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ABSTRACT

Nanomaterials offer a unique platform to study the effect of morphology, light
polarization, as well as quantum confinement on their photophysical properties. In this
dissertation, two classes of nanomaterials — plasmonic gold nanostructures and
semiconducting lead-halide perovskite quantum dots and their photophysical properties
were explored.

In the first part of this work, plasmonic gold nanostructures subjected to circularly
polarized illumination will generate static magnetic field as well as circular drift current.
The light-induced static magnetic field in gold nanoparticle was measured for the first
time, using time-resolved pump-probe Faraday rotation spectroscopy. The magnetization
dynamics was instantaneous and coherent to incident light, reflecting its orbital angular
momentum origin. Moreover, the circular drift current generated only under elliptical and
circular polarized illumination results in a fundamental modification of electrical
conductivity and plasmon dephasing time. Raman thermometry and photothermal effect
were used to probe this modulation in a gold nanodisks array, and a qualitative agreement
with our prediction was demonstrated.

The second part of this work is focused on the photoluminescence properties of
strongly quantum confined CsPbBrs quantum dots, and the effect of their size and
environment temperature. In contrast to other conventional semiconductor nanocrystals,
such as II-VI, the photoluminescence peak position of CsPbBrs quantum dot was
redshifted as the temperature decreased. In addition, the photoluminescence linewidth

showed a strong size- and temperature- dependence, which can be attributed to strong



coupling to both longitudinal optical phonon and vibrational mode of ligands on the

surface of quantum dots.
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CHAPTER |

INTRODUCTION AND LITERATURE REVIEW

1.1 Overview

Nanoscience has brought tremendous interest in both academia and industry and
has been a heart of modern technology. Nanomaterials possess distinct properties from
their bulk counterpart, and the tunability is provided by their geometry, chemical
composition, and surrounding environment. Understanding the effect of these parameters
and the methodology to control the desired properties is essential to future applications.
Photophysical properties, describing the interaction between light and matters, is one of
the most important properties and affect daily applications in a comprehensive manner.
For instance, nanostructure fabrication (ex: chip manufacturing), photovoltaic (ex: solar
cell, photodetector), solid-state lightening (ex: light emitting diode and laser), and
photocatalysis (ex: water splitting for hydrogen production). This dissertation will focus
on fundamental understanding of photophysical properties of two classes of nanomaterials
— plasmonic gold nanostructures and semiconducting lead-halide perovskite nanocrystals.

Plasmonic nanostructures — consisting of noble metals like gold, silver and copper
— have fascinating optical properties that are tightly connected to the dynamics of
conduction electrons within the metals. These conduction electrons move collectively,
termed plasmon, in response to external electric field. Under circularly polarized light
excitation, in which the electric field rotates in the plane perpendicular to propagation axis,

coherent circular current in gold nanostructures can be generated. This light-induced



circular current leads to several interesting phenomenon, such as pronounced light-
induced magnetic field and modulation of photothermal effect. The detailed discussion of
these phenomenon and their mechanism will be presented in this dissertation.

On the other hand, lead-halide perovskite nanocrystals have received tremendous
attention over a decade due to its excellent luminescence properties and record-breaking
photovoltaic efficiency. The uniqueness of the lead-halide perovskite is that its
luminescence and transport properties can be easily modulated by their physical size and
chemical composition. In addition, the solution processability and low temperature
synthesis condition makes it a cost-effective material system. The second half of the
dissertation will be focused on extremely small lead-halide perovskite nanocrystals, so-
called quantum dots. In the regime of strong quantum confinement, the optical properties,
such as light absorption and photoluminescence, is strongly affected by the size and the
surface of nanocrystals. Detailed studying on the effect of size and temperature will be

presented in the dissertation.

1.2 Introduction to Light Induced Magnetism in Plasmonic Nanostructures
1.2.1 Noble Metal Nanostructures and Localized Surface Plasmon Resonance

Research on noble metal nanostructures, such as gold, silver and copper, have been
received tremendous attention over the past several decades. This vigorous research field
involves researchers from different expertise, including materials scientists designing
novel nanostructures and optical properties, analytical chemists interested in single

molecule sensing, organic chemists seeking for its photocatalytic ability resulting from



high energy electrons, electrical engineers who develop nano-optics, and biomedical
engineers aiming to target and kill cancer cells.> 2 In bulk noble metal, the collective
oscillation of conduction electrons, termed plasmon, plays an important role in optical and
transport properties. A simple yet effective model, the Drude model, provides a lucid
picture by treating conduction electrons as free electron gas. Within the Drude model, the
response of conduction electrons to an external electric field can be obtained by solving
the equation of motion of a single electron and multiplying by the electron density. The
frequency dielectric constant, which is a measure of electric polarizability of a medium,

has the following expression:

(1.1)
where o is the optical frequency and v, is the bulk damping rate. The plasma frequency

w, is given by o, =(Ne2/gome)1/2, where N is the electron density, g, is the vacuum

permittivity, and m, is the effective mass of the electrons.

For bulk noble metal, the Drude model well captures the experimental dielectric
function in the near-IR region of spectrum (additional correction can be made by the
empirical Drude-Lorentz model).® However, the Drude model breaks down in the visible
and near-UV region due to the presence of inter-band transition of the electrons in d-
orbitals.# For example, the onset of the inter-band transition is at 2.4 eV for gold (inset of
Figure 1.1) and 3.9 eV for silver. The inter-band transition gives a frequency dependent

damping, and can be included in the dielectric function by adding an additional term:

. @2
g(0) = eP+1-—2—  (1.2)

o(otiy,)
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Figure 1.1 shows a plot of the real (g,) and imaginary (g,) components of the dielectric
constant for bulk gold, where the low frequency response has been fit to the Drude model
using Eq. 1.1.1 It is noted that the ¢, is related to damping, and the presence of inter-band

transition causes a significant increase in damping at energies greater than 2.4 eV.
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Figure 1.1: Real and imaginary part of dielectric constant of gold. The dashed lines show
a fit to the data using the Drude model (Eq. 1.1). The inset shows the band structure of
gold. Reprinted in part with permission from G.V. Hartland. Optical Studies of Dynamics
in Noble Metal Nanostructures. Chemical Reviews, 2011, 111 (6), 3858-3887. Copyright
2011 by American Chemical Society.

The discussion above is applied in bulk noble metal. In noble metal nanostructures,
the plasmon is confined in a geometry of a size comparable to or smaller than the

wavelength of light, and this type of plasmon is called localized surface plasmon. An



important effect of the localized surface plasmon is the plasmonic enhancement: large
fluctuations of charge densities are concentrated at “hot spots” near the surface of resonant
geometries, thus the electric filed strength can be enhanced order of magnitudes. This
plasmonic enhancement has a maximum at the localized surface plasmon resonance
(LSPR) frequency. Because the LSPR is strongly dependent on the size, shape and
surrounding environment, it offers a versatile platform for application such as plasmon-
enhanced nonlinear optical process,® photovoltaics,® sensing’ and photocatalysis.®

The dephasing time of localized surface plasmon, which refers to how fast the
collective oscillation decay, is an important factor determining the plasmon enhancement
factor and transport properties. Fast decay of localized surface plasmon leads to a short
lifetime of coherent LSPR, which can limit some LSPR-based applications. Several
plasmon dephasing pathways include radiative decay, observed as photon scattering, or
non-radiative decay, observed as photon absorption which is followed by the generation
of hot carriers, or loss as heat dissipation.® Presence of the adsorbed chemical species on
the interface can also modify the plasmon dephasing pathway.® All these plasmon
dephasing pathway can add up and be included in the damping constant in Eq. 1.2 to
modify the e(w). In order to optimize the LSPR-based applications, strategies for
manipulation and prolongation of LSPR dephasing time are desired. Besides optimizing
material synthesis or nanostructure fabrication process,'> 12 excitation of dark plasmon
mode®® 4 and introducing strong coupling to other resonance mode®® were shown to
prolong LSPR dephasing time effectively. Recently, there were emerging interest in using

external stimulus such as magnetic field to modulate LSPR response.'® 17 Two plasmon
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modes with dipole perpendicular to the magnetic field evolve into two magnetic-field
dependent collective modes, termed surface magnetoplasmon, which have dephasing time

depending on magnetic field strength as well.8

1.3.2 Introduction to Faraday Effect in Plasmonic Nanostructures

Magneto-optical (MO) effect is a phenomenon that the polarization or the intensity
of light is altered when passing through or reflecting from a magnetically ordered or
magnetized material. MO phenomena provide abundant physical information of spint® 20
and electronic structures?-2* of materials, and have found potential application in magnetic
field sensors, displays, fast optical modulation, magnetic storage and optical isolators.?*
MO effect in most medium are typically small, therefore, it is essential to seek strategies
to enhance MO effect, for which there are several methods. One of the strategies is to
utilize strong near-field enhancement provided by plasmonic nanostructures. This
approach provides a new route for modern photonics as the optical properties is controlled
by geometrical resonance instead of the material property itself. Fruitful examples of
implementation of this method have demonstrated considerable enhancement of MO
activity.®

Faraday effect is one of the MO phenomena, which manifesting itself in an optical
rotation of the polarization plane of linearly polarized light as it propagates along a
magnetized medium (Figure 1.2a). In such medium, the refractive index of left- and right-
handed circularly polarized light is different due to the presence of magnetic field,

therefore they propagate at a different speed. The optical rotation, A8 is proportional to
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the speed difference. The relation between optical rotation and external magnetic field
strength can be expressed as

AO=vB,, L (1.3)

app

where AO is Faraday rotation angle, B, is the applied magnetic field, v is the Verdet

app

constant which is material dependent, and L is the effective travel distance of light inside
the medium.?6

The Faraday effect in bulk noble metals is typically small. For example, the polar
reflection Faraday rotation of a gold thin film under 1 Tesla is only 2.8x10” degree.?3
However, in gold and its hetero-nanostructures, plasmonic enhanced Faraday rotation was
observed.?’-3 The Verdet constant of nanocomposite of metal nanoparticles, such as dilute
nanoparticle solution or embedded in dielectric medium, has been shown to have a
resonance behavior at LSPR.® The resonance wavelength of the Verdet constant can also
be tuned by the volume fraction and composition of nanoparticles.?” 3! A clear example
of plasmon enhanced Faraday rotation in 100 nm diameter gold nanoparticles (AuNP)
colloid is shown in Figure 1.3.32 The spectral-resolved Faraday rotation reflects the
contribution of a plasmon resonance feature also observed in the extinction spectra, near
575 nm. Deviations between the extinction and the Faraday rotation result from the
spectral overlap of the Au 5d-6s interband transition, which has also been observed, for
example, from samples of Au-coated iron oxide nanocrystals.?® As reported by several
others,3% 33 34 this trend indicates that Faraday rotation is strongly enhanced in metal

nanoparticles.
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Figure 1.2: Schematic of the Faraday effect and the inverse Faraday effect in gold
nanoparticle colloids. (a) The Faraday effect is the rotation of the polarization plane of
light transmitted through a magnetized medium. (b) The IFE is the induced magnetization
of a medium.
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Figure 1.3: Static Faraday rotation of 100 nm diameter AuNPs. Extinction spectrum (blue)
and Faraday rotation spectra (red). Dashed lines indicate the pump (green) and probe
(purple) wavelength used in time-resolved pump-probe experiment.

1.3.3 Introduction to the Inverse Faraday Effect in Plasmonic Nanostructures

In contrast to the Faraday effect, Inverse Faraday effect (IFE) manifests as an

induced magnetization, K/find, that is parallel or anti-parallel with the axis of circularly



polarized excitation based on the helicity of the radiation (Figure 1.2b). This induced

magnetization can be described by:

Mipg = %(IRHCP'ILHCP) (1.4)
where A is the wavelength of light in vacuum, c is the speed of light, and Igpcp (I pcp) 1S
the intensity of right- (left-) handed circularly polarized light.

The IFE was first proposed as a reciprocal consequence of the conventional
Faraday effect,®® and both effects can be related through the same Verdet constant in Eq.
1.3 that describes Faraday rotation. The IFE has been studied extensively in materials with
large Verdet constants, such as Th2Ti2O7 and TasGasO12 for application in optically-
written magnetic hard drives.®® 37 In addition, strong resonant field concentration from
plasmonic metasurfaces interfaced with these materials can further enhance sub-
wavelength magnetization.® Note that the magnetization induced by the IFE is DC
magnetic response, in stark contrast to the AC optical magnetic resonance in “artificial
optical magnetism” community.*°

While the IFE is a general term describing photo-induced magnetization under
circularly polarized light, the origin of this magnetic response is distinct in different
medium.*° In plasmonic systems, Hertel showed that a simple classical microscopic model
of the IFE can be obtained by separately considering oscillating and time-averaged
contributions to electron motion in the continuity equation for a plasma subject to

circularly polarized radiation.*! The time-averaged current density can be written as:

) =-4e(;)va[c*E xoE]  (1.5)




Where e is electron charge, (N) is time-averaged electron density, o is electrical
conductivity, E is the amplitude of an oscillating electric field, SE(x,t) = Eexp(ikr-iot),

where k is the wave vector. In the case of a circularly polarized excitation,

BxE = +|E|?-e,, while it is zero for linearly polarized excitation. The plus and minus sign
refers to LHCP and RHCP, respectively. Eg. 1.5 shows that a DC circular current can be
generated in plasmonic materials under circularly polarized illumination, and its direction
is dependent on the handedness of light. The first term of Eg. 1.5 has the form of a

solenoidal magnetization current j, :
= V¥ Mg (1.6)
Hence, the light-induced magnetization ﬁind generated in plasmonic materials is

i

E0EME o~
4fm§ [ExE] (1.7)

Mindz
And the direction of Mind also depends on the helicity of incident circularly polarized
illumination.

Additionally, Hertel et al. also predicted a macroscopic drift current if there is
optical field gradient presented in the material, providing an extra contribution to the
induced magnetic field.*> These two types of current density were demonstrated
computationally by Athavan et al. using numerical approach in combination with full-
wave optical simulations (Figure 1.4a).*® In a 100 nm diameter AuNP, they tracked the
trajectory of individual electron subjected to circularly polarized illumination (Figure
1.4b). They found that each electron moves in a solenoid-like path during an optical cycle,

and the trajectory is lopsided owing to the optical field gradient inside the metal. The
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lopsided electron trajectory produces a slower net drift current, which has the same helicity
as incident light. Both solenoidal electron motion and drift current generate magnetic field

in the same direction, with the former contribution dominant.

.....

......

Figure 1.4: (a) A 100 nm diameter AuNP under circularly polarized illumination (green
arrow) will generate a static magnetic field (red arrow) along the optical axis, as well as
circulating drift currents (blue arrow) due to the IFE. (b) A schematic illustration in cross
section shows solenoid-like paths for individual electron (red dotted arrows) due to the
forces experienced during the optical cycle. The trajectory is lopsided due to optical field
gradients inside the metal, producing a net drift current (blue arrows). Reprint in part with
permission from A. Nadarajah and M. Sheldon. Optoelectronic phenomena in gold metal
nanostructures due to the inverse Faraday effect. Opt. Express, 2017, 25, 12753-12764.
Copyright 2017 by The Optical Society.

While the above discussion is entirely within the framework of classical
electrodynamics of continuous media, the light-induced magnetism was also predicted by
various groups using classical approach** and more sophisticated computational method
such as ab initio theory,* quantum hydrodynamic model*® and DFT calculation.*’ Despite

these intriguing predictions, direct experimental observation of the magnetic field due to
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the IFE in plasmonic nanostructures has not been reported, with no time-resolved studies

until now.

1.3 Introduction to Lead-Halide Perovskite Nanocrystals
1.3.1 Lead-Halide Perovskites Overview

Lead-halide perovskites (LHP) are emerging as one of the most promising
materials for optoelectronic and solid-state lightening technologies. Perovskites have
crystal structure with formula ABXs, where A site is an inorganic or organic monovalent
cation such as Cs*, CHsNHs* (MA*) and CH[NH:]2* (FA"), B site is Pb?*, X site is a halide
anion such as CI-, Br, I". The variation of these chemical composition leads to highly
tunable photophysical properties.*®

The upsurge of research interest in LHP originated from its huge potential in
photovoltaic application.*® Used as a sensitizing material in photovoltaic devices, the
efficiency of LHP-based single junction solar cell has reached over 25% in just a decade
of development, which surpass the long-established organic dye molecule and almost
catch up with single crystal Si cell.®® The high photovoltaic efficiency of LHP thin film
can be attributed to its ability to absorb photon efficiently, meaning that the materials have
large absorption coefficient. In fact, CHsNHsPbls showed an absorption coefficient more
than one order of magnitude greater than that of silicon and conventional molecular dye.
51,52 A large absorption coefficient also contributes to a large open-circuit voltage of solar
cell. After a photon is absorbed, the photo-excited charge carrier has to be extracted.

During this process, there are several energy loss pathways such as carrier trapping,

12



radiative recombination, and exciton formation. While charge extraction is a complicated
process, several parameters can be used to quantify the performance of carrier extraction
such as carrier lifetime, carrier mobility and carrier diffusion length. LHP thin film possess
superior performance in all these parameters: carrier mobility over 25 cm?/Vs, diffusion
length over 1um, and long carrier lifetime over 1 ps.% %3 In addition, the ability to process
at low temperature and in solution makes LHP a cost-effective material system comparing
to other solar cell materials. These exciting properties make LHP a hot material system in
photovoltaic community.

Besides in the photovoltaic community, LHP also raised a lot of interest in the
solid-state lightening community.>-%" LHP not only possesses large absorption
coefficient, but also emits photon efficiently, meaning that it has high photoluminescence
(PL) quantum yield (QY) — which can easily reach 80% after solution processing and up
to 100% after careful surface treatment. Nonradiative pathway such as carrier trapping is
suppressed in the LHP due to its defect-tolerant electronic structure.>® Furthermore, the
highly deformable lattice leads to a strong coupling between charge carrier and lattice
vibrational mode, resulting in the formation of polaron, which is suggested to protect
charge carriers from scattering with localized defect.>?

Despite the excellent optoelectronic and photonics properties of LHP, the most
significant problem for the practical application is the instability in ambient condition and
under high excitation density. Due to the ionic nature of the crystal, the LHP is highly
soluble in polar solvent and can be easily destroyed by humidity, especially under

illumination.5%-6 Excess heating, such as excess Joule heating in light-emitting diode due
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to long-time illumination, accelerates ion migration and material degradation, which
introduce high density of defects that increase nonradiative recombination. Furthermore,
upon continuous illumination, initially homogeneous mixed LHP undergo spontaneous
separation. Low bandgap states form and act as trap state, which is detrimental to
photovoltaic devices performance.®> 8 Studies focused on material engineering and
optimizing device geometry is a vigorous field to improve the stability and prolong the

lifetime of LHP-based devices.5* 65

1.3.2 Strongly Quantum Confined Lead-Halide Perovskite Nanocrystals

Perovskites were firstly prepared as thin film, but now they are also available as
nanocrystals (NCs) with confinement in different dimension, such as nanoplatelets,
nanowires and quantum dots (QDs).%® LHP NCs have attracted tremendous attention for
several reasons: The synthesis is facile and the yields are high, the bandgap can be tuned
via post-synthesis treatment, and the QY can reach 100% after surface ligand treatment.®”
69

In this dissertation, QDs will be specifically discussed. In general, QD is described
as the size of NCs smaller than twice of Bohr radius, as. In this size regime, the optical
and electronic properties are affected by spatial confinement of the carrier wavefunctions.
The confinement range can be further divided into strong, intermediate and week
confinement regimes which corresponds to a size range of a << as, a ~ as, a >> as.
Semiconductor QDs exhibit size tunable properties that offers a diverse platform to study

the confinement effects in quantum systems in a size range between bulk and
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atomic/molecular system. While many papers have been published in the last few years to
study the photophysical properties of LHP QDs, many papers were plagued by problems
such as sample inhomogeneity in both size and shape distribution. Recent synthetic
progress in LHP QDs utilizing thermodynamic equilibrium for the precise size control in
strongly confined regime, enabling the exploration of the unique photophysical properties
of LHP QDs unambiguously.’

For example, fundamental determination of absorption cross section, which is an
important parameter for lasing and photocatalysis application, of LHP QDs were
measured. While the absorption cross section value were provided by several other reports,
these values were scattered.”” "2 Puthenpurayil et al. used transient absorption in
combination of inductively coupled plasma mass spectrometry (ICP-MS) analysis and
provided an empirical volume law for determining absorption cross section of CsPbBrs
QDs.™

Another example is regarding the determination of electronic fine structures of
LHP QDs. While the nature of ground state of LHP QDs has been a debate in the last
several years,’*"® Rossi et al. studied time-resolved photoluminescence from strongly
confined LHP NCs and observed intense dark exciton emission in cryogenic
temperature.’’”- ’® Their result provides a direct proof of dark exciton as ground state in the
strongly quantum confined NCs, while this effect is not observed in the nonconfined one.
A long lifetime of ground state dark exciton could be attractive to many applications such
as photocatalysis which required long lived charge carrier to generate highly energetic

photoelectron.”
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Similar to their bulk counterpart, LHP QDs are promising in photonics
application.®%-82 In addition to chemical composition, LHP QDs offer additional degree of
freedom to tune the emission wavelength through size and avoid halide segregation. In
this dissertation, studies on PL wavelength and linewidth, and their dependence on size

and temperature will be discussed in detail.

16



CHAPTER II
LIGHT INDUCED MAGNETISM IN GOLD NANOPARTICLES!

2.1 Introduction

Strategies for ultrafast optical control of magnetism have been a topic of intense
research for several decades because of the potential impact in technologies such as
magnetic memory,2® spintronics,? and quantum computation, as well as the opportunities
for non-linear optical control and modulation® in applications such as optical isolation
and non-reciprocity.®® The IFE has been shown to be a promising approach to manipulate
magnetism in dielectric materials with large Verdet constant.®¢ 87 However, there has been
limited research studying magnetization that occurs within non-magnetic plasmonic
metals due to the IFE, without other magnetic structures, despite compelling theoretical
studies that suggest plasmonic nanomaterials may out-perform more conventional
magnetic materials in terms of induced magnetic field strength, spatial confinement,
ultrafast time response, and other technologically relevant optoelectronic behavior 4143 46.
8 Several studies have also reported anomalously large Verdet constants in plasmonic
colloids, that we confirm below, further suggesting strong enhancement of the IFE may
also be possible.?8 34

For example, as opposed to the traditional phenomenological analysis that treats

the IFE as a nonlinear four-wave mixing process,® % Hertel recently derived an intuitive

! Reprinted in part with permission from “Light-induced magnetism in plasmonic gold nanoparticles” by
Oscar Hsu-Cheng Cheng, Dong Hee Son, Matthew Sheldon. Nat. Photonics, 14, 365-368. Copyright 2020
by Springer Nature.
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microscopic model based on the continuity equation for an electron plasma subject to
circularly polarized light.#* The light-induced magnetization is interpreted as resulting
from the solenoid-like path traced out by each electron subjected to the rotating electric
field during an optical cycle. Additionally, our laboratory has recently performed
computational analyses of the IFE in plasmonic gold nanoparticles building from Hertel’s
approach.*® Our calculations predict pronounced macroscopic drift currents that circulate
the exterior of nanoparticles normal to the incident beam, in addition to the coherent
solenoid-like motion of all electrons at the optical frequency.*? Moreover, these associated
phenomena of the IFE are enhanced in nanoparticles compared with bulk films, due to
resonant optical concentration at plasmonic hot spots and, separately, an enhanced Verdet
constant resulting from the electronic behavior of the confined geometry.3* 4% 4391 Indeed,
a recent theoretical study using a quantum hydrodynamic model predicted the generation
of magnetic moments exceeding 1 us per gold atom in 2 nm diameter gold nanoparticles.*®
This mechanistic picture of the light-induced magnetization is also predicted by ab initio
calculations that show circularly polarized optical fields driving the coherent motion of
the electron gas, with magnetization resulting from the induced orbital angular momentum
of electrons.*® Because spin alignment of individual electrons does not contribute to the
mechanism, the magnetization is expected to be instantaneously synchronized with an
optical pump, in contrast with dynamics that are limited by spin-spin or spin-lattice
relaxation times typical in ferromagnetic materials.®>%® Despite these intriguing
predictions, measurements of the magnetic field due to the IFE in plasmonic nanoparticles

has not been reported, with no time-resolved studies until now.
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In order to measure induced magnetization in plasmonic gold nanoparticles
produced by the IFE, we performed static and ultrafast pump-probe Faraday rotation
measurements on 100 nm AuNP colloid. First, the spectrally resolved Verdet constant was
determined from static Faraday rotation measurements on the sample colloid solution in a
1 cm-pathlength cuvette. On the same sample in a 2 mm-pathlength flowing cell, the IFE
was induced by a circularly polarized pump beam. The resultant magnetization was
indicated by the Faraday rotation angle (A6) of a linearly polarized probe beam. Based on
the previously measured Verdet constant, the magnitude of the optical rotation of the probe

thus enabled quantitative determination of the strength of the induced magnetization.

2.2 Result and Discussion

The Verdet constant extracted at the concentration of AuNP in this study is 43.3
rad-T-*m at 575 nm (Figure 11.3), which is about half that reported for the strong Faraday
rotator materials such as terbium-doped boron-silicate glasses,** and it is 16 times larger
than bulk gold per unit length of metal.

An ultrafast pump-probe Faraday rotation measurement quantified the induced
magnetic field via the IFE. In this detection configuration, besides the optical rotation
induced by the IFE, the optical Kerr effect (OKE) also caused rotation of the linearly
polarized probe beam. The separate contribution of the OKE and IFE were disentangled
by examining the dependence on polarization angle difference between the pump beam
and the probe beam, &, and the ellipticity angle of the pump beam, ¢, respectively. The
definition of these parameters is shown in Figure I1.1. The total induced rotation, A9, from
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the combined effects of the IFE and the OKE depend on xfi)yy and ngy)yx of the third-order
susceptibility as given by®:
AO = [Im(F,)-cos(2¢)-sin(28) + Re(F.)-sin(2¢p) ] (2.1)

with the contributions from the IFE and the OKE labeled as F_ and F_, and

pLo Ly (xg)yyixg)yx)
* 7"pumpcll"'nlz

(2.2)

Where I, is the pump intensity, Ayy,, is the pump wavelength, and n is the refractive

index.
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Figure 11.1: Definition of the coordinate system and corresponding variables in IFE
experiment. Light propagation is along the z-axis in the positive direction. The probe beam
is linearly polarized for all experiments, with polarization angle 6probe. The pump beam
can be linearly, elliptically, or circularly polarized. The polarization angle of the pump
beam (when linearly polarized) or azimuth angle (when elliptically polarized) is Opump. The
difference between Oprobe and Opump is defined as & = Oprobe - Opump. The ellipticity angle, ¢
describes the extent of circular polarization of the pump and takes positive values when
right-handed and negative values when left-handed.
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In this experiment, two cases with different & were assigned. In Case I (6 = 45°),
we observed A0 is predominately due to the OKE (red dots in Figure 11.2b). In Case Il (3
= 0°), AB = Re(F.)- sin(2¢), indicating that A6 is purely the result of the IFE (blue dots in
Figure 11.2b). In Case I, with increasing ellipticity of the pump, the signal increases and
a positive and negative maximum are observed when the pump is either purely left-hand
(LHCP) or right-hand circularly polarized (RHCP). This dependence on the helicity of the
pump is an important criterion for confirming the presence of the IFE, consistent with Eq.
1.7. Further, the ellipticity-dependent studies (Figure 11.2b) demonstrate a very clear
difference between the signal from Case | experiments and Case Il experiments.

The time response of the IFE is shown in Figure 11.2c. We observe a single peak
for any ellipticity of the pump, and this is in contrast with reports of Au thin films that
show a bipolar shape of the time response at some elliptical pump excitations.® 7 In
addition, the time response appears to be limited by the pump-probe cross correlation,
indicating an instantaneous magnetization and demagnetization process within the sub-
picosecond time resolution of our experiment. While similar ultrafast demagnetization
behavior has also been observed in other metal thin films,% °7- 8 this behavior is in stark
contrast to the optically-induced dynamic magnetism in ferromagnetic metal films and
magnetic nanocrystals,®> % where ultrafast demagnetization is followed by much slower
hysteretic remagnetization. The time response observed here is consistent with a
mechanism of coherent transfer of angular momentum from the optical field to the

electronic motion, in agreement with the ab initio calculations discussed above.*
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Figure 11.2: Time-resolved pump—probe IFE experiment on 100 nm diameter AuNPs. (a)
Light-induced rotation due to only the OKE (¢ = 0°), as a function of . (b) Light-induced
rotation as a function of ¢. Red dots represent data from experiments with the geometry
of Case I, where & = 45°. Blue dots represent data for the Case Il geometry, where & = 0°.
Dashed lines are fits to the data. (c) Light-induced rotation due to pure IFE when the pump
is LHCP (¢ = —45°, solid line) or RHCP (¢ = +45°, dashed line), corresponding to the
positive and negative maxima for Case Il in (b). A small OKE background signal at the
same quarter-waveplate rotation is subtracted. We believe that minor deviations from a
pure IFE signal in the Case Il geometry is due to imperfect alignment of the pump and
probe beam along the sample axis.
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Figure 11.3: IFE experiment with counter-propagating pump and probe beams. (a) Case
I configuration. The induced rotation has opposite sign when the pump beam is counter-
propagating. This result demonstrates non-reciprocal Faraday rotation of the probe beam,
resulting from the optically pumped magnetization of the AuNP colloid due to the IFE.
(b) Case I configuration. The induced rotation resulting from the OKE does not depend on
the propagation direction of the pump and probe beams.
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In order to further confirm a magnetic field was created during optical excitation,
as opposed to other non-linear optical phenomena or photothermal heating that could
contribute to the measured optical rotation, we also performed the IFE experiment with
counter-propagating pump and probe beams. In the polarization configuration of Case Il
(Figure 11.3a), the induced rotation showed opposite sign when the pump beam was
counter-propagated (red dots). The slightly smaller magnitude of rotation is due to a
smaller effective increase of the pump-probe cross correlation in the counter-propagating
configuration. However, in the configuration of Case | (Figure 11.3b), the induced rotation
does not depend on the pump beam direction. This result confirms that a transient change
in refractive index of the material (OKE) or any other photothermal effects are reciprocal
for either direction of the probe beam with respect to the pump beam. Importantly, in
contrast, the IFE depends strongly on the propagation direction of the pump and probe
beams, confirming the presence of the magnetization that gives rise to the nonreciprocal
Faraday rotation of the probe beam.

The maximum induced optical rotation in the Case Il configuration as a function
of peak pump intensity is plotted in Figure 11.4. The optical rotation shows a linear

dependence, as predicted in Eq. 1.4 and Eq. 1.7, further confirming that the optical rotation

is due to the IFE. The magnitude of induced magnetization, M4, of the AUNPs during
excitation can be determined by analyzing the measured Verdet constant and optical

rotation in the pump-probe experiments (Appendix A.2):

—_ 1 —_—
AB = vipg Bl = vippl, (x_+l) ML (2.3)
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Here §eff can be thought of as the strength of an externally applied magnetic field that
would be required to induce the same optical rotation observed in the pump-probe
measurement.2° We observe B, up to 0.038 T at a peak pump intensity of 9.1 x 1013
W/m2. The value of M4 can be further analyzed to determine the magnetic moment of
each Au nanoparticle. If we consider that the individual Au nanoparticles act as small bar
magnets with rotation and diffusion that is much slower than the pulse duration, the
ensemble response corresponds to an induced magnetic moment per particle of 2.9 x 107
us or 0.95 us per Au atom, where s is the Bohr magneton (Appendix A.3). Note that the
magnitude of the induced magnetic moment is not simply due to optical field
concentration on the AuNP surface (~5x),* but also results from the larger Verdet

constant of the nanoscale geometry (Appendix A.5).
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Figure 11.4: Dependence of optical rotation on pump intensity for Case Il and the

corresponding effective magnetic field. The fit shows a linear trend. The optical rotation
is the result of an effective light-induced magnetic field, Besr, in the AUNPs.
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2.3 Conclusion

In summary, we report the first experimental observation of optically-induced
magnetization in Au nanoparticles due to the IFE. We distinguished the contribution of
the IFE and OKE in the optical rotation signal of a pump-probe experiment by analysis of
the polarization-dependence, and by confirming the optical non-reciprocity imparted by
the magnetization due to the IFE. Furthermore, the time response indicates a distinct
mechanism of photo-induced magnetism that results from the coherent circular motion of
electrons, in contrast with the spin dynamics typical in ultrafast studies of ferromagnetic
materials. Additionally, we observed optically induced magnetization due to both
plasmonic field enhancement as well as changes to the intrinsic electronic response of the
nanoscale geometry. We anticipate these results may be of great interest in the photonics
community. For instance, recent reports have shown the ability to effectively control local
magnetization in plasmonic heterostructures.?® %8 Our experiments outline opportunities
for studying the ultrafast optical control of magnetic properties in these individual sub-
wavelength geometries, as well as the interplay between light-induced and permanent
magnetization. We also envision applications in nanoscale all-optical methods of optical

isolation that do not require externally applied magnetic fields.8 10

2.4 Experiment Detail
2.4.1 Static Faraday Rotation Spectroscopy
Experiments were performed on colloids of 100 nm diameter AuNP in water

(stabilized in sodium citrate, OD = 1 at 572 nm, volume fraction = 1.14 x 106, Alfa Aesar).
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The sample was placed in a 1 cm path length quartz cuvette. A static magnetic field (0.35
Tesla) was applied along the direction of a transmitted linearly polarized probe beam. A
tungsten lamp was used as a light source, and the wavelength was selected by a
monochromator (Newport, Model 74004). The beam was polarized by a sheet polarizer.
A reference beam split by a reflective neutral density filter (OD = 0.2) was measured by a
Si photodetector (Thorlabs, PDA100A). The Faraday rotation angle, A8, was measured by
sending the probe beam through Wollaston prism optically in-series with a balanced
photodiode (New Focus, model 2307) after the beam had passed through the sample, and
AB was calculated by the following equation: Alspp/Irer = Sin(2A0), where Alspp IS power
difference received at the balanced photodiode from the two polarized beams delivered by
the Wollaston prism, Irer is power measured by a referenced Si photodetector (Figure
11.5). Note that Alspo/lrer = SIN(2A0) = 2A0 when A0 is small. A lock-in amplifier
(Stanford Research, SR830) was used to improve signal-to-noise ratio of the

measurement.
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Figure 11.5: Detailed schematic illustration of experiment setup. M, Monochromator;
REF, Referenced Silicon photodiode; WP, Wollaston prism; BPD, Balanced photodiode.
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2.4.2 Time-resolved Pump-probe Faraday Rotation Spectroscopy

Measurements were made using an amplified Ti:sapphire laser system (KM Labs)
operating at a repetition rate of 3 kHz. The pump beam centered at A = 515 nm (green
dashed line in Figure 1.3) was generated from a home-built double-passed noncollinear
optical parametric amplifier system (NOPA). The probe beam was derived from a white
light continuum generated in a translating CaF2 crystal and the wavelength was selected
using a chirp compensating prism pair and a spatial filter. A simplified scheme for optical

setup is shown in Figure I1.6.
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Figure 11.6: Simplified scheme of optical setup for time-resolved pump-probe Faraday
rotation spectroscopy. SHG, Second harmonic generation; OPA, Optical parametric
amplifier; LPF, Long-pass filter.
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The beam size (full width at half maximum, FWHM) of the pump and probe beam,
which were measured by a CCD camera (The Imaging Source, DMK 21BU618), are 150
+ 6 um and 80 £ 2 um in diameter, respectively. The temporal resolution of the
measurements was 0.53 ps, which was estimated by FWHM of the OKE signal of Au
nanoparticle colloid (Figure 11.7). During the experiment, the 100 nm diameter Au
nanoparticle colloid was continuously circulated in a 2 mm path length quartz flow cell
(Starna Cells, 45-Q-2) to prevent potential sample damage or accumulated thermal effects.
The induced Faraday rotation of the probe beam by the pump beam was measured using
the same configuration as in the static Faraday rotation experiment as a function of pump-
probe time delay, but without an externally applied magnetic field. The signal measured
by the photodiode was processed through boxcar averager (Stanford Research, SR250)
and home built LABVIEW software. The induced Faraday rotation angle was calibrated

by using the combination of a neutral density filter and a linear polarizer (Figure 11.8).
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Figure 11.7: Estimation of the pump pulse width from the OKE signal of the Au
nanoparticle colloids. The OKE signal is treated as the cross-correlation of the pump and
probe pulse, with full width at half maximum t = 0.53 ps. Thus, we estimate the upper
limit of pump pulse width to be t/1.44 = 0.37 ps, which is used to calculate peak pump
intensity in Figure 11.4.
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Figure 11.8: Time-resolved pump-probe Faraday rotation spectroscopy. The induced
Faraday rotation was calibrated using the combination of a neutral density filter (OD =
0.06) and a linear polarizer. First, the neutral density filter was placed in front of one side
of the BPD, resulting in some Algpp output signal. Then a linear polarizer was placed
between AuNP and WP and was rotated until the BPD was balanced. Alspo/Irer signal is
then calibrated by the Alspp output signal produced by the neutral density filter and linear
polarizer rotation angle. QWP, Quarter wave plate.
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CHAPTER Il
PHOTOTHERMAL EFFECT MODULATION BY LIGHT ELLPTICITY IN GOLD

NANODISKS ARRAY

3.1 Introduction

Strategies for manipulating magnetism using light has been an active research
topic in recent years due to its potential in future information processing technologies®*
103 as well as novel nanophotonic applications.® Experiments with circularly polarized
femtosecond laser pulses have shown that effective magnetic field up to several Tesla can
be generated in magnetic materials by coherently controlling the electron spin,'% and this
optomagnetic phenomenon is called the inverse Faraday effect (IFE). Furthermore, it has
been suggested that this optomagnetic approach could be enhanced and mastered in
nanoscale by integrating magneto-optical active materials with plasmonic nanostructures,
which is known for its subwavelength spatial confinement and optical enhancement.?
While in the field of magnetoplasmonics a magneto-optical active medium is always
involved, studies have also shown that by properly engineering the morphology of
plasmonic nanostructure, strong magnetic resonance can be induced. Sub-wavelength
meta-molecules made from coupled gold nanoparticles can support circulating
displacement current around the structure and generate strong AC magnetic response at
optical frequencies.'® Since gold is non-magnetic in nature, this phenomenon is also
called “artificial optical magnetism”. In contrast to artificial optical magnetism, another

approach to generate static magnetic field in plasmonic nanostructures by means of
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circularly polarized light was shown conceptually*® and experimentally.3? A classical way
to understand the origin of this light-induced DC magnetic field is the orbital angular
momentum of individual circular electron motion coherent to an optical cycle (Eq. 1.5).3"
41 Additionally, a drift current results from the presence of optical field gradient
throughout the plasmonic nanostructures provides an additional contribution to the
induced magnetic field.*> This mechanism is also supported by more sophisticated
computational method such as ab initio theory,* quantum hydrodynamic model*® and
DFT calculation.*’

While the IFE in plasmonic nanostructures mentioned above is under the condition
of high peak intensity femtosecond laser pulses excitation, several studies reported by
Vuong group have suggested that the light-induced magnetic response can be observed
under low intensity CW illumination.® 195 |n their studies, the magnetic response was also
attributed to a nonlinear DC circular current induced in AuNP only when the incident light
is elliptical or circularly polarized. Notably, in the meanwhile, an anisotropic increase of
the electrical conductivity as a consequence of this nonlinear DC circular current was
predicted and attributed to the change in extinction spectra observed in their experiment
(Figure 111.1).1% Based on the Drude model, the DC electrical conductivity, o, is

connected to plasmon dephasing time, Tgepnhase through the following expression:
_ Neszephase
= (3.1)
where m” is effective mass of electron. The linear relation between o and Tdephase

suggests that the plasmon dephasing time in AuNP also increases under circularly

polarized illumination. Since Tgepnase IS fundamentally connected to the dynamics of
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plasmon, it proposes an appealing possibility to modulate optical and transport properties

in a plasmonic nanostructures reversibly.
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Figure 111.1: (a) Surface plots of the nonlinear circular current density of an 80 nm gold
nanosphere when illuminated by LHCP, linear polarized light and RCHP (b) Volume-
averaged relative change in azimuthal component of the DC electrical conductivity as a
function of wavelength when illumination intensity is varied for RHCP or LHCP. Reprint
in part with permission from M. Moocarme, J. L. Dominguez-Juarez, L. T. Vuong.
Ultralow-Intensity Magneto-Optical and Mechanical Effects in Metal Nanocolloids. Nano
Letters, 2014, 14 (3), 1178-1183. Copyright 2014 by the American Chemical Society.

The ability to reversibly modulate plasmon response in a plasmonic nanostructures
using external stimulus is of great interest in active plasmonic community for potential
application such as plasmonic sensing and tunable surface-enhanced Raman scattering.'%
An electrical field can be used to alter the charge carrier density in materials, along with
changes in their dielectric function. However, in pure plasmonic metal the electrical
conductivity modulation using DC electric field is usually imperceptible owing to the high
density of conduction electron screening. For instance, a tiny DC electrical conductivity

modulation of Ao = 0.1% in a 10 nm gold thin film when electric field of 108 V/cm was
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applied.’®” However, instead of applying DC electric field, AC electric field can in
principle introduce time-varied local change in the surface charge density, producing
pronounced electrical conductivity modulation. For example, a recent study using THz
field to induce local change of surface charge density in gold microparticle demonstrated
Ao up to 46% .19 While the timescale in this study was in ps timescale, the results from
the Vuong group in gold nanoparticle provided an appealing possibility to modulate DC
electrical conductivity and plasmon response under CW excitation.88 10

In this study, we aim to expand the observation from the Vuong group and provide
an experiment proof of anisotropic change of the electrical conductivity in a gold
nanodisks array. Temperature was used as an indicator of electrical conductivity change
since Joule heating resulting from the light-induced circular current is linear proportional
to electrical conductivity:

p = oE? (3.2)

where p is the power generated through Joule heating and E is electric field. By using
Raman thermometry, both nanostructure temperature and plasmon dephasing time

information can be extracted.

3.2 Result and Discussion

Gold nanodisks array sample was prepared by electron-beam lithography method.
The choice of gold nanodisks array was because of several reasons: First, the geometry of
the structure has to be in circular shape in order to support circular plasmon mode under
circularly polarized excitation. Second, a periodic nanodisks array instead of isolated or
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randomly distributed nanodisks was preferred because it has high absorptivity in visible

range, which maximize the photothermal effect we aimed to probe (Figure 111.2).1%°

Figure 111.2: Gold nanodisks array sample. (a) Illustration of gold nanodisks array sample
(not to scale) (b) SEM image (c) Optical image, the black area is gold nanodisks array.
Scale bar is 1 pm and 40 um, respectively.

Raman thermometry method was used to quantify the photothermal effect.
Traditionally, in a substrate with distinct vibrational mode, such as bare silicon, its
temperature can be obtained from the ratio between Stoke and anti-Stoke signal of a given
Raman band.!1® However, the electronic Raman signal observed in plasmonic substrate is
usually a broad band (Figure 111.3a), thus this method is not valid. On the other hand, it is
commonly observed that a bi-exponential decay of the anti-Stoke Raman signal from
plasmonic metals is strongly temperature dependent.*!: 112 Several studies have proposed
that the anti-Stoke spectrum of plasmonic metals can be fitted to extract the lattice

temperature of the metal, Ti, the elevated electronic temperature, Te, and the size of the
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sub-population of hot carriers, «, in the steady state.**3-11% Furthermore, a model developed
recently by our group successfully described the entire Stokes and anti-Stoke Raman
signal, by taking into account additional contribution from non-thermal carriers with an
energetic distribution dependent on plasmon dephasing time Tyephase-**® The overall Raman
spectrum, which is scaled with joint density of state J(#®),**” can be described according
to the following expression:

f L (Eatdephase) f(EaTl)L(E+hmaTdephase) ( 1 'f(E+h(D))dE +

J(ho) = D-R- o [ f(B,T)(1-f(E+ho,T,))dE

(3.1)

where D is a scaling factor that accounts for the collection efficiency of our microscope
setup, R is the reflection spectrum of the sample which is proportional to the density of
photonic states, and L(E,tgepnase ) 1S the energy distribution of non-thermal carriers, which
is approximated as a simple Lorentzian function, f(E,T,) and f(E,T.) is the Fermi-Dirac
distribution of carriers thermalized at the lattice temperature, Ti, and the sub-population
of hot carriers at the elevated temperature, Te. The variable a is a free fit parameter that
accounts for the relative size of the hot carrier population.'*® In our fitting routine, since
the hot carrier population only contribute to anti-Stokes Raman signal at high wavenumber
(< -1000 cm™),1% we can safely set a to 0 by neglecting anti-Stokes Raman signal at high
wavenumber (Figure 111.3b). Therefore, the remaining fitting parameters in this study are
Ti, Tgephase: @nd D. This modifying fitting process is beneficial in terms of improving

signal-to-noise ratio of Raman spectrum and fitting quality.
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Figure 111.3: (a) Raman spectra of both 532 nm Beam 1 and Beam 2 (red), Beam 2 only
(yellow) and their difference which is used in the fitting routine (blue) (b) Compare
experimental Raman spectra and fitting using Eq. 3.1. The green dots represent excluded
data point due to Rayleigh scattering and neglecting hot electron contribution.

In order to extract Raman response of gold nanodisks array under different
ellipticity excitation and get rid of polarization dependent instrument response, the dual-
beam configuration was adopted (see section 3.4.2 for more details). Both Beam 1 and
Beam 2 was 532 nm CW laser. Beam 1 was always linearly polarized and lower intensity,
and its role was to probe electronic Raman response of the nanostructure. Beam 2 had
higher intensity and its ellipticity was controlled by a pair of half waveplate and quarter
waveplate, and its function was to generate photoheating in the nanostructure. To solely
extract the Raman response from Beam 1, the Raman spectra of (Beam 1+ Beam 2) and
(Beam 2 only) was measured, and the difference between the two can be regarded as the

ellipticity excitation dependent Raman response of the gold nanodisks array (Figure
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111.3a). The (Beam 1+ Beam 2) — (Beam 2 only) spectra was then fitted to Eq. 3.1 to extract

Tiand Tdephase-

First, we examined the effect of total illumination intensity on the nanostructure
temperature, Ti (Figure 111.4a). Both Beam 1 and Beam 2 were linearly polarized in this
case. A monotonic increase in T with total intensity was observed. This observation well
matches with other reports studying on gold and copper nanostructures.'%® 14 The total

intensity dependence can also serve as a calibration curve, which will be discussed in

below.
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Figure 111.4: (a) Temperature of gold nanodisks array as function of total intensity of
Beam 1 and Beam 2. Both beams were linearly polarized. The intensity of Beam 1 was
kept at 4.8x108 (W/m?). The intensity of Beam 2 varied between 6.6 — 9.5x108 (W/m?).
(b) Temperature of gold nanodisks array as function of ellipticity of Beam 2. The intensity
of Beam 1 was kept at 4.8x10% (W/m?). The intensity of Beam 2 was kept at 9.5x108
(W/m?). The slight asymmetry in ellipticity is due to the limitation of microscope system.
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Next, we examined the effect of ellipticity of Beam 2 while the intensity of both beams
was kept the same (Figure 111.4b). For both RHCP and LHCP, T\ increases with increasing
ellipticity. For the same ellipticity but opposite handedness, Ti increase was similar.
Remind that our hypothesis is that the photothermal effect modulation is a result of
electrical conductivity change in the nanostructure, which is due to the presence of circular
current under circularly polarized excitation. This result well matches to our prediction
because the magnitude of photothermal effect in enhanced with increasing ellipticity and

is independent on helicity.'% Moreover, Tepnase, Which can also be extracted in our fitting

routine, under linear and LHCP excitation was 19 and 23.9 fs, respectively. Since the o is

linear proportional to Tgepnase, this observation is also in a good agreement qualitatively.

In Beam 2 ellipticity dependent experiment, the temperature difference between linear
and LHCP is 15.1 K. Based on the total intensity dependent experiment (Figure 111.4a),
the nanostructure temperature increases 4.8 K for every 108 W/m? incident optical
intensity. Thus, 15.1 K temperature increase means that, equivalently, the nanostructure
experienced 3.1 x 108 W/m? more optical intensity under LHCP illumination. Since the
total excitation intensity was kept at 1.4 x 10° W/m?, we could conclude that the
nanostructure absorbs 22% more, or equivalently, has 22% more absorption cross section
under circularly polarized excitation. This increase can also be supported qualitatively by
26% increase in Tyephase Under LHCP illumination, since the absorption cross section and

Tdephase NAs @ positive relation. A more detailed quantitative analysis will be performed

in a short future to better support this statement.
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Finally, we demonstrate that under externally applied magnetic field Bapp, the
degeneracy between RHCP and LHCP can be lifted. In this experiment, the ellipticity of
Beam 2 was kept at 0 (linear), +0.67 (LHCP) and -0.67 (RHCP). An external magnetic
field Bapp = 0.2 T was applied parallel to the light propagation direction (Figure 111.5a). T
was measured as function of total intensity under different Beam 2 ellipticity. In Figure
I11.5b, with external magnetic field applied, Ti under LHCP excitation is higher than
RHCP, while both of them is still higher than linear illumination. This phenomenon can
be explained in the framework of the Drude model. Gu. et al have derived the equation of
motion of free electron gas under circular polarization and external magnetic field, and the
result showed that under week magnetic field, the magnitude of circular displacement
current is affected by the coupling between metal and magnetic field, which in our case
lead to change in conductivity.3! This effect can also be considered in terms of the relative
direction of Mind and Bapp. When Mind and Bapp are parallel, which is the case for LHCP,
the effective resistance for circular electron motion is reduced, therefore the photothermal
effect is enhanced due to more efficient Joule heating. Whereas the photothermal effect is
suppressed if the Mind and Bapp are anti-parallel. While this measurement may lead us to
determine the magnitude of Ming in gold nanodisks array under CW illumination, further

experiment is still needed to give a more accurate quantification.
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Figure 111.5: (a) Illustration of the relation between incident light ellipticity, induced
magnetization (Ming) and external magnetic field (Bapp). When incident light is LHCP,
Mind and Bapp are parallel. (b) Temperature of gold nanodisks array as a function of total
intensity under Bapp = 0.2 Tesla and different ellipticity illumination. The fitting of each
ellipticity: LHCP: y = 9.1x108 x + 288.7; RHCP: y = 6.4x108 x + 313.4; Linear: y =
4.3x108x + 311.8.

3.3 Conclusion

This study provides a qualitative analysis to demonstrate the ability to modulate
photothermal effect in plasmonic gold nanodisks array using light ellipticity. A dual-beam
Raman spectroscopy successfully quantify the photothermal effect in nanostructures. The
nanostructure temperature and plasmon dephasing time increase as light ellipticity
increases, and regardless to the helicity. Our results support the hypothesis that anisotropic
change in electrical conductivity under elliptical or circular polarization can result in Joule
heating in nanostructures. Furthermore, under external magnetic field, the RHCP and

LHCP result in different amount of photoheating due to suppress or enhancement of

40



circular displacement current. Our result provides a further insight of coherent interaction
between conductive electrons and circularly polarized light, and also serve as another
proof of existence of light-induced magnetic field in plasmonic nanostructures under CW

excitation.

3.4 Experiment Detail
3.4.1 Nanostructure Fabrication

The gold nanodisks, with diameter d = 400 nm and pitch p = 700 nm, were
fabricated on top of a 38 nm thick Al2Osdielectric layer, which was sputtered on top of a
perfectly reflecting 100 nm thick gold mirror. Prior to fabrication, a silicon substrate was
cleaned using a combination of base piranha and UV-ozone. The 100 nm gold mirror was
then thermally evaporated (Lesker PVD electron-beam evaporator) onto the silicon
substrate. RF sputtering (Lesker PVD RF sputterer) was used to deposit the Al.O3
dielectric layer on top of the gold mirror. Next, 950 PMMA A4 was spin-coated onto the
Al203 as the electron beam resist layer. Electron beam lithography (TESCAN MIRA3
EBL) was performed to pattern the 100 um x 100 um nanodisk array into the e-beam
resist. After development, a 5 nm chrome adhesion layer was thermally deposited on the
surface of the exposed PMMA, followed by a 100 nm layer of gold. Finally, liftoff was
performed in acetone using a combination of pipet pumping and sonication, leaving only
the nanodisk array on the surface of the substrate. The morphology of gold nanodisks array

is confirmed by optical and SEM images (Figure 111.6).
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Figure 111.6: (a) Optical and (b,c) SEM images of gold nanodisk array. Scale bar: 8 um,
5 pm, 20 pm.

3.4.2 Dual-Beam Raman Spectroscopy

The scheme of the optical setup is shown in Figure I11.7. Raman spectra was taken
using a confocal microscope (Witec RA300) and spectrometer (UHTS300, grating = 300
g/mm). In dual-beam Raman spectroscopy experiment, Beam 1 was coupled through a
fiber (Rayshield coupler, Witec). It was a 532 nm CW Nd:YAG laser with a spot size of
0.55 um?, always linearly polarized and lower intensity. Beam 2 was coupled through a
free space coupler, and it was also a 532 CW laser with a spot size of 2 um?2.

The ellipticity of beam 2 was controlled by a pair of half waveplate and quarter
waveplate. The function of Beam 2 was to generate circular current in gold nanostructures
and modulate photothermal effect. Both beams are focused by a 100x objective (Zeiss EC
Epiplan Neofluar, NA = 0.9, WD = 0.31mm) on the gold nanostructures. The confocal
microscope had alignment optimized to Beam 1, and excess scattering from Beam 2 was
removed by a 532 NF, thus the effect of Beam 2 ellipticity on the instrument response can

be neglected.
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Figure 111.7: Hlustration of Dual-beam Raman spectroscopy setup. LP, Linear polarizer;
HWP, Half wave plate; QWP, Quarter wave plate; NF, Notch filter.
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CHAPTER IV
SIZE- AND TEMPERATURE-DEPENDENT PHOTOLUMINESCENCE SPECTRA

OF STRONGLY CONFINED CESIUM LEAD BROMIDE QUANTUM DOTS?

4.1 Introduction

Lead halide perovskites (LHP) nanocrystals (NCs) have emerged as a strong
contender for next-generation solid-state emitters'8122 pecause of their high luminescence
quantum yield,®": 123-1%6 facile chemical bandgap tunability,'?”: 128 and low-cost solution
processability.'? 130 Over the past few years, LHP-based light-emitting diodes (LEDs)
have reached external quantum efficiencies > 20%, which is comparable to organic light-
emitting diodes (OLEDSs) and other colloidal semiconductor NCs used in commercialized
displays.>* 131 For photonic applications of semiconductor NCs, the spectral characteristics
of the luminescence, i.e. energy and linewidth, is of great importance. Narrow emission
bandwidth ensuring high color purity is desirable for display devices.'®> 133 On the other
hand, broad or (and) multiple emission peaks covering a wider spectrum is more useful
for lighting applications requiring white light.134 135

So far, the majority of studies of the luminescence of LHP NCs and related optical
properties have been focused on large NCs with weak or no quantum confinement.

Therefore, the optical spectra of the NCs exhibit little size dependence. Tuning of the

2 Reprint in part with permission from “Size- and temperature-dependent photoluminescence spectra of
strongly confined CsPbBr; quantum dots” by Oscar Hsu-Cheng Cheng, Tian Qiao, Matthew Sheldon, Dong
Hee Son. Nanoscale, 12, 13113. Copyright 2020 by the Royal Society of Chemistry.
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exciton luminescence spectrum was achieved mostly via chemical modification of the
band, specifically by varying the halide composition and stoichiometry.t®% 137 Facile
chemical exchange of halides (Cl, Br, and I) enables continuous tuning of the bandgap
across the visible spectrum, and thus has been extensively explored as the means of
controlling the luminescence color from LHP NCs. However, phase segregation or
migration of halides under photoexcitation have been identified as potential issues for
mixed-halide LHP NCs as the source of photons in technological applications.'*-142 More
recently, synthetic methods for producing highly uniform LHP NCs with strong quantum
confinement were developed.'*347 Such quantum confinement can be used to vary the
exciton transition energy as well as enhance the coupling of excitons to other degrees of
freedom, further tuning optical and electronic properties similar to the extensively studied
11-V1 and 1V-VI QDs.148-151

Either chemical tuning of the bandgap or size-dependent quantum confinement can
vary the color of the emission from LHP NCs. However, these separate strategies do not
have the same effect on all of the characteristics of the exciton luminescence. For instance,
reducing the size of strongly confined NCs introduces size-dependent electron-hole
interactions and vibronic coupling involving both lattice phonons and surface ligand.*5*
154 Therefore, the energy and linewidth of exciton photoluminescence (PL) as well as the
temperature dependence and exciton radiative lifetime can be quite different in
comparison with non-confined mixed-halide LHP NCs exhibiting the same PL
wavelength. Furthermore, the degree of ensemble size uniformity and the larger surface-

to-volume ratio in strongly confined QDs can alter the characteristics of the exciton
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luminescence significantly.t>> Therefore, it is important to understand the spectral
characteristics of LHP QDs in the strongly confined regime to understand their potential
utility as a source of photons.

Here, we measured the size- and temperature-dependent PL spectra of uniform
ensembles of strongly confined CsPbBrs QDs and investigated the factors that dictate their
spectral evolution when varying size and temperature. From the analysis of the
temperature dependence of the PL spectral linewidth,%5-158 we obtained information about
the effective strength of the coupling of excitons with the vibrational degrees of freedom
as a function of the QD size. We also compared our results with those of CdSe QDs, an
archetypal QD system with well-known size- and temperature-dependent PL, in order to

highlight the unique aspects of the PL from strongly confined CsPbBrs QDs.

4.2 Result and Discussion

In this study, highly uniform ensembles of CsPbBrs QDs were prepared using the
recently developed method that leverages thermodynamic equilibrium for the precise size
control in strongly confined regime, which minimizes the effect of size dispersity on the
PL spectra.l*® CsPbBrz QDs of varying sizes prepared in this study exhibit well-resolved
confined exciton absorption and emission spectra as shown in Figure 1V.1a. The edge
length (d) of the QDs determined by transmission electron microscopy (TEM) images
(Figure 1V.1b-e) are in the range of 3.9 to 6.3 nm, which is smaller than twice the exciton

Bohr radius of CsPbBrs3 (2as = 7 nm).%
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Figure 1V.1: (a) Absorption spectra of different sizes of CsPbBrs QDs. (b-d) TEM images
of CsPbBrs QDs. The average edge length of the QDs is (I) 6.3 nm, (1) 5.3 nm, (l1I) 4.7
nm, (IV) 3.9 nm. All scale bars are 20 nm.

For temperature-dependent PL measurements, the CsPbBrs QDs were deposited
on a sapphire substrate by dipping the substrate into concentrated CsPbBr3 QD solutions
dispersed in hexane, and then drying with nitrogen gas. The QD film prepared by this
method is relatively close- packed with interparticle spacing of ~3 nm corresponding to
the organic ligand on the surface of the QDs. Figure 1V.2 compares the PL spectra of the
colloidal solution of CsPbBr3 QDs in hexane and the QD film deposited on a sapphire
substrate. The PL spectra of CsPbBrs QDs in these different environments are nearly
identical, while the film of the smallest QDs (d = 3.9 nm) exhibit a small blueshift
compared to the solution of QDs. The similarity of the spectra from NCs in solution and
deposited as films indicates a lack of interparticle electronic coupling. Other studies of
CsPbBrs QD films often observe a redshift of the PL attributed to interparticle coupling.
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The lack of interparticle coupling in this study is likely due to long ligands

(oleylammonium bromide) passivating the surface of the QDs, separating them by ~3 nm

as can be seen in the TEM images.
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Figure 1V.2: PL spectra of CsPbBr3 QDs in hexane (solid line) and on sapphire substrate
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Figure 1V.3: Normalized steady-state temperature dependent PL spectra of (a) 6.3 nm (b)
5.3nm (c) 4.7 nm (d) 3.9 nm CsPbBrs QDs samples at temperatures between 4 and 300K.
Figure 1V.3 shows the normalized temperature-dependent PL spectra of CsPbBr3
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QD films collected in the temperature range of 4 - 300K for four different sizes.
The variation of the peak energy and linewidth with temperature and QD size were
analyzed from these spectra. For more quantitative analysis of the PL peak energy and
linewidth, the experimentally measured PL spectra were converted to the spectral line
shape function on an energy axis, S(E), through the Jacobian conversion, where the
linewidth is directly proportional to the Franck-Condon factor.16% 161 Both the peak energy
and linewidth reported here were extracted from S(E). The details of the conversion and
analysis of the PL spectra are provided in the Appendix B.

Figure IV.4 shows the temperature-dependent PL peak energy, Eje.x(T) of
CsPbBrs QDs of four different sizes. All four QDs show generally decreasing E e, (T)
with decreases in temperature, which is similar to what has been observed in bulk and
large non-confined NCs of CsPbBrs.15-158 162 On the other hand, the smaller QDs show

smaller shift of E..(T) with temperature and also exhibit a bit more complex behavior
above 200K, showing a small negative slope of E..(T) with respect to T although its
origin is not clear. Nevertheless, it is notable that the general redshift of E., (T) with
decreasing temperature in CsPbBr3s QDs is opposite to the behavior of the majority of other
semiconductor QDs (e.g. such CdSe) that exhibit blueshifts of the exciton absorption and
PL peak with decreasing temperature. Furthermore, the slope (dE,..x/dT) is significantly
smaller than in 11-V1 QDs of comparable size (-0.3 meV/K for CdSe QDs and -0.5 meV/K
for CdS QDs).1%3 164 Below 200K, dE,,/dT of CsPbBrs QDs is 0.05-0.18meV/K

depending on the size, exhibiting much weaker dependence of E ., on the temperature
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(0.16,0.18, 0.05,0.11 meV for 6.3, 5.3, 4.7, 3.9 nm QDs). The general trend of Epeak(T)in
LHP NCs can be explained by thermal expansion and exciton-phonon coupling. 165 166 |t
has been shown that the bandgap decreases with decrease in lattice constant in LHP

NCs.165
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Figure 1V.4: Temperature-dependent PL peak energy of different sizes of CsPbBrsz QDs
samples at temperatures between 4 and 300K.

The contribution of exciton-phonon coupling is estimated using a two-oscillator
model, where acoustic and optical phonons contribute to the temperature dependent
bandgap in opposite directions (dE../dT > 0 for acoustic phonons, < 0 for optical
phonons), thereby partially cancelling each other. Non-monotonous variation of ¢, (T)

in the smaller QDs (d = 5.3, 4.7, 3.9 nm) can therefore be interpreted as resulting from
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variations in the balance between the two opposing contributions to the bandgap with the
QD size.

Figure 1V.5 shows the temperature-dependent full-width at half maximum
(FWHM), I'(T), determined from the line shape, S(E), of CsPbBrs QDs of four different
sizes. We employ a linear exciton-phonon coupling model (Eq. 4.1) commonly used to
analyze the temperature dependent I'(T) in order to extract the effective strength of
coupling to phonons and the contribution from inhomogeneous broadening.1%5: 165 167-169

I'(T) = yLoNLo + YacT + linn 4.1)
In this model, T'(T) is expressed as the sum of three terms: temperature-independent
inhomogeneous broadening (Tj,,) and temperature-dependent optical (y;oNyo) and
acoustic (y,.T) phonon contributions. y;o represents coupling strength to longitudinal
optical (LO) phonons, which is associated with number of the phonon mode, Nig,
described by the Bose-Einstein distribution, N; 5 = 1/exp(E;o/k,T). Here, E. is the
energy of the LO phonon and ky, is Boltzmann’s constant. y,. represents coupling strength
to acoustic phonons, and is mainly related to a deformation potential interaction in

materials with cubic symmetry.169
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Figure IV.5: FWHM of the spectral lineshape as a function of temperature for (a) 6.3 nm
(b) 5.3 nm (c) 4.7 nm (d) 3.9 nm QDs. The solid line are fits of Eq. 4.1.

Size (m) | (V%) | Vae (HEVIK) (rgi(g{l,) (rﬁ'é?/)
Sample | 6.3 32413 70475 | 40#2.5 | 2029
sample 11 5.3 52413 20+60 52415 | 2148
Ssample 111 4.7 52+18 20£70 693 | 22+11
Sample IV 3.9 89427 22450 862 | 2346
B. Diroll et al.1»® 15 45 5 20 19
J. Ramade et al.* 167 ~7 42 8 0.4 16
F. Tang et al.170 fr'ggt!j 11.61 10 9.02 | 20.01

Table IV.1: Extracted linewidth parameters. { Single particle PL
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Table 1V.1 summarizes the parameters obtained by fitting the experimentally
measured I'(T) to Eq. 4.1. Similar to other polar semiconductors, coupling to LO phonons
(YLoNLo) is the main contribution to the temperature-dependent broadening of the PL
linewidth at high temperature (T > 100K). Since the contribution from the acoustic phonon
(4. T) accounts for < 10 % of the total temperature variation of I'(T), we will focus on
coupling to LO phonon in our discussion of the size- and temperature-dependent I'(T).
The value of E; obtained from the fit is near 20 meV for QDs of all sizes, and is close to
ELo of 19 meV measured from single macroscopic crystals of CsPbBra.1’* On the other
hand, the coupling strength to LO phonons (y) shows a significant size dependence. y;
increases nearly 3 times (32 to 89 meV) as the size of the QD decreases from d = 6.3 to
3.9 nm. For comparison, y;o of weakly-confined CsPbBrs NCs from earlier studies are
also added in Table V.1, and these values are closer to that of the larger QDs in our
study.%> 167 This is an interesting contrast to CdSe QDs that show much smaller and more
weakly size-dependent vy, o, therefore exhibiting significantly weaker thermal broadening
of PL linewidth and size dependence.!'#®- 132172 For instance, y, o of CdSe QDs calculated
from the size-dependent Huang-Rhys factor increases very slowly from 10.9 meV to 12.6
meV as the QD size decreases from 5.23 nm to 2.56 nm.!”> 173 For a comparable size of
QDs (d =~3.9nm), I'(T) varies by more than twice as much in CsPbBrs than in CdSe (46
meV vs 20 meV), within the temperature range of 50-250K.1"* The stronger coupling of
excitons with LO phonons in CsPbBrs QDs compared to CdSe QDs is not surprising,
considering that lead halide perovskite materials are generally known to have larger

exciton-phonon coupling.5® 1% The strong exciton-phonon coupling in various inorganic
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and hybrid lead halide perovskites manifests as facile formation of polarons, which has
been shown in both calculations and experiments.t’>1’7 Strong exciton-phonon coupling
was also considered to be responsible for the activation of parity-forbidden exciton
transitions in strongly confined CsPbBrs QDs, whereby polaron formation lifted the
optical selection rule.X’® This strong size-dependence of y,, in CsPbBrs QDs is quite
intriguing, considering that typical semiconductor QDs such as CdSe QDs exhibit weak
size dependence. Earlier studies in various semiconductor QDs showed evidence that
increasing the coupling of vibrational modes with surfaces and surface ligands by
decreasing size results in the larger effective coupling strength between excitons and
vibrational degrees of freedom. For instance, I'(T) /T in 2 nm CdSe QDs increased by 2.2
times by changing the ligand from dodecanethiol to tetradecylphosphonic acid, while such
sensitivity to the ligand is absent in much larger QDs.*®? In the case of monolayer WSe:
and WS2 QDs, a large increase of I'(T) of the PL at room temperature and Stokes shift
was explained by increased coupling of excitons to the chemical bonds at edges with
decreasing size.1’® 18 Since the model described in Eq. 4.1 does not specifically include
the terms representing the coupling of excitons to surface-specific modes, y; o determined
from the fitting represent the combined effect of coupling to both lattice LO phonon mode
and local vibrational modes at surface, such as the bond from ligands. This suggests that
the strong dependence of y; o on the size of CsSPbBrs QDs reflect the stronger influence of
the surface in coupling with exciton compared to CdSe QDs. At cryogenic temperatures,
[an 15 still relatively large compared to the estimated linewidth broadening based on the
QD size distribution determined from the analysis of TEM images (x5 % at FWHM) and
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the experimentally determined size-dependent bandgap.*® The inhomogeneous linewidth
purely from the size distribution is estimated to be < 35 meV for the QDs with average
size of 4.7 nm. Much larger T;,;, of 69 meV indicates that the inhomogeneous broadening
of the PL observed in CsPbBrs QDs has contribution from not only the size distribution
but also from other contributions. While the exact nature of such additional contribution
is not clear yet, variations of the surface ligand density or local fluctuation of charges

within the film may have contributed to the inhomogeneous broadening.

4.3 Conclusion

In summary, the PL spectra of strongly quantum confined CsPbBrs QDs were
measured as a function of size and temperature in order to investigate the factors that
determine the spectral evolution with temperature and the degree of quantum confinement.
The peak energy of the PL shows much weaker dependence on the temperature for all QD
sizes compared to the other well-known semiconductor QDs such as 11-VI QDs. On the
other hand, the PL linewidth exhibits stronger dependence on both the size of the QD and
temperature compared to I1-VI QDs, indicating stronger exciton-phonon coupling. y;o
determined from spectral linewidth analysis is several times larger than that of CdSe QDs
for comparable sizes, consistent with generally stronger exciton-coupling known for
various metal halide perovskite materials in the bulk phase. The size dependence of y; g is
also much stronger than CdSe QDs, indicating the stronger influence of the surface
vibrational degrees of freedom for the overall effective exciton-phonon coupling. This

detailed information about the dependence of PL spectra on size and temperature will be
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valuable in applications that employ strongly quantum-confined metal halide perovskite

QDs as a source of photons.

4.4 Experiment Detail
4.4.1 Sample Preparation

Size-controlled CsPbBrs QDs were synthesized via the hot-injection method
reported by Dong et al.”® The synthesized QDs were purified using ethyl acetate to remove
all remaining unreacted precursors and excess ligands by centrifuging the solution at 3500
rom at 5 min. The precipitate was recovered and redispersed in hexane for all
spectroscopic measurements in solution sample and preparation of QD film on a sapphire

substrate.

4.4.2 Temperature-dependent PL measurement

Temperature-dependent PL measurements were made using an open-cycle
cryostat (ST-100, Janis) using liquid nitrogen and liquid helium as the cryogen. The QD
film on sapphire substrate was excited at 405 nm using a CW diode laser (RGBLase, FBB-
405-200-FM-E-1-0). The excitation power was kept below ~1 mW with a 3 mm beam
diameter to avoid heating of the substrate. The PL spectra were recorded with two different
CCD spectrometers (QE65000, Ocean Optics and WiTec alpha 300), which give identical
line shape after the calibration of the spectral response of each spectrometer. A 405 nm
notch filter was used to block the excitation light in PL spectrum measurement and its

transmission spectrum was accounted for in the analysis of the PL spectra.
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CHAPTER V

SUMMARY AND OUTLOOK

Circularly polarized illumination generates static magnetic field as well as
coherent circular current in plasmonic gold nanostructures. Effective light-induced
magnetic field as large as 38 mT was observed by using time-resolved pump-probe
Faraday rotation spectroscopy. The magnetization dynamics was instantaneous to the
excitation pulse due to its orbital angular momentum nature, in stark contrast to common
ferromagnetic materials where the magnetic response is a result of electron spin angular
momentum. Though our study only focused on gold nanoparticles, the effect should be
generic to all plasmonic systems. With proper design of plasmonic nanostructure geometry
or combination with ferromagnetic materials, ultrafast and localized control of magnetism
could be realized in the short future.

Furthermore, in Chapter I11, anisotropic modulation of electrical conductivity and
plasmon dephasing time was monitored by photothermal effect in gold nanodisks array.
Pronounced structure temperature and plasmon dephasing time modulation was observed
under different ellipticity illumination, regardless to the helicity. With external magnetic
field applied, the photothermal effect was enhanced (suppressed) if light-induced
magnetization and external magnetic field were parallel (anti-parallel). While more
detailed calibration and calculation will be required to draw quantitative conclusions, this

preliminary result demonstrated a possibility to modulate fundamental optical properties
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with light ellipticity, shading light on potential application in photocatalysis and localized
photothermal control in nanometer scale.

Finally, the photoluminescence energy and linewidth of strongly quantum
confined CsPbBrs QDs was explored. The size and temperature dependence were found
significantly different from other common semiconducting nanocrystals system, owing to
strong coupling strength to longitudinal optical phonon. Proper engineering of the surface
ligands and embedded environment will be of interest for solid-state lightening

community, due to their remarkable effect on the photoluminescence linewidth as well.
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APPENDIX A
SUPPLEMENTAL INFORMATION OF CHAPTER Il

A.1 Verdet constant of Faraday effect and the IFE in absorbing medium

The IFE expression in Eq. 1.4 does not account for the effect of dissipation and
resonance in an absorbing medium. However, if these contributions are large, they will
cause a difference in the value of the Verdet constant of the Faraday effect and the IFE.
We consider the damping constant and resonance condition under a classical treatment.*8?

The complex Verdet constant for gold colloid can be written as:

nNe3 ®

mghyn (co(z)Jriyw-wz)z

=-6.48 x 10°+1.51x 10° 1 (B.1)

Vfg ~

where N is electron density of gold, N = 5.57 x 102 m™3, e is electron charge, e = 1.602 x
102 ¢, me is effective mass of gold, me = 9.02 x 103! kg, A, is the wavelength of the light
in vacuum, A, =5.15 x 10" m, n is the refractive index of the gold at 515 nm, n = 0.71912
+2.0225i , o is the angular frequency of the incident light, ® = 3.66 x 10% rad/s, y is the
bulk damping constant of gold, y = 1.26 x 10'* Hz and wy is 0, in the limit that the Au is

approximated as a Drude metal. Then, the Verdet constant of the IFE can be written as

nNe? ®

) 2
mgAyng (0)2-036) +,Y2m2

Vipp = =-5.42 x 10°+1.55 x 1078} (B.2)

The difference between vgg and vygg is 16%. While small, this difference is accounted for

in all calculations throughout the study.
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A.2 Calculation of the induced magnetization during the IFE experiment
In a Faraday rotation experiment, the applied magnetic field is related to the

magnetization of the AuNP colloid by the following expression:
Bypp = 1, (HM) =, (X—V+M> =1, (EH) M (B.3)
where p  is permeability of vacuum, p, = 1.25664 x 106 and %, Is volume magnetic

susceptibility of Au, y = -3.44 x 107. Therefore Eq. 2.3 in the main text can be written

as:
AB = vB,,L = VEgh, <Xiv+1) M, L (B.4)

The measured magnetization of the AuNP colloid in the Faraday rotation experiment was
-9.58 A/m. By accounting for the 16% difference between vgg and vygg in this study, we
can obtain the induced magnetization during the IFE experiment by measuring the induced
rotation A®.

However, the attenuation of the pump intensity is not negligible, so the induced
magnetization decreases along the optical path in the colloid. Based on Eqg. 1.4 in the main
text, the induced magnetization is linear with the pump intensity, so the measured overall
Faraday rotation will be determined by the average pump intensity along the beam path,
as shown below.

Based on the extinction coefficient ¢ = 8.89 x 10'° M-icm at the excitation
wavelength 515 nm, the AuNP concentration was 6.37 x 1012 M. The excitation intensity,
I, as a function of position, x, can be written as:

I(x) = 1,10 = I,10°* (B.5)
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Since the effective magnetic field is linear with excitation intensity, we can write

_ 0
Mjpd(x) = Mj,q10™* (B.6)

Then the induced rotation A8 can be written as:

0.2 1 .
A6 = f VIFEM,, <_+1> M g (x)dx
0 Xy

0.2
= <—+1> M. 107 d
Urrel,, ind X
Xy 0

=o.176uIFEu0<xiv+1)Mgld (B.7)
With 9.1 x 10 W/m? excitation intensity, and the induced rotation AO = 0.1587°,

therefore ﬁ?nd = -1.04 A/m. This light-induced magnetization can be thought of

equivalently in terms of what applied external magnetic field, §eff in the main text, would

result in the same magnetization, as commonly discussed in several other reports of the

IFE.36.100 Here, the maximum measured B, = 0.038T.

A.3 Calculation of magnetic moment per gold atom

With T\7fmd measured in the IFE experiment, the magnetic moment per gold

nanoparticle my np and magnetic moment per gold atom my,, can be calculated by

_

M. = Nawwe mane _ Nawe Nuom My, (B.8)
v \%

where N, np IS Number of Au nanoparticles within the pump beam volume V, and N,m
is the number of Au atoms per nanoparticle, N,,,,, = 3.1 x107 for a 100nm diameter
AUNP.
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A.4 Comparison of induced magnetic moment with other literature

The induced magnetic moment in Au films and AuNPs is compared, and the

enhancement factor in the AuNPs is estimated. The Au film data is based on previous

reports of pump-probe experiments on Au films. The calculations here for my, are the

same as in section A.2 and A.3 above.

Photon Path Induced | Intensity
energy length rotation (x10%3 B
(eV) (cm) (deg) W/m?) | *° Myq(A/m) | my, (up)
V. V. Kruglyak et al.% 155 |.3x10%| 1x108 12.6 -153.5 -2.80 x 10
V. V. Kruglyaketal.’” | 155 |3.3x10% | 25x103 12.6 -383.7 -7.01 x 10
d A, Alekhin et al.'#? ~1x 103
This study 2.41 0.2 1.59 x 102 9.09 -1.04 -9.49 x 101

2 The path length in a gold film is estimated by the skin depth = (1/absorption coefficient).
b The Verdet constant of gold film is extracted from the report by J. McGroddy et al.,?
and by accounting for the difference between vy and vygg.
¢ The induced magnetization is normalized to the same excitation intensity and excitation
frequency, as shown in Hertel’s expression.*!
d The induced magnetic moment in an Au film is generated by the injection of ultrafast
spin-polarized electrons from a fs-laser-excited iron thin film.
A.5 Origin of the enhanced magnetism in AuNP

Based on Eq. 1.4 observation of enhanced magnetization could result from either
enhanced local optical field, an increase of the Verdet constant, or both. In AuNPs, the
maximum local optical field enhancement is estimated to be ~5x, and this is insufficient
to explain the ~1000x enhancement observed in our experiment.*® Therefore, our data
implies that the rest of the enhancement is due to the change in the Verdet constant. In our
static Faraday rotation experiment, we observed that the Verdet constant of AUNPS is ~16x

larger than bulk Au films. Even considering the plasmonic optical field concentration and
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the enhanced Verdet constant measured experimentally, still we observe another factor of
10 larger induced magnetism compared with bulk Au.
We can also understand the enhanced magnetization through the third-order

susceptibility ¥®. Based on Eq. 1.3 and 1.4,

AD = vﬁappL 4 D'Mind'L xvvl-L (B.9)
And from Eq. 2.1 and 2.2

A o y®.L1 (B.10)
By comparing these two expressions, we can conclude that if the Verdet constant is
enhanced, ¥® must be enhanced as well. In this study, the ¥ can be estimated under the

following assumptions: First, the local optical field enhancement at AuNP surface is ~5x.

3) =43 _403) i (3) i
Second, y Yooy ~ Togyx + SINCE X0 18 usually 1 order of magnitude smaller than
;éi)yy.l% Third, ¥® of the active medium (AuNP colloid solution) and the third-order
susceptibility of Au, x is related through the local field correction®:
X(3) = Pf12|f1 |2X1(T31) (B.10)

Where p is volume fraction of AuNP in the colloid solution, p=2x10%, f, is the local

3 . : .
—%__ where g4 is the dielectric

field factor in Maxwell-Garnett approximation, f;(w) = o@)t2s
m d

constant of surrounding (water) at 515nm, g4 = 1.78, ¢, is the dielectric constant of Au at
515 nm, ¢, = -3.57+2.91i. Under our experimental condition (2 mm path length, 9.1x10°
W/cm? excitation intensity), we estimate y® = 9.5 x 10 esu, which is ~10x compared to
the reported value of bulk Au films.!8 Thus, this analysis of the Verdet constant and

v emphasizes that the enhanced magnetism is not only due to the plasmonic optical field
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concentration, but also a result of the fundamental change in the electronic properties that

give rise to the differing dielectric function of the AuNPs compared with bulk Au.
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APPENDIX B
SUPPLEMENTAL INFORMATION OF CHAPTER IV
B.1 Spectral line shape analysis
The raw PL spectra, I(A), expressed in count/nm vs wavelength (nm), is converted
into the spectra on energy axis, I(E), counts/eV vs eV through Jacobian conversion.*° I(E)
is further converted to the spectral line shape, S(E), which is directly proportional to
Frank-Condon factor as shown in Eq. B.1.18! ¢, n and M, are the speed of light, optical

dielectric constant, and transition dipole moment, respectively.

S(E) = I(E)/E® = (32°/34*¢*)n’ [Mp |*FC(E) (B.1)
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Figure B.1: Normalized spectral line shape, S(E), of (a) 6.3 nm (b) 5.3 nm (c) 4.7 nm
(d) 3.9 nm CsPbBrs QDs samples at temperatures between 4 and 300K.
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