in Figure 2.8.

In other cases of various shape cavities, the optical modes can be

quite complicated. Moreover, di�erent systems have speci�c coupling

and exciting themes, and there are always defects of geometry and

material presenting during the fabrication process of the cavities. It

is impossible to predict precise parameters including the resonance

positions and Q factors for each whispering gallery resonator. Here,

we only consider the simple analysis for the perfect sphere-shaped

whispering gallery resonators.

Approximated positions of resonances

As one of the important parameters, the resonance position can be

directly measured in theWGMs resonators through excited by proper
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Figure 2.8.Distribution of electric �eld with di�erent azimuthal and radial

mode numbers.[83]

coupling methods. The main coupling methods will be introduced

later in the next subsection. However, in general, the resonant posi-

tion need be predicted in advance in order to design proper systems.

Basically, the methods for predicting the resonance position of whis-

pering gallery modes can be divided into two types: one is an analytic

model based on the classical Mie Scattering theory[84] and the other

one is the computational simulation based on the Finite-Di�erence

Time-Domain (FDTD) or Finite Element Method (FEM).[85] Each

method has advantages and disadvantages and still can be divided

into di�erent categories.
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2.4 whispering gallery modes

Considering the planar graph of a whispering gallery cavity as

shown in Figure 2.7 (a), light is con�ned near the circular bound-

ary of the resonator as a result of the total internal re�ection. The

simple geometric picture shown in Figure 2.7 leads to the concept

of resonances. For large microsphere (diameter is larger than the

wavelength of the light), the trapped ray propagates close to the

surface, and traverses a distance of circumference of the microcavity

in a round trip. If one round trip exactly equals 𝑙 times wavelength

in the medium with the e�ective refractive index 𝑛𝑒 𝑓 𝑓 , then one can

expects a standing wave to occur. The condition can be described

with the following equation:

𝑙𝜆 = 𝐿𝑛𝑒 𝑓 𝑓 (2.82)

However, whispering gallery mode resonators can sustain transverse

electric (TE) modes and transverse magnetic (TM) modes. Thus, cor-

rection term needs be added to Equation 2.82 to deduce more accurate

resonance wavelengths of the cavity. In 1992, the framework of ex-

plicit asymptotic expansion of the characteristics equation in powers

of 𝜈−1/3 was developed by Lam et al. for numerical approximation of

the resonances, where 𝜈 =𝑚 + 1/2.[84] Here, we only consider the

case of 𝑙 =𝑚

𝑛

𝜆𝑟 ,𝑚
=

1

𝜋𝐷
[𝜈 + 2

−1/3𝐴𝑟𝜈
1/3 − 𝑃

(𝑛2 − 1)1/2
+ 3

10
2
−2/3𝐴𝑟

2𝜈−1/3

− 2
−1/3𝑃 (𝑛2 − 2𝑃2/3)

(𝑛2 − 1)3/2
𝐴𝑟𝜈

−2/3 +𝑂 (𝜈−1)],
(2.83)

𝑃 =

{
𝑛 𝑓 𝑜𝑟 𝑇𝐸 𝑚𝑜𝑑𝑒𝑠

1/𝑛 𝑓 𝑜𝑟 𝑇𝑀 𝑚𝑜𝑑𝑒𝑠
(2.84)

where n is the refractive index of the whispering gallery cavity,

𝐴𝑟 is the 𝑟 th zero of the Airy function Ai(-z), 𝐷 is the diameter of

the whispering gallery resonator. Afterwards, some improved mod-

els were developed but still based on the basis of this asymptotic

expansion. These analytic models used in the literature are compar-

atively e�cient to calculate. However, these models all rely on the
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assumption that whispering gallery cavities are perfect spheres with-

out any roughness and that the medium of the structure is totally

homogeneous in terms of the refractive index.

Compared to e�cient analytic models, the Finite-Di�erence Time-

Domain technique (FDTD) is more �exible. It simulates the evolution

of electromagnetic �elds by discretizing a volume into a 3𝐷 spatial

lattice. Then Maxwell’s Equations are used to solve every point on

the lattice, for a �nite amount of time increments. In these models, a

certain geometry and dielectric medium of the whispering gallery

resonators can be de�ned and placed in the discretized volume. FDTD

shows a big advantage with its ability to incorporate e�ects such

as various geometries and material inhomogeneities. It means the

speci�c modes or resonant position can be reliably identi�ed, and

tailored by altering the initial con�guration of the resonator.

In this thesis, regarding the case that only a rough wavelength

position needs to be known and the structure is a complicated coupled

system, the analytic models shown in the Equation 2.83 is picked to

estimate the wavelength position of theWGMs in the pure micro�ber

cavities.

Quality factor

Q-factor is another fundamental parameter that is conventionally

used to quantify the quality of any optical cavities. As mentioned

above, the electromagnetic wave is con�ned in the small volume

as the WGMs. As the result of the minimal re�ection losses and

potentially very lowmaterial absorption, extraordinarily high quality

factor 𝑄 = 𝜆/𝛥𝜆 can be achieved in those microresonators, where

𝜆 is the resonance wavelength and 𝛥𝜆 is the full width at the half

maximum of the resonance. More basic de�nition of Q-factor is

𝑄 = 𝜔𝜏 (2.85)

where 𝜔 is the optical angular frequency of the resonant mode. 𝜏 is

the cavity photon life-time, which means the time e�ectively spent

by the light wave within the cavity on resonance. Q-factor indicates

the energy storage ability of microcavities. It is easily seen that longer
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2.4 whispering gallery modes

resonant lifetime (narrower resonance line-width) corresponds to a

bigger Q factor. In the simplest ideal case where material absorption

is the only loss channel:

𝑄𝑎𝑏𝑠 =
2𝜋𝑛

𝛼𝜆
(2.86)

where 𝑛 and 𝛼 are the refractive index and absorption coe�cient at

wavelength 𝜆, respectively. However, in more general cases, a set of

loss channels need be considered.[85] More comprehensively, the

Q-factor of a microcavity for a speci�c WGM, with optical frequency

:

𝑄−1 =
∑︁
𝑖

𝑄−1
𝑖 (2.87)

where 𝑄 represents a set of surface scattering loss factor 𝑄𝑠𝑐𝑎𝑡𝑡 , ra-

diative loss factor 𝑄𝑟𝑎𝑑 , material absorption loss factor 𝑄𝑚𝑎𝑡 and

contaminant loss factor 𝑄𝑐𝑜𝑛 .

Equation 2.86 already indicates the material absorption loss con-

sidering the linear absorption coe�cient 𝛼 of the material. While,

the refractive index of a dielectric material is given by:

𝑛 = 𝑛̃ + 𝑖𝜅 (2.88)

where 𝜅 is the extinction coe�cient and characterizes the incoming

radiation absorption of a material.

The scattering loss channel is mainly caused by the surface

inhomogeneity-induced Rayleigh scattering during the resonant re-

circulation. The scattering loss factor can be expressed by:

𝑄𝑠𝑐𝑎𝑡𝑡 =
𝜆2𝑅

𝜋2𝜎2
𝑟𝑚𝑠𝐵

(2.89)

where 𝜎𝑟𝑚𝑠 is the root-mean-squared size and 𝐵 is the correlation

length, or the length of inhomogeneity. In order to have a high quality

microcavity, both the size and the length of inhomogeneity need to be

minimized. Meanwhile, one can clearly see that the 𝑄𝑠𝑐𝑎𝑡𝑡 is linearly

related to the cavity radius 𝑅.
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The radiative loss factor 𝑄𝑟𝑎𝑑 is an intrinsic parameter, which is

determined by the curved boundaries of the microcavities. Regarding

to the geometries, light with the certain wavelength experiences less

total internal re�ection during the recirculation in small microcavities

with larger curvature. As a result, the e�ciency of light con�nement

is reduced. In general, the radiative loss factor can be expressed by:

𝑄𝑟𝑎𝑑 =
𝑅𝑒 (𝑘𝑟 ,𝑚)
𝐼𝑚(𝑘𝑟 ,𝑚)

=
1

2
(𝑚 + 1

2
)𝑛 (2𝑝−1)√𝑛2 − 1𝑒2𝑇𝑟 ,𝑚 (2.90)

where

𝑃 =

{
0 for TE modes

1/𝑛 for TM modes

𝑇𝑟 ,𝑚 = (𝑚 + 1

2
) [𝛽𝑟 ,𝑚 − tanh 𝛽𝑟 ,𝑚]

and,

𝛽𝑟 ,𝑚 = cosh
−1{𝑛[1 − ( 1

𝑚 + 1

2

) (𝐴𝑟
3

√︂
2𝑚 + 1

4

+ 𝑛1−2𝑝
√
𝑛2 − 1

)]−1}
(2.91)

where𝑚 is the angular mode number and 𝑟 is radial mode number,

which is illustrated in Figure 2.8.

The Q factor is decided by various elements, not only the morphol-

ogy and dielectric properties, but also some minute characteristics,

such as the surface roughness, material inhomogeneities and so on.

Thus, predicting the Q factor of the microcavities represents a prin-

cipal challenge. There are still two main methods namely analytic

models and FDTD computational tools to predict the quality factors

of WGM resonators. The analytic models generally rely on the as-

sumption that the resonators are perfect spheres without any surface

roughness. Meanwhile, the refractive index of the medium is consis-

tent in the resonators and the total radiated power is collected in a

certain long time. As mentioned above, in the FDTD method, varing
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MicrobubbleMicrosphere Microdisk/microtorus Microfiber

Q ~ 108Q ~ 106Q ~ 1010 Q ~ 101 -105

（a） （b） （c）（d）

Figure 2.9. (a) microsphere,[86, 87] (b) microbubble,[82] (c) microdisk,[80]

(d) micro�ber and their corresponding order of typical high Q-factors.

Figure 2.10. Quality factors of pure micro�bers (black hollow squares for

measured results, green hollow pentagons for calculated results.[88]

of the resonator geometry, refractive index, material inhomogeneities

can be considered and accommodated.

Figure 2.9 shows the images of four basic WGM microresonator

structures and their responding order of typcial quality factors. They

all consist of fused silica. In Figure 2.9(d) a broad range of Q factors

are pointed out on purpose to demonstrate the �exibility of the

micro�bers in various of applications. Themeasured Q factors of pure
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micro�bers with 5 µm and 10 µm and calculated ones with smaller

diameters are shown in Figure 2.10. Compared to the structures

depicted in Figure 2.9(a-c) which are designed to achieve super high-

Q factor in order to realize high-sensitivity sensors, the micro�bers

are much easier to be customized with the certain diameters to get

the desired Q factors for the speci�c aims.

Free spectral range

The free spectral range (FSR) 𝛥𝜆 is the de�nition of the distance

between two adjacent optical modes with angular mode number𝑚

and𝑚 − 1. In a whispering gallery resonator, we have the equation

for the modes with the radial mode number 𝑟 = 1 (fundamental

modes) as following:

2𝑛𝑒 𝑓 𝑓 𝜋𝑅 =𝑚𝜆𝑚 = (𝑚 − 1)𝜆𝑚−1 = (𝑚 − 1) (𝜆𝑚 +𝛥𝜆) (2.92)

where 𝑛𝑒 𝑓 𝑓 is the e�ective index, R is the radius of the whispering

gallery resonator, 𝜆𝑚 and 𝜆𝑚−1 presents the wavlength of two adja-

cent modes. When𝑚 is large, the FSR can be considered as constant

and derived from Equation 2.92:

𝛥𝜆 =
𝜆2𝑚

2𝑛𝑒 𝑓 𝑓 𝜋𝑅
(2.93)

It is clearly seen that whispering gallery resonators with a smaller

radius have bigger FSR, which is also proven in our later measure-

ment.

2.4.2 Fabrication and excitation schemes

As mentioned above, WGM resonators vary a lot in terms of their ge-

ometries. Each of them having its pros and cons. Meanwhile, WGRs

are made from a variety of materials from polymer to diamond.[89,

90] In order to realize certain goals with a given type, three main pa-

rameters must be considered: the expected value of the Q-factor, the
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complexity of fabrication, and the integrability. The most common

materials used to fabricate WGRs is silicon dioxide. And the most

commonly used microresonator structures are spherical microres-

onators. Two main fabrication techniques for glass microspherical

resonators are melting process and sol-gel chemistry.[91, 92] At the

early stage, some melting methodologies such as dropping the melt-

ing glass onto the rotating plate, melting of glass levitated in high

magnetic �elds[93] rotating electric arc melting[94] and microwave

plasma torch melting[95]. With those methods, the microspheres gen-

erally are big and the size of them is quite di�cult to be controlled

precisely.

Now an improved method is developed in which the �ber are

heated until they soften and then are inserted it into the splicer

arm which generates electric arcs to melt the �ber tip to induce the

spherical microcavity.[87] The microspheres can be controlled by

modulating the number of electric arcs. A minimum diameter around

40 µm can be fabricated by this �ber splicing technique. The microres-

onators with several ten or hundreds of µm can sustain WGMs with

Q factors up to 10
8
. Smaller microspheres are generally produced by

a chemical approach such as the sol-gel process mentioned before. It

is a relatively �exible and cheap method and it can even be combined

with the melting process. The typical diameter of those microspheres

are several hundreds nm to several µm.

Besides the spherical structures, the cylindrical, toroidal and mi-

crodisk WGM resonators are the most general types of whispering-

gallery microresonators. The main topic we will discuss in this thesis

is the nonlinear optical response from the coupling system between

the gold nano particles and the micro�bers, which belongs to the

cylindrical WGM microresonators. Those microresonators are easy

to be fabricated. In general, they are fabricated from silica optical

�bers by removing that jacket and pulling with �re. This is also the

fabrication process we used to produce the WGM resonators. It will

be introduced detail in the Chapter 3. By modulating the pulling

strength, the diameters of the �bers and the length of the shoulder

part can be precisely controlled.
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Figure 2.11. Three basic light-coupling methods to excite the WGMs in a

microcavity with the help of (a) a prism, (b) a polished microresonator (c)

an optical �ber.

We introduced the main types of the WGM resonators and fabrica-

tion processes. Now an obvious question arises: how can the WGMs

be e�ciently excited in a micrometer-sized sphere? Namely, how

can the light couple in or out of microresonators e�ciently? Initially,

a free-space laser beam is focused onto the edge of the sphere and

enters it. The result is certainly not good enough. The interaction be-

tween the resonator and laser beam is very small since the scattering

cross section of a microsphere is much smaller than the cross section

of the beam. Exciting the certain high-Q modes of a microsphere

with the free-space beam with very small coupling e�ciency is a big

challenge even in theory. Afterwards, the e�cient coupling method

via the overlap of evanescent �elds is developed. The laser beam is

coupled into the microresonator from an adjacent guiding structure

such as a prism,[85, 96] a polished �ber,[97] an optical �ber,[98, 99]
and so on. A typical 80 − 90% coupling e�ciency can be achieved

with a prism(see the Figure 2.11). While, the coupling e�ciency us-

ing an adiabatic tapered �ber can reach to 99.99%, which is almost

perfect coupling. Those methods are in general used to excited the

WGMs with relatively high-Q factors, for example 10
8
. In this thesis,

a totally di�erent coupling method is used due to the relative low-Q

factors of the coupling system between the gold nanoparticles and

the micro�bers. The localized surface plasmon resonance of a gold

nanoparticle on the surface of a micro�ber is �rstly excited with a
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free-space beam and then the WGMs of the microcavity are excited

by the evanescent �elds from this plasmon resonance.
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3
EXPER IMEN TAL TECHN IQUES

3.1 fiber preparation

Silica miro-/nano�bers have been widely used in a series of inves-

tigations and applications and play a key role in many modern

techonologies, such as sensing, medical, communications and so

on. In 1887, C. V. Boys et al. already reported a way to make sil-

ica �laments from heated-minerals and researched their mechanical

properties.[100] The optical properties and their applications be-

came a hot research topic after almost one century when the optical

waveguide theory was set up completely. Afterwards, the laser- and

�ame-heated method to make thinner �bers from normal �bers are

developed very soon. However, the diameters of �bers fabricated

with those methods are generally in the range from several microme-

ters to several tens micrometers.[101] Still later, L. Tong, G. Brambilla,

M. Sumetsky, J. M. Ward et al. improved the heating sources and

the heating methods in the micro-/nano�bers preparation technique

successively.[102–104] The quality of micro-/nano�bers is improved

gradually. Nowadays, there are di�erent forming technologies to

fabricate silica micro-/ nano�bers according to the di�erent uses.

Except the above method of tapering normal �bers, directly draw-

ing from bulk glasses is another key technique.[105] Based on those

methods, the diameters of silica micro-/nano�bers extends from a

few nanometers to a few micrometers.
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At beginning, tapering �bers to decrease the diameter of an optical

�ber is mainly used to achieve anomalous dispersion at femtosecond

laser wavelengths, which is critical to get solitonic supercontinuum

generation.[106–108] Instead of acting as the wave-guide, the mi-

cro�bers used in this thesis act as the whispering gallery modes

cavities and are fabricated from the single mode �bers (SMF) by a

home-made heating �ber pulling machine. In my case, it is the single

mode �ber SMF-28 manufactured by Corning Inc..

Holders

Heating device

Moving stage

Isopropanol

Padded 

tweezers

Fiber stripper

Figure 3.1. Photos of the �ber pulling machine and equipment needed to

strip and clean optical �bers

The �rst step of preparing the �bers is to remove the protection

polymer coating of the �ber by using a standard �ber optic stripper
(i.e. Clauss, model CFS-2). Then moisturise the piece of �ber without

coating using padded tweezers with isopropanol (CHO). The end of

the cleaning �ber can be �xed to two holders in the �ber pulling

machine. As anothermain component of the pullingmachine, a motor

is used to control the movement of two holders along a moving stage.

In this process, a heating device travels along the �ber axis. A certain

program will give detailed instruction to the motor according to the
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parameters we set, such as the diameter of the tapered �ber, the

length of the pulled waist and so on. A mixture of 30% propane and

70% butane and oxygen running as stable gas �ow provides the �ame.

The temperature distribution of the heating device, the motion of the

heating device with respect to the �ber during the tapering process

and the initial geometry of the normal �ber decide the shape of the

tapered �ber. The setup photo is shown in Figure 3.1.

Waist region (length: 2 cm）

Cladding

Core

125 µm
8.2 µm

diameter: 1-5 µm

Figure 3.2. Sketch of a typical tapered �ber with a waist region (2 cm

length and 1 − 5 µm diameter

Figure 3.2 shows the sketch of a typcial tapered SMF-28 �ber with

an original core diameter of 8.2 µm, a cladding diameter of 125 µm.

The length of waist region varies around 2 cm and the diameter is in

the range of 1 − 5 µm. The coupled cavities is prepared by coating

gold nanoparticles onto the surface of the waist region of the �bers.

3.2 preparation of gold nanoparticles

Gold nanoparticles (AuNPs) have been widely used and provide a

powerful platform in a broad range of applications, such as bionan-

otechnology, biomedical and so on. They have unique physical, stable

chemical properties, and multiple surface functionalities, they espe-

cially show a big potential in enhancing the interaction between

the light and matter. The optical and electronic properties of AuNPs

can be adjusted by changing their size, shape, surface chemistry and

aggregation state. A wide array of solution based approaches has

been developed in the past few decades to control them.[109–115] The
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synthesis method developed fast after Turkevich et al. created AuNPs

in 1951 by treating hydrogen tetrachloroaurate (HAuCl4) with citric

acid in boiling water.[116] This section will introduce the main prepa-

ration and puri�cation process of single-crystalline AuNPs used in

this thesis as following:

Chemicals: Chloroauric acid trihydrate (HAuCl4·3H2O), sodium

borohydride (NaBH4), silver nitrate (AgNO), trisodium citrate (TSC),

cetyltrimethylammonium chloride (CTAC), L-ascorbic acid (AA)

and hydroquinone (HQ) were all purchased from Sigma-Aldrich.

Cetyltrimethylammonium bromide (CTAB) was obtained from Alfa

Aesar. Ammonia solution (NH2O) was ordered from E. Merck (Ger-

many). Hydrogen peroxide solution (H2O2) was purchased from Al-

addin Chemical (China). All chemicals were used without further

puri�cation. Deionized (DI) water (Direct-Q@5UV, Millipore) with

a resistivity of 18.2 MΩ cm was used throughout the experiments.

Tetrachloropalladic acid (H2PdCl4) solution was prepared by dissolv-

ing palladium dichloride(PdCl2) (0.07 g, 0.2 mmol) in HCl solution

(4 mL, 0.2 M), followed by dilution with deionized water (200 mL).

Preparation of the Au Nanorods: Single-crystalline gold nano-

rods used in this thesis were synthesized using an alternative seed-

mediated method by exchanging the reducing agent with an ex-

cess of hydroquinone[117, 118] First, NaBH4 solution(600 Μl, 0.01 M)

was quickly added into CTAB solution (mixed solution composed of

43.4 µL of a 0.11518 MHAuCl4 and 5 Ml water) while forced stirring.

2 min stirring results in a browning yellow solution as seed solution.

Then it was kept at room temperature at least 30 minutes until usage.

The solution composed of AgNO (5 Ml, 0.1 M) and HAuCl4 (4.341 Ml,

0.11518 M) were added to an aqueous CTAB solution (dissolving

36.45g CTAB into 1000 Ml of puri�ed water). At least 5 min later, HQ

solution (50 Ml, 0.1 M) was added while stirring. After 2 min, the

seed solution (24 Ml) was then added. The resultant solution was

kept at 32 ℃ for 48 h.

Puri�cation of the Au Nanorods: CTAC (11.34 g, 0.0354 mol)

was dissolved in puri�ed water (88 ml) in a graduated cylinder. The as-

prepared gold nanorods solution (140 ml) was centrifuged for 30 min
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at 8500 rcf to reduce the volume to 12 ml. The resulting gold nanorods

dispersion was then added to the CTAC solution (CTAC: 0.354 M,

CTAB: 0.012 M). The colloidal solution was kept 21 h. Then 95 Ml

of the supernatant was decanted. The remaining solution (5 ML)

was diluted with Milli-Q water (CTAC: 0.177 M, CTAB:0.006 M).

After 24 h, by carefully removing the brown supernatant, the brown

sediment was left for the further use.

Preparation of the Au Nanobipyramids: The Au nanobipyra-

mids (NBPs) were grown using the seed-mediated growth method,

as reported in the previous works.[119, 120] Speci�cally, the seed

solution was prepared by adding a freshly prepared, ice-cold NaBH4

solution (150 µL, 0.01 M) into an aqueous solution composed of DI

water (9.625 mL), HAuCl4 (125 µL, 0.01 M) and TSC (250 µL, 0.01 M).

The resultant seed solution was stirred for 30 s and then left undis-

turbed at 35℃ for 2 h before further use. The growth solution was

prepared through the sequential addition of HAuCl4 (2 mL, 0.01 M),

AgNO (400 µL, 0.01 M), HCl (800 µL, 1 M), and AA (320 µL, 0.1 M)

into an aqueous CTAB solution (40 mL, 0.1 M). The seed solution

(50 µL) was then added into the growth solution, followed by inver-

sion mixing for 5 s. The resultant solution was kept undisturbed at

35℃ for 6 h.

Puri�cation of the Au Nanobipyramids: The as-prepared Au

NBP solution (40 mL, longitudinal plasmon wavelength: 950 nm, ex-

tinction value at the longitudinal plasmon peak: 4) was centrifuged

at 5500 rpm for 10 min and redispersed in a CTAC solution (30 mL,

0.08M). AgNO (8mL, 0.01M) andAA (4mL, 0.1M)were subsequently

added into the CTAC-stabilized Au NBP solution under gentle shak-

ing. The resultant solution was kept at 60°C for 6 h, during which Ag

was overgrown on the Au nanocrystals to produce bimetallic Au/Ag

products. The Au/Ag products were then centrifuged at 5000 rpm

for 10 min and redispersed in CTAB (30 mL, 0.05 M). The solution

was left undisturbed at 35℃ overnight, during which the Au/Ag het-

eronanorods agglomerated and precipitated to the bottom of the

container, while the polyhedral Au/Ag nanoparticles remained in the
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 3.3. Representative transmission electron microscope images

of gold nanorods (a-d), gold nanobipyramids (e,f) and gold nanobipyra-

mid@palladium bimetallic nanostructures.
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supernatant. The Au/Ag heteronanorods were redispersed in DI wa-

ter (20 mL) and subsequently mixed with NH·𝐻 2O (400 µL, 30 wt%)

and H2O2 (300 µL, 0.1 M) and kept for 4 h. During this process, the

Ag segments were gradually etched away. The clear supernatant was

carefully taken out. The resultant pure Au NBPs were separated by

centrifugation (5500 rpm, 10 min) and redispersed in DI water for

further use.

Preparation of the Au NBP@Pd Bimetallic Nanostructures:

The starting Au NBPs were grown according to a reported procedure

as demonstrated above.[121] The Au NBP@Pd nanostructures were

prepared according to a previous report with slight modi�cation.[121]

Speci�cally, the Au NBP solution (20 mL, longitudinal plasmon wave-

length: 950 nm, extinction value at the longitudinal plasmon peak: 3)

was centrifuged at 5500 rpm for 10 min and redispersed into CTAB

solution (0.03 M) at the same volume. H2PdCl4 (30 µL, 0.01 M) and L-

ascorbic acid (15 µL, 0.1 M) were subsequently added into the Au NBP

solution under gentle shaking. The resultant solution was kept undis-

turbed at 35℃ overnight. The resultant Au NBP@Pd nanostructures

were separated by centrifugation (5000 rpm, 10 min) and redispersed

in deionized water for further use. Figure 3.4 presents the electron

microscope images of the Au NBP@Pd Bimetallic Nanostructures on

the substrate.

Figure 3.4. Scanning electron microscope images of gold nanobipyra-

mid@palladium bimetallic nanostrucures.
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3.3 preparation of hybrid plasmon-fiber cavities

So far, the preparation of the micro�ber and gold nanoparticles as two

components of the hybrid cavities has been introduced in Section

3.1 and 3.2. Now we can continue to prepare the hybrid cavities.

Figure 3.6 and 3.7 presents the scanning electron microscope images

of hybrid plasmon-�ber cavities with di�erent situations. Figure 3.5

demonstrates the basic preparation procedure:

Supernatant 

(removed)

Sythesized

AuNP

solution

AuNP pellet

Centrifugation 

(6000 rpm,15 min)
Sonication 

(1 min)

Distilled 

water

Immersion in 

ethanol 

solution (1 min)

Drop coating

Drying in the 

air or on the 

hotplate

Figure 3.5. Preparation procedure of plasmon-�ber cavities.
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• If the synthesized AuNPs solution is found with a lot of crystal-

like particles after a long time storing, putting the bottle of

solution into a water bath and keep the temperature at 40
o
C

until the crystals disappear.

• Centrifuging 100 µL synthesized AuNPs solution at a speed of

6000 rpm for 15 minutes.

• Removing the supernatant after the centrifugation in the last

step carefully. In fact, the supernatant can be transferred to

a vial and further centrifuged to recover some AuNPs. If it is

found there are too many impurities (mostly CTAB or CTAC)

left on the surface of micro�bers in the later preparation pro-

cedure(this case is shown in Figure 3.7(c) and (d)), a second

round of centrifugation can be processed. Basically, operating

the second round as the �rst one is enough to get the pure

particles.

• Dispersing the centrifuged AuNP pellets into 500 µL distilled

water and shaking in a ultrasonic cleaner for 1 min.

The volume of synthesized AuNPs solution and the distilled

water used to dilute the centrifuged AuNP pellets can be ad-

justed according to the speci�c piece of synthesized AuNPs

solution (gold nanorods, gold nanobipyramids or gold bipyra-

mids@palladium nanoparticles). If the sample is diluted too

much, it will be quite di�cult to �nd a proper hybrid cavity.

On the other hand, if they are not diluted enough, too many

particles gathering or staying too closed to each other is also

dissatisfactory for the measurements. (see Figure 3.6(a) and (b)

and 3.7(c-e))

• Drop coating onto the surface of micro�bers prepared from

the Section refsec:Micro�ber tapering. Drying in air or on a

hot plate.

• Immersing the dried micro�ber into the ethanol solution for 1

minute to remove extra CTAB or CTAC.
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（a）

（f）

（d）

（e）

（c）

（b）

Figure 3.6. Representative scanning electron microscope images of �ber-

coupled gold nanorods.
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（a）

（f）

（d）

（e）

（c）

（b）

Figure 3.7. Representative scanning electron microscope images of �ber-

coupled Au NBP@Pd nanostructures.
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3.4 microspectroscopy

If we retrospect on the long history of studying single metal particles

in physical science, it can date back to the turn of the last century

when Zsigmondy and coworkers developed the dark-�eld immersion

microscope.[122] This microscope made it possible to estimate the

size of single metal particles by observing and even counting them in

a liquid. Besides this, it also can be used to study the kinetics of the

coagulation of particles, the structure of various of heterogeneous

systems. Those abilities make dark-�eld microscopy widely used in

materials and biological sciences. This technique has been rediscov-

ered and developed in the past decade to study single metal particles.

By combining an imaging monochromator and a charge-coupled

devive (CCD) camera with a dark-�eld microscope, the Rayleigh scat-

tering spectra from single metal particles are readily measured.[123]

The Schultz and Feldmann groups �rstly reported the spectroscopy

of single metal particles.[123–125] They succeed to determine how

the frequency of the localized surface plasmon resonance depends

on silver particles’ shape and size.

Afterwards, microspectroscopy which is the combination of mi-

croscopic with spectroscopic measurement methods became an es-

sential technique to study single metallic particles. There are various

components from light source to detectors for performing microspec-

troscopic measurement. The proper components should be picked

for the certain systems and the di�erent research aims.

Basically, the microscope includes the microscope objective, the

eyepiece, illumination sources, and a host of other components. The

microscope objective is complexly composed by a set of lenses and

used to generate an image of a tiny area of a sample in the front

of the objective. Three factors of their characteristics need be con-

sidered regarding to the investigated system in an experiment: the
magni�cation, the numerical aperture (NA), and the working distance.
The magni�cation de�nes how large a spatial feature occurs in the

image plane. The numerical aperture is a measure of its ability to
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gather light and resolve �ne specimen detail at a �xed object dis-

tance, hence decide the resolution of imaging. The working distance
is �xed by the objective and is mainly decided by the NA and the

size of the objective front lens. In general, there is no direct in�uence

on the performance of the objective based on the working distance.

However, it limits the available space between the sample and the

objective and indeed should be considered in the experiment.

Illumination within a microscope is as important as selecting the

proper objectives. It is crucial to choose the correct illumination to

get a conclusive results regarding di�erent objects of study. There are

wide variety of light sources and illumination paths available. Most

basically, one can distinct them as re�ected and transmitted light

depending also on whether it is re�ected from or passes through the

sample. Now, both can be used simultaneously. In this case, the mi-

croscope is divided into two types: upright and inverted microscope

depending on the geometry of the microscope itself. Furthermore,

regarding the microspectroscopy, there is another important distinc-

tion namely dark-�eld and bright-�eld. There is a big di�erence in

regards to the collection of light. In the dark-�eld illumination, only

scattered light is collected, in contrast to both transmitted and re-
�ected light being collected in the bright-�eld illumination. Particles

on the substrate appear as bright, di�raction-limited spots on a dark

background. Hence, the dark-�eld is the good option to observe the

isolated metal particles.

So far, the basic illuminationmethods used inmicroscopes is brie�y

introduced. However, we use a speci�c side-illumination instead of

the traditional one. It is mainly decided by the optical properties of

our studied systems. A side-illumination, which is always along the

direction of the long axis of micro�bers, is utilized to avoid overly

strong scattering light from the �ber itself (see Figure 3.8). A similar

side-illuminated microscopy is also introduced in other studies.[126]

Figure 3.8 shows the setup used in the measurements of the �ber-

coupled gold nanorods. For the linear measurement, an incoherent

white-light source (Energetiq Laser-Driven Light Source EQ-99) is

collimated to the sample with an incident angle of around 30 degrees.
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(a)

White light

Microfiber

Au nanorod

Imaging

WGM

Spectroscopy

Objective

Beam splitter

Ti:Sapphire 
laser

Imaging

Spectroscopy

Objective

Beam splitter

Filter

Lens

Microfiber

Au nanorod

WGM

λ/2 
plate

(b)

Figure 3.8. Schematic dark-�eld setup for white light scattering (a) and

nonlinear spectroscopy(b) with separate illumination path.

To excite the nonlinear response of the hybrid systems, a mode-lock

Ti:sapphire laser which allows wavelength tuning in the range of

780 − 855 nm is employed. Its pulse duration is 100 fs at 80 MHz

repetition rate. A half wave plate is used to ensure the illumination

light is s-polarized, which is parallel to the lab table. An achromatic

lens of 75 mm focal length is added before the sample to focus laser

beam onto the sample.

In later measurements of the �ber-coupled gold NBPs, an improved

illumination system is developed to control the white light and laser

source (see Figure 3.9. In this illumination system, dismounting and

re-�xing the di�erent excitation source is unnecessary. By a �ipped

mirror shown as the dashed outline in the set-up �gure, the illumi-

nation can be easily switched from white light source to the laser

source. Meanwhile, the incident angle and focus condition stay the

same during the switching process. Two threaded iris are added in

the excitation path to keep the same size of the focus spot between

the white light and laser source. A neutral density �lter is used to

implement the excitation laser power dependent measurement.
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Lens
Au Nanoparticles

Ti:Sapphire 
laser

λ/2 
plate

Mirror

Flipped 
mirror

Filter
(neutral 
density)

White light

՜
𝑬
𝑺

Figure 3.9. Schematic dark-�eld setup for white light scattering and non-

linear spectroscopy with improved illumination system in which the white

light source and excitation laser source can be switched easily when keep-

ing the same incident case. The schematic diagram of the coupling system

between isolated Au nanoparticles and optical micro�bers are shown in the

red dashed frame. The incident light is s-polarized.

The other part of the microspectroscopy setup is a grating spec-

trometer. The performance and spectral resolution concerned most

are in�uenced by a number of parameters, including the width of the

entrance slit in microscope image plane, the grating parameters, the

size and the pixel columns numbers of the 2D detector, and so on.

In our microspectroscopy setup, a grating monochrometer (Prince-

ton Instruments IsoPlane 160, 300 lines/mm, 300 nm blaze) and 2D

Peltier-cooled CCD detector (Princeton Instruments PIXIS 256) com-

bined with an upright microscope (Nikon LV100) are used as shown

in Figure 3.10. A short-pass �lter (FGB37, Thorlabs) is inserted before

detectors to �lter out the intensely scattered laser. A Nikon TU plan

ELWD 50x, NA 0.6 and a Nikon TU Plan Fluor ELWD 60x, NA 0.7 ob-

jective are respectively utilized to collect scattered and emitted light

under side-illumination in speci�c experiment. It will be speci�ed

in each measurement. A photograph of the our microspectroscopy

setup is shown in Figure 3.10.
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CCD 

camera

Motorized 

(x,y) stage

Upright

microscope

Grating 

spectrometer 

(VIS)
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system

Figure 3.10. Photograph of the microspectroscopy setup based on a Nikon

Eclipse LV100 uprightmicroscope and a Princeton Instruments IsoPlane-160

monochromator used.
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4
PLASMON - F I B ER H YBR ID CAV I T I E S

As mentioned in chapter 2, the metallic nanoparticles can con�ne

light into the subwavelength bene�tting from the localized surface
plasmon resonance. However, their plasmon life is generally short and

the resonance line-width is broad due to large damping losses. The

full width at half-maximum (FWHM) is typically hundreds nanome-

ters resulting in a very low quality factor. While the microcavities

have a big advantage in the tunable and high quality factor. In this

chapter, a new coupled system between plasmonic particles and

�ber microcavities is described. We investigate both the linear and

nonlinear optical properties of those hybrid cavities, including the

second-harmonic response and multiphoton photoluminenscence.

This chapter are mostly based on the following publications:

Q. Ai, L. Gui, D. Paone, B. Metzger, M. Mayer, K. Weber, A.Fery,

H. Giessen,

"Ultranarrow Second-Harmonic Resonances in Hybrid

Plasmon-Fiber Cavities",

Nano Letters 18(9), 5576-5582 (2018),
DOI 10.1021/acs.nanolett.8b02005.

Q. Ai, H. Zhang, J. Wang, and H. Giessen,

"Multiphoton Photoluminescence in Hybrid Plasmon-Fiber

Cavities with Au and Au@Pd Nanobipyramids: Two-Photon

versus Four-Photon processes and rapid quenching",

ACS Photonics 8(7), 2088–2094 (2021),
DOI 10.1021/acsphotonics.1c00470.
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plasmon-fiber hybrid cavities

4.1 introduction

Experiments with femtosecond lasers and resonant plasmonic

systems yielded e�cient nonlinear e�ects such as second- and

third-harmonic generation (SHG and THG),[127–131] four-wave

mixing,[132, 133] ultrafast optical switching,[134] and multiphoton

photoluminescence (MPPL)[135–139] from very small volumes

beyond the di�raction limit, opening the door for nonlinear photonic

devices on the nanometer scale.

Until now, the power of the generated nonlinear light in nano-

structures is still very weak. Several approaches have been applied

in order to promote the conversion e�ciency. One prominent way

is to combine other highly nonlinear materials such as semiconduc-

tors,[140, 141] polymers,[142, 143] dielectrics,[144] etc., in which the

plasmonic structures are usually resonant at the excitation wave-

length. Another method is using multiresonance designs. It will be

introduced more detailed in Chapter 5. The nonlinear conversion

e�ciency can be boosted further. However, near-�eld enhancement

using the former two methods is still limited, mainly due to large

damping losses from the metallic particles.

On the theory side, an anharmonic oscillator model has been suc-

cessfully exploited to provide instructive connections between linear

and nonlinear properties of a plasmonic system,[44, 128, 130] in which

the linewidth ∆ω of the linear resonance plays a key role in nonlin-

ear yield. Intuitively, a narrow linewidth, which indicates a higher

quality factor Q of the resonance, allows for light-matter interaction

over a longer time period, and also implies insigni�cant damping

channels which bring bene�t to strong near-�eld enhancement. The

anharmonic oscillator model is able to predict a nonlinear signal

that is superlinearly proportional to the inverse of the resonance

linewidth[44, 46] (e.g, for SHG, the nonlinear e�ciency scales to 1/
∆ω

4
if the plasmon resonance matches the fundamental frequency),

which paves exciting avenues for highly e�cient nonlinear optical

processes at the nanoscale.
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So far, di�erent approaches have been used to decrease the

linewidth of plasmonic resonances. One way is to tailor the aspect

ratio towards very elongated rods.[125, 145, 146] Another way is

to choose high-quality single-crystalline materials, which reduces

damping by scattering at grain boundaries.[147] Still, the typical

linewidths of single plasmonic rod antennas are around 50 nm.

Coupled systems with dark modes in plasmonic dimers,[148, 149]

trimers,[150] or oligomers[141, 151] are capable to exhibit very sharp

and narrow linewidths due to the inhibited radiative losses. In con-

trast to electromagnetically-induced-transparency (EIT)-type cou-

pling,[152] in which through destructive interference the transmis-

sion is enhanced and therefore weak light-matter interaction oc-

curs, electromagnetically-induced-absorption (EIA)- type coupling

enables enhanced absorption of light by constructive interference

of the coupled resonances in the materials. Previous attempts[153,

154] achieved linewidths as small as several nanometers, and in-

deed succeeded in enhanced light-matter interaction for example in

magneto-plasmonics.[155]

Meanwhile, nonlinear photoluminescence, especially two-photon

photoluminescence [156–158] of noble metallic nanostructures is also

attracting increasing attention because of existent and potential appli-

cations in the areas of theranostic biomarkers,[159] bioimaging,[137]

and so on. Multiphoton-induced luminescence from noble metals

and its enhancement on roughened surfaces have �rst been reported

in the pioneering experiments of Boyd in 1986.[160] Thereafter, gold

nanoparticles became one of the most promising photostable and

non-blinking single optical biomarkers due to their large extinction

cross sections, while the two-photon absorbing process provides

the possibility for local heating.[161, 162] However, when compared

to the investigations about coherent nonlinear processes, such as

second- and third-harmonic generation, research about MPPL from

isolated gold nanoantennas is still quite rare, and some more anal-

ysis is necessary to fully understand and utilize this process. It is
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mainly limited by its low quantum e�ciency. Particularly, higher-

order photoluminescence requires even larger peak intensities and

local �elds.

On the other hand, photoluminescence quite often overlaps with

the coherent optical response of the nanoantenna systems in non-

linear spectra, for example in second- or third-harmonic generation

processes.[161, 163, 164] In this case, controlling and modifying the

PL process is required for applications. A comprehensive knowledge

of the MPPL characteristics and full understanding of the mech-

anisms are the preconditions of the desired precise control. It is

already well known that 2PPL can be enhanced by a strong local

�eld.[165–167] Our research will o�er strong support for this con-

clusion. Three-photon absorption from single gold nanoantennas

has been reported.[168] 4PPL has been observed from resonant gold

dipole antennas.[169] The dynamics of MPPL has been investigated

in gold nanostructures.[136, 170] The two- and multi-photon photo-

luminescence in gold nanoparticles with di�erent shapes and sizes

have also been described in numerous publications.[171–174] How-

ever, there is still no clear idea on how to modify them in a controlled

manner. In addition, knowledge of the spectral and polarization char-

acteristics of MPPL is essential for the control of plasmonic proper-

ties.

4.2 linear optical properties

The localized surface plasmons of the bare plasmonic nanoparticles

on the silica substrate and the linear optical properties of the hybrid

resonances are �rstly investigated. In this section, we will focus on

unraveling how the parameters in both systems (bare gold nano

particles and �ber-plasmon hybrid cavities) decide the resonance

linear properties such as resonant positions and linewidth of the

scattering spectra. Regarding to the clear studying and understand-

ing of LSPR in the metal nanopartilces,[10, 110, 175–179] we will just

brie�y present two batches of gold nanorods with di�erent aspect
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ratio. Besides that, we will introduce a particular geometry nanopar-

ticles, namely nanobipyramids. The larger blue-shift of the resonant

wavelength is discovered by growing thicker palladium shell onto

the gold nanobipyramids. All those particles will be used to study

the nonlinear optical response in the plamson-�ber hybrid cavities.

Meanwhile, the in�uence of the incident angle of the excitation light

is also discussed. At last, the enhancement e�ect and prolonging

life time from the coupling with the micro�ber cavity are presented

by comparing the scattering spectra between gold nanorods on the

substrate and the �ber-coupled gold nanorods.

4.2.1 Plasmon resonance of gold nanoparticles
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Figure 4.1. The schematic absorbance spectra of a solution of gold nano-

rods with an aspect radio about 3 (a) and 5 (b). Corresponding TEM images

are shown in the inset �gures.

The plasmon resonance of gold nano particles, especially gold

nanorods has been investigated a lot and it is well known that the

longitudinal localized surface plasmon resonance red shifts as the

aspect ratio increases. Figure 4.1 demonstrates this characteristic.

After those gold nanoparticles are coated onto a silica substrate, the

resonance blue shifts as shown in Figure 4.8(a) which shows the
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plasmon-fiber hybrid cavities

scattering spectrum of one gold nanorod from the solution measured

in Figure 4.1(b). This shift is caused by the change of surrounding

dielectric material.

(a) (b) (c)

(d)

100 nm 100 nm 100 nm

Figure 4.2. (a) SEM image of gold nano bipyramids particles. (b,c) SEM

images of the gold nanobipyramid core@Pd shell bimetallic nanostructures.

(d) Their corresponding extinction spectra.

Figure 4.2 shows another structure investigated in this thesis,

namely bipyramid nanoparticles. Those geometries are supposed to

obtain more e�cient coupling with micro�bers considering the sharp

tips. The gold nanobipyramid core@Pd hell bimetallic nanostructures
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4.2 linear optical properties

depicted in Figure 4.2(b) and 4.2(c) are utilized to investigate and

realize the quenching e�ect of MPPL.

4.2.2 Coupled resonance of plasmon-�ber cavities

SHG + MPPL

Excitation

(a)

(b)

(c)

(d)

Figure 4.3. (a) The schematic diagram of the plasmon-�ber cavities. (b)

SEM image of the coupling system between an isolated gold nanobipyramid

particle and an optical micro�ber. (c,d) SEM images of the coupling systems

between gold nanorods and micro�bers

The basic idea of the plasmon-�ber cavities is using gold nanopar-

ticles as an optical antenna to intercept and concentrate the incident

electromagnetic energy by localized plasmon resonance and then

utilizing the �ber as a microcavity to con�ne the light inside and

enhance the interaction between the light and nanoparticles by whis-

pering gallery modes. The schematic diagram of the coupling system

between an gold nanorods and an opticla micro�ber is shown in
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Figure 4.3(a). Other coupling systems used to investigate the multi-

photon photoluminescence and enhanced second harmonic genera-

tion in the next chapter are similar. The gold nanorods are simply

replaced by gold nano bipyramids. Figure 4.3(b-d) show scanning

electron microscopy images of these coupling particles.

In the coupling systems, several main factors including the size of

gold nano particles, the diameter of the micro�bers, the orientation

and position of the particles on the surface of the �bers in�uence the

coupling strength, thus induce the resonances with di�erent Q factors.

Regarding the drop-coating method used to achieve the coupling

cavities, we are not able to control the orientation and position of

the particles on the surface of �bers. While, the diameters of �bers

and the sizes of gold nanoparticles can be designed and controlled.

In the later linear scattering spectroscopy, the setup in Figure3.8 (a)

in Chapter 3 is utilized.

Figure 4.4 illustrates the scattering spectra of coupled systems in

which the nanoparticles are from the same gold nanorods solution,

while the diameters of micro�bers varying from 10 µm to 1.5 µm.

As the diameter decreases, the coupling strength between plasmon

modes of gold nanorods and the WGMs of micro�bers increases.

Those peaks in the scattering spectra are coupled resonant modes.

Their wavelength position is di�erent from the WGMs of the mi-

cro�ber, however, their mode number still can be determined by

Airy theory introduced in Chapter 2. For example, the mode in the

Figure 4.4(c) can be considered as TM7 as it closed to the position

of this mode in the Airy calculated result. Then one can determine

the number 7 mode is e�ciently coupled to the �ber with a diameter

around 1.5 µm.

On the other hand, the wavelength range of the coupled resonance

is also determined by the plasmon modes of gold nano particles.

Hence, e�cient coupling between plasmon modes and WGMs which

supports a high Q factor at a certain wavelength can be obtained by

tailoring the diameter of micro�bers and aspect ratio of gold nano-

rods. In other words, the resonant wavelength of the hybrid systems

is tunable by adjusting the size parameters. Figure 4.5 illustrates
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4.2 linear optical properties

Figure 4.4. Scattering spectra of coupled system with di�erent micro�ber

diamters, The diameters are 10 µm in (a), 5 µm in (b) and 1.5 µm in (c),

respectively.
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some typical single-band narrow scattering spectra with di�erent

resonance positions in the range of 700 nm to 900 nm. The plas-

mon mode of gold nanorods in aqueous solution exhibits resonances

ranging from 873 nm to 1138 nm. It shifts to shorter wavelengths

when deposited onto glass substrates or �bers, leaving the upper half

exposed to air. The diameters of di�erent tapered �bers are varied

from 1.5 µm to 1.9 µm.

Figure 4.5. Scattering spectra of coupled systems with di�erent gold nano-

rod aspect ratios and micro�ber diameters. The insets show representative

transmission electronmicroscope images of gold nanorods. Scale bar: 50 nm.
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4.2 linear optical properties

Based on the prediction of modes and Airy theory, the typical cou-

pling systems are designed with a certain size of gold nanoparticles

and micro�bers for each experiment, based on the di�erent research

purposes and experimental conditions. The speci�c parameters will

be illustrated in any necessary case.

Figure 4.6. Linear scattering spectra from a gold nanorod on the surface

of a micro�ber at di�erent incident angles as illustrated by the inset.

The resonance positions of localized surface plasmon modes in

metallic nanoparticle systems are usually sensitive to excitation

schemes, which is probably due to phase retardation. It holds true

also in our coupled systems. Our experimental results suggest that

varying the incident angle causes di�erent resonance wavelengths,

linewidths, and scattering intensities. As Figure 4.6 indicates, tun-

ing the incident angle α from 15
𝑜
to 20

𝑜
results in red-shifting and

narrowing of the resonance for one hybrid cavity. For di�erent gold
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nanorods on the �ber surface, we also �nd that the optimum inci-

dent angle which leads to the narrowest resonance linewidth and the

highest scattering intensity is slightly di�erent. This di�erence might

be attributed to the varying conditions of the coupled systems, espe-

cially the orientation of the gold nanorods deposited on the tapered

�bers.
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Figure 4.7. Imaging of the scattering light from gold nanorods on the sub-

strate (a) and �ber-coupld ones (b) recorded by camera. (c) Linear scattering

spectra from gold nanorods on the substrate and the surface of a micro�ber

under the same incident condition.

Figure 4.5 already present us the e�cient coupling systems be-

tween gold nanorods with the di�erent aspect ratio and the mi-

cro�bers with the di�erent diameter. It is nicely seen that the

linewidth of their scattering spectra are all quite narrow, thus corre-

sponds to a high quality factor. It is naturally supposed to possess

the higher peak intensity of scattering. Figure 4.7 gives direct and
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4.3 second harmonic generation

strong basic proof. The spectra of the gold nanorods on the sub-

strate and the surface of micro�bers are taken under totally same

incident condition. Compared to the gold nanorod on the substrate

where no coupling e�ect occurs, the one on the micro�ber with a

diameter around 1.55 µm is several tens times enchant in terms of

the scattering peak intensity. It proves that our explanation about

the enhanced interaction between light and material in the coupling

system is correct and logical.

4.3 second harmonic generation

In the anharmonic model introduced in Section 2.3 of Chapter 2, we

have already obtained the conclusion that the nonlinear e�ect scales

with a higher power of the local near-�eld enhancement. Especially,

the SH intensity is predicted to be proportional to the 4𝑡ℎ power of

the quality factor. Thus, the strong SHG response can be expected

due to the narrow linewidth and big intensity of the hybrid mode

in the plasmon-�ber cavity. In this section, we will mainly study

the properties of second harmonic responses in the hybrid systems

by implementing the wavelength-dependent nonlinear spectroscopy

and modeling the corresponding SH resonances with the hybrid

anharmonic oscillation model.

4.3.1 Enhanced second harmonic generation

In the Section 4.1, we have come to the conclusion that the small

linewidth of the linear scattering resonance should induce a nar-

row SH resonance. Moreover, the high-Q system can bring us high

nonlinear e�ciencies. In order to verify it, we carry out a series

of measurement as described in next paragraphs. As a result, an

ultranarrow SH resonance with high intensity is achieved in the

plasmon-�ber cavities.

To demonstrate the extreme narrowing of the linewidth bene�ted

from the e�cient coupling between plasmon and whispering gallery
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modes, we compare the linear and nonlinear results from a single

gold nanorod coupled to a silica tapered �ber with another uncoupled

rod on a silica substrate. To ensure exactly the same experimental

conditions (such as focus, illumination angle, etc.) for both systems,

we drop coat part of the gold nanorods solution right next to the

micro�ber onto the glass slide which held the �ber (diameter of about

1.80 µm).

(a) (b)

(c) (d)
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Figure 4.8. (a) Measured scattering and (b) nonlinear emission spectra

of a single gold rod on a silica substrate surface. (c) Measured scattering

and (d) nonlinear emission spectra of a single gold rod on a tapered �ber

surface.

Figures 4.8(a) and 4.8(c) depict the linear scattering spectra of the

uncoupled and coupled systems respectively. In stark contrast to

the bare gold nanorod situation where scattering exhibits a FWHM

of the spectrum on the order of 100 nm, the plasmon-�ber coupled

con�guration leads to a dramatic narrowing of the linewidth to
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4.3 second harmonic generation

3.8 nm around 840 nm wavelength and simultaneously o�ers more

than 10-fold enhancement in the peak scattering intensity.

For the nonlinear characterization, the setup in Figure 3.8(b) in

Chapter 3 is utilized. The excitation laser wavelength is chosen to

coincide with the spectral position where peak scattering occurs.

Due to the unknown orientation of the individual gold nanorod,

a half wave-plate is used to adjust the state of polarization of the

illumination light.

By rotating the half waveplate and recording the nonlinear yield,

we �nd the optimum irradiation condition for exciting the plasmon

mode which led to maximum nonlinear light generation (see Figure

4.8(b)). The nonlinear spectrum of the isolated gold nanorod features

a very weak SHG peak at about 420 nm together with a more pro-

nounced and broader multiphoton photoluminescence background

ranging from 400 nm beyond 700 nm. The SHG peak intensity on

the top of the MPPL background is 0.35 counts per second, assuming

incoherent superposition of SHG and MPPL spectra. In comparison,

the coupled system yields much stronger nonlinear emission at the

same excitation power (see Figure 4.8(d)).

The sharp SHG peak possesses a FWHM width of about 3 nm and

yields an SHG intensity of 360 counts per second, three orders of

magnitude stronger than that from the isolated gold nanorod alone

in Figure 4.8(b). In addition, the plasmon-�ber coupling contributes

to two orders of magnitude enhancement of the MPPL yield as well.

It is interesting to see that the broad MPPL spectrum is regularly

modulated by several whispering gallery modes located in the corre-

sponding spectral window, which causes slight fringes while absent

in the isolated gold nanorod situation. In both systems, the peaks of

the MPPL spectra which are located at around 520 nm are dominated

mainly by the band structure of gold. The entire pro�le of MPPL is

determined by the single-crystalline gold nanoparticle[138] and our

experimental setup, for instance, the short-pass �lter before our de-

tector. According to the similar nonlinear emission pro�les from both

uncoupled and coupled systems, we believe that it is gold which acts

as our e�cient nonlinear source for frequency up-conversion. Also,
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it is worth noting that the 1000-fold enhancement of SHG scattering

is a moderate value, since some uncoupled gold nanorods produced

nearly undetectable SHG signals.

4.3.2 Second harmonic spectroscopy and modelling

In order to study the wavelength dependent SHG e�ciency and

characterize the second-harmonic resonances, we tune the center

wavelength of our excitation laser over the linear resonances step by

step. In the case of the linear resonance at 832 nm as shown in Figure

4.9(a), the excitation laser source is tuned from 812 nm to 850 nm. In

the linear scattering wavelength range, the scattered laser spectra

are shown in Figure 4.9(b). Their responding nonlinear emission

are demonstrated in Figure 4.9(c). Only some ones with relevant

high intensity are plotted here, while, others are absent because of

weakness. For every spectrum, we analyze the SHG peak intensity

and then plotting it as a function of excitation wavelength. In such

a way, an ultranarrow second-harmonic resonances of a coupled

system is achieved. More parameter details will be given again in

the next paragraph (the system shown in Figure 4.9 is the same

with the Figure 4.10(a) and (b)). Here, it is more emphasized to show

the experiment order and therefore to explain how to get the SH

resonances, which is essential for the later experiment.

For better comparison, we choose two hybrid cavities which ex-

hibit di�erent linewidths as well as distinct resonance wavelengths.

Figures 4.10(a) and 4.10(c) show the linear scattering spectra (red

curves, normalized to [0, 1]) from two gold nanorods coated onto the

surface of tapered �bers with diameters around 1.78 µm and 1.80 µm,

respectively. The FWHM 𝛥𝜆 of the single-band scattering is equal to

3.3 nm and 4.3 nm, which corresponds to a high Q factor 𝑙𝑎𝑚𝑏𝑑/𝛥𝜆
of 250 and 190, respectively. The resonances 𝜆 are located at 832.3 nm

and 829.2 nm. Here, more e�cient coupling between plasmon and

WGMs causes a higher signal-to-noise ratio, and hence several tiny

peaks arising from other WGMs are easily visible in the background,

as opposed to Figure 4.8(c).
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d)

Figure 4.9. (a) Measured scattering, (b) laser scattered spectra, (c) nolinear

emission spectra and (d) SH resonance of a single gold nanorod on the

surface of a tapered �ber.

By sweeping the laser wavelength, we get a series of nonlinear

emission spectra in which SHG and MPPL features are both observ-

able (see the insets in Figures 4.10(b) and 4.10(d) for exemplary results,

all normalized to the same incident power and exposure time). Similar

to Figure 4.8(b), the linewidth of the SHG peak is again roughly 3 nm,

although a slight dependence on the excitation wavelength is present

which ranges between half the linear resonance linewidth and half

the laser spectral width. The SHG peak position is also determined

by the interplay between linear properties of the system and the

excitation laser (see Figure 4.11).

For every spectrum, we analyze the SHG peak intensity by sub-

tracting the MPPL baseline and then dividing it by the product of

laser power squared and exposure time. After plotting it as a function
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4.3 second harmonic generation

of excitation wavelength, the nonlinear spectroscopy gives rise to ul-

tranarrow second-harmonic resonances of the two coupled systems,

as depicted by the red squares in Figures 4.10(b) and 4.10(d) (nor-

malized again to [0, 1], for convenient comparison with our model

shown later). The linewidths of the nonlinear resonances are 6.4 nm

and 7.5 nm respectively if calculated at the fundamental wavelength,

which lies between the value for the width of the linear resonance

and our excitation laser linewidth (about 9 nm). Furthermore, it is

apparent that the maximum SHG e�ciency occurs almost at the

wavelength of the linear resonance.

In order to analyze the relationship between the linear and non-

linear optical responses from these hybrid cavities, we employ a

coupled anharmonic oscillator model in which the plasmon mode (P
subscript) and the WGM (W subscript) are treated as two classical

oscillators. The equations of motion considering a small perturbation

as the origin of SHG read then

¥𝑥𝑃 + 2𝛾𝑃 ¤𝑥𝑃 +𝜔2

𝑃𝑥𝑃 −𝜅𝑥𝑊 + 𝑎𝑃𝑥2𝑃 = − 𝑒

𝑚
𝐸 (𝑡 ) , (4.1)

¥𝑥𝑊 + 2𝛾𝑊 ¤𝑥𝑊 +𝜔2

𝑊 𝑥𝑊 −𝜅𝑥𝑃 + 𝑎𝑊 𝑥2𝑊 = 0, (4.2)

where 𝑥 𝑗 denotes the displacement, 𝛾 𝑗 represents the damping

constant that is proportional to the linewidth of the mode, 𝜔 𝑗 corre-

sponds to the resonance frequency of an unperturbed oscillator, 𝜅 is

the coupling constant addressing energy interchange between these

two modes, and 𝑎 𝑗 describes the SHG strength ( 𝑗 = 𝑃 or𝑊 ). 𝑒 and𝑚

are the charge and the mass of the oscillator corresponding to the

plasmon mode.

Solving the equations in the unperturbed situation by means

of Fourier transform leads to scattering which is propor-

tional to | 𝑔𝑃

1 −𝛾2𝑔𝑃𝑔𝑊
|2, where the linear response function

𝑔 𝑗 =
1

𝜔2

𝑗
−𝜔2 − 2𝑖𝛾 𝑗𝜔

( 𝑗 = 𝑃 or 𝑊 ). By �tting our measured

scattering spectra of the hybrid systems with this expression, the

constant parameters 𝛾 𝑗 , 𝜔 𝑗 , and 𝜅 can be extracted. The blue curves
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in Figures 4.10(a) and 4.10(c) depict the excellent �tting results,

which re�ects the good applicability of our model here. In particular,

it is able to reproduce the asymmetrical pro�les of the scattering

spectra on the edge (see more results in Figure 4.5) which stem from

Fano-like coupling between plasmon and WGMs.

Based on the ansatz 𝑥𝑃 (𝑡) = 𝑥
(1)
𝑃

(𝑡) + 𝑎𝑃𝑥
(2)
𝑃

(𝑡), the second

correction term oscillating at the SHG frequency is described by

𝑥
(2)
𝑃

(2𝜔) ∝ FT[𝑥 (1)
𝑃

(𝑡)]2 in frequency domain, where FT denotes

Fourier transform. Here we neglect the linear response function 𝑔𝑃

at the SHG frequency since it is spectrally �at and small for our gold

nanorods which show no resonance at the harmonic frequency.

In addition, we assume that the nonlinear emission we observe

experimentally mainly stems from the single gold nanorod, rather

than from the micro�ber. On the one hand, linear simulation enables

the prediction of a much higher near-�eld in the vicinity of the gold

nanorod than along the micro�ber.[88] On the other hand, gold is

considered a highly nonlinear material in general, while fused silica

possesses vanishing second-order susceptibilities owing to inversion

symmetry. Even if the microscopic symmetry is broken, for instance

by placing the gold rod on the surface, the nonlinearity from fused

silica should still be veryweak. One indirect proof is that one observes

highly e�cient MPPL mainly related to the band structure of gold in

all of our nonlinear emission spectra). Indeed, this assumption works

quite well, as one can see from the excellent agreement between

the SHG measurement and the results predicted by our nonlinear

oscillator model (denoted by blue curves).

Fitting parameters in the anharmonic oscillator model for two

hybrid systems in Figure 4.10 is depicted in Table 4.1. Note that

in our model we use an ultrashort optical pulse with FWHM of

100 fs in accordance with the experimental laser source. This way,

the second-harmonic resonances show broader linewidths than the

linear counterparts, since they involve convolution e�ects arising

from the broader spectral width of the excitation laser. Therefore,

the linewidths of our SHG resonances are limited by our laser source

at this moment.
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4.3 second harmonic generation

Our model suggests that it is possible to achieve a nonlinear reso-

nance as narrow as that in the linear regime as long as the excitation

laser exhibits a narrower optical spectrum than the resonance itself

(all considered at fundamental wavelength). The nonlinear oscillator

model is also able to predict the much higher nonlinear conversion

e�ciency from the coupled cavity with higher Q factor in Figure

4.10(a) when compared to that with the lower Q factor in Figure

4.10(c). Indeed, as shown by the insets of Figures 4.10(b) and 4.10(d),

the hybrid plasmon-�ber cavity with narrower linewidth and higher

Q factor enables stronger nonlinear emission experimentally. It con-

�rms once more the advantage of our coupling system which leads

to less radiative losses.

 

𝜔𝑃(Hz) 𝛾𝑃(Hz) 𝜔𝑊(Hz) 𝛾𝑊(Hz)   𝜅 (Hz2) 

2.37E+15 1.02E+14 2.25E+15 1.77E+13 (2.18E+29)𝑒𝑖(−1.430) 

2.27E+15 6.87E+13 2.28E+15 2.25E+13 (2.12E+29)𝑒𝑖(−1.469) 

Table 4.1. Fitting parameters in the anharmonic oscillator model for two

hybrid systems in Figure 4.10.

In order to demonstrate the SHG e�ciency dependence on the

excitation wavelength, a series of scattered laser spectra, as well

as the second-harmonic emission spectra (with the MPPL baseline

subtracted) are presented in Figures 4.11(a) and 4.11(b). All these re-

sults are the measurement from the hybrid cavity shown in Figures

4.10(a) and 4.10(b). Its linear resonance is located at 832.3 nm. We

tune the laser center wavelength from 810 nm to 850 nm with 4 nm

step size. The scattered laser spectra and corresponding second har-

monic emission spectra with the same incident laser are recorded

simultaneously (shown in the same colours in Figures 4.11(a) and

4.11(b)). They are normalized to the same incident power and ex-

posure time. When the excitation wavelength is far away from the

linear resonance, scattered laser spectra have only one peak with
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lower intensity near the excitation wavelength position (see black

curve in Figure 4.11(a)). Meanwhile, no SHG signal is detectable (see

black curve in Figure4.11(b)). As the excitation wavelength is tuned

closer to the resonance position, another peak near the resonance

appears and grows fast (see sky blue, pink, dark blue and red curves

in Figure 4.11(a)).

SCATTERED LASER SPECTRA SECOND-HARMONIC EMISSION
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Figure 4.11. (a) and (c) are the measured scattered laser spectra, while

(b) and (d) are their corresponding second harmonic emission (the spectra

with the same excitation wavelength are shown in the same colour in a-d)

Accordingly, the SH emission has the same trend (see correspond-

ing sky blue, pink, dark blue and red curves in Figure 4.11(b)). When

we continue to shift the laser spectrum towards longer wavelengths,

the intensity of both the scattered laser and SH spectra decreases
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4.4 multiphoton photoluminenscence

gradually until they vanish (see green, orange, and purple curves

in Figures 4.11(a) and 4.11(b)). The wavelengths of the SH emission

are nearly half of the corresponding scattered laser spectra (it is

half the wavelength of the dominating peak close to the hybrid reso-

nance when there are two peaks in the scattered laser spectra). The

linewidths of those main peaks in scattered laser spectra are roughly

6 nm. The corresponding SH emission has around 3 nm linewidth,

which is smaller than half the linewidth of the fundamental laser1,

giving an additional hint of the ultranarrow linear resonance of our

hybrid system. Figures 4.11(c) and 4.11(d) show the corresponding

model results which predict similar features of the scattered laser

spectra and second-harmonic emission as a function of the excitation

wavelength when compared with our measurement including the

overall shape and peak position.

There still is some discrepancy in terms of the linewidth mismatch.

We suppose that such a disagreement is related to di�erent illumina-

tion conditions for laser excitation and white light excitation. The

linear scattering was measured by using an unfocused white light

source. In Figure 4.11(a) and 4.11(b), a focused laser source was utilized,

which might change the optical response of the hybrid system (highly

sensitive to illumination condition as shown in Figure 4.6). Our model

also employs the extracted parameters by �tting the measured linear

scattering.

4.4 multiphoton photoluminenscence

When the SHG process was investigated in the hybrid plasmon-

�ber cavities composed of the micro�bers and gold nanorods, strong

MPPL background was observed in the nonlinear response spectra.

Through carrying out the spectrally resolved analysis of the non-

linear order, an e�cient MPPL emission with nonlinear order up to

6 is determined. Interestingly, we �nd that the MPPL emission of

the �ber coupled gold NBPs presents the di�erent properties. Par-

ticularly, there are two distinguished peaks including. In order to

determine and understand those PL processes, we implement the
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excitation power dependent measurement and investigate the po-

larization characteristic of the PL emission as well. Based on the

experimental results and several representative studies about the

MPPL, a complete and convincing scheme of the MPPL process in

those �ber-gold NBPs coupled systems is obtained. Moreover, the

quenching e�ect of 4PPL is successfully realized by �ber-coupled

gold core and palladium shell bipyramid nanostructures. This process

is supposed to take place when the electron transfer from gold to

palladium takes place.

4.4.1 MPPL from the �ber-coupled gold nanorods

When we compare the SHG peak and MPPL peak carefully in all the

insets of Figures 4.10(b) and 4.10(d), it is interesting to see that the

intensity ratio between them is sensitive to the excitation wavelength.

It implies that the two nonlinear optical processes might originate

from di�erent nonlinear orders.

Figure 4.12. Nonlinear emission spectra of a �ber-coupled gold nanorod

under the di�erent excitation power.
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To fully determine the two nonlinear processes, we measure a

series of nonlinear emission spectra as a function of excitation laser

power from 330 mW to 600 mW, for a typical coupled system (shown

in Figure 4.12). The incident laser is �xed at 828 nm which matches

the resonance of the plasmon-�ber cavity.

By assuming again incoherent interplay between SHG and MPPL,

we are able to plot SHG peak intensity and MPPL integrated intensity

(area of the MPPL envelope from 380 nm to 700 nm) in dependence

of the excitation power. The results are plotted in Figure 4.13(a) on

double logarithmic scale (red squares and open circles, respectively).

The measurement results are then �tted by a linear function, where

the �tted slope represents the nonlinear order. The red and black

solid curves exhibit excellent �tting for SHG and MPPL, where the

SHG process is con�rmed by the slope of 2, while MPPL seems to

involve cascaded absorption of higher photon numbers (slope of

nearly 5).

In order to gain more insight on the MPPL process, we evaluate the

MPPL intensity at each emission wavelength as a function of the laser

power so that a spectrally resolved analysis of the excitation power

dependence can be achieved (see Figure 4.13(b)). Despite increasing

�tting error on both edges (near 450 nm and 650 nm) due to the

limitation of our setup, the nonlinear order shows a clear trend of

monotonic decrease towards longer emission wavelength. The slope

changes from roughly 6.1 to 4.5 from 450 nm to 650 nm, leading to

an average nonlinear order of about 5. To demonstrate our reliable

�tting, data points at four selected emission wavelengths are given

in Figure 4.13(c) in detail (marked by A, B, C, and D), where excellent

linear �tting is con�rmed by solid curves.

Similar phenomena of high-nonlinear-order MPPL sensitive to

emission wavelength have recently been reported by V. Knittel et

al.[139] A hot electron bath out of equilibrium can be created when

the material interacts with intense ultrashort pulses and hence the

exponential tail of the Fermi-Dirac distribution generates the high-

energy photoluminescence with an e�ectively higher nonlinear or-

der.[137, 139] Additionally, it has been found that the MPPL order is
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A B C D
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(b)
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Figure 4.13. Power dependence of the nonlinear emission obtained from

a gold nanorod on a tapered �ber. (a)Peak intensity of SHG and integrated

intensity of multiphoton photoluminescence in dependence on excitation

power. Excellent linear �tting at log-log scale shows anticipated power-law

of the nonlinear responses. (b) Nonlinear order of MPPL as a function of

emission wavelength. The vertical lines (A, B, C, and D) mark spectral

positions where the measurements and �ts of the power dependence are

shown in (c). The experimental data points in (c) are denoted by symbols,

while the solid lines in this double-logarithmic graph show the linear �ts

determining the nonlinear order plotted in (b).
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sensitively dependent on the pump laser properties as well.[136, 169]

Its spectral shape is related to the geometry and crystallinity of the

gold nanoparticles.[137, 180, 181] In our hybrid systems, the MPPL

yield can be similarly high or even much stronger compared to SHG

scattering, when the excitation laser hits the resonance perfectly

(also see the insets of Figures 4.10(b) and (d)). Such an e�cient MPPL

emission with nonlinear order up to 6 is very rare in single gold

nanoparticle systems reported so far and might also bene�t from the

large nonlinearities of our hybrid cavities.

4.4.2 MPPL from the �ber-coupled gold nanobipyramids

Very interestingly, when we measure the nonlinear responses from

the �ber-coupled gold nanobipyramids, the MPPL spectra shows the

di�erent features with two distinguished peaks when compared the

�ber-coupled gold nanorods in Section 4.4.1. It proves that the MPPL

processes also depend on the morphology. How the size and geome-

try in�uence the MPPL processes is another complicated question.

Here, basically, we should �rst determine the certain PL processes

corresponding to two peaks at the di�erent spectral range.

Figure 4.14(a) and 4.14(b) depict the linear and nonlinear scattering

spectra of an isolated gold NBP on the tapered �ber surface. Besides

the narrow second harmonic peak, two peaks on the broad lumi-

nescence background can clearly be seen in the nonlinear spectrum.

Considering these two distinguished peaks showing up, a representa-

tive multiple peak Lorentz �tting for the luminescence back ground

in the wavelength range between 425 − 680 nm is depicted as green

curve (cumulative �tting) in Figure Figure 4.14(b). It shows excellent

match with the measurement result. In addition, two spectra centered

at 520 nm and 360 nm generated from the �tting results are shown

as red and black curves in Figure 4.14(b). They could be considered

arising from two di�erent PL processes.

In order to determine which PL process takes place at what spectral

position, we measured and recorded a series of nonlinear emission
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Au NBP

Figure 4.14. (a) Measured scattering and (b) nonlinear emission spectra

of a single gold nanobipyramid particle on a tapered �ber surface. The red

and black curves in (b) show the results of multiple (two) peaks Lorentz

�tting for the broad PL emission spectra (blue curve) in the range from

425 nm to 600 nm. The cumulative �tting result (light green curve) �ts the

measurement spectrum excellent. (c) Integrated intensity of multiphoton

photoluminescence centered at 525 nm and 600 nm in dependence on the

excitation power. Excellent linear �tting at log-log scale shows anticipated

power-law of the nonlinear responses.
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spectra excited with laser powers from 140 mW to 190 mW. Mean-

while, in this measurement, the incident laser wavelength is �xed at

830 nm to match the linear resonance of the coupled system. After

applying the multi-peak Lorentz �tting to all the measured nonlin-

ear emission spectra above in the same wavelength range, we are

able to plot integrated intensities of these two peaks as a function

of the excitation power on a double logarithmic scale. The results

are displayed in Figure 4.14(c) as red open circles and black squares

while the linear �tting of them are depicted as red and black lines.

The slope of �tting lines gives the nonlinear order, namely 2.25 for

the PL centered at 600 nm and 3.96 for that at 525 nm. Therefore,

we can conclude that the PL process at shorter wavelengths range

is mainly dominated by 4PPL, while that one at longer wavelength

range is mainly 2PPL.

Compared to the method used in section 4.4.1 and some other

studies[138], in particular spectrally resolved analysis of the nonlinear

order, this analysis combined with the multiple peak Lorentz �tting is

more appropriate for the case of two PL peaks arises in the nonlinear

response spectra. It provides us with most precise information about

the nonlinear PL process. Considering the multi-peak Lorentz �tting

is carried out in the wavelength range from 425 nm to 680 nm to

exclude the SHG e�ect, the nonlinear order is possibly in�uenced

somehow by the missing part in the shorter wavelength range. In

addition, there might be a competition between the 2-photon and

4-photon processes to make a bigger value than 2 for the PL centered

at 600 nm.

In order to investigate the polarization characteristics of the PL

emission, a polarizer is placed in front of the spectrometer and utilized

to perform the emission polarization analysis. As mentioned before,

considering the side-illumination and the random orientation of the

gold NBPs on the �ber surface, the excitation polarization parallel to

the optical table is generated and rotated by a half-wave plate.

Figure 4.15 indicates the dependence of the nonlinear emission

intensity on the polarizations of the emitted photons. Unexpectedly,

the polarization characteristics of the PL centered at about 525 nm
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Figure 4.15. (a) Measured nonlinear polarized emission spectra. Inset

�gure shows the typical two peaks Lorenz �tting for each nonlinear emis-

sion spectrum in the range from 425 nm to 680 nm. (b) Polar plots of the

�tted PL area centered at 525 nm (blue curve) and 600 nm (red curve) as

a function of angle 𝜃 . The dashed black curve shows a 𝑐𝑜𝑠 (2𝜃 ) function
that is characteristic for linearly polarized dipolar emission.(c)Polar plots

of normalized linear scattering and second harmonic generation intensity

as a function of the angle 𝜃 .
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and 600 nm turn out to be di�erent. In the case of the mixed two

PL processes, multiple peak Lorentz �tting is still essential for the

precise analysis of polarization characteristics. The inset �gure in

Figure 4.15(a) is a typical �tted result. The upper �gure inside indicates

the angle 𝜃 of the polarizer related to the long axis of �ber. After

the multiple peak Lorentz �tting is applied to all the 𝜃 -dependent

nonlinear emission spectra in the wavelength range from 425 nm

to 680 nm, the polar plots of the intensity of �tted PL integrated

area as a function of angle 𝜃 are displayed in Figure 4.15(b). It proves

unambiguously that the 4PPL centered at 525 nm (blue triangles)

exhibits de�nite random polarization, while the 2PPL centered at

600 nm (red dots) shows an almost perfect linear polarization along

a certain direction, which is the same as that of the linear scattering

emission (Figure 4.15(c)). This direction is supposed to be along the

long axis of the gold NBP. The black dashed line in Figure 4.15(b) is

a theoretical linearly polarized dipolar-emission generated from a

𝑐𝑜𝑠2𝜃 function. It perfectly matches with our measurement results.

In order to con�rm the supposed linear resonance enhanced 2PPL

process, measurement results from another coupled gold NBP are

shown in Figure 4.16. A similar linear resonance with narrow line-

width around 5 nm is obtained as shown in Figure 4.16(a). Di�erent

from before, instead of the wavelength position of the main peak, we

�xed the laser wavelength at 842 nm, at the position of the smaller

peak. In this case, a weak 2PPL is detected. Figure 4.16(b) depicts

the complete nonlinear response in the visible range. In order to get

a stark contrast, the excitation power dependent measurement is

taken as well. Through observing any single one of those spectra

carefully, one can easily �nd that the weaker 2PPL makes the PL

emission to be a mixed envelope without two distinct peaks. With it,

the conclusion is con�rmed again that the polarized 2PPL is strongly

enhanced by the linear resonance, while the random polarized 4PPL

is more determined by the crystalline structure of gold NBPs.

Regarding to the di�erent relative intensity between PL at shorter

wavelengths and longer wavelengths, the shape of nonlinear spec-

trum varies in the di�erent coupled particles. Meanwhile, it makes
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Au

Figure 4.16. (a) and nonlinear emission spectra excited by increasing laser

power (b) from another coupled gold NBP. (c) Polar plots of linear scattering,

second harmonic generation and PL peak at 512 and 588 nm intensities as

a function of the angle 𝜃 .

the visible peaks located at slightly di�erent wavelength position.

The polarization characteristics of the linear scattering, the PL at

512 nm, the PL at 588 nm and the second harmonic generation are
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depicted by the polar plots in Figure 4.16(c). In details, the linear

scattering, the second harmonic generation and the PL at 588 nm

contain the linear polarization along the same direction. On the other

hand, the PL at 512 nm shows almost random polarization. All those

characteristics are consistent with the results from the sample in

Figure 4.15. It proves the reproducibility of our experiment. It is also

worth mentioning that all the measurement conditions during the

linear and nonlinear measurement processes are the same with those

that are utilized to measure the sample in Figure 4.15.
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Figure 4.17. (a) Sketch of the MPPL process within the gold band struc-

ture near the X and L symmetry point (2PPL near the X symmetry point

and 4PPL near the L symmetry point). (b) Schematic structure of the gold

nanobipyramids. (c) Measured polarized MPPL spectra with maximum and

minimum intensity (red curve: 𝜃 = 135
𝑜
, black curve: 𝜃 = 45

𝑜
). Green and

blue dashed lines are generated from the two peaks Lorentz �tting for the

red curve. They correspond to the two processes illustrated in (a) near X

and L symmetry points respectively.
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The origin of the broadband luminescence from plasmonic metals,

which is not related to interband radiative recombination, has also

been discussed.[182–184] In those investigations, rough disordered

noble-metal nanoparticle �lms or continuous-wave lasers with low

power densities are utilized which are not able to excite e�cient

MPPL. In contrast, high nonlinearity of our hybrid system is con-

�rmed by the excitation power-dependent analyses as depicted in

Figure 4.14(c). Moreover, the 2PPL process in gold nanostructures

excited by short pulse laser sources with strong intensities, which

are similar to our excitation conditions, has been experimentally

demonstrated to be the result of the radiative recombination of the d

holes.[157, 185] Combined together with several representative stud-

ies about the MPPL, we obtain a complete and convincing scheme

of the MPPL process in our coupled gold NBP system as illustrated

in Figure 4.17(a). It is well known that in gold crystals optical transi-

tions preferentially occur near the X and L symmetry points in the

�rst Brillouin zone, where the density of states is high. Figure 4.17(a)

illustrates the band structures mainly including the sp-conduction

band and d-band near the X and L symmetry points. According to the

calculated band structure, the band gap energy between the d-band

and the Fermi surface near the X and L symmetry points are about

1.9 eV and 2.4 eV, respectively.[186, 187] This implies that the peak of

PL emission arising from the electron-hole recombination between

sp- and d-bands should be observed at around wavelengths of 652 nm

and 517 nm.

The spectral peak position at shorter wavelengths observed in Fig-

ure 4.14(b) and 4.15(a) shows perfect agreement with this expectation,

while another peak at longer wavelength appears blue shifted com-

pared to the above calculated result. The main reason is that we use

the short-pass �lter before the spectrometer, which rejects the signal

longer than 600 nm. In this case, it turns out to be di�cult to reveal

a certain peak position. Meanwhile, the intensity of 2PPL can vary

in di�erent �ber-coupled Au NBPs, since 2PPL is strongly enhanced

by the linear electron oscillation. We will discuss this enhancement

e�ect later.
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In Figure 4.14(c), we already determined those two PL processes

to rise with powers around 2 and 4, corresponding to the peaks at

around 600 nm and 520 nm. Based on it, we conclude that the 2PPL

mainly occurs near the L symmetry point and 4PPL preferentially

occurs near the X symmetry point. This observation of 4PPL near

the L symmetry point provides a solid con�rmation of the temporal

dynamics measurement results in resonant nanoantennas as investi-

gated in ref [138]. Namely, near the L symmetry point, 4PPL takes

place instead of 2PPL when the pulse duration of the excitation laser

shortens from >700 fs to 100 fs. The 2PPL process near the X symme-

try point in gold crystals has been widely investigated.[167, 188, 189]

There is a consistent model that 2PPL is the result of two sequential

one-photon absorption steps. In detail, an sp-hole is �rst created by

the �rst photon. Then the second photon excites an electron from

the d-band to recombine with the sp-hole in the conduction band.

Afterwards, the hole in the d-band radiatively recombines with the

electron from the conduction band, generating the emitted photon.

Similar to 2PPL, 4PPL is triggered by sequential steps of photon

absorption. Di�erently, three intraband transitions within the sp-

conduction band occur in the �rst step. In fact, the multi-photon

transition process can also result from sp- direct interband transi-

tions as illustrated in ref [138]. Since a cascade of indirect absorption

events is unlikely, direct interband transitions are believed to occur

more likely. From our view, both processes are possible. The large

near-�eld localization in our hybrid system can result in an increase

of higher-order transition moments. In this case, even symmetry

rules no longer prohibit intraband transitions. Thus, we just present

one of the proposed processes of 3 -photon transitions in sp- band in

Figure Figure 4.17(a) in order to specify the exact MPPL process at

di�erent symmetry points.

Thus, the following question remains: what causes the big dif-

ference in the polarization characteristics of the emitted photons

between the 2PPL and the 4PPL in our coupled system? We base our

explanation on the band and crystal structure of isolated gold NBPs.
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The gold NBPs are chemically synthesized and thus single crys-

talline. As shown in Figure 4.17(b), the gold NBP is growing along

the direction [011]. The side facets are (11n), where n is an integer

depending on the tip angle. The allowed transitions of the recombina-

tion emission in the X and L regions follow atomic-dipole selection

rules. They are restricted to certain directions.[190] In detail, the

direction of transition moment in the X region must be parallel to

the xy, yz, or xz planes. Directions of x, y, and z are de�ned in Fig-

ure 4.17(b). In other words, it must be parallel to the long axis of

the gold NBPs. The observed emitted photons in the X region are

perfectly linearly-polarized along the same polarized direction as

the linear scattering emission. It is reasonable to suppose that it is

caused by the electronic oscillation in the �ber-coupled gold NBP

resonantly coupling strongly to the PL as depicted in Figure 4.17(a)

(left part with the polarized PL emission. On the other hand, the

transition moment in the L region only can take the direction parallel

to the (111) planes. In the case of the facets of the gold NBP, the

(111) plane is not parallel to any axis of the particle. It means the

electric vectors of the emitted photons cannot be parallel to the long

axis of the gold NBP. As a result, the PL from the L region is almost

randomly polarized. Figure 4.17(d) illustrates this observation brie�y.

The red and black curves are the PL emission at 𝜃 = 45
𝑜
and 𝜃 = 135

𝑜
,

respectively.

The green and blue dashed lines indicate two PL processes gen-

erated from the multiple peak Lorentz �tting for the red curve. The

PL in the X region is strongly enhanced at 𝜃 = 35
𝑜
. Meanwhile, the

PL in the L region depends on the angle 𝜃 quite only slightly. Hence,

the polarization characteristics are properly explained by the crys-

talline structure and the band structure of the gold NBPs. Similar

analysis and results about the polarization characteristics has been

also described in a di�erent paper[185].
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4.4.3 Quenching e�ect of 4PPL

Bene�tting from the clari�cation of the PL process and our under-

standing of the polarization characteristics of PL emission in the

system, we designed �ber-coupled Au@Pd NBP to realize the control

of the PL process. The EDX-SEM images for coupled Au@Pd NBP

presenting its full pro�le, gold and palladium element are separately

depicted in Figure 4.18. One can see palladium is deposited onto the

surface of gold NBP homogeneous.

Figure 4.18. Energy-dispersive X-ray (EDX) SEM images of a gold

nanobipyramid core@palladium shell structure depicting its full pro�le(left),

gold nanobipyramid core (middle) and palladium shell (right).

Similar to the �ber-coupled gold NBP, an ultra-narrow linear scat-

tering spectrum is achieved by the coupled Au@Pd NBP, as depicted

in Figure 4.19(a). Figure 4.19(b) depicts the excitation power depen-

dent nonlinear emission spectra. Quenching of 4PPL must be present

as the second peak at the wavelength around 525 nm is absent. On

the other hand, the 2PPL at longer wavelength is still observed since

it is mainly enhanced by the linear electron oscillation. The nonlinear

order of 1.52 is determined by the inset �gure in Figure 4.19(b). It

is worth noting that this result is in�uenced by the small intensity

and the large noise of the PL signal. Figure 4.19(c) indicates the de-

pendence of the nonlinear emission intensity on the polarization of

the emitted photons. Furthermore, the polar plots of the intensity

of linear scattering, SHG, and PL integrated area as a function of

103



plasmon-fiber hybrid cavities

Au@Pd

Figure 4.19. (a) Linear scattering spectrum of single (gold nanobipyramid

core)@(palladium shell) bimetallic nanostructure on the tapered �ber sur-

face. (b) The nonlinear emission spectra excited by di�erent laser powers

and the power dependence of integrated PL intensity (inset �gure in (b)).

(c) Nonlinear emission spectra from the output analyzer with di�erent po-

larizations. (d) Polar plots of linear scattering, second harmonic generation

and integrated PL intensity as a function of angle 𝜃 .

angle 𝜃 are plotted in Figure 4.19(d). The PL at longer wavelength

is still strongly polarized along the same direction with the linear

scattering and SHG. Still similar to the coupled gold NBPs, the PL at

longer wavelengths can also vary with the di�erent strength of the

linear resonance.

As shown in Figure 4.16, a coupled Au@Pd NBP with weaker linear

resonance induces a much weaker nonlinear response compared

to that one investigated in Figure 4.19. The 4PPL peak at shorter

wavelength is still absent. Meanwhile, a negligible PL peak at longer

wavelength is detected. The quenching of PL from the single coupled

Au@Pd particle reveals the electron transfer from gold to palladium.
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Figure 4.20. Band structure (right panel) and density of states (left panel)

plot for gold.

Figure 4.20 depicts the band structure and the density of states for

gold.

Figure 4.21(a) present an SEM image of the gold bipyramid core-

palladium shell nanostructures, where on can nicely see the palladium

covering the surface of the gold. The process can be explained reason-

ably with the band structure of gold and palladium (band structure

and density of states for Pd plotted in Figure 4.21(d)). The d-band

in palladium crosses and even exceeds the Fermi surface near the L

symmetry point. Meanwhile, the band separation between sp- and

d-band is smaller than that in gold. In this case, palladium provides a

high density of states between 0 and 2.5 eV (between sp-band and

d-band in gold). Thus, the excited electron in the sp-band of gold

can transfer easily and fast to palladium before the recombination

of electron-hole induces the PL emission. We depict this electron

transfer process in Figure 4.21(d). In Figure 4.21(c) we indicate in a

simpli�ed energy level scheme an intermediate, lower-energy level
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Figure 4.21. (a) Transmission electron microscope (TEM) image of (gold

nanobipyramid core)@(palladium shell) bimetallic nanostructures in aque-

ous solution. Schematic structure of (b) the electron transfer process in

gold@palladium bipyramids and (c) quenching process within the band

structure of the gold@palladium bipyramids. (d) Sketch of band structure

(right panel) and density of states (left panel) for palladium.

in Pd, to which the electrons can transfer after being exited in the

gold. As a result, the 4PPL is quenched.

As we discussed before, the 2PPL is strongly enhanced by the linear

electron oscillation. Since the linear resonance of coupled Au@Pd

NBPs exhibits the similar linear optical properties as that of coupled

Au NBPs, the enhanced 2PPL is still observed in the nonlinear spectra.

We already know that 2PPL in coupled gold NBPs is strongly en-

hanced by the linear electron oscillation. As expected, the 2PPL in

coupled Au@Pd NBPs has the same property. Here we verify it from

the backforward direction. A Au@Pd NBP with weaker linear scat-

tering intensity than that one in Figure 4.19 is shown in Figure 4.22(a).

There is no doubt that the peak intensity of the second harmonic

generation is lower. At the same time, the PL intensity turns out to
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Au@Pd

Figure 4.22. Linear scattering spectrum (a) and nonlinear emission spectra

excited by increasing laser power (b) from another coupled Au@Pd NBP.

The power dependence of PL peak intensity at a �xed wavelength (the

position of the red arrow) is shown in the inset of �gure (b).

be quite small. Speci�cally, a series of nonlinear response spectra

with excitation power ranging from 140 mW to 190 mW are mea-

sured (Figure4.22(b)). As the excitation power increases, a quadratic

growth of the 2PPL is detected. However, the emission is still feeble.

In addition, the quenching e�ect on the 4PPL is clearly present again

with the absence of the PL emission at shorter wavelengths.

4.5 conclusion and outlook

In this chapter, we have presented a coupled system between mi-

cro�bers and plamsonic nanoparticles including gold nanorods, gold

nanobipyramids, gold-core and palladium-shell nanobipyramids. In

the linear optical regime, we realized the tuning of the wavelength

and quality factor of the scattering response by tailoring the size of

the micro�bers and nanoparticles and also the illumination condi-

tions, which lays a solid foundation to vary the nonlinear optical

properties afterwards. The measurement results show that a narrow

linear scattering spectrum can be achieved when the plasmon mode

of nanoparticles e�ciently couples to the whispering gallery modes

of the micro�bers. Such a narrow linewidth resonance leads to an

expected strong second harmonic response and thus an ultranarrow
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second harmonic resonance. An extended coupled anharmonic os-

cillator model based on the model introduced in Chapter 2 is built

and implemented to represent the second harmonic resonance in the

coupled system.

Besides the enhanced second harmonic generation, multiphoton

photoluminescence is also detected with considerable intensity. Unex-

pected di�erent polarization characteristics of the two PL processes

have been observed. The analysis based on the band and crystalline

structure of gold NBPs provides us with a deeper understanding

of the MPPL process, demonstrating crystal structure dependence.

Moreover, quenching of the 4PPL has been detected by coating palla-

dium onto gold NBPs which are coupled to a tapered �ber, resulting

from a fast electron transfer from Au to Pd. It opens a new door

to design plasmon nanostructures and then modify the MPPL pro-

cess in isolated nanoparticles which would be required in potential

biotechnology applications.
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H IGH -Q DOUBLY RE SONAN T PLASMON - F I B ER

H YBR ID CAV I T I E S

Nonlinear optical processes consisting of second harmonic genera-

tion and multiphoton photoluminescence have been studied in Chap-

ter 4. By comparison of the intensity of second harmonic generation

between uncoupled gold nanorods and micro�ber-coupled gold nano-

rods, we have clearly seen that much stronger second harmonic re-

sponses are detected in the �ber-coupled nanoparticles. Regarding to

the theoretical prediction from the anharmonic oscillatormodel about

the relationship between SH intensity and the linewidth of linear

resonance, the quality factor dependence of the SHG e�ciency was

analyzed. It lays a solid foundation for boosting the second-harmonic

process. Based on the plasmon-�ber hybrid system introduced in

Chapter 4, we propose and study another improved hybrid system,

namely high-Q doubly-resonant plasmon-�ber cavity in this chapter

This chapter is mostly based on the following publication:

Q. Ai, F. Sterl, H. Zhang, J. Wang, and H. Giessen,

"Giant Second Harmonic Generation Enhancement in a High-

Q Doubly Resonant Hybrid Plasmon-Fiber Cavity System",

ACS Nano (2021),
DOI 10.1021/acsnano.1c05970.
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5.1 introduction

In recent years, a great deal of e�ort has been put into promoting

the nonlinear conversion e�ciency, especially the SH conversion

e�ciency of metallic nanostructures, such as combining nanostruc-

tures with highly nonlinear materials,[29, 191–193] designing special

non-centrosymmetric structures,[31, 32, 144] utilizing the interaction

between localized and delocalized plasmons,[33, 194] etc. Lately, mul-

tiresonant plasmonic structures have been investigated and attracted

much attention due to their potential for augmenting SHG.[23, 26,

195, 196] These structures are composed of several plasmonic building

blocks whose elementary plasmonic modes strongly interact with

each other. Thus multiple new hybridized modes are generated and

can be designed to be resonant at both the fundamental and the

second harmonic frequencies. In this case, the input and signal �elds

of nonlinear origin are enhanced simultaneously. These enhance-

ment mechanisms have also been demonstrated experimentally.[197]

However, due to large damping losses from the metallic structures,

the near-�eld enhancement using those multiple resonant systems is

still limited.

In fact, dramatically more e�cient nonlinear responses in dou-

bly resonant systems can be expected, mainly considering that the

quality factor of the resonances can be drastically improved by de-

signing special coupled systems. For example, relatively high quality

factors of up to 100 can be achieved by arranging metal nanoparti-

cles into periodic arrays.[198, 199] A series of studies prove that the

light-matter interaction is indeed enhanced in those high-Q plasmon

systems.[141, 153, 155, 200] Very recently, the nonlinear responses

of multiresonances with high Q factor in an array of L-shaped alu-

minum nanoparticles has been numerically investigated.[201] An

over million-fold enhancement of the emitted SH intensity with con-

version e�ciency of 10
−5

has been predicted when compared to an

individual particle.
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In this chapter, we demonstrate that by coupling to a �ber cavity

with the proper diameter, in combination with a single gold nano-

particle a high-quality (Q∼ 160) resonance can be achieved . The

high Q of the coupled mode aids a very e�cient SHG because in

a classical picture the incident electric �eld travels coherently Q

times around the �ber during the nonlinear process. We accomplish

two feats: First, we analyze the Q factor dependence of the SHG

e�ciency, proving the expected 𝑄4
dependence of the e�ciency and

thus con�rming our coherent E-�eld ampli�cation in the �ber cav-

ity. Second, we carefully adjust the �ber size further and tune the

plasmon response of a gold nanoparticle to a high-Q cavity mode

and simultaneously make sure that the second harmonic wavelength

is also in resonance with a higher order �ber cavity mode, which

ful�lls the doubly resonant condition. Thanks to the simultaneous

realization of the high quality factor and the doubly resonant case,

a giant SH response 5 × 10
8 𝑊 /𝑐𝑚2

for 100 fs pump pulses around

840 nm incident wavelength.

5.2 design idea and working principle

The idea of enhancing the second harmonic conversion e�ciency

in hybrid plasmon-�ber cavities is illustrated in Figure 5.1. It mainly

includes two steps: The �rst step is to coat the nanoparticles onto the

surface of tapered micro�bers (see Figure 5.1(c)) to realize the e�cient

coupling between plasmon resonance and WGMs. In fact, this step

has been realized and investigated in Chapter 4. Here, the gold NBPs

are chosen as the component for the coupling systems instead of

the gold nanorods due to the stronger electric near-�eld that can

be expected on sharp tips. When illuminated, the gold nanoparticle

on the �ber surface acts as an antenna interacting with the incident

light. Meanhwile, the tapered �ber as an optical microcavity con�nes

light at resonant frequencies. In such a way, the interaction time is

extended and the interaction between light and the gold nanoparticle

is altered fundamentally. Thus a high-Q resonance with a large �eld

enhancement can be achieved (see Figure 5.1(d)).
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Figure 5.1. (a) Sketch and TEM image of gold nanobipyramids in solution.

(b) Typical measured extinction spectrum of the sample shown in (a). (c)

Sketch of a hybrid plasmon-�ber cavity. (d) Typical measured scattering

spectrum of a hybrid system as shown in (c). (e) Sketch of a doubly resonant

hybrid plasmon-�ber cavity. (f) Typical measured scattering spectrum of a

doubly resonant plasmon-�ber cavity as shown in (e).

The second step is to decrease the diameter of micro�bers in our

hybrid system to observe higher-order cavity modes and then tune

one resonantly to the SHwavelength by carefully adjusting the size of
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5.2 design idea and working principle

the tapered �bers further (see Figure 5.1(e)). In contrast to the former

multiresonant systems, in which the second resonance matched to

the SH wavelength is just another hybrid plasmon mode, the second

mode in our hybrid system arises from the coupling between the

nanoantenna and the optical cavity. In this case, both the fundamental

and the SH light are supposed to circulate and interact dozens of

times in a coherent fashion inside the microcavities. This leads to

high-Q resonances with a strongly enhanced response in both linear

and nonlinear regimes (see Figure 5.1(f)). As a result, giant SHG can

be achieved by enhancing the quality factor and by tuning into a

doubly resonant condition.

In general, gold nanoparticles in an aqueous solution or on fused

silica substrates feature only a weak plasmon resonance with a low

quality factor mainly due to the large damping losses from the metal-

lic nanoparticles. Single-crystalline gold nanobipyramids (NBPs) that

be used in this paper were synthesized using an optimized seed-

mediated method starting with a wild thermal treatment of common

seeds. The high-purity NBPs with certain longitudinal surface plas-

mon resonances can be grown by modifying various parameters in

the growth solution. Synthesis details are described in the Chapter 2.

The transmission electron microscopy image of the gold

nanobipyramids (NBPs) is depicted in the inset of Figure 5.1(a).

Figure 5.1(b) displays the UV-VIS spectrum of the corresponding

NBPs in aqueous solution. Corresponding to the central wavelength

(𝜆) 937 nm and the resonance linewidth (𝛥𝜆) around 100 nm, the

Q-factor (𝜆/𝛥𝜆) is less than 10. When they are coated onto a fused

silica substrate, the central wavelength of the individual particles

will blue shift to around 860 nm (see Supplementary Figure 5.2) due

to the change of refractive index of the surrounding materials. The

full width at half-maximum (FWHM) of the scattering spectrum is

still broad at around 100 nm (see Supplementary Figure 5.2).

The micro�bers used in our coupled system are still manufac-

tured by tapering single-mode �bers with a homemade �ame-heated

pullingmachine which enables precise tailoring of the diameter of the

113



high-q doubly resonant plasmon-fiber hybrid cavities

tapered �bers as well as their waist length. By drop coating the prop-

erly diluted gold NBPs onto the micro�bers, hybrid plasmon-�ber

cavities can be realized after they dried in ambient air. When the di-

ameters of �bers are smaller than 2 µm, the Q-factor of WGMs of the

pure �bers are less than 10.[88] In this case, the Q factors of plasmon

resonance and the WGMs are comparable and thus they can easily

couple to each other. Due to the large interparticle distance, no dipole-

dipole coupling between two gold nanoparticles occurs. When gold

NBPs are deposited on a micro�ber with a diameter around 1.65 µm

(see Figure 5.1(c)), a very narrow hybrid plasmon-�ber resonance

with high Q factor of up to 160 is detected (see Figure 5.1(d))).

Figure 5.2. (a) Measured scattering spectrum of an isolated bare gold NBP

on the silica substrate (using a Nikon TU Plan ELWD 50x, NA 0.6 dark-�eld

objective). Considering the weak plasmon response from the single gold

particle on the substrate, the polarization properties are detected to con�rm

that the particle we measured in (a) is an isolated gold NBP as depicted in

(b).

In fact, a diameter of 1.65 µm is the proper �ber size to obtain the

narrowest hybrid resonance, which was substantiated by a series

of experiments. As the diameter of the �ber continues to decrease,

the coupling with the light at fundamental wavelength turns out

to be weaker, while some larger frequency modes arise, exhibiting

weaker coupling (as displayed by the peak with the blue-striped

background in Figure 5.1(f)). By carefully tuning the �ber diameter
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to 1.44 µm, one of those higher-order cavity modes is matched to

the SH wavelength(as displayed by the peak with the red-striped

background in Figure 5.1(f)). In this case, the quality factor turns out

to be smaller due to weaker coupling, but is still as high as 100. More

details will be discussed later with regards to Figure 5.6.

5.3 qality-factor-dependent second harmonic re-

sponse

We always emphasize the importance of revealing determines the

properties of second harmonic generation in metallic nanostruc-

tures. Arrays of L-shaped gold particles were investigated for their

SHG properties. The e�ciency was found to depend strongly on

particle ordering in the array[35]. Meanwhile, it was shown that

geometric shape factors in some speci�c structures in�uence the res-

onant enhanced SHG signi�cantly. For example, the spacing between

two holes plays a key role in the generation of second harmonic

emission.[36] A various of SHG of several orders of magnitude can

be achieved by tuning the aspect ratio of rectangular holes.[202]

Furthermore, the explicit origin of shape e�ect in these nonlinear

optical nanostructures is investigated both experimentally and the-

oretically.[37] Another interesting observation must be mentioned

here, that is breaking of the centrosymmetry doesn’t induce an in-

creasing SH intensity in coupled plasmonic nanoparticles, compared

to the symmetric systems.[24, 38]

Hence, so far, the fundamental mechanism of those enhancement

fact is still not clear. It is even a big challenge to completely describe

the SHG process both the experimentally and theoretical side.[39, 40,

42, 203] However, it is evident that a resonance at the fundamental

frequency and its quality are crucial for all the harmonic genera-

tion.[19, 43, 44, 204, 205] The anharmonic oscillator model has been

already utilized well to predict a nonlinear signal that is superlinearly

proportional to the inverse of the resonance linewidth,[47, 200, 206]

which is directly related to quality factor. Nevertheless, a clari�ed

Q-dependent SHG �gure is still lack and highly desired.
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The attractive properties of our �ber-coupled system are not only

the enhanced optical response but also the tunable Q factors. As

discussed in Section 4.2.2 of Chapter 4, the coupling strength and thus

the quality factor in our hybrid system are mainly determined by the

size of the gold NBPs and the diameters of themicro�bers. Meanwhile,

they are also varied by the di�erent orientation of the particles lying

on the �ber surface. This property was nicely demonstrated by Wang

et al.[88]Meanwhile, the tapered �bers have awaist-like shape, which

changes the cavity size slightly with respect to the positions of the

particles on the �ber surface. Those properties enable us to study the

hybrid systems with di�erent Q factors. It is worth mentioning that

the incident angle in�uences both the wavelength position and the

linewidth of the hybrid resonance. Thus the excitation conditions

including the incident angle and the focus case are kept the same

during the entire measurement processes demonstrated in this paper.

The dark-�eld scattering microscopy setup depicted Figure 5.3 was

utilized to perform linear and nonlinear spectroscopy. It is neces-

sary to point out that compared to the one used in Chapter 4 some

di�erence is made. Now both the white light and laser source are

focused through the same lens, which can eliminate the in�uence of

the incident situation. In Section 4.2.2 of Chapter 4, we discussed the

incident angle dependent coupled resonances. When the excitation

is collimating light, the incident angle can be considered as approxi-

mately the same, while, it will turn out to be a range of angles after

the light is focused through lens. In this case, the coupled resonance

will be broader when compared to the case with the sinlge-angle

excitation. Regarding to this change direct related to the Q factor of

systems, we develop the experimental setup as shown in Figure 5.3.

With this setup, the white light in the linear response measurement

and the laser source in the nonlinear response measurement can be

easily switched while maintaining the same incident condition.

The linewidth 𝛥𝜔 of the linear resonance that corresponds to

quality factor plays a key role in the nonlinear yield, as has been

shown by an anharmonic oscillator model introduced in Section 4.3.2

of Chapter 4 Combined with the fact that the second-order nonlinear
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5.3 qality-factor-dependent second harmonic response

Figure 5.3. Schematic dark-�eld setup for white light scattering and non-

linear spectroscopy. The schematic diagram of the coupling system between

isolated Au nanobipyramid particles and optical micro�bers are shown in

the red dashed frame. The orientation of the Au NBPs, the position of those

particles on the surface of �bers and the tapered �ber sizes together deter-

mine the coupling strength between the gold NBPs and micro�bers, thus

induce both the linear and the nonlinear response with di�erent intensity.

The incident light is s-polarized.

polarization scales quadratically with the fundamental �eld intensity,

the anharmonic oscillator model predicts that the nonlinear e�ciency

of SHG scales to 1/𝛥𝜔4
.

In order to study the Q-factor dependent SHG e�ciency, we did

the linear and nonlinear microspectroscopy for �ve hybrid plasmon-

�ber cavities with di�erent Q-factors as displayed in Figure 5.5. The

gold NBPs displayed in Figure 5.1(a) are coated on the micro�bers

with diameters in the range of 1.70 − 1.90 µm. The spectra in the

left column of Figure 5.4(a-e) present their linear scattering spectra.

The FWHM of their Lorentz �tting resonances (blue curves in Figure

5.4(a-e)) varies from 8.4 nm to 5.1 nm, which are picked smaller than
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Figure 5.4.Q-dependent second harmonic generation. The �gures at left (a-

e) are scattering spectra of singly resonant coupling systems. The Q-factors

vary from 96 to 160. The �gures (f-j) at the right are their corresponding

SHG e�ciency as a function of excitation laser wavelength. The inset �gures

are the nonlinear emission spectra at the SHG resonance peak wavelength.

The excitation and measurement conditions are kept the same during both

the linear and nonlinear measurement processes.
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5.3 qality-factor-dependent second harmonic response

the linedwidth of the laser spectra (9 nm). Their corresponding Q-

factors range from 96 to 160. When e�cient coupling between the

plasmon resonances of the gold NBPs and the cavity modes resonant

at around 840 nm occurs, other cavity modes are barely coupled to

the plasmonic particle and thus no photons at other frequencies are

radiated from the plasmonic antenna.

Next, the samples were illuminated by the laser and their nonlinear

response spectra were detected and displayed in Figure 5.4(f-j). The

green curves in the insets of Figure 5.4(f-j) are the nonlinear response

spectra corresponding to the green squares in the SH resonances

which occur when the laser excitation is at the peakwavelength of the

linear resonance. A narrow SHG peak and broad photoluminenscence

(PL) are both observable. The analysis of the photoluminenscence

in this system was done in Section 4.4.2 of Chapter 4. By tuning the

central wavelength of the excitation laser over the linear resonance

step by step, we obtain a series of nonlinear emission spectra. For

each spectrum, we determine the integrated SHG area by taking the

overall SHG intensity minus the PL values. After plotting them as a

function of excitation wavelength, the nonlinear spectroscopy gives

rise to a narrow second-harmonic resonance as shown in Figure

5.4(f-j).

The linewidth of the SHG peak ranges between half the linear

resonance linewidth and half the laser spectral width. Meanwhile, as

the linewidth of the linear resonance decreases, which corresponds

to a bigger Q-factor, the SH resonance turns out to be narrower as

expected, while the SHG intensity increases. It is worth to mentioned

that there are no other scattering linear resonant modes exist at

the SH wavelength area as depicted with the blue stripes in Figure

5.4(a-e). The mode overlap between the nonlinear polarization and

its harmonic modes is another key schematic to enhance the SH

responses. Thus avoiding in�uence from the modes overlapping is

necessary to analysis the Q-dependent SH e�ciencies.

In order to investigate the Q-dependent SHG behavior, we plot the

peak intensity of the SH resonance of those �ve systems as a function

of their system quality factors and �t them by a linear function,
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as shown in Figure 5.5(d). The results clearly demonstrate the 𝑄4

dependence of SHG e�ciency as expect. The SHG peak intensity

of the system with Q factor 165 shown in Figure 5.4(e) and 5.4(j) is

enhanced by more than one order of magnitude compared to the

system with a Q factor of 95 shown in Figure 5.4(a) and 5.4(f).

Figure 5.5. Q dependence of the SHG intensity. Five black squares corre-

spond to the plasmon-�ber cavities shown in Figure 5.4.

Bene�t from the plamson-�ber hybrid systems with tunable

quality-factors as depicted in Figure 5.4, this power dependence is

investigated in Figure 5.5 by plotting the peak intensity of the SH

resonance of those �ve systems as a function of their system quality

factors on a double-log plot. The Q-factors of those �ve hybrid

systems are 97, 105, 112, 137, 164, respectively. By �tting them (black

squares in Figure 5.5) by a linear function (black line in Figure 5.5),

a slope of 3.5 is obtained, which presents the 𝑄3.5
dependence of

SHG e�ciency. This results matches well to the 𝑄4
relationship as

predicted with a reasonable deviation. The deviation is believed

mainly caused by the experimental conditions, especially the short

laser pulse stabilities. We also considered other minute factors which
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5.4 giant second harmonic generation enhancement

are in general claimed to a�ect the nonlinear e�ciencies, such as

the geometries and asymmetry ratios. It is true that the individual

di�erences of the chemically synthesized gold nanoparticles cannot

be avoided, even though those nanoparticles used in this work

are from the same patch of the particle solution. Meanwhile, the

symmetry pro�les of the whole system vary with the coupling

conditions between the gold particles and �ber cavities. In our case,

it is decided by the coupling positions and orientations of the gold

NBPs on the �ber surface. However, those elements also result in

the di�erent Q factors of the linear scattering spectra. Thus, we

supposed that they have been included into Q-dependent SHG. Even

if it is not the case, they play much weaker roles in the nonlinear

e�ciency compared to the quality factors.

In conclusion, we have experimentally demonstrated a coupled

gold nanoparticle with tunable quality factors and systematically

quantized how the nonlinear e�ciencies, speci�cally of the SHG

responses depend on the quality factors. Without introducing new

high nonlinear materials or changing the sizes and shapes of the

nanoparticles, the Q factors are tuned simplify by controlling the

coupling between the plasmon modes and cavity modes. By develop-

ing a microspectroscopy setup with easily switchable two excitation

resources, a reliable result of the 𝑄3.5
dependent SHG intensity is

achieved. This result con�rms the theoretical result predicted from

the anharmonic oscillator model and explains reasonably the SHG

enhancement e�ect of the high-Q systems in the former researches.

It demonstrates clearly the importance of the high Q factors for e�-

cient nonlinear light emission in designing and fabricating plasmonic

structures.

5.4 giant second harmonic generation enhancement

As mentioned before, 1.65 µm is the proper �ber size to couple with

the gold NBPs used in this work. The electromagnetic energy of

certain frequencies perfectly matches the modes of this whispering

gallery without too much energy leaking.
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Figure 5.6. (a,c) Scattering spectra (red, measurement; blue, Lorentz �t)

from two gold bipyramids coupled to the same micro�ber with diameter

about 1.4 µm, while (b,d) are their corresponding SHG e�ciency as a func-

tion of excitation laser wavelength (red dots, measurement; blue curves,

Lorentz �t). In (b,d), nonlinear emission spectra at peak wavelength of SHG

resonance are shown in the inset (green curves). The FWHM linewidths

𝛥𝜆 of the linear and the second-harmonic resonances are marked in (a-d).

As the diameter of the tapered �ber decreases, the higher-order

cavity modes appear. By �ne-tuning the �ber diameter to 1.44 µm,

we obtain a doubly resonant system as displayed in Figure 5.6(a)

and 5.6(c). The FWHM of those two typical systems are 11.7 nm

and 9.9 nm. The corresponding Q factors are 73 and 86 respectively,

which are somehow smaller than the perfect coupling systems as

depicted in Figure 5.5 and Figure 5.4. On the other hand, the evident

higher-modes are detected. the higher-modes overlap with the SHG

spectral position of the laser (indicated by the blue vertical stripe).

By sweeping the laser wavelength over the linear resonance range,

we obtain a series of nonlinear emission spectra, and typical ones are

plotted as the insets of 5.6(b) and 5.6(d) as green curves. After plotting

the SHG peak intensity as a function of excitation wavelength, the
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5.4 giant second harmonic generation enhancement

nonlinear spectroscopy reveals narrow second-harmonic resonances

of those two systems. By comparing the doubly resonant systems

(see 5.6, all normalized to the same incident power and exposure

time) to the singly resonant systems (see Figure 5.4), the SHG peak

intensity exhibits over two orders of magnitude enhancement even
though the Q-factors are smaller. Meanwhile, the linewidths of the

SH resonances of doubly resonant systems are narrower than those

of singly resonant systems with equal Q-factor. This proves once

more that the doubly resonant case enhances the nonlinear response

by matching the SH light inside of the optical �ber cavities.

5.4.1 Nonlinear response comparison between isolated gold NBPs on
the substrate, singly and doubly resonant plasmon-�ber cavities

All the measurement results shown in Figure 5.4 and Figure 5.6 are

obtained under the same experimental condition, including the inci-

dent case, spectral solved setup and so on. When compared to the

intensity of the second harmonic generation spectra in the singly

resonant hybrid cavities, 50-fold enhancement of the SHG is achieved

in the doubly resonant hybrid cavities with even smaller Q factor. It

proves the enhancement e�ect from the doubly resonant cavities.

In order to con�rm the huge SHG enhancement e�ect from our

tailored high-Q doubly resonant systems further, we compared the

nonlinear emission spectra from typical doubly and singly resonant

systems with individual gold NBPs on a fused silica substrate. The

excitation conditions and spectroscopy processes remained exactly

the same during this comparison. By comparing Figure 5.7(a) to 5.7(b),

we clearly �nd that the SHG peak is orders of magnitude enhanced

by the doubly resonant case, while the intensities of fundamental

peaks display a similar level. This proves that the second harmonic

conversion e�ciency is indeed drastically boosted by the doubly

resonant case.
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Figure 5.7. (a) Spectrum showing the fundamental mode and the SHG

for the doubly resonant plasmon-�ber cavities. (b) Spectrum showing the

fundamental mode and the SHG for the singly resonant plasmon-�ber

cavities. Insets in (a-b) shows the SH light recorded by camera. (c) Spectrum

showing the fundamental mode and the SHG for particle on the substrate.

The intensity of left-bottom spectrum is ampli�ed 1000 times.
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As reference, the nonlinear emission spectrum of a single gold

NBP on a fused silica substrate is displayed in Figure 5.7(c). As men-

tioned, the plasmon resonance from a single gold particle is quite

weak because of the large damping losses (see Figure 5.2). Hence

the fundamental scattered laser peak in the spectrum shown in Fig-

ure 5.7(c) is also quite weak compared to those in the �ber-coupled

systems, as displayed in Figure 5.7(a) and 5.7(b). The nonlinear re-

sponse spectrum with SHG peak in the left bottom of Figure 5.7(c) is

ampli�ed 1000 times. Even though the exposure time here is 20 min-

utes, the spectrum is still quite noisy. In fact, in most cases the SHG

peaks cannot be detected with the same excitation power (160 mW)

with an exposure time of 20 minutes. The nonlinear response un-

der side-illumination conditions from the particles also depends on

their orientation on the substrate. With a certain incidence angle

and s-polarization, the particles with random orientations on the

substrate possess di�erent phase matching conditions with respect to

the excitation light. Considering the weak nonlinear response, a set

of measurements for the particles on the substrate have been carried

out. Typical ones are displayed in Figure 5.8.

Comparing the intensity of SHG peaks in the nonlinear emission

spectra of the doubly resonant system (around 6000 counts per sec-

ond, Figure 5.7(a)) and the particle on the substrate (0.055 counts per

second, see Figure 5.7), over �ve orders of magnitude enhancement

is achieved. Photographic snapshots of the second-harmonic images

of the particles are displayed as insets of Figure 5.7(a) and 5.7(b) and

have been taken with an Allied Vision GC2450c CCD camera behind

a short-pass �lter and connected to our dark-�eld re�ection setup

as imaging component (see Figure 5.3). The observed green color is

determined by the wavelength-dependent camera e�ciency.

5.4.2 Conversion e�ciency of second harmonic generation

Although the SHG enhancement factor of the doubly-resonant cavi-

ties is determined by the comparison measurement to the isolated

gold NBPs on the silica substrate and the singly-resonant cavities,
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Figure 5.8. Three typical nonlinear response spectra of isolated gold NBPs

on the fused silica substrate. The exposure time for detecting these spectra

is 20 minutes.

the real intensity of the SH response is still needed to calculate the

SH conversion e�ciency. In order to quantify it, we use an indirect

method to measure and calculate it as introduced in Appendix. A sim-

ilar method to estimate the SH output power has also been utilized

by other groups.[207] The conversion between the intensity and the

counts taken from the spectrometer can be realized throughout the

entire wavelength range.

Through assuming that almost all the SHG is emitted towards the

objective side and collected by the objective, and by considering the

losses due to the transmittance of the objective (85%) together with

the short-pass �lter (87%) in the collection path at SH wavelength,

we get an SHG peak power 0.28 µW corresponding to 6000 counts/s

shown as the blue square in the Figure 5.9 according to the result of

power calibration of the spectrometer.

By considering the spot size of the excitation laser beam imping

onto the sample (an oval area with long axis 800 µm and short

axis 100 µm) and absorption cross-section of 56000 𝑛𝑚2
of the iso-

lated particles, we estimated that the SH conversion e�ciency of

𝑃𝑆𝐻/𝑃𝐹 � 1.59 × 10
−5
, where P𝑆𝐻 and 𝑃𝐹 are the estimated average
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5.4 giant second harmonic generation enhancement

power for the SHG emission and the FW illumination, respectively

(see Table 5.1).

Figure 5.9. Excitation power dependence of SHG obtained from a dou-

bly resonant system. The left y axis displays the SHG intensity directly

measured with the spectrometer. The right y axis shows the corresponding

calibrated SH peak power.

In fact, this metric is commonly used in the case that the �nger

print of the structure is much smaller than the excitation spot.[208]

Meanwhile, the maximum employed incident power (160 mW) pro-

vides 5 × 10
8 𝑊 /𝑐𝑚2

pump intensity[26] which is well below the

nanoparticles damage threshold.[28, 33] It was also veri�ed to re-

sult in a stable SHG signal with the expected quadratic dependence

on input power (see Figure 5.9). Compared to the doubly-resonant

plasmonic nanoantenans with the low Q factor, we have an almost

4-orders-of-magnitude higher SH conversion e�ciency. Both the

comparison measurement between the coupled gold NBPs and the

gold NBPs on the substrate and the calculated SHG peak intensity

proves the extraordinarily strong SHG enhancement in our high-Q

doubly resonant plasmonic system.
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Experimental parameters 

Parameter
Laser repetation

rate (MHz)
Laser pulse 
duration (fs)

Average power at 

fundamental wavelength 
(mW)

Spot size

(µm2)

Symbol ν τ 𝑃𝐹 δ

Value 80 100 160 62800

Output power levels

Parameter
SHG power 

(pW)

SHG peak power 

(µW)
Absorption cross-

section (nm2)
Conversion 
efficiency

Symbol 𝑃𝑆𝐻 ෠𝑃𝑆𝐻 σ 𝜂𝑆𝐻

Formula Τ𝑃𝑆𝐻 ντ (𝑃𝑆𝐻∙ δ)/(𝑃𝐹∙ σ)

Value 2.26 0.28 56000 1.59 × 10−5

Table 5.1. Experimental parameters and output power level in the high-Q

doubly-resonant plasmon-�ber cavities

5.5 conclusion and outlook

In this chapter, we have presented a novel concept of the multireso-

nant high-Q plasmonic system. It is based on e�cient and tailored

coupling between gold nanobipyramids and tapered micro�bers. Ex-

cellent plasmonic properties in the linear as well as the nonlinear

regime have been demonstrated experimentally. By tuning the diam-

eters of the tapered �bers, the linewidth of the coupled resonance

varies somewhat. The Q factor dependence of the second harmonic

generation is analyzed. Besides the property of high quality factor,

the doubly resonant condition is obtained by �ne-tuning the diam-

eter of the micro�ber further. Bene�tting from the simultaneous

realization of high-Q and doubly resonant condition, a giant SHG

intensity is achieved that represents a new record of nonlinear SHG

conversion e�ciency from single plasmonic nanoparticles. In our sys-

tem, it is highly challenging to obtain exact quantitative conversion

e�ciencies due to the large size mismatch between our plasmonic

system and the laser spot. In this case, we supposed a method of
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power calibration of the spectrometer, which can be used to evaluate

the weak signal detected by the spectrometer.

The measurement results in this chapter not only present a strong

SH response in this particular system, but also provide us a new

thought of designing high nonlinearity plasmonic system. By care-

fully designing and material engineering with optimized parameters,

similar structures such as metasurfaces based on the same working

principle could be realized to precisely evaluate the resulting SHG

power and its conversion e�ciency. Relying on more �exible param-

eters, even more e�cient coupling strength and higher SHG power

could be expected in high-Q double-resonant metasurfaces.[201] In

addition, some other material which can sustain high temperatures,

for example, Titanium Nitride,[209] could be considered to be used to

boost the nonlinear process further with higher excitation power. For

applications, our system with ultranarrow SH resonances and giant

SHG peak intensities is a promising structure to realize nonlinear

hydrogen sensing by replacing gold nanoparticles with palladium-

capped gold nanoparticles in the future.

129





6
CONCLUS ION AND OU TLOOK

In this thesis, we have explored in detail the nonlinear response

mainly including second harmonic generation and multiphoton pho-

toluminescense in the micro�ber-coupled plasmonic system. The

nonlinear plasmonic is still a very young and active research �eld. Al-

though the fabrication and microscopy technology already improved

a lot in the past twenty years, the research about the nonlinear plas-

monic is facing a lot of di�culties and challenges. The purpose of the

proposed plasmon-�ber hybrid system, on one hand, is to overcome

the near-zero of the second order nonlinear susceptibility due to the

crystalline symmetry structure of metal and thus enhance the second

harmonic generation, on the other hand, is to boost all the nonlinear

response in metallic nanoparticles and thus provide the chance to

investigate them with their behind physical mechanism.

In Chapter 2, we discussed the theoretical background of plas-

monics, nonlinear optics and whispering gallery modes. We have

seen that how a driving electric �eld excite the plasmon resonances,

how the material responses in the nonlinear optical regime, how the

whispering gallery modes are created and in�uenced by the parame-

ters of the system. Meanwhile, we have learned that how the plasmon

resonance can be detected by far-�eld optical measurements of the

transmission, scattering and re�ection. In particular, parameters of

plasmonic particles such as the size, shape, material and surrounding

environment leads to the di�erent spectral position and shape of
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the plasmon resonance features in the far-�eld regime. Thus, micro-

spectroscopic measurements using the dark-�eld re�ection setup is

employed in this thesis to study behavior of the plasmonic systems.

Moreover, the theory background of nonlinear optics, especially

second harmonic generation has been introduced. Based on the

Lorenz used to predict the dielectric function of bulk materials, an

anharmonic oscillation model is developed to describe the frequency-

dependent nonlinear susceptibilities for 𝑛𝑡ℎ harmonic generation.

More important is the conclusion that the SH intensity is propor-

tional to the 4𝑡ℎ power of the quality factor, which is of signi�cance

and guidance for the later system design.

Besides the plasmonic nanoparticles, themicro�bers which operate

the whispering gallery modes inside of cross section are introduced

in Chapter 2. Some basic properties of whispering gallery modes and

their excitation schemes have been discussed to lay a foundation of

the following measurements.

Following these theory backgrounds, we have presented the ex-

periment methods in Chapter 3. It was arranged as the order of the

experiment processes, namely pulling the tapered �bers, synthesizing

gold nanoparticles, preparing the coupled system and implementing

the microspectroscopy. A home-made nonlinear microspectroscopy

setup combing the laser pulse, spectrometer to the microscopy was

introduced. Meanwhile, a unique side illuminating method was ex-

plained.

Based on the theory and experiment methods background infor-

mation, the plasmon-�ber hybrid system was designed in Chapter 4.

The linear scattering measurement results depicted a ultra-narrow

linewidth resonance corresponding to a long life time due to the

e�cient coupling between the plasmon resonance of the gold nano-

particles and the whispering gallery modes of the micro�bers. Mean-

while, we have discussed the detailed tailored resonance position

and linewidth in the various hybrid systems.

An intuitive idea of sensing comes to mind when we consider

the ultra-narrow linewidth of the system. Especially, the e�cient
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coupling with the whispering gallery modes can also take place to

metallic nanoparticles of di�erent material . For example, hydrogen

sensing could be attempted by replacing gold nanoparticles with

some gold@palladium ones.

As the topic of this thesis, nonlinear optical responses were inves-

tigated. They were introduced and separated into two parts, second

harmonic generation and multiphoton photoluminescence. Based

on the anharmonic oscillation model introduced in Chapter 2, an

improved coupled anharmonic oscillation model has been utilized to

check the measurement results of SH resonances and gotten a nice

match. It was further proven by the measurement results of qual-

ity factor dependent SH intensity in Chapter 5. The SH resonance

intensity is experimentally 3.5𝑡ℎ power of the quality factor of the

coupled system, closed to the 4𝑡ℎ power predicted in the anharmonic

model. This discovery told us that we can design high quality factor

system to boost the SH process.

In fact, the origin of the second harmonic generation is always

an intriguing question even though a lot of e�ort has been done to

enhance the SHG intensity. The explicit origin of the shape e�ect in

the nonlinear optical nanostructures has also been investigated both

experimentally and theoretically. However, so far, the fundamental

mechanism of those enhancements is still not clear. The pursuit to

answer those questions faces di�culties at just changing one param-

eter of the plasmonic system with any other parameters remaining.

Anther intriguing question is the symmetry role in nonlinear plas-

monics. Some studies have already clearly show that breaking of

the centrosymmetry does not induce an increasing SH intensity in

coupled plasmonic nanoparticles, compared to the symmetric sys-

tems.[24, 38] Can we expand the symmetry considerations to the

second harmonic generation in the sample with sub-wavelength

size? Can the symmetry rules be applied and when not? All those

questions for sure need be solved in the next years as the fabrication

techniques and also the theoretical and simulation improve.
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The multiphoton photoluminescence as an incoherent nonlinear

process in the plasmonic nanoparticles is generally very weak. How-

ever, we have detected a broad MPPL background with big intensity

in the nonlinear emission spectra of the hybrid systems. We have

�rstly investigate it in the �ber-coupled gold nanorods and deter-

mined the frequency-dependent nonlinear order. The interesting

thing is that we have discovered di�erent shapes of the MPPL spec-

tra when we investigated the �ber-coupled nanobipyramids. It is

still unclear how the geometry of plamsonic particles in�uences the

MPPL process. An unexpected property of the MPPL contracts our

attention that the MPPL shows di�erent polarizations in di�erent

wavelength ranges. For example, it shows random polarization in

the range of 450 nm-570 nm, while containing nearly linear polar-

ization in the longer wavelength range (570 − 680 nm). In order to

understand these di�erences, we have implemented an excitation

power dependence measurement and determined the broad MPPL

background in the spectra with two di�erent process, 4PPL and 2PPL

(largely enhanced by the localized surface plasmon resonance). Mean-

while, the di�erent polarization properties are well explained by the

band and crystalline structure of gold. Based on the proposed elec-

tron movement in the bands of gold, we have realized and presented

the quenching e�ect of 4PPL by depositing homogeneous palladium

shell onto the gold bipyramids in the coupled system.

Here, some questions remain. As mentioned, we have discovered

di�erent shapes of the MPPL spectra in �ber-coupled gold nanorods

and nanobipyramids. What brings the di�erence is an interesting

topic. Meanwhile, it must be a very challenge work. Similarly to the

challenging topic of the second harmonic generation in plasmonic

systems, a bunch of parameters mixed together in more and more

complex researched systems. To reveal the origin of the nonlinearity

in the plasmonic system become di�cult but is very critical. Some

simple plasmonic systems with enough intensity of MPPL are needed.

Furthermore, di�erent nonlinear responses generally take place at

the same time. The relation between them, for example, the relation

between the SHG and MPPL is also a noteworthy point.
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In Chapter 5, we have presented another unique hybrid system,

namely high Q doubly resonant plasmon-�ber cavities. It was started

with the introduction of the design idea. Besides the realization of

the high quality factor in the former singly resonant plasmon-�ber

cavities introduced in Chapter 4, the new hybrid system is designed to

ful�ll the doubly resonant condition. Speci�cally speaking, a higher-

order cavity mode is excited and matched to the SH wavelength

position. It was the �rst time to realize a high quality factor and a

doubly resonant system simultaneously. In this case, the fundamental

mode and SH light circulate and interact dozens of times in a coherent

fashion inside the micr�bers and gold nanoparticles and thus leads

to giant SHG response.

This result is not only research about the typical samples, it can

be applied to more plasmonic systems as a new concept of highly

e�cient nonlinear plasmonics. For example, metasurfaces with simi-

lar structures can be attempted for not only their second harmonic

response but also other nonlinear processes. Meanwhile, the sin-

gle metallic wire-shaped nanostructures which contain the plas-

monic cavity modes and multipole plasmon modes simultanously,

are also excellent candidate to achieve e�cient nonlinear optical

responses.[210] Furthermore, combining the plasmon modes to the

nonliear whisperingmodes is also believed to be able to boost the non-

linear process.[211] Even though those experiments are not enough

to recover the origin of the nonlinear plasmon optics, realization of

the high quality factor and the doubly resonant condition is proven

to be the right direction to boost the SH process.
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A
POWER CAL I BRAT ION OF THE SPECTROMETER

Since the measured SHG signals are quite weak, it is very challeng-

ing to directly measure the corresponding SHG power. In order to

estimate the SHG power from the intensity signal recorded by the

spectrometer, an indirect method was carried out to do the power

calibration of the spectrometer.

1

Objective

Filter

Au Nanoparticles

CCD

Beam splitter

PD

Grating 
spectrometer

Figure A.1. Schematic overview of the power calibration of the spectrom-

eter.
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power calibration of the spectrometer

As shown in Figure A.1, two measurement devices are attached

behind the microscope objective: a photodiode (PD) and a grating

spectrometer with CCD camera (spec). A 45%/55% beamsplitter sends

part of the light into the spectrometer and part into the photodiode.

The light entering the spectrometer is attenuated by an ND �lter

(transmittance 10
−3
). This is necessary because relatively high in-

tensities must be used to get a meaningful signal in the PD, which

would over-expose the spectrometer.

The goal is to be able to measure signals with a very low intensity

at a di�erent wavelength than the test signal (in this case: 430 nm vs.

860 nm) which can only be detected by the spectrometer, and convert

these into a power value. The central question is thus: How can we

calculate the power behind the objective from a spectral measure-

ment? The di�culty here is that the sensitivity of the spectrometer

as well as the photodiode are wavelength-dependent, as we will see

in the following.

Photodiode

- Gain 𝐺PD(𝜆) (2.38𝑒5 V/A for 50 dB; 0.75𝑒6 V/A for 60 dB)

- Responsivity 𝑅PD(𝜆) in A/W (from Thorlabs documentation)

depicted in Figure A.2.

Figure A.2. The wavelength-dependent responsivity curve of the photodi-

ode used to detect the power of the reference signal.
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power calibration of the spectrometer

- Beamsplitter re�ectivity 45%

Then, the e�ciency factor can be presented as

𝜂PD = 𝑅PD(𝜆) ·𝐺𝑃𝐷 (𝜆) · 0.45 (A.1)

Spectrometer

- Grating e�ciency 𝑅grating(𝜆) (from Princetonin Instruments doc-

umentation) is depicted in Figure A.3.

Figure A.3. The wavelength-dependent responsivity curve of the spec-

trometer used in this thesis.

- CCD camera e�ciency 𝑄CCD(𝜆) (from Princeton Instruments

documentation) is depicted in Figure A.4

Then, we can obtain the e�ciency factor as

𝑄spec(𝜆) = 𝑅grating(𝜆) ·𝑄CCD(𝜆) (A.2)

The resulting e�ciencies including the e�ciency factors of the CCD

and spectrometer are depicted in Figure A.5.

Calculation of power-to-counts conversion factor

The spectrometer registers a number of counts per second in each

wavelength channel. Thus the wavelength dependent intensity can

be obtained in the following way:

𝐼 (𝜆) = 𝑃 (𝜆) ·𝑄spec(𝜆) · 𝐹 , (A.3)
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Figure A.4. The wavelength-dependent e�ciency curve of Princements

CCD camera connected to the grating spectrometer.

η

Figure A.5. Resulting e�ciency factors for photodiode (left) and spec-

trometer (right).

Where F is the conversion factor that we are looking for. Here we

assume it is a constant. 𝑃 (𝜆) represent the wavelength dependent

power detected by the photodiode in Figure A.1.

The total voltage detected by the photodiode can be expressed as:

𝑈total =

∫
𝜆

𝑃 (𝜆) · 𝜂PD(𝜆)𝑑𝜆, (A.4)

The voltage contribution corresponding to the counts in each

wavelength channel can be written as:

𝑈 (𝜆) = 𝑃 (𝜆) · 𝜂PD(𝜆), (A.5)
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But we only know U𝑡𝑜𝑡𝑎𝑙 , not U𝜆 . However, we can rewrite Equation

A.3 as follows:

𝑃 (𝜆) =
𝐼spec(𝜆)
𝑄spec(𝜆)

· 1
𝐹
, (A.6)

And insert it in Equation A.4:

𝑈total =

∫
𝜆

𝐼spec(𝜆) ·
𝜂PD(𝜆)
𝑄spec(𝜆)

1

𝐹
𝑑𝜆, (A.7)

So that the conversion factor F can be expressed as:

𝐹 =

∫
𝜆

𝐼spec(𝜆) ·
𝜂PD(𝜆)
𝑄spec(𝜆)

𝑑𝜆

𝑈total

(A.8)

Or, since we are dealing with discrete wavelength channels, we can

also rewrite it as following:

𝐹 =

∑
𝐼spec(𝜆) · 𝜂

𝑄spec (𝜆)

𝑈total

, (A.9)

This can be done using any spectral measurement for which a

power measurement has been done as well. Here, we use the funda-

mental mode scattering signal. Note that the signal must be obtained

by integrating over the CCD camera strips, not by averaging.

If the conversion factor 𝐹 is known, any other measured spectrum

𝐼 (𝜆) can be converted to a power value via the known shape of

𝑄spec(𝜆):

𝑃total =
∑︁ 𝐼spec(𝜆)

𝑄spec(𝜆)
· 𝐹 , (A.10)

Calculation of F from real measurement data:

- Measured spectrum of the fundamental mode (scattered from the

excitation laser) subtracting background is displayed in Figure A.6

according to

𝐼spec(𝜆) =
𝐼measured(𝜆)

𝑡int ·𝑇BS ·𝑇�lter
(A.11)
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Figure A.6. Measured spectrum of the fundamental mode with the back-

ground subtraction

where 𝑡int is the integration time,𝑇BS is the beam splitter transmit-

tance of 55% and 𝑇�lter is �lter transmittance of 10
−3
.

- PD voltage: 275 mV = 0.275 V

- Gain setting 60dB

- Laser wavelength 860 nm (SHG wavelength: 430 nm)

Total power incident on PD (estimated using 𝑎𝑃𝐷 at 860 nm) is

obtained:

𝑃PD =
0.275

1.87 × 105
= 1.47 × 10

−6𝑊 ,

The conversion factor F is obtained using constant 𝑎PD and 𝑄spec

values:

𝐹 =
𝐼total/𝑄spec

𝑈PD/𝜂PD
=

𝐼total · 𝜂PD
𝑈PD ·𝑄spec

=
4.5 × 10

10 × 1.87 × 10
5

0.275 × 0.198

= 1.55 × 10
17𝑐𝑡𝑠 · 𝑠−1 ·𝑊 −1

, (A.12)
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Instead of the constand 𝑎PD and𝑄spec values, the conversion factor

F also can be calculated using wavelength-dependent values accord-

ing to Equation A.9:

𝐹 =

∑
𝐼spec(𝜆) ·

𝜂PD(𝜆)
𝑄spec(𝜆)

𝑑𝜆

𝑈total

= 1.53 × 10
17𝑐𝑡𝑠 · 𝑠−1 ·𝑊 −1

, (A.13)

Using the last equation for F, we can plot 𝑎spec(𝜆) = 𝑄spec(𝜆) · 𝐹
as displayed in Figure A.7.

Figure A.7. Wavelength dependent e�ciency factor of the spectrometer

Now, for any given spectrum 𝐼 (𝜆), the corresponding power can
be calculated as 𝑃 =

∑ 𝐼 (𝜆)
𝑎spec (𝜆) .
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