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ABSTRACT

Nonlinearity in noble metallic nanoparticles has been studied extensively for
decades. Plasmonic nanoparticles made of noble metals enhances the nonlinearity due to
their high carrier density and unique band structures. Two important applications are
nonlinear labels in bio-imaging, and all-optical signal manipulations. Recently, we
discovered a new nonlinear phenomenon on the scattering of gold particles when excited
by continuous-wave (CW) lasers. Conventionally, scattering should be linear, i.e.
proportional to the incident intensity. We found that when the excitation intensity in gold
nanospheres increases, the scattering may not increase accordingly, showing significant
nonlinear response. At high intensity (MW/cm?), the scattering is below the linear trend,
and if the intensity further increases, the scattering surpasses the linear trend. We describe
the former as “saturable scattering” and the latter as “reverse saturable scattering.” The
novel nonlinearity has been first applied to super-resolution microscopy with spatial
resolution of plasmonic nanostructures down to A/8, and recently used in ultrasmall all-
optical switching with up to 80% modulation depth. The mechanism of saturable
scattering has been proposed with indirect evidence: hot lattice is the major mechanism.
Nevertheless, the modulation in scattering amplitude cannot be calculated through known
classical models, and the mechanism for reverse saturable scattering is still unknown. In
this work, we first confirm the proposition for hot lattice with experiments, then calculate
the single-particle scattering spectrum with temperature-dependent permittivity by Mie
theory. We compare the calculation to experiments to show the nonlinearity cannot be
obtained through known classical models, then derive hints from Maxwell-Garnett theory.
From the hints, we propose that nanoparticles having different permittivity to that of the

bulk material. Thus, we correct the Lorentz-Drude model with an oscillator representing
iii
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the localized surface plasmon. Surprisingly, the Lorentz-Drude parameters of such
oscillator unveil how hot lattice participate in nonlinear scattering. The model provides
accurate description for saturable scattering. It also implies the reverse saturable

scattering should rely on other mechanisms.

Keywords: saturable scattering, gold nanoparticles, hot lattice, nonlinear optics, surface

plasmon resonance
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Chapter 1  Overview

1.1 Plasmons and optical nonlinearity

Plasmon is a quantum (minimal quantity involved in a physical interaction) of
plasma oscillation (rapid oscillation of electron density in media), just like the photons
and phonons are quanta to light and lattice vibration respectively. The concept was first
proposed by David Pines and David Bohm in 1952 [1]. The idea was started as a single
spark but turned into a prairie fire. Light and a material interact with each other through
the coupling of photons and plasmons. For the light frequency below the plasma
frequency, it will be reflected (shielding effect). For the light frequency above the plasma
frequency, the light is transmitted. For most metals, the plasma frequencies are located in
ultraviolet regime, so they are reflective to the visible light. In some noble metals, there
are interband transitions in the visible band. These interband transitions absorb visible
light and give noble metals gorgeous colors.

The surface plasmons (SP) are the plasmons confined to the interface of a material
and surrounding medium. When SPs couples with photons, they form polaritions (bosonic
quasiparticles). We call such coupling as surface plasmon polaritons (SPP). The SPPs
strengthen the electromagnetic field around the interface. When the surface plasmons are
confined to a nanostructure, they become localized surface plasmons (LSP) and
significantly increase the electromagnetic field localized to the surrounding of the
nanostructure. The electromagnetic field falls off a short distance away from the
nanostructure.

Typically, in light-matter interactions (absorption, scattering, or fluorescence), the
radiated intensity is proportional to the incident intensity [2]. The optical nonlinear
process occurs when the optical fields of incident light is strong enough to produce

1
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polarization fields proportional to the quadratic, cubic or higher power of the incident
fields in a material. Since both SPP and LSP enhance the local electromagnetic fields, the
optical nonlinearities are significantly amplified [3]. These plasmonic excitations boost
the optical nonlinearities in two ways [3, 4]:

1. The strong electromagnetic fields in SPs enhance the instantaneous optical process
(whose timescale is only a few femtoseconds), e.g. surface-enhanced Raman scattering.
This equates to higher effective optical nonlinearity, and allows ultrafast all-optical signal
modulations.

2. SPs are very sensitive to the surface and surrounding they propagate on. Small
alteration to the media significantly changes the surface plasmon resonances (SPR). SPPs
can be used as biosensors, and LSP are particularly useful as nonlinear labels in bio-
imaging [5].

A specific branch called nanoplasmonics is dedicated to the application of SPs in
nanostructures made of plasmonic materials. The most popular materials are noble
metallic nanoparticles. The nonlinearities in these nanoparticles has been studied for
decades.

In the early studies, the noble metallic nanoparticles are excited by pulsed lasers,
such as [6, 7]. The interesting nonlinear interactions of electrons and phonons due to the
non-equilibrium state of electron temperature and lattice temperature are extensively
studied. Later, the thermal equilibrium state of electron and lattice temperature draws
great interests. The nanoparticles are either heated with continuous-wave (CW) lasers [8,
9], or environmental heating [10, 11]. The dedicated topic about thermally excitation on
nanostructures is referred to as thermo-plasmonics [9, 12].

With the capability of nanoscaled heat generation, thermo-plasmonincs has a wide

range of applications: photothermal imaging [13], cancer treatment [14], super-resolution
2
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microscopy [13, 15, 16], plasmonic photovoltaics [17], and water boiling, sanitation and
super-heating [18-20], up to thermo-photovoltaics [17], solar thermo-electric generators
[21], plasmon-mediated photocatalysis [22], plasmon-assisted chemical vapor deposition
[23] and heat-assisted magnetic recording [24]. Therefore, it is crucial to study the optical

nonlinearities induced by equilibrium state dynamics of plasmonic nanostructures.

1.2  Saturable scattering and reverse saturable scattering in

noble metallic nanoparticles

Recently, we discovered a new nonlinear phenomenon on the scattering of gold
particles when excited by CW lasers. Conventionally, scattering should be linear, i.e.
proportional to the incident intensity. We found that when the excitation intensity in gold
nanospheres increases, the scattering may not increase accordingly, showing significant
nonlinear response [25, 26]. Below 1 MW/cm?, the scattering is linear to the incident
intensity. However, around 1 MW/cm?, the scattering deviates below the linear trend and,
above 1 MW/cm?, exceeds the linear trend. We describe the former as “saturable
scattering” and the latter as “reverse saturable scattering.”

The novel nonlinearity has been first applied to super-resolution microscopy with
spatial resolution of plasmonic nanostructures down to A/8 [25], and recently used in
ultrasmall all-optical switching [27] with 90% modulation depth. The emergent
applications made use of the strengths of nonlinear scattering: nanoscale, ultrafast, low
operating power, broad-band, and high switching modulation depths.

Although the nonlinearity has so many potential applications, the mechanism is unclear.
In Huang’s thesis [28], the mechanism of nonlinear scattering is proposed to be highly
related to the third order nonlinearity of noble metals, and localized surface plasmon

resonance (LSPR). There are several third order nonlinear mechanisms, including

3
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intraband transition, interband transition, hot electron, and hot lattice. Huang found
indirect evidence to show that the rising of lattice temperature (hot lattice) should be the
most possible mechanism. However, to confirm the proposition, more solid evidence
should be provided. For each nonlinear mechanism, there’s a respective nz, whose quantity
is positively correlated to the temporal response of light-matter interactions. The time
scale of excitation should be a solid evidence to verify the mechanism. Therefore, in 3.4,
the effective nonlinear refractive index (nz) of nonlinear scattering will be carefully

examined.
1.3 Unusually deep modulation of saturable scattering

One of the unusual properties of saturable scattering is the deep modulation, which is
up to 90% of the scattering amplitude off, as demonstrated by switching the off-resonance
wavelength with on-resonance wavelength [27]. In the literature, several temperature-
dependent studies have been made [10, 29]. The reported highest temperature studied is
up to 1200K [10]. However, the modulation depths (optical extinction compared to 300K)
of the absorption spectra of gold nanospheres at 400K (embedded in silica) is less than
20%, which is very different from what we observed in the hot plate experiment (At 400K,
we experimentally achieved 70% modulation depths.) The reason is that Yeshchenko et
al [10] and other conventional studies traced back to El-Sayed [29] only measure the
matrix absorption spectra. Since more than 90% of the light is from transmission of the
host medium, the actual single-particle modulation depth cannot be evaluated.

Since their modulation depths cannot be compared to ours, we looked for the
temperature-dependent permittivity of bulk gold to calculate nonlinear scattering of gold
nanospheres. In general, the imaginary part of the permittivity is theoretically account for

the modulation depths of nanoparticles. Surprisingly, the experimental measurements of
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the temperature dependence of the permittivity of various metals are so scarce that no
complete and correlated set of data for the complex metal permittivity as a function of
temperature from room temperature up to the melting temperature was reported.
Therefore, we measure the temperature dependence of gold permittivity with fine
temperature resolution. We also find that the crystallographic structure of the film has an
obvious influence on the temperature variation of the gold film. In the visible band, the
unannealed gold has almost twice the variation of annealed gold in imaginary part of
permittivity. We also notice a commonly ignored concept in thermo-plasmonic studies:
most studies used permittivity from annealed metal, while most metallic nanoparticles are
fabricated in chemical solutions[30], they are in nature multi-crystalline, i.e. unannealed.
It is apparently critical to consider the crystallographic factor for plasmonic calculations.

In addition to the permittivity of gold, Mansour and Sarkhosh [8] pointed out the
nonlinearity from the ambient medium to be equally important. The nonlinear refractive
index of gold nanoparticle colloids is significantly affected by thermal conductivity of the
ambient medium. The lower the thermal conductivity, the larger the n. induced by CW
laser. More interestingly, the n of nanoparticles in castor oil, which should resemble our
testing environment (immersion oil), is 19 times the n, of nanoparticles in water. Hence,
the ambient medium could be another important contributor to the modulation depth.
Besides, we should consider the temperature dependence of the ambient medium. The
complex refractive index (n=n+ix ) changes with temperature in most oils, but the

majority of the change is in the real part [31, 32]. The reported thermo-derivative of

refractive index for the real part (d;n) is about 104, and 107 for the imaginary part

(dyx)[31]. For system with negligible absorption, n is solely linked with n. It is unlikely

that the temperature dependence of the k make a difference to the thermal modulation
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depths. That is, for the ambient medium, the real thermo-derivative of the refractive index

(dyn) should be responsible for part of the modulation depths.
1.4  Goal and outline

Nonlinear scattering in plasmonic nanoparticles has been shown to have great potential
in applied physics, and thermo-plasmonics. However, the mechanism of saturable
scattering was not confirmed. In this work, we first provide strong evidence to Huang’s
proposition on the hot lattice [28]. Next, we calculate the single-particle scattering
spectrum based on experimental data of bulk gold [33] and ambient medium by Mie
theory and compare the results to experiments. In the beginning, the modulation depths
Is much less than our experimental observation. We show the modulation depths cannot
be obtained through known conventional Mie theory, then propose our own model that
can explain the unusually deep modulation depths of nanoparticles [27].

In Chapter 2, we list all the formulas and theory that we will use to determine the
mechanism of saturable scattering and calculate the modulation depths. In Chapter 3, we
measure the intensity-dependent refractive index of nonlinear scattering, the temperature-
dependent spectroscopic information of nonlinear scattering, and the temperature-
dependent permittivity of gold and immersion oil for later calculations. At the end of the
chapter, we conduct detailed comparison on the nonlinear refractive indices (n.) to verify
the mechanism to be hot lattice. In Chapter 4, we modify the dielectric function for single-
particle and calculate the resulted scattering intensity. With such modification, we
generate enough modulation depths. We then discuss the model. Chapter 5 is the

conclusion.
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Chapter 2  Principles

2.1  Localized surface plasmon resonance

Surface plasmon (SP) is an oscillation of coherent electrons due to the change of
sign at the interface of positive and negative permittivity medium. The oscillating
frequency of such oscillation is called the surface plasmon resonance (SPR). When the
interface is limited to a microstructure, the field strength is significantly increased, and
so is the nonlinearity of the embedded material. This special case of SP is named as
localized surface plasmon resonance (LSPR). One can solve the Maxwell equations at the
interface of sphere and ambient medium by analytic Mie theory [34] to obtain the
scattering and absorption of the sphere. The resonance of metallic nanospheres can very
broad, ranging from ultraviolet to infrared. In the case of gold nanosphere, the resonance
is in the visible band (390-780nm), depending on the particle size and refractive index of

the ambient medium.
2.2 The mechanism of saturable scattering and nonlinear

refractive indices

We begin with the mathematical tools to describe nonlinear scattering. In nonlinear

optics, the refractive index of many materials as
n=no+,(E*(1)), (1)

where the bracket represents time average [35]. ng is the usual weak-field refractive
index, and the N, isa new optical constant influenced under high optical intensity. If the

optical field can be written as
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E(t) = E(w)e ™, (2)

then
<E2(t)>=2E(a))E(a))*=2|E(a))|2, (3)
We find that
N =ng + 2, [E(@)|* =ng +n,1 (4)
where
| = 2ny5,c|E(@) (5)

is the time average laser power, and n, is the newly defined nonlinear refractive index.
In general, the optical nonlinearity can written as the polarization P(t) as a power
series of field strength E(t) [36]

P(t) = o[ VE®) + x P ME®E®) + x PEQE®E®)] , (6)

where t isthe time, and ™ is the ki order susceptibility.

The first order, of course, is the linear susceptibility. We refer the second order

nonlinear polarization as

P,(t) = 502 P (EME) 7)
and the third order nonlinear polarization as

Py(t) = £0x PEME®E() - (8)

Typically, the second order nonlinearity vanishes for a centrosymmetric material (e.g.

gold, if the structure is not processed on purpose). For simplicity, we assume the incident

light is linearly polarized, and the suppressing the »® . Also, in the case of CW laser,
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the time-oscillating term of the electric field can be ignored. The nonlinear polarization

is thus written as
PuL(®) =35,7? | E(0) ” E(),

and the total polarization of the material is

PTOT (@) =52 +37 | E(0) IP1E(e) = 50 et E(@) -

where we introduced the effective susceptibility

2t =20 +379 | E(0) | .

(9)

(10)

(11)

In order to relate the nonlinear susceptibility »® to nonlinear refractive index n,,

note that it is generally true that
N? =1+ y .

Therefore, from (4), (11), and (12)

(g +n, N2 =1+ 7B 43, | E(w) 2.

By expanding the quadratic, we finally have

no =1+ 9)"%,
and
__3 @
N2 = any2e,C AR

(12)

(13)

(14)

(15)

In the range of LSPR, there are four possible candidates for the nonlinear scattering

of gold nanospheres, including intraband transition, interband transition, hot electron, and

hot lattice. They are all related to third order nonlinearity ( ® ) of noble metals and each

of them has an effective nonlinear refractive index (n, ), which can be found in the
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literature. To simplify the comparison, we converted reported »® to n, with (15).

Please note that nonlinear index can be significantly affected by the temporal response of
the corresponding light-matter interactions, so it is crucial to check the time scale of
excitation [37]. For example, the first two mechanisms are intraband and interband
transitions. The former is the transition between quantized levels within conduction or
valence band in a few femtoseconds, and the latter is the transitions between conduction
and valenceband in tens of femtoseconds. One classical example of nonlinear optical

interaction that is related to these two transitions is four-wave mixing, from which the

reported n, corresponding to intraband transition sits below 107?cm?/W | and the n,

corresponding to interband transition ranges from 1072 ~10'°cm?® /W [38]. On the other
hand, hot electron represents the thermalization of conduction electron above Fermi
surface in less than a picosecond. The extensively studied nonlinear optical example for
hot electron is the optical Kerr effect, from which the corresponding n; is estimated in the
range of 107°~10%cm?/W [39]. For timescale extending from picosecond to
nanosecond, the thermal energy shall be transferred from electron to lattice, resulting in
hot lattice. This mechanism is generally ignored in previous pump-probe experiments
based on femtosecond excitations. However, when using nanosecond excitation or even
CW excitation, the corresponding n2 reaches 10°cm?/W or even larger [8, 39]. The
comparison of the above mechanisms can be found in Table 2.

In addition to the third order nonlinearity of the metal, the nonlinearity from the
ambient medium should be also examined. The reported n, of organic materials itself
is much smaller than plasmonic metals [39-41]. For example, under CW excitation, the
n, of olive oil is 10°cm* /W, while the n, of gold is at least one order larger. Hence, the

third order nonlinearity from the ambient medium is insignificant in our case.
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With this order of magnitude knowledge, we then extract corresponding nonlinear
index from our single-particle nonlinear scattering measurement. The first experiment is
to measure the scattering intensity dependency of the 561-nm CW laser from isolated
gold nanospheres. Our previous work suggests that nonlinear scattering intensity
dependence is a polynomial function, which implicitly contains the nonlinear refractive
index [42]. By fitting the nonlinear scattering curve, we can derive both the first and
second order coefficients to obtain the corresponding nonlinear refractive index (n), as
outlined in the following.

By assuming that the scattering signal comes from the real part index mismatch An
between the metallic nanoparticle and the surrounding medium. The nonlinear scattering

curve can be described as following:
S(=as 1 +7517, (16)
,where from Rayleigh-Gans formalism
ag, =gs(an)?, (17)
and
7s =20,An An, | (18)
Here g, is an intensity-independent parameter depending only on size of the particle.

An_ is the linear refractive index difference of the host medium (immersion oil, n=1.518,

Olympus) and gold. An, is the nonlinear refractive index difference of the host medium
and metallic nanosphere. In our case, the host medium is assumed to have no nonlinearity.
Therefore, An, isthe n, of gold.

From (17) and (18), we have
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an = Se I (19)

2.3  Lorentz-Drude model and dielectric function of metal

2.3.1 Lorentz-Drude model [43]

In typical Drude model, the movement of conduction electrons in metals (ions) can

be described as the equation of motion of springs:

mZl+mlC L +me, T=—qE | (20)

where m should be interpreted as effective electron mass me, I is the damping rate, and
wo is the frequency of restoring force.

After Fourier transform, the equation becomes
mM(—jw)?F (@) + M(— j ) F (@) + Mex F () = —qE . (21)

Hence, the displacement of conduction electrons to the ions is

O @)
The dipole moment of electrons is thus
f(w) =—qr (o). (23)
The Lorentz polarizability «(o) is defined as
A(w) = a(®)E(w). (24)
where
O @

represents the polarizability of a single atom.

12

doi:10.6342/NTU201602833



The randomness of atom forced us to take statistical average to evaluate the total

polarization

P(w) = N{(w)). (26)
Note the definition of polarization is as followed

P(@) = g0 2(0)E(@) . (27)

From (24) to (27), the susceptibility of typical Drude model

2

; , (28)

®%0 —o® +iolp

(2]

¥(@) =

where the plasma frequency o, can be expressed as

2
@ = (29)

‘C"Ome

Here n~ is now interpreted as electron density n,.
Recall that
D=¢gy&,E=goE+P=¢guE+gyE =5,(1+ y)E. (30)
Thus,
Zr (@) =1+ (@) . (31)

In the case of metal, the electrons move freely, so the frequency of restoring force

o is zero. Hence Drude dielectric function for metal is

2

F(0)=1-—22 (32)

w® +ialp

The damping frequency I'p can be given a more physical meaning as
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I'p=—, (33)

7, Is the mean collision rate of electrons, which is linked to intraband transition.
Moreover, T'p gives the bandwidth of the damping, which is an important parameters in
plasmonic studies [7].

It is worth noting in the case of nanoparticle that there’s a common correction on

I'p such that

r, :FDbqu +AVHF’ (34)

where vg is the Fermi velocity, and R is the radius of the particle [44]. A is theory-

dependent parameters. In particles with R smaller than 10nm, A increases as R reduces

. e : Ve
due to electron-surface scattering, which is insignificant on way larger nanoparticles (E

is two order smaller than FDb“'k ; A'is zero order). In particles with R smaller than 10nm,

A increases as R increases due to diffusion, which is counted as extrinsic effect.
Nevertheless, the plasma frequency is at the far infrared. Extending the bandwidth of
damping has little effect on the visible band. Thus, we ignored (34).

However, in the real world, there are several resonances in metal due to band
structures. A better approximation was provided by H.A. Lorentz in 1905.

The Lorentz-Drude model is written as

- - & f
e (w) =&, (oo)+a)pzz 5

2 . )
ma@om —O° — 1ol

(35)

where f_ is the oscillator strength of the mth resonator, @ , is the natural frequency

of the mth resonator, and T, is the damping rate of the mth resonator. Note that &, ()

is for producing offset at frequencies way higher than the concerned frequencies. In
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general, a 5-resonator approximation provides accurate numerical values of noble metal
permittivity.
2.3.2 Temperature-dependence of the Lorentz-Drude parameters

For typical Drude model, the temperature-dependence can be obtained by

differentiation

D ]9, 500 02,

daz)p ,\ @ oT w OT (36)

= f
dT 2w,
and

rD7

dr, o 1+ 2 w? (F_D Og, N oe, j _ (37)

dT @ w OoT oT

p

Since I'y <<, both differentiation can be approximated as

do, w? Og

T 2w, oT ' (38)
and

di'y w® d¢,

dT 2 oT (39)

p

Therefore, the relative change of », and I'y can be evaluated through temperature-

dependent measurement on permittivity.

In Lorentz-Drude model, there’s an additional parameter f_ to be considered.

m
There’s no simple formulation on the oscillator strength besides using quantum
mechanics. However, phenomenologically, the oscillator strength increase monotonically

with the temperature [45].
2.4  Mie theory

We use analytic Mie theory to calculate the scattering modulation depths[46]. The
15
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expression for Mie scattering efficiency is [34]

~ 2
€~ Emed

Qsca =8k“r* (40)

£ + 28

where k is the wave vector, r is the radius of particle, z is the permittivity of the
nanosphere, &peq IS the permittivity of the ambient medium. The details on how to

obtain the wavevector k was given by Bohren and Huffman’s work [34]. It is also worth

noting that Gustav Mie used bulk permittivity in his calculation, which is questionable

[7].
More importantly, the resonance and amplitude of the Mie scattering comes from the

term
€med . (41)

Our idea is that the change of permittivity (Az ) of the bulk gold due to hot lattice
should be carried over to the change of scattering efficiency ( AQ, ) of the gold

nanosphere trough Mie theory, where
Ae =£(T)-&(Tp), (42)
and

AQqca = Qsca M- Qsca (TO) . (43)

2.5 Maxwell-Garnett theory

2.5.1 Conventional Maxwell-Garnett theory

Naively, one can describe the thermo-optical coefficient of metal in ambient medium

as
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drn'= pd; A +(1— p)d; N, (44)

Where p is the volume fraction of the metal, n is the complex refractive index of the
metal, and nmeq is the refractive index of the ambient medium. This approximation is
oversimplified because of the lack of dielectric confinement in the nanoparticles. The
change of sign of permittivity at the boundary is what gives the resonance to the metallic
particle.

In general, the permittivity of inhomogeneous medium consisted of spheres in
ambient medium can be well described by Maxwell-Garnett theory with the volume
fraction of inclusion less than 15%. The effective permittivity is written as

~  e(+2p)+e,(1-p)
Ea = G a-p) a2 p)

(45)

where £z is the complex permittivity of the metal, &, is the permittivity of the ambient

medium, and p is the volume fraction. With sufficient conditions, the Maxwell-Garnet
formula gives the value of effective permittivity at any temperature. Thus, one can derive

d.n, through the relation

dTEeff = dT (ﬁeff )2 ' (46)

The counter-intuitive concept is first proposed by Smith et al [26], then detailed by
Palpant et al[47]. They found that while the gold and ambient medium has positive
thermo-refractive coefficient, the heterogeneous matrix has a large negative one at the
LSPR, as demonstrated in Figure 1.

However, due to the operation of complex quantity d.e, the effect of
enhancement on the sign, width and LSPR position is not straight forward to d.n,, . Thus,

in the following sections, we will discuss only the absolute value of these quantities.

17

doi:10.6342/NTU201602833



T
1

0.0006

0.0004

0.0002

0.0000

-0.0002

-0.0004

—=— dTn',Palpant, bulk .
—e— dTk',Palpant, bulk 1
—— dTn,Palpant, nanopatrticle| |

dTk,Palpant, nanoparticle

-0.0006

Thermoreflectance (K™)

-0.0008

-0.0010

500 | 550 | 600 650 700
Wavelength (nm)

Figure 1. The comparison of thermoreflectance of gold nanoparticles (diameter 5nm) and

bulk gold (As defined in (9), p=0.08). Replotted from [47].

2.5.2 Adaptation of Maxwell-Garnett theory on single-particle
Maxwell-Garnet formula is a formulation that works with matrix. Conventionally,

the volume fraction is defined as the ratio of ... (areaof the sphere)to A, (the total

area), namely,

Asphere
Atotal ( )

In the single-particle case, the total area cannot be determined. Therefore, the
formula needs to be modified. The new volume fraction is written as

_ Asphere

p=
Abeamspot

(48)

Here the area of the sphere A, .. istreated as a circular area. The area of the beam spot
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Abeamspot

should be seen as the area formed by full width at half maximum (FWHM) of

the diffraction-limited Gaussian beam, which is #Dgy 2 /4In2. Therefore, p is now a

function of sphere radius, incident wavelength, and numerical aperture (N.A.). In Figure

2, the resonance shifts as p increases. Nevertheless, the adaptation of Maxwell-Garnett

theory to single-particle version fails. Table 1 is an attempt to find corresponding p for

various particle size. With Eq. (45), we appointed p for each LSPR of respective particle

size. However, applying Eq. (48) to each particle size clearly underestimates p. Hence,

the Maxwell-Garnett theory only provides a hint to the thermal derivative around LSPR.

p calculated by

Radius(nm) Resonance(nm) p fitted with (45)
(48)
<20 550 <0.03 <0.08
30 564 0.05 0.013
40 584 0.09 0.3

Table 1 Demonstration of newly defined p. Each p is linked to a specific particle

diameter and a respective resonance.

It is also worth noting that larger p gives larger amplification, which might support

Huang’s conclusion on the particle-size dependence of the nonlinearity [28].
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Figure 2. Calculation of Maxwell-Garnet formula with different volume fraction (a)

p=0.08 and (b) p=0.3; Assume the temperature dependence of the ambient medium to be

drnmed=-3x10"* K1 Temperature-dependence extracted from our measurement.

2.5.3 The contribution of ambient medium

The Maxwell-Garnett formula considered both contribution from the inclusion and
the ambient medium. To quantitatively examine the ambient medium contribution, we

first calculate d;&,; with drhmed Set to zero, then assume a reasonable dtnmed based on

reported value [32] to perform the same calculation.
Figure 3 shows that the ambient has a remarkable influence on the result. In Figure
3(b), the absolute maximum of themoreflectance is at 561nm. Surprisingly, even drNmed

is a real number, it has noticeable influence on d- &, . If we compare the absolute d; &y

on resonance to that of the off resonance (e.g 405nm), the amplification can be more than
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one order. That is, the enhancement at the LSPR increases. On the other hand, the ambient
medium is responsible for majority of the change in real part, although the amplification
is globally. To sum up, the ambient medium provides extra modulation depths based on

the original modulation of metal.

0.002 - | | ' | | | | (é) -
0.000 -
-0.002 — —
-0.004 |- —=—de'/dT, An_med=0 H
< -0.006 i —eo— de"/dT, An_med=0[
\!_/ ] . ] . ] . ] . ] ) ] ) ] ) ] ) ]
|_ [ T T T T T T T T T T T T T T T T T i
% 0.04 | (b) -
3 I ]
0.00 | .
-0.04 | .

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 3. Calculation of Maxwell-Garnet formula with different volume fraction (a)
p=0.08 and (b) p=0.3. Assume the temperature dependence of the ambient medium to be

drNmed =0

2.6  Hints from Maxwell-Garnett theory

As we mentioned in previous section, due to the operation of complex quantity

d. &, , the effect of enhancement on the sign, width and LSPR position is not straight
forward to d.n,, .There is an implicit way to implement the enhancement to Mie

scattering of the gold nanosphere. In previous section, it is clear that the d.n,, is
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amplified around the LSPR, and the amplification rate is one order. We then convert
d. N, to d; &, by the relation
& =n"—i?, (49)
and
& =2NK , (50)
where & is the real part of permittivity, and &, isthe imaginary part of permittivity.
Surprisingly, dr&; has barely any amplification (amplification rate less than half an

order), while dré;, still has at least one order larger amplification around the LSPR.

Thus, we have the effective permittivity for nanoparticle, which is
gt (T) = & (To) + Ayt (51)
where
Asy =Agyx A +Asyx A, . (52)

Here, A; is enhancement determined by the ratio of absolute value of d;¢ at on-

resonance to d¢; at off-resonance. (51) is an amplification to (41) around the LSPR.

To obtain A; empirically, we must normalize Q,(Ty) and assume a reasonable

amplification rate (m;). Therefore,

A =My x Qgeq (To) / MBX( Qsca(To)) (53)

where m; is a number at the order of 101. m; can be evaluated through the ratio of on-

resonance d;z to that of the off-resonance.
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Chapter 3 Experiments

3.1 Sample preparation

3.1.1 Gold nanospheres

For single-particle scattering modulations, we use commercial gold nanospheres
with 60-nm and 80-nm diameter (EM. GC 60, and EM. GC 80, BBI Solutions). The
solution of nanospheres is dispersed onto adhesive microscope slide (Polysine Adhesion
Slides 25x75x1 mm, Thermo Scientific), then dehydrated. A droplet of immersion oil
(n=1.518, type F, Olympus) submerges the dehydrated particles before the particles being

sealed with cover glass (18x18x0.17 mm, Menzel-Glaser).
3.1.2 Bulkgold

For measurement of the bulk gold temperature-dependent permittivity, the gold film
was made by electron beam evaporation of gold with 99.99% purity onto a silicon nitride
substrate with 5nm titanium as an adhesion layer. Its thickness is 130£16 nm, which is
enough to fully block transmission, and to be treated as a bulk sample [48]. For
unannealed sample, the deposited film is directly used. For annealed sample, the gold film
is placed at 600K for 15 minutes, under 10~ atm, and then cooled off to 300K.

3.1.3 Immersion oil

For measurement of immersion oil temperature-dependent refractive index, we use
(n=1.518, type F, Olympus). The constituents can be found in the expired patent [49],

which are mainly liquid paraffins.
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3.2 Experiment setup

3.2.1 Confocal microscope equipped with spectral detection for single-

particle experiments

(a)

<
#1 | #2
I I Spectrometer

#3

== / \
— Mirror:
50/50 BS:
Lens: —
Pinhole: — —
Beam path: /
PMT Notch filter: =

N

Figure 4. (a) Experimental setup, consisting of a confocal microscope, a hot plate on the
microscope, a supercontinuum (WL-SC-400-2, Fianium Ltd.) with 200ps output pulsed
width, a spectrometer (Shamrock 163 with iDus Cameras DV420A-OE, Andor
Technology), and a PMT (H5783-01, Hamamatsu). The confocal microscope is composed
of a custom galvo scanning system, upright microscope (BX-53, Olympus), and a 100x
objective. (b) Image of single-particles under confocal microscope. Field of view: 25um

x25um

Our setup is a reflection confocal imaging system, combined with a supercontinuum
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and a spectrometer for spectral measurement, as shown in Figure 4(a). The light source
of the confocal imaging part is a 561-nm CW laser. The laser is sent into a galvo scanning
system to form two-dimensional raster scan at the focal plane of the objective. The
backscattering signal of the particle is collected by the same objective and is separated
from the incident beam with a 50/50 beamsplitter (#2 in Figure 4(a)). Then the signal is
focused at the confocal pinhole to eliminate out-of-focus contribution, and detected by a
photomultiplier tube (PMT). Figure 4(b) shows an image of particles under the confocal
system.

Another laser source in the system is a supercontinuum source, which serves as a
“probe” for spectroscopic detection. It is combined with the 561-nm laser (#1 in Figure 4
(@), and shares the same beam path until being split in front of the spectrometer by
another 50/50 beamsplitter (#3 in Figure 4(a)). Half of the backscattered supercontinuum
signal is received by the spectrometer, in front of which a notch filter (NF561-18,
Thorlabs) is placed to block excess 561-nm laser. Another half goes to the PMT to form
the confocal images.

With the setup, we conduct three different experiments: the intensity dependence of
nonlinear scattering, thermally induced spectrum variation with hot plate, and optically
induced spectrum variation with CW laser. Each of the experiment uses slightly different
components.

The intensity dependence test involves only the images formed by the backscattering
of 561-nm CW laser. To get the intensity dependence of nonlinear scattering, images at
different intensities are taken, and the corresponding point spread functions are extracted.
The values at central pixels of each point spread function are averaged to be the scattering
intensity.

In the thermally induced spectrum variation measurement, the images and spectra
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formed by the supercontinuum are analyzed.

In Figure 5, we demonstrate how to acquire a single-particle scattering spectrum [50].
To collect a single-particle backscattering spectrum, the laser focus should be placed on
top of the particle, and the backscattering from that particle is guided into a spectrometer
(Figure 5 (a)). Next, we place the focus on the surroundings of the particle to collect the
background reflection (Figure 5 (b)). The reference spectrum (Figure 5 (c)) is taken with
a silver mirror at focus. Finally, the single-particle scattering (Figure 5 (d)) is obtained by

[(2)-(0)/(c).

15000 15000

(@) (b)

10000 | 10000 |
5000 5000
—~
—
c
S
o)
o 0 ol— ' ' ' '
f_g 30000
2 © 10y (d)
o —sc
08}
% 20000
ad 06}
10000 | 0.4+

— single-particle scattering

0.2

500 550 600 650 700 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 5. The (a) single-particle backscattering (b) reflection from the substrate of an
isolated particle. (c) The reference of the supercontinuum source. (d) The single particle

scattering determined by [(a)-(b)]/(c). Replotted from [50].

At each temperature, an image of a group of single particles is taken along with the

spectrum. In Figure 6, when the temperature rises, the particle drifts due to thermal
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expansion of the substrate and stage, and we have tracked the same particle (Figure 6 (a)
and (b)) with the aid of image to take temperature-dependent spectrum. In Figure 7, as
the temperature rises, the signal from single-particle backscattering decreases
significantly, while the signal from the substrate slightly increases. Thus, the amplitude
modulation of single-particle scattering is shown to be mainly contributed by the

nonlinearity of the gold nanoshere.

Figure 6. The confocal image of (a) 300K (b) 325K. The center is marked by the text

“um”. The white triangles marks the nanoparticles being tracked. Field of view: 50pmx

50pm
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Figure 7. The (a) single-particle backscattering (b) reflection from the substrate of an

isolated gold nanosphere (80nm as diameter) at different temperatures.

In the optically induced spectrum variation measurement, both lasers are involved.
First, we aligned both lasers, making them overlapped at the pinhole. An image is taken,
along with corresponding spectrum with the CW laser blocked. Then we turn on the CW
laser to optically heat up the particle and record backscattering spectrum from
supercontinuum as the power of CW laser increases. The results can be compared with

the hot plate heating experiment to check the validity of hot lattice mechanism.
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3.2.2 Temperature-dependent ellipsometry

The temperature dependent permittivity was acquired with a spectroscopic
ellipsometry (M2000 U, J.A. Woollam Co, NE) from 190 to 1600 nm. The thermal
loading was done by hot plate in a vacuum chamber (107 atm). The measurement range
was supposed to be 300 to 700K. However, the sample could be damaged beyond 570K.
Consistent measurement results were all taken from 300 to 570K. The calibration was
done by taking sequential measurements at 570K until there’s only random error in the
readings.

3.2.3 Abbe refractometer

The temperature dependence of the refractive index was measured by Abbe
refractometer (ATAGO NAR-3T) from the Department of Chemical Engineering
National Taiwan University (With refractometer, only the refractive index in lower
temperature range can be measured), and compared to the reported value [32]. The
temperature control was done by water bath. The measurement range was from 296 to

323K.

3.3  Experiment results

3.3.1 Intensity dependence of single-particle nonlinear scattering

In Figure 8, we gradually increases the excitation intensity of 561nm-CW laser.
Below 1 MW/cm?, the scattering intensity is linear. Then, the scattering becomes
nonlinear and lower than the linear trend (saturable) around 1 MW/cm?. If the excitation
intensity further increases, the scattering exceeds the linear trend (reverse saturable).
Combining the equations in 2.2 to fit the saturable curve in Figure 8, we found the value

of n2 to be 3.0x10”7 cm?/W, which is closest to the hot lattice range (>10® cm?/W), as

given in 2.2. Therefore, we propose that the most possible mechanism is hot lattice. From
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this proposition, the nonlinear scattering can be caused by either shift or weakening of
the LSPR. Therefore, heating plus spectroscopic measurement is necessary to further

clarify the mechanism.

10 T T T T T T T T T T
e Scattering intensity
Ea Saturable scattering curve ]
8 - - - Linear scattering curve
I ([ J
2
D 6l z |
£ , o °°
g 4| L 2 i
= 2’ Reverse
Q ’
IS 9’ saturable scattering
O 2 /
N d
0 N N N N 1 N N " " 1
0 1x10° 2x10°

Excitation intensity (W/cm?)

Figure 8. Intensity dependence of nonlinear scattering by 561-nm CW laser. Red dots are
the scattering intensity of the laser. At low intensity, the red dots form a linear relationship,
as shown by the blue dashed line. On the other hand, the nonlinear scattering curve (green

line) and the corresponding nz is determined by fitting the red dots with equation (16).

3.3.2 Single-particle scattering modulation by CW

In this section, we check the LSPR spectrum by optical heating with the 561-nm CW
laser. Figure 9 shows the scattering spectrum of a gold nanosphere at different laser

intensities. Under the excitation intensity of 0.4 and 0.7 MW/cm?, the scattering intensity
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decreases compared to zero excitation. Also, the LSPR is weakened, but not shifted. We
notice the sidelobe around 700nm. According to Mie theory (Figure 15), the scattering
intensity of the off-resonance should be 10% the scattering intensity of the on-resonance.
This sidelobe is probably due to the offset during acquisition of the reference spectrum or

reflection of the substrate.

1.0 R | 1=0 MW/cm”2
ool 1=0.4 MW/cm”2
osl — |=0.7 MW/cm”2
Ela
S 07t
> I
2 o6}
3] I
£ 05}
g i
E 04 -—
§ 031
0.2 /
0.1}
OO 1 M 1 1 M 1 M 1

500 550 600 650 700

Wavelength (nm)
Figure 9. As the excitation intensity of 561nm CW laser increases, the scattering intensity
of supercontinuum decreases. The blank of the spectrum is due to the notch filter that

protects the spectrometer from excess 561nm laser.

3.3.3 Single-particle scattering modulation by environmental heating

In previous section, we have shown that optical heating causes scattering spectrum
reduction, but not shift. In this section, we heat up the sample with a hot plate and measure

scattering spectrum from a single particle. As the temperature increases, the scattering
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intensity decreases across the whole LSPR spectrum, as shown in Figure 10.
Quantitatively, for nanospheres with 80nm-diameter (Figure 10 (a)), the scattering
becomes 40% weaker by heating up only 50 kelvins above room temperature, and
becomes 70% weaker by heating up 100 kelvins. Apparently, change of temperature does
weaken the LSPR, but not significantly shift it. Combined with Mie theory [25], this result
implies that the permittivity changes mainly in imaginary part as the temperature
increases. If we also track the same 60nm-diameter particle (Figure 10 (b)), similar
behavior is observed.

Another important implication from the comparison between hot plate and optical
excitation experiment is to exclude the electron transition that might be caused by the
561-nm CW laser, whose photon energy is 2.21 eV. By heating up the particle with 100
K, the equivalent thermal energy transfers to electrons is less than 0.01 eV (7w =kgT ),
which is much smaller than photon energy.

In addition, in Figure 9 and Figure 10, the peaks of LSPR are slightly different to
each other. The possible reason for this deviation in resonance may be size variation of
the particles, even though the gold nanospheres in the two experiments are from the same
commercial gold nanospheres. In the future, not only statistic study of nonlinear scattering
with different nanoparticle diameters will be carried out, but the quantitative model to
link optical intensity and nanoparticle temperature will also be established, as well as the
temperature dependent permittivity, to fully account for the mechanism of nonlinear

scattering.
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Figure 10. Heating the gold nanospheres by a hot plate to induce significant scattering

variation. (a) Statistics on the scattering intensity of 80nm-diameter gold nanosphere at

different temperatures. Thick-solid line: averaged scattering intensity; Thin-light line:

raw data. (b) Tracking the same 60nm-diameter gold nanosphere with finer temperature

resolution.

3.3.4 Temperature-dependent bulk gold permittivity

From 3.3.2 and 3.3.3, the permittivity changes mainly in imaginary part as the
temperature increases. In order to calculate the modulation caused by variation in
permittivity with Mie theory, we measure the temperature dependence of bulk gold
permittivity. Interestingly, the result is very different in two thermal cycles given to the
sample. We examine the variation carefully. First, the first thermal cycle (noted as before
annealing or unannealed) gives much less optical loss (lower imaginary part) compared
to well recognized data of Johnson and Christy [51]. However, in the second thermal
cycle (noted as after annealing or annealed), the optical loss becomes larger and matched
to Johnson and Christy’s result. We have thoroughly argued that this anomaly is probably
due to the in-situ annealing effect on the morphology in our paper [33]. The point is that
previous measurements of temperature-dependence permittivity [52, 53] have to be

looked at very carefully when being adopted in thermo-plasmonic calculations.
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Figure 11. (a) The real part €’ and (b) imaginary part €” of permittivity of gold at room
temperature. Morphology (c) before annealing (d) after annealing. Scale bar: 400nm.

Replotted from [33].

With the knowledge that morphology dictating the temperature dependence, we
next discuss the data of our measurement. By increasing temperature gradually on an
unannealed film, remarkable variation of gold permittivity throughout the spectral
domain is observed. The results of several representative wavelengths in the visible range
are given in Figure 12. For the real part in Figure 12(a), the data below 500nm exhibits
only slight variation. The variation is more and more significant for increasing
wavelength, with the same trend of decrease and then increase above 460K. On the other
hand, for the imaginary part in Figure 12(b), monotonically increase is observed for
wavelengths above 500 nm; while for 400 and 500 nm, the trend is increase and then
decrease above 460K.

To highlight the variation, the thermo-derivatives of real and imaginary parts of the
permittivity are given in Figure 12(c) and (d), respectively. In Figure 12(c), very

interestingly, all wavelengths exhibit the same trend of being negative or smaller at low
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temperature, and becoming positive or larger above 460K, with a peak showing largest
variation at around 500K. For the imaginary part in Figure 12(d), similar trends are also
seen for all wavelengths, decreasing from positive at low temperature, and reverting to
increase at 450 — 500K. Here, only wavelengths below 500nm exhibit negative

derivation at high temperature.
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Figure 12. The real part ¢’ and (b) imaginary part €” of permittivity with unannealed gold

films in the visible band. (c) and (d) are the thermo-derivatives of ¢’ and &”.
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Figure 13(a) and (b) show the permittivity of the annealed gold film with increasing
temperature. Compared to the unannealed film in Figure 12, the variation is much less,
and also much smoother. For both the real and imaginary parts, almost perfect linear
trends are observed, with less than 4% error, agreeing well with [54]. In Figure 13(a), for
400 and 500 nm, the overall permittivity variations are ~10 and -20%; while for
wavelengths above 500nm, the permittivity variations are less than 5% (even 1% at
800nm), from 300 to 570K. On the other hand, in Figure 13(b), for 400nm and 500nm,
the permittivity variations are less than 6%; while for wavelengths above 500nm, the
variations are all larger than 20%.

The corresponding thermo-derivatives of real and imaginary parts are drawn in
Figure 13(c) and (d), respectively. Except 400 and 500 nm, other wavelengths exhibit
similar trends. In the real part, the thermo-derivatives reduce at low temperature, and start
to increase at 500K. In the imaginary part, the thermo-derivatives increase monotonically.
Comparing to Figure 12(c) and (d), the thermo-derivatives of the annealed film is one

order smaller than the unannealed film.
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€.

In typical Drude model, the effective electron mass decreases as the temperature

rises, so the

d .. . .
dcf)rp should be positive (i% is thus negative). Therefore, the unannealed

film (negative %) is closer to theoretical prediction (blueshift) below the annealing

temperature, and we will use its permittivity for most of the calculations in the thesis.

3.3.5 Temperature-dependent immersion oil refractive index

The temperature dependence of oil is measured in the temperature range of 296 to

323K. The intercept is 1.515, and the slope dNye is —3.65x107*. The reported values

for immersion oil d;n,,, are -3.00x10™* [55]. Although the proportion of constituents
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might be different (different brand and model number), the measurement still matches the
reference. It also implies that the oil should have minor effect on the modulation depth

since the oil refractive index does not change significantly.
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Figure 14. Temperature dependence of oil index.

3.4 Discussion

In 3.3.1, we experimentally derive the nonlinear refractive index (nz) for nonlinear
scattering in gold nanospheres, and make a comparison to four candidate mechanisms:

intraband transition, interband transition, hot electron, and hot lattice.
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Mechanism Temporal scale n2(cm? /W)
Intraband 10 fs 107
Interband 10 fs 102 ~107"
Hot electron 10%fs = 1ps 10 ~10"®
Hot lattice 10% ps >107®

Table 2 Nonlinear refractive indices and temporal scale. Listed in 2.2.

We find the n, of nonlinear scattering is closest to that of hot lattice, which should
be the solid evidence for Huang’s proposition [28]. The proposition is verified through
the measurement of scattering spectrum variation induced by heating through a hot plate
and heating through a 561-nm CW laser.

In 3.3.2 and 3.3.3, it turns out that scattering spectrum variation induced by heating
and by laser exhibits similar pattern. From the hot plate experiment, we also exclude the
possibility of optical transition by the 561-nm photon. In addition, in Figure 7, we show
that the majority of the nonlinearity comes the isolated nanoparticle, and the immersion
oil only has minor effect (in agreement with 3.3.5). Nevertheless, the measurement of
bulk gold permittivity in 3.3.4 surprises us. Even in bulk gold measurement, the surface
morphology still influence the optical properties severely. It again shows the difficulty in

realization of LSPR devices.
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Chapter 4  Permittivity of single particle

4.1  Conventional Mie theory

In 3.3.4, the total variation in imaginary part from 300 to 400K in the visible band is

~10% for the unannealed film, ~5% for the annealed film. Figure 15 shows that Mie

theory carries small Az to small AQ, . With the variation in ambient medium

considered, the total variation in Qsca from 300 to 400K is ~20% for the unannealed

film, ~10% for the annealed film. This variation is negligible when being compared to
Figure 10. Thus, the quantity of nonlinearity cannot be calculated through conventional
Mie theory.

We notice the resonance shift due to the variation in real part. In general, reducing
the real part causes the resonance to blueshift, while increasing the real part causes the
resonance to redshift. Below the annealing temperature (460K), in Figure 15(a), the
resonance blueshifts. From 450 to the 570K, Figure 15(a) the resonance redshifts instead,
but in Figure 15(b), regardless of the annealing temperature, there’s only blueshift.
However, in 3.3.4, the real permittivity of the annealed film only slightly increases. Hence,

the blueshifts of Figure 15 mainly come from the ambient medium.
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Figure 15. Calculated Mie scattering efficiency of 80nm gold nanosphere. Permittivity
from (a) unannealed (b) annealed gold film. The temperature-dependent refractive index

of ambient medium is extracted from 3.3.5.

4.2  Single-particle permittivity based on the hints from

Maxwell-Garnett theory

In 4.1, the quantity of the nonlinearity is far from enough (compared to Figure 10).
Now, we insert & (T) in Eq. (51) to Mie theory. At the same time, Agyq should be
considered in the calculation to provide extra enhancement and compensate the slight
resonance shift due to the variation in real permittivity. From Eg. (52), for p=0.3
(corresponding to the resonance of 80nm nanosphere), A; is at the order of 10¥2and Az is
at the order of 10%. We thus select fitting parameters and plot the result in Figure 16.

Figure 16 is in excellent agreement with the experiment result in Figure 10. That is,
Figure 16, for nanospheres with 80nm-diameter, the scattering becomes 38% weaker by

at 350K, and becomes 72% weaker at 400K (both with the background subtracted).

Figure 17 shows that the real part of the d;n,. enhances the modulation depths
by about 20% (-60% at 400K without dtn.eq ), only qualitatively predicted by adapted
Maxwell-Garnett theory. The temperature dependence of the ambient medium should not

41

doi:10.6342/NTU201602833



have significant effect, but still be considered.
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Figure 16. The calculated scattering modulation of 80nm gold nanosphere based on the

hints from Maxwell-Garnett theory. Empirical parameters are A1=1, A>=7, An_,, =-0.02

for 350K; A1=3, A>=14, An__, =-0.0365 for 400K
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Figure 17. The calculated scattering modulation of 80nm gold nanosphere based on the

hints from Maxwell-Garnett theory. Empirical parameters for the red curve are A;=3,

A>=14, An_,,=-0.0365 for 400K; for the blue curve A1=3, A.=14, An_,=0

What’s more interesting is the hint hidden in this model. The nanoparticle has an
obviously different permittivity than that of the bulk, as we show in Figure 16.
Unfortunately, the hints do not give physical realization on Aj, and in general the
Maxwell-Garnett theory doesn’t work with single-particle systems. The volume fraction
is clearly an oversimplified parameter on the local damping effect of electrons. Therefore,
we try Lorentz-Drude model to describe such anomalous dielectric function on single
particle. In Figure 18, there is an oscillator bandwidth which is roughly about 0.5~1 eV,
stretching from 500 to 700 nm. It implies the existence of a fictitious oscillator.This

parameter is keyto uncover the actual physical process of nonlinear scattering.
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Figure 18. The effective permittivity derived from the hints of Maxwell-Garnett theory.

4.3  Model of single-particle permittivity: with damping of

LSP

Lorentz-Drude model allows us to reconstruct such permittivity by simply adding a

new oscillator at the LSPR. We introduce a fictitious oscillator “s* to the Lorentz-

I

Drude model that damps at the damping rate " tsP with oscillator strength fLSP.

1—‘LSP

First, we select reasonable damping rate and oscillator strength fLsp

corresponding to @, . We adopt the five-pole Lorentz-Drude parameters of gold from
[56]. In Table 2, there are two interband transitions close to the end points of visible band
(1.55-3.1eV, i.e. 800-400nm). One is @3 close to the 400nm and another is @, close

to 800nm. The bandwidths are 0.345 and 0.87 eV respectively. The oscillator strengths

are 0.01 and 0.071 respectively. In order to be physical, the fitting parameters should be
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of similar order.

m 0 1 2 3 4 5 LSP
intraband | interband | interband | interband | interband | interband
o, 0 0.415 0.83 2.969 4.304 13.32 1.55~3.1
(eV)
Ty, 0.053 0.241 0.345 0.87 2.494 2.214 ~1
(eV)
fm 0.76 0.024 0.01 0.071 0.601 4.384 ~0.01

Table 3 The room temperature fitting parameters of Lorentz-Drude model [56], and

possible LSP parameters

Next, we assume the diameter of the nanosphere to be 80nm, which corresponds to

resonance P at 590nm (2.1 eV). When temperature of the plasmonic structure rises,
the SP may be significantly damped due to the increase of electron-phonon scattering [5,
11]. The damping of SP is a process of decoherence in the collective electron oscillation
(plasmons), i.e. dephasing. Such process is usually described by a simple two-level
system, where the dephasing time for surface plasmons in colloidal gold is evaluated to
be less than 5 fs [29]. Conventionally, the electron-electron interactions are regarded as
dominant mechanism to the damping of SP. However, more recent study about heating
plasmonic nanoparticles further found out electron-phonon scattering should be the real
cause of SP damping, and interband transition also contribute significantly [10, 11].

In literature [11], the dephasing time by electron-phonon scattering above the Debye

temperature (343K for copper) in copper nanoparticles (diameter ~10nm) is evaluated to
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be 10 fs or smaller. Such dephasing time even decreases to about 1 fs at the temperature
twice the Debye temperature. Therefore, it is reasonable to assume the decaying time of
electron-phonon scattering to be a few femtoseconds in our case, where the Debye
temperature of gold is only 170K. We will discuss more details about the evaluation of
electron-phonon scattering in 4.4.1.

More interestingly, the decaying time of interband transition also sits at this range.

The dephasing of SP due to electron-phonon scattering can be merged into the frame of
Lorentz-Drude model. The bandwidth and oscillator strengths of “sP should be in

similar order to the interband transitions. Intuitively, the oscillator strength fise should
be in positive correlation with the temperature, and is key to the amplitude modulation of
nonlinear scattering. Experimental evidence suggested that temperature higher than room
temperature to be a required for increasing electron-phonon scattering rate [57]. Hence,

we assume fuse to be negligible at room temperature and increases with the temperature.

Here is the remark: the evaluation of electron-phonon scattering requires calculation
of thermal energy with lattice temperature. In the previous sections, we validated the hot
lattice mechanism to be dominant in nonlinear scattering, but how it dominates remains
a mystery. In addition, the time scale of hot lattice dynamics (~100 ps, given in Table 2)
is way too slow to be considered in Lorentz-Drude model. With new evidence [11], we
can say that hot lattice facilitates the SP dephasing process through the increase in

electron-phonon scattering rate.

In a typical Drude model, I'; (or I, in Lorentz-Drude model) increases with
temperature due to the change in effective electron mass. Such process often called Drude
broadening is experimentally derive to be 0.1meV per kelvin. In addition to I',, other

damping rate changes with temperature, too. In order to fit the result of measurement of
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bulk gold and calculation based on such result, the variation of ¢, and &, per kelvin

are assumed to be +0.06% and -0.01%. With Eq. (38) and (39), the Lorentz-Drude
parameters are corrected with temperature. Unfortunately, the formulation of

temperature-dependent f,, is very difficult since it involves the modification to band
structures in system way complex than free-electron systems [58]. The variation in f,,
also couples with the variation in o,,. As a phenomenological model, the variation of
o, and T, are sufficient to provide satisfactory fitting as demonstrated in Figure 19.

In Figure 19(a), we simulate the bulk permittivity changing with temperature, and
the permittivity does not change obviously (6% in imaginary part, 1% in real part as stated
in previous paragraph). In Figure 19(b), from 300 to 400K, the scattering intensity

decreases for 10%, and the resonance slightly blueshifts.
In Figure 20 (a), with the LSP oscillator added at “s?, the imaginary significantly

increases at the LSPR. Also, “tsP gives a similar oscillator bandwidth (500-700nm) as
Figure 18, which is in consistent with selection of the damping rate. In Figure 20(b), the

scattering intensity decreases for 70% (with the background subtracted).
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Figure 19. (a) The real part ¢’ and (b) imaginary part ¢” of permittivity calculated by
Lorentz-Drude model without LSP damping. (c) The calculated Mie scattering

efficiency from (a) and (b).

48

doi:10.6342/NTU201602833



Scattering intensity (a.u.)

o

-10 +

X
S

o = N w S (&2 o = N w S (&)
T T T T T

- (3)

—— LD, 300K

\

—— LD with LSP, 350K

— LD with LSP, 400K

)

\

L L
500 550

Wavelength (nm)

L
600

L
650

Figure 20. (a) The real part ¢’ and (b) imaginary part ¢” of permittivity calculated by

Lorentz-Drude model with LSP damping. (c) The calculated Mie scattering efficiency

from (a) and (b).

Temperature (K) 300 350 400
fiee 0 0.01 0.025
I (eV) -- 0.55 0.65

Table 4 The fitting parameters of LSP damping in Figure 20.

4.4

Discussion

441 The applicability of the LSP damping model

developments

and further

In 4.3, the model relies solely on modification of the dielectric function. For an
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arbitrary system, Mie theory can be replaced with finite-difference time-domain (FDTD).
Hence, as long as the LSPR of the system is given, the LSP damping model should be
compatible with system of any geometry.

The model is directly linked to the physical process of LSP damping. Though the
description of the process should be correct, the fitting could be more polished. The exact
total damping rate can be extracted from measuring the bandwidth of the scattering
spectra. In addition, the total damping rate should also be decoupled into various
mechanisms, including electron-electron, electron-phonon scattering and other
macroscopic effects [10, 11]. The electron-phonon scattering rate is the most important
term when it comes to thermal effect. Above the Debye temperature, the electron-phonon

scattering rate is proportional to thermal energy and temperature (of the lattice) [11]:

- Ethermal - AT ' (54)

e—ph
where A is a constant proportional to specific heat. One may also want to work out an
intensity-dependent model. To do so, the thermal energy of the nanoparticle under laser
excitation has to be evaluated [28].

The oscillator strength can either be described quantum mechanically [58], or with
Bose-Einstein harmonic oscillator [45]. With all the parameters corrected, the physics of
saturable scattering would be fully uncovered, and the accuracy of the model should be
significantly improved.

4.4.2 Possible mechanism for reverse saturable scattering

Saturable scattering can be easily foreseen through the increasing imaginary part of
permittivity and the damping of LSP. In our measurement [33] and Shalaev et al [45] with
temperature range up to 800K, the imaginary part of the permittivity mostly increases

with the temperature. From room temperature to annealing temperature, the imaginary
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part of permittivity increases as the electron-phonon scattering rates increase. Around the
annealing temperature, the imaginary part of permittivity slightly decreases as the mean
free path increases due to merging of grains. Beyond 650K, the imaginary part
significantly increases because of the development of pores on the surface of gold.
Nevertheless, to achieve reverse saturable scattering, the imaginary part should be
significantly decreases. This violates everything happens in bulk gold as the temperature
increases.

If reverse saturation has a similar mechanism to saturation, one shall see reverse
saturation in both optically excitation and environmental heating. For optically excitation,
reverse saturable absorption in gold nanorods in solution is observed by Elim et al[59] in
and, more recently, by Baldovino-Pantaleon et al [60]. For environmental heating,
Yeshchenko et al [10] have the data of highest temperature (~1200K) ever reported. From
300 to 1200K, the sign of reverse saturable scattering is not observed. Surprisingly, the
reported reverse saturation are all in aqueous environment under optical excitation. There
are several possibilities when reverse saturation occurs: i) particle deformation [59], ii)
nanobubbles [61], and iii) the electron population redistribution due to Fermi smearing
[9]. The first one can be verified with reproducibility test, while the second can be
measured with photoacoustic imaging. The last one is recently predicted by theoretical

calculations.

51

doi:10.6342/NTU201602833



Chapter 5 Conclusion

In this thesis, we confirm the mechanism of nonlinear scattering to be hot lattice by
extracting its nonlinear refractive index from intensity dependence test. The spectral
single particle modulation experiments show that the amplitude of LSPR significantly
weakens, but not shift obviously. In addition, such nonlinear behavior should be found in
other materials as long as their permittivity changes with temperature. The new
nonlinearity opens up a new dimension for hot lattice material in plasmonics.
Nevertheless, conventional Mie theory cannot explain such large nonlinearity. We adapt
Maxwell-Garnett theory and find the single-particle nonlinearity amplified around LSPR.
The result also shows the importance of ambient medium since its temperature
dependence further boost the quantity of nonlinearity. Finally, the hints from Maxwell-
Garnett theory enlighten us that nanoparticles should have a very different permittivity.
We add an innovative correction term to the Lorentz-Drude model to describe such
anomaly. With the new Lorentz-Drude parameters, the actual physical process of
nonlinear scattering, and the role of hot lattice are revealed. However, the model is limited

to saturable scattering. The reverse saturable scattering should rely on other mechanisms.
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