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Abstract

The simultaneous manipulation of electronic charge and spin in dilute magnetic
semiconductors (DMSs) doped with transition metal ions has been long considered a holy grail
for advancing spintronics and quantum information processing technologies. Although room
temperature (RT) ferromagnetism has been attained in multiple DMSs including DMS oxides
(DMSOs), these results have inconsistency in reproducibility. Moreover, RT ferromagnetism
has also been observed in several metal oxides in the absence of any transition metal dopants.
This phenomenon has been attributed to intrinsic defects in the host lattice, which creates
confusion over the nature of exchange interactions that lead to RT ferromagnetism in DMSs.
Here, using a carefully designed series of Co**-doped indium oxide (Co?*:In,O3) nanocrystals
(NCs) with different doping concentrations, and employing magnetic circular dichroism
spectroscopy, we unravel the dominant mechanism governing spin polarization of charge
carriers as a function of doping concentration, and establish the contributions of intrinsic defects
and dopants to Zeeman splitting in Co?*:In,O3 NCs. Furthermore, the exchange coupling
between the excitonic states and Co®" is strongly dependent on the NC volume for sizes
approaching the quantum confinement regime, but largely independent on the radial position of
the dopants for larger NCs due to spatially homogeneous wavefunction of the exciton. Our work
provides a critical understanding on why DMSOs are so sensitive to the synthesis methodology
and will aid in developing new DMSO NC systems whose magnetic properties can be

consistently predicted and reproduced.
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Chapter 1
Introduction Section
1.1 Multifunctional Material

Over the past few decades, the studies of multifunctional materials have attracted much
interest in material science. Such materials could integrate various functional properties within
a single system, including optical, magnetic, and electronic characteristics.! By investigating
the combination and correlation among these relevant properties, researchers have the potential
to manipulate and fine-tune them within the material framework.> Thus, starting with
conventional materials, multifunctional materials are specifically developed to reduce of

eliminate existing material limitations and broaden the scope of their applications.
1.1.1 Spintronics

Spintronic materials, a distinct category within multifunctional materials built upon the
foundation of conventional semiconductors, are regarded as the next generation of advanced
materials for electronic devices for information storage and processing.’> As the traditional
semiconductor-based electronics rely on the movement of electrons in the transistors, the
physical limitations of transistors’ size and packing are being approached. In contrast, the
spintronics, or spin-electronics, focuses on devices that utilize electron spin manipulation in
addition to charge, allowing for a much faster data processing speed, reduction in device size,

and higher energy efficiency.

The spintronics studies focus on controlling and manipulating spin degree of freedom in

solid-state systems, which can attain two distinct states, resulting in a significant difference in

1



electrical resistance. The giant magnetoresistance (GMR) effect was discovered by Albert Fert
and Peter Griinberg in 1988.% According to the GMR theory, in a structure of a non-magnetic
layer sandwiched between two ferromagnetic layers, the resistance differences correspond to
the alignment of the magnetization in the ferromagnetic layers.” The magnetic moments are
typically parallel or antiparallel, resulting in low and high electrical resistances, respectively.
These two states can be represented as “on” and “off” in spintronic devices. Therefore, the
ability to switch between these two states allows for faster data processing speed with lower

energy consumption compared to conventional electronic devices.?

1.2 Semiconductor

Semiconductors are a specific kind of material exhibiting an electrical conductivity
between conductors and insulators.® For different materials, electrical conductivities can be
correlated with their band gap energies, using the band structure model. Figure 1.1 illustrates
the band structures of different kinds of materials. The band gap refers to the energy gap located
between the highest level of the valence band (VB), which is the occupied band state, and the
lowest level of the conduction band (CB), where the electronic states are typically unoccupied.
For an insulator, there is a large band gap (typically greater than 5 eV), which prevents
electronic transition from VB to CB in the absence of high energy photons. In contrast,
conductors exhibit overlap between VB and CB, allowing the electrons to move freely
throughout the material. In semiconductor materials, the moderate band gap separates the CB
and VB, restricting the free electron movement under normal conditions. But with appropriate

external energy, the electrons can be excited across the band gap to higher energy levels.



Conduction band

Conduction band Conduction band
overlap band gap
Valence band

Conductor Semiconductor Insulator

Figure 1.1 Schematic diagram of the electronic bands, including conduction band (CB) and

valence band (VB), and their separation for a conductor, semiconductor, and insulator.

Semiconductor materials are broadly classified into two main categories: intrinsic and
extrinsic semiconductors. Intrinsic semiconductors, such as Si and Ge, have a pure composition
with no dopant impurities. However, due to the limited application of intrinsic semiconductors,
the extrinsic semiconductors are obtained by introducing a small amount of impurities into the
semiconductor host lattice. Based on the nature of the impurity dopants, the extrinsic
semiconductor can be further divided into n-type and p-type. Figure 1.2 displays the band
structures for both n- and p-type semiconductors. The n-type dopants can donate valence
electrons to the CB and establish an electron donor level near the CB, while the p-type dopants
can provide electron holes to accept the electrons from the VB, creating an electron acceptor
level close to the VB. The charge carriers in the n-type and p-type semiconductors are the

negative electrons and positive electron holes, respectively.



conduction band conduction band

Electron donor level Electron acceptor level

valence band valence band

n-type semiconductor p-type semiconductor

Figure 1.2 The schematic diagram of the band structure of n-type (left) and p-type (right)

semiconductor.

1.2.1 Diluted Magnetic Semiconductor

Diluted magnetic semiconductors (DMSs) are a specific class of multifunctional materials,
which combine both semiconducting and magnetic properties within one material system.” This
combination makes the DMSs promising candidate materials for spintronic devices, due to the
ability to simultaneously manipulate the electronic charge and spin properties in semiconductor

materials.'?

0
ceoce KX XX
000 O By doping with magnetic dopants . 4 . ()
OO 0ol %
¥ 0'0 @

O.Q.0.0.0 O.Q oo

v

Figure 1.3 Schematic representation of a DMS material based on the non-magnetic

semiconductor host lattice and magnetic dopants (usually transition metal ions with unpaired d



electrons).

To produce a DMS, a small amount of transition metal ions with a high magnetic moment
are introduced into conventional non-magnetic semiconductor host lattice as impurity dopants.
Generally, the doping percentage is limited to around 15% to avoid significant distortion of the

host lattice structure and secondary phase formation.’

The magneto-optical and magneto-electrical properties of the host material can be induced
by the exchange interactions between the unpaired d electrons of the transition metal dopants
and s or p electrons of host lattice. !! As a variety of studies of DMSs have been investigated
based on the II-VI (e.g., CdSe) and III-V (e.g., GaAs) semiconductor systems,'? !¢ the spin
exchange interactions are referred to the sp-d exchange interactions, owing to the s-orbital
nature of the conduction band and p-orbital nature of the valence band interacting with d-

orbitals of the transition metal dopants.'”!®

Through the substitution with magnetic ions, DMSs may also exhibit ferromagnetic
properties below the Curie temperature (Tc), which is known as the ferromagnetic phase
transition temperature.'® Above the Tc, such DMSs undergo a phase transformation from
ferromagnetic to paramagnetic. However, the Tc of most ferromagnetic DMSs is lower than
room temperature, which dramatically limits their applications. Thus, one of the most
significant challenges in this field is to develop high-Tc DMSs, which would be suitable for

spintronic applications above room temperature.’

As illustrated in Figure 1.4, several models of DMS have been created to explain the magnetism

in the context of its band structure.?! The first possibility is donor doping, such as the Gd-doped



EuO, which places a carrier in the spin-polarized conduction band. The carriers are delocalized
below Tc but form magnetic polarons above Tc. The other type of semiconductor is acceptor
doping, as Mn substitutes into the GaAs lattice, where the Mn ion introduces occupied 3d states
below the maximum of the As 4p valence band, and the ferromagnetism is mediated by 4p

acceptor holes that are polarized by exchange with the 3d°> Mn*" ion.

(@) ®)
cbb cb

Figure 1.4 Two schematic models for band splitting in typical DMSs: spin-split conduction

band (left), spin-split valence band (right).?!

1.3 Transparent Conducting Oxide

Transparent conducting oxide (TCO) is one of the most attractive semiconductor materials
characterized by a wide band gap (typically above 3.5 eV), which results in low absorption in
the visible region. TCOs, such as ZnO, TiO», and In>O3, exhibit a remarkable combination of
optical transparency (> 80%) to visible light and electrical conductivity (~10° Q'em™).?2%

Besides, TCOs are more cost-effective and chemically stable compared to other semiconductors.

Such an impressive combination of properties of TCOs has attracted extensive research interest



in the past decade with a wide range of applications, including solar cells, optoelectrical devices,
and smart windows. By controlling the doping elements with their concentrations, the electrical
and optical properties of TCOs can be easily tuned. Furthermore, recent studies have revealed
that intrinsic structural defects, such as oxygen vacancies, can also be utilized to manipulate the

optical, magnetic, and electrical properties in TCOs.!**

1.3.1 Diluted Magnetic Semiconductor Oxide

In addition to the traditional II-VI and III-V semiconductors, TCOs have been regarded as
one of the most promising host lattices for DMS materials. This is largely due to their
advantageous combination of properties, including electrical conductivity and mobility, visible
transparency, abundance, stability, and non-toxicity.>>>° As they are based on wide band gap
semiconductor oxides, this specific type of DMS material is known as diluted magnetic

semiconductor oxides (DMSOs).

Since the first observation of room-temperature ferromagnetism in Co-doped TiO»,%° the
interest in developing DMSO materials with high Tc has dramatically increased, as it can
eliminate the limitations in high-temperature spintronics applications. Unfortunately, it has
proven challenging to consistently reproduce magnetic properties of DMSO materials, where
the samples having the same composition but prepared by different synthetic techniques or
different research groups have shown drastically different magnetic behavior.'33* Recent
studies indicated that intrinsic structural defects such as oxygen vacancies can play an important
role in manipulating the magnetic behavior of the DMSOs.!*** It has been shown that unpaired

electrons localized on oxygen vacancies may also undergo spin exchange interactions with



conduction band states in metal oxide NCs, acting as a source of carrier polarization in analogy
to transition metal dopants in DMSOs.?* This result shines a new light on the possible origin of
“d® ferromagnetism at room temperature observed in a number of non-magnetic transparent
conducting oxides including HfO2,* Ce0,,*¢ In203,%"*8 Zn0,3*3%4% and Ti0,*!*! in the absence
of any transition metal dopants. Therefore, the correlation between band splitting induced by
the native oxygen vacancies and transition metal dopants becomes an interesting research aspect

for deep understanding of magnetic behavior within DMSO materials.

Several assumptions such as bound magnetic polaron (BMP) theory,**** Ruderman-Kittel-

Kasuya-Yosida (RKKY) exchange interaction models,***

and F-center exchange (FCE)
model,*® have been proposed to explain the origin of ferromagnetism in these materials. Among
all the mechanisms, one of the most acceptable models is BMP model, which describes well
the magnetic behavior in defective materials.*? As indicated in the Figure 1.5, in the BMP model,
the 3d transition metal ions randomly substituted for semiconductor cation sites and the inherent
oxygen vacancies which act both as electron donors and as electron traps, can interact. The
unpaired electrons on dopant centers can then align, leading to a bound polaron with a large
magnetic moment.** The bound magnetic polarons can mediate the magnetic order within the
DMSO material. The exchange interaction between bound polarons dramatically decreases with
the increase in distance. As the bound magnetic polarons are randomly separated, the strength
of interaction will be mainly determined on the concentration of magnetic polarons, which
correspond to the concentration of magnetic dopants and the oxygen vacancies. The low donor

concentration and weak exchange interaction will lead to the localized isolated polarons

displaying paramagnetic behavior, while the strong exchange interaction will lead to overlapped



polarons and ferromagnetic behavior.

Isolated polaron

o o
o o
o o
o o
o o
o o
.0 Y. 0 .0 .0 o
Antiferromagnetic pair
o o Yo, O o o
o o o o o o
o o o o o —or
Isolated ion
o o o o o o o
o o o o o o o

Overlapping polarons

(b)

Figure 1.5 Schematic representation of random distribution of dopant ions and oxygen
vacancies that generate bound magnetic polarons, and the exchange interaction between

polarons.*?

1.3.2 Indium Oxide

Indium oxide (In2O3) is a typical n-type intrinsic semiconductor with a wide band gap of
around 3.75 eV.!” As one of the most interesting TCO systems, InoO; has been widely
investigated as an optoelectronic and DMSO host-lattice material.*’ The indium oxide adopts
two main structures: the stable phase of body-centered cubic (bcc) bixbyite-type structure with
the space group Ia3 (No. 206) and the metastable phase of rhombohedral (rh) corundum-type
structure with the space group R3c (No. 167).*” During the synthesis, the metastable rh

structure is the intermediate phase, and the phase transformation can be achieved through

9



applying higher temperature which eventually turns into it the stable cubic-phase InO3.*34

Based on previous research, most researchers focused on the bec structure to make the In,Os

NCs more stable and phase-pure. 473052

cubic rhombohedral

Figure 1.6 The cubic structure (left) and rhombohedral structure (right) of indium oxide crystal

lattice.>!

As illustrated in Figure 1.6, the cubic cell contains 80 atoms, 48 oxygen atoms and 32
indium atoms, occupied in the anion and cation sites, respectively.> Among all cation sites, it
a quarter (8) are b sites and three-quarters (24) are d sites. The b site has a slightly trigonally
compressed octahedral coordination with six identical bond lengths and S5 site symmetry, while
the d site is a highly distorted octahedral site with three sets of bond lengths and C> site
symmetry.>>>*3 In In,Os, the intrinsic defect, especially oxygen vacancy, is the major donor
and creates a donor state producing free electrons in the conduction band, which makes the

undoped Indium oxide perform high n-type semiconductor. The high electron mobility, carrier
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density, and wide bandgap make In,Os superior to the other TCOs as the host lattice for

DMSOs.?

1.4 Magnetic Circular Dichroism Spectroscopy

Magnetic Circular Dichroism (MCD) spectroscopy is a specific technique used for
investigating the magneto-optical properties of various NC samples. The MCD signal intensity
can be determined based on the difference in the absorption between left circularly polarized
(LCP) light and right circularly polarized (RCP) light in a sample induced by a strong magnetic
field parallel to the direction of light propagation. °° This absorption disparity can be described

by the convention as
AM=A_—-A, (Equation 1.1)

where A_ and A, represent the absorptions by LCP and RCP, respectively.”” The AA in
MCD originates from the Zeeman splitting of the ground and excited states. The MCD intensity

of for a transition from the ground state |A) to an excited state |J) is described in the following

equation °%:
A?A = (W) ugB [Al (— agf)) + (Bo + Z—;)] f(E) (Equation 1.2)

where AA is from the differential absorption calculated through the Equation 1.1, E = Av, «
is the electric permeability, C is the concentration, [ is the path length, n is the index of
refraction, pp is the Bohr magneton, B is the external applied magnetic field. The A;, By,
and C, represent the MCD 4-, B-, and C-term, respectively. f(E) is the absorption spectrum

band shape, an is its first derivative. Under external magnetic field along the light

propagation direction, the ground state and/or the excited states are split due to Zeeman
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perturbation with a magnitude of
—u,B = ,uB(gLfZ + g5§z)B (Equation 1.3)

where L, and §, are the orbital and spin angular momentum operators, respectively, and g;
=1 and gs = 2.002 are the corresponding gyromagnetic ratios. The overall electron angular
momentum responsible for the electron polarization is J = L + S, with the MCD selection rule

AM = 41 (+/-1 represent the left/right circular polarized light, respectively).>®

In MCD, the A-term occurs in the system which has degenerate excited states. Under
magnetic field, the excited states are split due to the Zeeman effect. This splitting, typically
only a few wavenumbers, leads to the formation of two oppositely signed absorption bands that

combine to produce a derivative shape MCD signal, as illustrated in Figure 1.7.

Conversely, C-term MCD is observed in systems with degenerate ground states, which
also undergo Zeeman splitting in the presence of an external magnetic field. At low
temperatures, kT is comparable to or less than the Zeeman splitting magnitude with applied
external magnetic field, leading to the Boltzmann population of the lower ground state sublevel
being larger than that of the higher-energy sublevel. This imbalance in population results in two
oppositely signed absorption bands of different intensities, creating a predominantly absorption
band-shaped signal displayed in Figure 1.7. C-term intensity is generally observed for MCD

spectra of DMSO material.*®

For the last B-term MCD, it is caused by the field-induced mixing of states. As described
in Figure 1.7, this occurs when a third state, denoted as |K), is energetically close to either the

excited state |J) or the ground state |A), leading to significant Zeeman coupling. With the
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increase in the intensity of the magnetic field, the degree of state mixing enhances, which then
manifests as an absorption band-shaped signal in the MCD spectrum. Similar to the 4-term, the
B-term is typically temperature independent. However, temperature-dependent intensity of B-
term signals may sometimes be observed, particularly when the state |[K) is relatively low-lying

in energy.

—_— |K) /)
) %
& & —4— ) 558
[ o o 1] ] o -
[= O (@) c c
w o« = w w
14) —— 14 — 14)

Figure 1.7 Schematic diagram of MCD terms with MCD signal (top) and Zeeman splitting

(bottom) for A-term, B-term, and C-term MCD.>

1.5 Motivations and Scope of the Thesis

In addition to II-VI and III-V semiconductors, the wide band gap metal oxide
semiconductors are also regarded as promising host lattices for commercial DMSs due to their
favorable combination of electrical conductivity and mobility, transparency, abundance,
stability, and non-toxicity. One of the likely reasons for the discrepancies of the reported
magnetic properties of DMSOs is the presence of native defects which are sensitive to sample
preparation and processing conditions. Notably, oxygen vacancies that have been proposed to

play an important role in several proposed mechanisms of ferromagnetic ordering. Recent
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results have shown that unpaired electrons localized on oxygen vacancies may also undergo
spin exchange interactions with conduction band states in metal oxide NCs, acting as source of
carrier polarization in analogy to transition metal dopants in DMSOs. Therefore, this thesis
aims to delve into the intricate correlation between band splitting induced by native defects and
transition metal dopants in this class of materials. By examining the related magneto-optical
properties, the research seeks to contribute to the understanding of DMSOs, paving the way for

their effective implementation in future spintronic applications.

To be more specific, in this thesis work, I proposed a modified synthesis method for
preparing colloidal transition metal (cobalt) doped In»Os; NCs, which is a typical DMSO
material, and explored magnetic exchange interactions in Co?"-doped In>O3 (Co**:InoO3) NCs
with varying Co®" doping concentrations using MCD spectroscopy. Then I compared the MCD
spectra of pure In,O3 and Co?*:In,O3 NCs and investigated the evolution of exciton polarization
for increasing Co®" doping concentration. The spectroscopic results reveal that band splitting in
low-doped NCs is dominated by exchange interactions involving singly-charged oxygen
vacancies in the presence of an applied magnetic field. With increasing Co>" doping level, the
dopant-induced exchange interactions take over as the dominant mechanism governing the
anomalous Zeeman splitting of the NC band states. Surprisingly, the two types of exchange
interactions are found to be comparable in magnitude but result in the opposite splitting pattern
of the band states, leading to cancelation of the MCD signal for Co*" doping concentration
between ca. 0.3 and 0.5%. The results of this work suggest that exchange interactions in DMSOs
are more complex than typically modelled, and that localized intrinsic defects play a key role

in the observed magneto-optical and magnetic properties. The interplay between exchange
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interactions elucidated in this work may help explain some inconsistent results reported in the

literature, and allows for the design of DMSO NCs with optimal magneto-optical properties.

Additionally, to further investigate the effects of Co?" dopant locations on the excitonic
Zeeman splitting in Co**:In,O3 NCs, I prepared two specific types of core/shell NCs with Co**
dopants either in the core or on the shell through a modified slow-injection method.
Furthermore, compared to uniformly-doped Co?**:In,O3 NCs at similar doping concentrations,
the core/shell-structured samples exhibit significantly larger NC sizes. This size difference
provides the opportunity to explore the impact of NC sizes on the magneto-optical properties
of Co*":In,03 NCs. Through the synthetic control of the NC size and dopant locale, we have
presented evidence that the excitonic Zeeman splitting in In,O3 NCs is highly sensitive to the
NC volume, showing an order of magnitude higher MCD signal in uniformly-doped colloidal
NCs up to ca. 5 nm in size, and negligible dependence of MCD signal on the radial location of

the dopants for larger NCs.

Based on the research in this thesis, future research will focus on further investigation of
the magneto-optical properties and excitonic polarization by replacing the cobalt ion with other
transition metal ions to obtain a general understanding of the interplay of exciton polarization

between intrinsic and extrinsic defects.
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Chapter 2
Experimental Section

2.1 Materials

All chemicals were used as received from suppliers without any further purification.
Indium(III) acetylacetonate (In(acac)s3, 98%), Indium(III) acetate (In(ac)3, 99.99+%), Cobalt(II)
acetylacetonate hydrate (Co(acac)2'xH20, 98+%), and Cobalt(Il) acetate tetrahydrate
(Co(ac)2-4H>0, 98+%) were purchased from Strem Chemicals. Oleylamine (70%) was
obtained from Sigma-Aldrich, while oleic acid (90%), oleyl alcohol (85%) were supplied by
Thermo-Fisher Scientific. Hexane (>99.9%), ethanol (90%) served as solvents for washing the

NCs and preparing colloidal dispersions acquired from Fischer Chemical.

2.2 Synthesis and Samples Preparation
2.2.1 Synthesis of Colloidal In,O3 NCs

Colloidal InO3 NCs were synthesized by modifying a previously published procedure for
cubic-phase In,O3 NCs**1%°_ Using a standard Schlenk line apparatus, 1 mmol of In(acac); and
10 mL of oleylamine were mixed in a 100 mL round bottom flask and purged with N>
atmosphere for 5 minutes at room temperature. Subsequently, under vacuum conditions, the
temperature was raised to 100 °C, and the system was degassed for 30 minutes. The reaction
mixture was then gradually heated to 220 °C and kept undisturbed for 3 hours with continuous

stirring under N> atmosphere.
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Figure 2.1 The reaction apparatus for colloidal synthesis of In2O3 NCs, including round bottom

flask, condenser, thermometer, heating mantle and stirring plate.

The reaction mixture was allowed to air cool to room temperature upon completion. The
resulting NCs were precipitated by adding an excess amount of ethanol, followed by
centrifugation at 7,500 rpm for 5 minutes. The obtained precipitates were redispersed in hexane
and washed with ethanol three times to remove all unreacted precursors and intermediates
before finally dispersing them in a non-polar solvent, such as hexane, for various

characterization techniques.
2.2.2 Synthesis of Uniformly-Doped Co?**:In,O3 NCs

For the synthesis of Co*":InoO; NCs, the procedure was modified to introduce cobalt
dopants into the host lattice. Along with In(acac); as the Indium precursor, a stoichiometric

amount of cobalt precursor, (Co(acac),xH>0), was added to the reaction mixture. The reaction
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conditions during the synthesis step and subsequent precipitation and purification procedure
were identical to the undoped synthesis. The final NC products were redispersed in hexane and

other nonpolar solvents for further analysis.

For the additional surface treatment, the washed Co?":InoO3 NCs were treated with
trioctylphosphine oxide (TOPO) at 90 °C for 1 h and precipitated with ethanol. Then the surface

treatment was repeated twice to remove all surface bound cobalt ion.

2.2.3 Synthesis of Shell-Doped Co**:In,03 NCs

The core-shell structure of Co?*:In,O3 NCs, featuring either a doped core with an undoped
shell or vice versa, was achieved through a modified slow-injection method originally
developed by the Hutchinson group.’®¢! To start with the preparation of undoped core, a
precursor solution was prepared by mixing stoichiometric amounts of indium acetate (III) and
cobalt (II) acetate with oleic acid in a round-bottom flask to form a 0.5 M solution. The reaction
mixture was initially degassed at ambient temperature for 10 minutes under vacuum and then
heated to 100 °C for 30 minutes to form a metal-oleate complex. After switching to the N»
atmosphere, the temperature was increased to 150 °C and maintained for another 2 hours with
continuous stirring. Meanwhile, in a separate round-bottom flask, 13 mL of oleyl alcohol was
heated to 290 °C under nitrogen. Hereafter, 2 mL of the prepared metal oleate solution was
slowly injected into the heated oley alcohol using a syringe pump at a rate of 0.2 mL/min. Upon
completion of the slow injection, the reaction mixture was cooled down to room temperature
under ambient conditions, and NCs were precipitated by adding an excess amount of ethanol

(~30 mL) and centrifugating at 7800 rpm for 5 mins. Thereafter, the obtained core NCs were
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then redispersed in 7.5 mL of hexane and reprecipitated using 3 mL of ethanol, followed by
centrifugation at 7500 rpm for 5 minutes. This washing process was repeated thrice to purify
the NCs, with a small amount of oleic acid and oleylamine (~1% of NC weight) added during
each step to enhance the colloidal stability of the NC dispersion. The washed NCs cores were

eventually redispersed in nonpolar solvent such as hexane for further characterization.

For shell growth on the NC cores, the cores (either doped or undoped) were mixed into 13
mL of oleyl alcohol in a round-bottom flask. Hexane was then evaporated from this solution
via a two-step degassing process: first at 40 °C and then at 100 °C for 30 minutes, respectively.
Thereafter, 2 mL of metal-oleate solution was injected to the oleyl alcohol at 290 °C under the
same slow-injection method at 0.2 mL/min. The resulting core-shell NCs were isolated and
purified with the same precipitation and washing procedure motioned above as applied for the
core NCs. Finally, these recovered NCs were redispersed in hexane and other nonpolar solvents

for further characterization.

2.3 Measurements and Data Analysis

2.3.1 Powder X-ray Diffraction

Powder X-ray diffraction (XRD) is a widely used characterization technique that can be
used to identify the crystal structures and purity of unknown samples. XRD patterns of powder
from different NC samples placed on a shallow aluminum sample holder were conducted using
an INEL XRG 3000 diffractometer equipped with a position-sensitive detector and a Cu Ko
radiation source (A = 1.5418 A) in Dr. Holger Kleinke's group in the Department of Chemistry

at the University of Waterloo.
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Additionally, except for determining the unit cell parameters, the size of crystals can be
estimated through the Debye-Scherrer equation, which is

T= ka Equation 2.1
= Beoso (Equation 2.1)

Where 7 is the average size of the determined crystal, K is a dimensionless shape factor
with a value close to 0.9, 4 is the wavelength of the Cu Ko radiation source (1.5418 A), 0 is
the Bragg angle in radians calculated from 26 value at the peak position, B is the line width at

the halfway of the maximum intensity (FWHM).

2.3.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM), a critical tool for morphological analysis,
facilitates a detailed determination of the morphology and polydispersity of different NCs. For
specimen preparation, 20 pL of a dilute colloidal NC dispersion in hexane was deposited onto
300 mesh copper grids with lacey Formvar/carbon support films and dried in vacuum overnight.
The TEM images were captured on a JEOL-2010F microscope operating at 200 kV for undoped
In,03 and uniformly doped Co?":In,O3 NCs, and core-shell Co?":In,O3 NCs images were
collected by using a Zeiss Libra 200 MC microscope operating at 200 kV. TEM images for
different NCs were later processed through Imagel] software and average NC diameter was
obtained by fitting the size distribution of 100-200 NCs through a Gaussian fit function. The d-

spacing measurement was carried out on the high-resolution TEM (HR-TEM) images.

2.3.3 Inductively Coupled Plasma-Optical Emission Spectroscopy

Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) is a powerful

analytical instrument used to determine the elemental composition of Co?*:In,O3 samples on a
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Teledyne Leeman Labs instrument. For the sample preparation, the NC samples were first
digested in a freshly prepared Aqua-regia solution (3:1 HCl: HNO3), and then diluted with milli-
Q water to a final acid concentration of under 2% (v/v). Element quantification was achieved
by comparing emission intensities against standard series prepared by diluting 1000 ppm
commercial solutions to various concentrations, thus establishing the elemental percentage of

the NCs.

2.3.4 Ultraviolet-Visible Absorption Spectroscopy

The ultraviolet-visible (UV-Vis) spectroscopy is a commonly used technique to analyze
the material absorption in the UV-Vis region. The optical absorption spectra of different NCs
dispersed in their hexane solution were collected on a Varian Cary 5000 UV-Vis-NIR
spectrophotometer with a 1 cm pathlength Quartz cuvette. Meanwhile, the solid-state
absorption spectra were carried out on NCs' thin films prepared by spin-coating the colloidal

suspensions onto quartz substrates.

2.3.5 Magnetic Circular Dichroism Spectroscopy

MCD spectroscopy is a common method used to study the magneto-optical characteristics
of NC materials. In this study, the MCD substrates were prepared by spin-coating dilute hexane
dispersion of NCs onto strain-free quartz substrates. As shown in Figure 2.2, the MCD spectra
were recorded using a Jasco J-815 spectropolarimeter in a Faraday configuration. When
conducting the MCD measurement, the sample substrates were placed in an Oxford SM4000-
8 superconducting magneto-optical cryostat, capable of varying temperature (1.5-300 K) and

magnetic field strength (0-8 T). Upon passing through the samples, the combined elliptically
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polarized beams were collected by the detector.
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Figure 2.2 The schematic diagram of the experimental setup of MCD spectroscopy.®?

The MCD spectroscopy’s setup consists of three major parts, including the circularly
polarized light generation part, the external magnetic field generation part, and the signal
detector part. A light from Xenon lamp is passed through a monochromator and linear polarizer
to generate a linearly polarized monochromatic light, and then it is passed through a photo-
elastic modulator to create LCP and RCP beams. The lights passed through the sample
substrates placed in the superconducting electromagnet to create an external magnetic field
parallel to the light propagation direction. The differences of LCP and RCP lights are combined
to form an elliptically polarized beam and collected by the detector with the degree of ellipticity,

0.

For the magnetic field dependence analysis, the MCD spectra were obtained at 5 K with
field ranging from 0 T to 7 T at 1 T intervals. Then the original data was baselined by subtracting
the 0 T signal. The integrated intensity of the MCD bands was calculated by determining the
combined area under the positive and negative bands. These magnetic field dependence values

were then fitted with a spin-only Brillouin function:
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1 sUpB sUpB .
M, =Ngg l(zs + 1) coth ((25 +1) %) — coth (%)l (Equation 2.2)

In this equation, M stands for the sample’s saturation magnetization, N for the carrier
concentration as a fitting parameter, S for the spin quantum number, g for the Landé g-factor,
B for the external magnetic field strength, kp for the Boltzmann constant, up for the Bohr

magneton, and T for the temperature.

To compare the MCD intensities across different samples, the MCD spectra were normalized

by converting the degree of ellipticity 6 to % utilizing this following relationship¢:

AA 0
—_— = (Equation 2.3)
A 32982xA

Here 6 is the MCD intensity obtained at 5 K under 7 T in millidegree, and A represents
the corresponding absorbance of the NCs in the same range of MCD spectrum, as acquired by

UV-Vis spectroscopy collected on Cary 5000 UV-Vis-NIR spectrophotometer.

The Zeeman Splitting energy for each sample can be estimated through the following

equation 2.4 from the absorption and MCD spectra.5>64

V2e AA’
AE, = 73 g (Equation 2.4)
0

Where AA’ (-AA") represents the maximum amplitude at the positive (negative) peak of
MCD feature, and A, corresponds to the maximum value of the related absorption peak and

20 is the full Gaussian width of the absorption band at 1/e of the maximum absorbance (4,).
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Chapter 3

Study of Exciton Polarization in Cobalt-doped Indium

Oxide Nanocrystals

In this chapter, I presented a modified synthesis method for colloidal Co?":In,O3 NCs and
further explored the magnetic exchange interactions in these NCs with varying concentrations
of Co?" dopants through MCD spectroscopy. With the combination of structural and
spectroscopic analyses, which includes XRD, TEM, ICP-AES, and UV-Vis absorption
spectroscopy, I confirmed the successful incorporation of Co into InO; lattice without
significant structural alterations. Furthermore, by comparing MCD spectra across different
doping concentrations, I established the mechanism governing the spin-splitting of charge
carriers with the contribution of intrinsic defects and extrinsic dopant impurities in Co**:In,Os

NCs.

3.1 Structural Characterization of In.O3 and Co?":In203; NCs
3.1.1 Elemental Analysis of Co**:In,O3 NCs

The synthesis of a series of colloidal Co-doped In2O3 NCs with varying starting dopant
concentrations was prepared by a one-pot synthesis method at 220 °C using standard Schlenk
line techniques as described above (check Experimental Sections 2.2.1 and 2.2.2 for more

details)>%-1:60,

The actual Co doping concentrations for all samples were determined through ICP-OES
measurements and were found to be in good agreement with the starting precursor

concentrations. The agreement of the measured Co concentrations suggests that Co?* ions are
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readily incorporated into InoO3 NCs during the synthesis. The results of actual concentration of

Co dopant in Co*":In,O3 NCs are summarized in Table 3.1 below.

Starting Precursor Ratio Actual Co Concentration
[Co]/[In] (%) [Co]/[In] (%)
0 0
0.5 0.32
2.5 1.97
5 3.73

Table 3.1 Summary of actual Co doping concentration in Co®":In,O3 NCs determined by ICP-

OES measurement.

Furthermore, very similar doping concentrations were measured for Co**:In,O3; NCs, as
synthesized, and upon their surface treatment with TOPO, which has been found to effectively

remove transition metal dopants bound to the surfaces of metal oxide NCs,?%30:65:66

For accuracy and consistency, I will report all Co doping concentrations based on the

values calculated by ICP-OES throughout this chapter.

3.1.2 Crystal Structure of In;O3 and Co?*:In,03 NCs

The powder XRD patterns were collected to characterize as-synthesized Co?":In,Os
samples by drop-casting the colloidal suspension of NCs onto the aluminum substrate. As
illustrated in Figure 3.1, all NCs, across a range of doping concentrations, consistently exhibit
a cubic bixbyite structure, as evidenced by matching to the XRD pattern for bulk bcc-In20s3
(JCPDS No.88-2160). This observation suggests that all Co**:In,O3 samples possess a high

degree of phase purity without the formation of any observable secondary phase.
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Figure 3.1 XRD patterns of Co*":InoO; NCs with different Co doping percentages. Peaks
marked with * represent the Al substrate. The vertical orange lines represent the XRD pattern
for bulk cubic bixbyite phase InoO3; (JCPDS No.88-2160), with reflections from (222), (400),

(440), and (622) planes indicated.

Additionally, as shown in Figure 3.1, the characteristic peaks corresponding to In>Os3
lattice planes exhibited a trend of broadening with an increase in Co doping percentage.
According to the Scherrer equation, the average particle sizes for all samples were estimated to
be in the range of 6 to 10 nm, with a size decrease at high dopant concentrations. Such peak

broadening and size reduction indicate the inhibition of NC growth during synthesis, likely due
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to the presence of transitional metal impurities. 2%-1:61:67:68

3.1.3 Morphology Study of In,03 and Co**:In203 NCs

0% Co?* : . 0.32% Co?
8.9 + 09 nm ' 6.5 £ 2.8 nm

1.97% Co* 3.73% Co?*
52+ 1.4nm 56 1.8 nm

Figure 3.2 TEM images of Co?":In,O3 NCs with varying Co doping concentrations indicated

in the figure. The average NC sizes are also shown as insets. All scale bars are 50 nm.

To confirm that Co substitution reduces the average NC diameter, the TEM measurements
were obtained for as-synthesized Co**:In,O; samples with varying doping percentages, as
shown in Figure 3.2. It can be observed that all the NCs display square or quasi-spherical

morphology with a relatively low polydispersity.
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As the concentration of Co increases, there is a noticeable decrease in the average diameter
of the NCs, from approximately 8.9 nm to 5.6 nm. This size reduction shows a good agreement
with the estimated value obtained from the XRD pattern using the Scherrer equation, thus
confirming the influence of Co*" impurity on inhibiting the growth of In,O3 NCs. Taken
together, TEM and XRD confirm that Co is substitutionally doped in the In,Os lattice and does

not participate in surface doping or segregation into secondary phases.

3.2 Optical Properties of In203 and Co?*:In203 NCs
3.2.1 Optical Properties of the Band Gap in Co**:In203 NCs

To investigate the electronic structure of Co®*:InoO3 NCs, a comprehensive analysis of the
optical absorption spectra was conducted for all Co®":InO; NCs with varying Co
concentrations. The strongest absorption feature represents the optical band gap of In,O3 NCs.
Since InoO3 NCs display characteristics of direct band gap semiconductor, Tauc analysis was
utilized to estimate their optical band gap energies. This estimation was performed by linear

fitting of (ahv)? against the photon energy (hv), as illustrated in the inset Figure 3.3.
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Figure 3.3 Optical absorption spectra of Co?":In,O; NCs with varying Co doping

concentrations. Inset shows the Tauc plot analysis for all NC samples indicating band gap

energies corresponding to the intersection with the dash lines and Energy axis.

Based on the Tauc analysis, the band gap energies for all NC samples fall within a range
from 3.77 eV to 3.83 eV, aligning closely with the literature-reported value of 3.75 eV. '? Due
to the relatively low Co concentration in Co?*:In,O3 samples, the optical band gap energy does
not exhibit any systematic shifts corresponding to the increase in Co concentration, as the
Burstein-Moss effect observed in plasmonic semiconductor NC materials where the band gap
widens with increased doping concentration.®® This absence of a shift in the absorption spectra

suggests that the doping levels used may not significantly alter the electronic structure of the
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Co?":In,03 NCs.
3.2.2 Optical Properties of the Effect of Co Dopants in Co**:In203 NCs

Indium oxide exhibits a cubic crystal structure, known as bixbyite-type or C-type rare-
earth sesquioxide structure, with the space group Ia3 (No. 206). The unit cell is composed of
16 formula units, with 32 cations and 48 anions. This structure adopts two non-equivalent six-
coordinate In®" sites, which are suitable for substitutional doping with Co®" ions. These two
sites, often referred to as b and d sites, have a distinctly different symmetry, with d site being
more distorted. The b sites are more structured with the Cs; (or Ss) symmetry, while the d sites
are highly distorted and adopt a C> point group symmetry.’>>*>> Theoretical calculations and
empirical evidence suggest that d site is preferentially occupied by the dopant ion when the
dopant cation is smaller than In**, whereas b site is more favorable for dopants with effective
ionic radii larger than In** 3386170 Since Co?* (74.5 pm)’! is smaller than In** (80 pm)’! in an
octahedral configuration, we expect it to preferentially occupy the d site in bixbyite-type In2O3

structure.

Thus, to explore the optical absorption characteristics attributed to Co?** dopants, the
normalized absorption spectra of all Co®":In,O3 NCs with varying Co concentration were
presented in Figure 3.4. For doping concentrations exceeding 1.97%, a series of weak
transitions is observed between 500 nm and 700 nm. These spectral features can be assigned to
spin-allowed ligand-field transitions of Co®" in a six-coordinate environment. Even though
these d-d transitions are formally forbidden by the Laporte selection rule, resulting in low

intensities in an ideal octahedral environment, lowering the symmetry allows them to gain
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additional intensity. In an ideal cubic octahedral symmetry with high-spin configuration, Co*"
with a ground state term symbol *F will split into Ty, “T» and *A terms. Additionally, excited
state “P atomic term gives rise to *T; (P) state, as described in the inset of Figure 3.4. The
dominant transition in oxo-coordinated Co*" in the visible range is *T1 (F) = *T (P), which is

7273 and an admixture of spin-forbidden transitions

typically split due to spin-orbit coupling
derived from 2G and ?H atomic terms. These spin-forbidden transitions to doublet states could
also give rise to higher-energy absorption of octahedral Co**. Therefore, the structured
absorption at wavelengths shorter than 600 nm (or energies above 16,700 cm™) is attributed to

the *T1 (F) = *T\ (P) transition. Moreover, a spectral shoulder at around 620 nm may be

assigned to “T| = *A; transition according to the inset in Figure 3.4.
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Figure 3.4 Normalized optical absorption spectra of Co?*:In,Os NCs with varying Co doping
concentrations. Inset shows the splitting pattern for a Co?* ion in a perfectly octahedral

symmetry.
3.3 Magneto-Optical Properties of In203 and Co?*:In203 NCs
3.3.1 Magneto-Optical Properties of Co?>*:In203 NCs in Co Transition Region

MCD spectroscopy measures the difference in absorption of LCP and RCP lights when an
external magnetic field is applied parallel to the light propagation direction. It has been known
that the MCD can be used to investigate the electronic structure of transition metal ions in
crystal lattices and complexes. This is due to the sensitivity of MCD intensity to the spin-orbit
coupling constant and the paramagnetism in the ground state (known as C-term MCD).>%%’
Therefore, to confirm the origin of absorption features related to Co** transitions as observed
from the UV-Vis spectra, variable-field MCD measurements were performed on the series of

Co?":In,03 NCs with varying Co concentrations.
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Figure 3.5 Field-dependent MCD spectra of 3.73% Co%*:In,03 NCs in the UV-Vis region. The

MCD spectra were collected at 5 K with external magnetic fields ranging from1to 7 T.

Figure 3.5 shows the 5 K MCD spectra of typical Co**:In,03 NCs collected in a variable
magnetic field from 1 to 7 T. It is noted that the transitions seen in the electronic absorption
spectra are considerably more pronounced at 5 K MCD spectra. Specifically, a distinct feature
of the MCD spectra is a relatively sharp band at around 560 nm, consistent with Co**-related
“Ty (F) = *Ti (P) transition. This is accompanied by a series of less intense bands at shorter
wavelengths, which probably originated from the spin-forbidden transitions to doublet states.
7273 Additionally, a set of broader and less defined spectral features, observed as shoulders

tailing between ca. 600 and 750 nm, can be attributed to the components of *T; = #A, transition
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for Co?" dopants in In,O3 NCs.
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Figure 3.6 Field dependent MCD peak intensities at ca. 560 nm. The dash line is the Brillouin

function fit to the experimental data with fixed S value indicated in the graph.

Importantly, the field-dependence of the monochromatic MCD intensities demonstrates a
saturation trend at low temperature, a characteristic behavior for C-term MCD, as illustrated in
Figure 3.6. To obtain deeper analysis, the Brillouin function was employed to fit the intensity
data for further analysis. A good fit to the experimental data is achieved for fixed g = 2.002
(free electron g value for approximation) and S = 3/2 with N as the only fitting parameter. The
specific spin state value S = 3/2 is characteristic of high-spin six-coordinate Co”>* ions,

unambiguously confirming the origin of the absorption transitions in the visible range.
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Additionally, similar spectra were observed for Co**:In,Os NC samples whose surfaces are
post-synthetically treated with TOPO, reinforcing the conclusion that Co®" ions are readily

substitutionally doped in In,O3 NC lattice during the synthesis.?*!

Additionally, there is another distinct band at 392 nm that has no corresponding peak in
the absorption spectra. This band maintains a relatively constant MCD intensity with the
increase in Co concentration. Figure 3.7 illustrates that even with a small amount of Co dopants
substituted in the InoO3 host lattice (0.32%)), this spectral feature at 392 nm can still be clearly
observed, in contrast to the barely discernible Co*" ligand field transitions at such low doping
concentrations. However, compared to the case of Co*":In,Os NCs with a higher Co
concentration, especially the 3.73% sample (Figure 3.5), this band intensity is significantly
lower than the Co®" ligand field transition. Although the precise origin of this specific band is
not fully understood, one possible hypothesis is that it may result from a charge transfer
transition from the ligand O (2p) to Co?* (3d) states. This type of transition has been observed

in other transition metal ions in similar symmetry.?*->%74
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Figure 3.7 Field-dependent MCD spectra of 0.32% Co%*:In,03 NCs in the UV-Vis region. The

MCD spectra were collected at 5 K with external magnetic fields ranging from1to 7 T.
3.3.2 Magneto-Optical Properties of Co**:In2O3 NCs in Excitonic Region

3.3.2.1 Field-Dependence of the MCD Spectra of Co?*:In203 NCs in Excitonic Region

To investigate the spin exchange interactions between Co?" dopant centers and NC band
carriers in the In,Os lattice and to understand the effect of Co?" dopant incorporation on the
magneto-optical properties of InoOs NCs, MCD spectroscopy was conducted on Co*":In,03
NCs with varying doping concentrations. A difference in the magneto-optical behavior may
help reveal and deconvolute how the exchange interactions that polarize the excitonic states are

manipulated through the transitional metal dopants and oxygen defects such as oxygen
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vacancies.
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Figure 3.8 Optical absorption spectra (top panel) and MCD spectra (bottom panel) of undoped

In203 NCs in the excitonic absorption region. The MCD spectra were collected at 5 K with
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different external magnetic field strength from 1 to 7 T.

The MCD spectra of undoped InoO3 NCs were collected at 5 K with various magnetic field
strengths ranging from 1 to 7 T, as shown in Figure 3.8 bottom panel. The undoped sample’s
MCD spectrum featured a pronounced derivative-shaped signal aligned with the excitonic
transition energy observed in the optical absorption spectrum (Figure 3.8, top panel). The MCD
signal saturates with increasing magnetic field strength, which is characteristic for a C-term
contribution. This saturation suggests that the excitonic splitting arises from coupling of the NC
band states with localized paramagnetic species arising from intrinsic point defects, such as the

oxygen vacancies.
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Figure 3.9 Magnetic field dependence of the integrated MCD intensity for undoped In2O3 NCs.

The dash line is the Brillouin function fit to the experimental data with fixed S value indicated
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in the graph. N is the only fitting parameter.

To identify the nature of the species responsible for inducing excitonic splitting in undoped
In,O3 NCs, the MCD signal intensities were integrated, and the data points were fitted with the
Brillouin function. As shown in Figure 3.9, a good fit to the experimental data is achieved up
to 6 T for g = 2.002 as the free electron Lande g value and S = 1/2 as the spin-state of the
paramagnetic centers, with density of the magnetic centers (N) as the only fitting parameter.
This fitting indicates that these paramagnetic species contain one unpaired electron, strongly
suggesting that the singly charged oxygen vacancies (V},) might be responsible for splitting of
the excitonic states. Thus, the repercussion of these results is that these native defects in
undoped In,O3 are capable of inducing DMS-like behavior even without the incorporation of
transition metal dopants, which is consistent with previous studies on transparent metal oxide

NCs prepared under similar conditions.?*">-7
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Figure 3.10 The optical absorption spectra (top panel) and MCD spectra (bottom panel) of 1.97%
Co?":In203 NCs in the excitonic absorption region. The MCD spectra were collected at 5 K

with different external magnetic field strength from 1 to 7 T.
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The field-dependence of MCD spectra of 1.97% Co*":In,O3 NCs (bottom panel) and
corresponding absorption spectrum (top panel) are presented in Figure 3.10. With the increasing
concentration of Co dopants, it is noted that even though an excitonic splitting corresponding
to the band gap absorption of In,Os still persists, the sign of the bands has reversed. This
inversion indicates that the localized d electrons of Co?" ions result in a robust excitonic MCD
signal with a polarity opposite to the splitting induced by singly-charged oxygen vacancies in
undoped In2O3 NCs. Broadening of the excitonic band could be attributed to a higher
polydispersity in average NC diameter for Co**:In,O3 NCs with high Co concentration relative

to undoped In2O3 NCs.
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Figure 3.11 Magnetic field dependence of the integrated MCD intensity for 1.97% Co?*:In,Os
NCs. The dash line is the Brillouin function fit to the experimental data with fixed S value

indicated in the graph. N is the only fitting parameter.
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Furthermore, the MCD signal of 1.97% Co*":In,O3 NCs saturates at a higher rate with an
increasing magnetic field strength compared to the undoped sample. As observed in Figure 3.10,
an excellent Brillouin function fit to the field-dependence of the integrated excitonic MCD
intensity is achieved for S = 3/2, which is in prefect agreement with the Co?" ligand-field
transitions in Figure 3.6. This agreement unambiguously proves that Co*" dopants cause

anomalous Zeeman splitting of In2O3 NC band states, resulting in the true DMS behavior.
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Figure 3.12 The optical absorption spectra (top panel) and MCD spectra (bottom panel) of 3.73%
Co?":In203 NCs in the excitonic absorption region. The MCD spectra were collected at 5 K

with different external magnetic field strength from 1 to 7 T.
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To further investigate the effect of dopant concentration on the excitonic splitting in the
In;O; lattice, 1 performed the MCD measurements on Co*":In,O; NCs with higher Co
concentration. According to Figure 3.12, the excitonic MCD spectra of 3.73% Co?":In,03 NCs
has a typical C-term character, demonstrating a completely polarized excitonic population with
only a positive (absorption-like) band and no related negative band. The positive band bears an
asymmetric band shape as compared to a symmetric signal from undoped In,O3 NCs and is
consistent with the coupling of excitonic states with other transition metal ions as reported in

previous studies.”®"
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Figure 3.13 Magnetic field dependence of the integrated MCD intensities of the positive band
for 3.73% Co?":InO3 NCs. The dash line is the Brillouin function fit to the experimental data

with fixed S value indicated in the graph. N is the only fitting parameter.

As shown in Figure 3.13, the integrated MCD intensities were fitted to a spin-only
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Brillouin function corresponding to the spin-state value of 3/2, which is equivalent to the
expected value for an exciton coupled to Co?" ions in the In,Oj3 lattice. Therefore, we could
drastically manipulate the extent of polarization of exciton in the InyO; lattice, which is
fundamentally driven by change in the dominant contribution to Zeeman splitting, from either

intrinsic defects of extrinsic dopants.

Taken together, these results for Co?*:InoO3 NCs with varying Co?* concentrations indicate
that Zeeman splitting induced by transition metal dopants competes with the splitting induced
by localized spins on native defect sites. This competition potentially allows for tuning the
exciton splitting pattern and magneto-optical properties of DMSO NCs by controlling the

dominant source of spin exchange coupling.

3.3.2.2 Normalized MCD Spectra of Co?**:In203 NCs in Excitonic Region

Figure 3.14 plots the normalized MCD spectra of Co®":In,O3 NCs with different doping
concentrations, obtained by converting ellipticity (6) to AA/A using Equation 2.3. This
comparison provides a comprehensive analysis to infer the effect of Co®* doping on the degree
of excitonic Zeeman splitting. The normalized plot reveals that by introducing a small amount
of Co dopants (0.32%), the intensity of the MCD band is significantly suppressed compared to
undoped In,0O3 NCs with only intrinsic defects, although the sign of the MCD signal remains

unchanged.

Increase in Co?* doping concentration (1.97 %) flips the sign of the MCD signal, which is
an indication that the mechanism governing the Zeeman splitting of the excitonic states has

changed. Surprisingly, the integrated AA/A intensity does not exhibit significant differences
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between undoped and Co**-doped In,O3 samples. This observation indicates that the Zeeman
splitting energies remain comparable across these samples, which leads to anomalous
dependence of the MCD signal intensity on doping concentration. Based on the normalized
MCD spectra, as the concentration of Co*>" dopant increases, the effective Zeeman splitting

initially decreases and is completely cancelled for doping concentrations of around 0.5%.
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Figure 3.14 The normalized MCD spectra of Co**:In03 NCs in the excitonic absorption region.
All spectra were collected at 5 K under 7 T and converted to AA/A by dividing with the

corresponding absorbance in the same range.

With further increase in the Co?* dopant concentration (3.73%), the negative band of MCD
signal disappears, while the positive band remains mostly unchanged, suggesting a change in

the electronic structure of the NCs. This can be corroborated by the observation that the
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Brillouin fit to the integrated MCD signal for 3.73% Co*":In03 NCs is in excellent agreement
with S = 3/2 (indicated in the Figure 3.13), which is the expected spin-state for Co** ions in a

high-spin octahedral d’ electronic configuration.

While the theory of Zeeman splitting of the band structure of DMSs based on II-VI and
I1I-V semiconductors has been well developed,*!! general models applicable to other DMSs are
still lacking. In wurtzite lattices, characteristic for II-VI and III-V semiconductors, the excitonic
Zeeman splitting is governed by sp-d exchange interactions. These interactions are described
by Noa (s-d) and Nof (p-d) coupling constants. The sign and magnitude of these constants
determine the polarization of the electronic band charge carriers in the host lattice,* with Nof
being the dominant component due to hybridization of the wavefunctions of p-band (valence
band) and dopant d-electrons. While the theoretical framework for InoO3-based DMSs has not

been established, some important quantitative conclusions can be drawn from our results.

To that end, it is important to first understand what causes this change in the polarization
of the exciton population as the Co doping percentage has increased. Firstly, it is apparent that
an increase in the Co?" doping concentration increases the spin exchange interactions, which
leads to the polarization of excitonic states. On the other hand, the intrinsic contribution to the
MCD signal is not constant for different Co?*:In,O3 NCs. With an increase in the Co** doping
concentration the average diameter of the NCs decreases. This affects the concentration of
oxygen vacancies, which are formed more favorably in the vicinity of NC surfaces.”>"’
Furthermore, the equilibrium concentration of oxygen vacancies and their charging are also
affected by the doping concentration, irrespective of the change in NC size.?®*7>7® Another

reasons for the influence of the dopant ions on the formation and distribution of oxygen

47



vacancies is electrostatic interaction, whereby point defects with a positive net charge (such as
Vj) are attracted to those with a negative net charge (e.g., a Co®" ion at a In®" site).”** While
oxygen vacancies at the NC surface do not exhibit significant exchange interactions with the
excitonic states,” the internal vacancies should lead to an increase in the intrinsic MCD signal
with increasing doping concentration. Given that the excitonic MCD signal related to Co?"
dopants (S = 3/2) saturates much faster than that related to oxygen vacancies (S = 1/2),
introduction of a certain amount of Co*" is needed to overcome the intrinsic exciton polarization
induced by native defects. Further increase in Co?" doping level increases the exciton
polarization through the kinetic exchange mechanism. However, the results of Figure 3.14

81 in case of Co*":In»O3 NCs intrinsic

suggest that, in contrast to II-VI DMS quantum dots,
Zeeman splitting is comparable to the Zeeman splitting induced by transition metal dopant
centers, owing to the different origin of the intrinsic contributions. This competition between
the intrinsic and dopant-related exciton polarization results in an anomalous magneto-optical

behavior of Co?":In,O3 NCs with respect to the doping concentration, as observed in Figure

3.14.

3.3.2.3 Excitonic Zeeman Splitting Energy Calculation

To conduct a quantitative analysis and compare Co*":In,O3 NCs with varying Co concentrations,
the energy of excitonic Zeeman splitting (AEz) can be calculated through the equation 2.4.%
Based on this equation, the Zeeman splitting energy and its field dependence for all samples
can be estimated from the absorption and MCD spectra. This calculation allows for a detailed
investigation into the effects and contributions of both intrinsic defects and extrinsic dopants

on excitonic Zeeman splitting.
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Co’* doping
concentration (%)

Zeeman’s Splitting Energy
High Energy Band (meV)

Zeeman’s Splitting Energy
Low Energy Band (meV)

Average Zeeman’s
Splitting Energy (meV)

0 0.2534 0.1593 0.2064
0.32 0.0308 0.0317 0.0313
1.97 0.1532 0.3703 0.2618
3.73 -NA- 0.6595 0.6595

Table 3.2 Summary of estimated Zeeman's splitting energy for Co?":In,O3 NCs with varying

Co concentration.

Since the MCD spectra of Co?":In,O3 NCs exhibit asymmetric peaks, particularly for

higher doping concentrations, we used the lower energy peak to calculate the Zeeman splitting

energy because it is consistently present for every sample. For comparison, Table 3.2 provides

the values of the Zeeman splitting energy using the higher energy peak and an average value of

the higher and lower energy peaks.
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Figure 3.15 Estimated Zeeman’s splitting energy for different magnetic field strength for

various Co?":In»O3 NCs.

The magnetic field dependence of AE7 for undoped and Co?*-doped In2O3 NCs are shown
in Figure 3.15. As an example, AE7 value for undoped In2Os at 7 T is almost 60 % of the Zeeman

splitting energy for 1.97 % Co?*:InoO3 NCs, confirming that intrinsic contributions cannot be

ignored in metal oxide NCs.
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Average NC | Volume of | Number of dopants
Sample diametgr (hm) | NC (m’) per NCp AE, (meV)
0% Co 8.9 369.1 0 0.1593
0.32% Co 6.5 143.8 14.4 0.0318
Actual
1.97 % Co 5.2 73.6 45.2 0.3703
3.73% Co 5.6 91.9 108.2 0.6595
0% Co 5.1 69.5 0 0.0299
Normalized 0.32 % Co 5.1 69.5 6.97 0.0153
1.97 % Co 5.1 69.5 42.7 0.3493
3.73% Co 5.1 69.5 81.7 0.4982
Hypothesis 0.54 % Co 5.1 69.5 12 0
Comparison 0.003 % Mn:CdSe 5.1 69.5 1 ~0.4

Table 3.3 A comparison of Zeeman’s splitting energy (AEz) of Co*":In,O3 NCs with literature
and size normalized hypothetical samples with the same composition to estimate the strength
of sp-d exchange interactions across different systems. Mn?*-doped CdSe (Mn:CdSe) NCs

obtained from reference data has been listed for comparison.®*

As shown in Table 3.3, another important quantitative comparison that could be
established is the number of Co®" dopants required to quench the intrinsic excitonic signal
originated from the oxygen defects in InoO3 NCs. At 0.32 % Co*" doping concentration, the
intrinsic excitonic signal is almost quenched (Figure 3.14). These NCs have an average
diameter of 10.8 nm, and therefore contain over 60 Co*" ions. Comparing that with a typical II-
VI semiconductor DMS NC system, such as Mn?*-doped CdSe, only 1 Mn** ion is sufficient to
overcome the intrinsic exciton polarization in 5.1 nm NCs. For a fair comparison, if we
normalize the effect of NC volume, a 5.1 nm 0.32 % Co?":In,03 NC would have ~7 dopant ions.
Furthermore, plotting the variation of AEz with respect to Co** doping percentage allows us to
extract the doping percentage for which the effects of native defect and dopants cancel out
(Figure 3.16 left panel). At low doping concentrations where inter-dopant interactions can be

ignored, sp-d exchange interactions scale almost linearly with dopant concentration. Linear fit
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to the data in Figure 3.16 left panel reveals that ca. 0.54 % Co*" (or ~12 Co*" per NC for a 5.1
nm NC) would be required to overcome the intrinsic effect, which is an order of magnitude

more than for Mn**-doped CdSe NCs having the same size.
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Figure 3.16 Variation of Zeeman splitting energy at 5 K, 7T with Co** doping percentage in
Co**:In,03 NCs (left), and schematic representation of the mechanism of exciton polarization

with increasing Co*" doping in In,O3 lattice (right).

3.4 Conclusion

In conclusion, I synthesized a series of Co**:In,O3 NCs with varying doping concentrations and
investigated their magneto-optical properties using MCD spectroscopy. We compared the MCD
spectra of undoped In,O3; and Co?":In,O3 NCs, and investigated the evolution of exciton
polarization for increasing Co*" doping concentration. The spectroscopic results reveal that
band splitting in undoped and lightly-doped NCs is dominated by exchange interactions
involving singly-charged oxygen vacancies in the presence of an applied magnetic field. With
increasing Co?" doping level, the dopant-induced exchange interactions take over as the
dominant mechanism governing the anomalous Zeeman splitting of the NC band states.

Surprisingly, the two types of exchange interactions are found to be comparable in magnitude
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but result in the opposite splitting pattern of the band states. This competition between the two
contributions leads to an anomalous behavior, including the cancelation of the MCD signal for
Co?* doping concentration of ca. 0.5 % (~12 dopants per 5 nm diameter NC). Results of this
work demonstrate why it is so difficult to predict and consistently reproduce the behavior of
DMSOs and consideration of these contributions would allow to better design the systems for

spintronics and quantum information processing technologies.
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Chapter 4

Study of Structural and Magneto-optical Properties in

Shell-doped Cobalt-Doped Indium Oxide Nanocrystals

In this chapter of the thesis, I present a modified slow-injection synthesis method for
preparing the Co?*:InxO3 core/shell NCs. The successful formation of these core/shell NCs is
corroborated through various structural analysis methods, including XRD, TEM, and ICP-OES
characterizations. To further investigate how the Co®" dopant location and NC sizes influence
the magneto-optical properties of these NCs, I prepared two specific types of core-shell NCs:
one with the Co?" dopants incorporated into the core and the other with Co?" dopants substituted
into the NC shell. The comparison of the excitonic MCD spectra between the core- and shell-
doped samples demonstrated that the strength of exchange interactions induced by Co®" dopants
remain relatively consistent regardless of the radial dopant position for larger NCs. However,
the excitonic MCD intensity is nearly an order of magnitude larger for uniformly doped NCs,
which suggests that the smaller size NCs comparable to Bohr radius leads to a much stronger

dopant-exciton coupling, resulting in a larger dopant-induced excitonic Zeeman splitting.

4.1 Structural Characterization of Core/Shell Co?*":In203 NCs
4.1.1 Crystal structure of Core/Shell Co?*:In,O3 NCs

The synthesis of colloidal core/shell configuration Co*":In,O3 NCs with Co*" presence
either in the core or on the shell was performed by a slow-injection method using standard
Schlenk line techniques, detailed in the Experimental Section 2.2.3. %! While core-shell

82,83

heterostructures for metal oxide NCs have been designed previously,*~®* the incorporation of
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transition metal dopants through this approach has not been reported before.

For the core- and shell-doped sample, 5 atomic % of Co?" precursor relative to In*
precursor was introduced during the core formation and shell growth of Co?":In,O3 NCs,
resoectively, resulting in an estimated ca. 2% overall theoretical doping concentration within

the core/shell structure.

1.97% Co?*:In,0,

In,0,/Co?*:In,0, core/shell

Co?*:In,0,/In, O, core/shell
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Figure 4.1 Powder XRD pattern of core doped (brown trace) and shell-doped (blue trace)
Co?":In203 NCs. Two sharp peaks marked with * represent the Al substrate. The green XRD
pattern is the 1.97 % uniformly-doped Co*":InoO3 sample prepared according to Experiment
Section 2.2.2. The orange vertical lines correspond to the reference XRD pattern of cubic

bixbyite In,03 (JCPDS No.88-2160).

55



The powder XRD patterns were collected to determine the crystal structure of the as-
synthesized core/shell structure Co®":In,O3 NC samples. As displayed in Figure 4.1, the XRD
patterns of both core-doped and shell-doped Co?":InoO3 NCs corresponds to the reference
pattern of bulk cubic-phase InoOs3 (indicated by orange vertical lines, JCPDS No.88-2160). This
agreement confirms that the both core-doped and shell-doped Co?*:InO3 NCs exhibit high

purity body-centered cubic structure without any secondary phase observed.

Furthermore, as illustrated in Figure 4.1, the shape of XRD peaks for the core/shell
Co?":In203 NCs are comparable to each other, but appear noticeably sharper than those for
uniformly-doped sample with a similar overall doping concentration (1.97 %) discussed in the
previous chapter. This enhanced sharpness in the XRD peaks indicates that the core/shell-
structured NCs exhibit a larger average size compared to the uniformly doped samples. Based
on the Scherrer equation analysis, the average size of both core/shell Co?":In,O3 NC samples
have been calculated to be approximately 11 nm, which is significantly larger than the

uniformly-doped sample.

4.1.2 Elemental Analysis of Core/Shell Co?*:In,03 NCs

The actual dopant concentration in the core/shell-structured sample was accurately
quantified through ICP-OES. The analysis revealed that the actual concentration of Co dopants
for core-doped and shell-doped samples are approximately 1.85% and 2.03 %, respectively.
Notably, these measured concentrations closely align with the precursor ratios employed in the
synthesis process, resulting in about half of the nominal concentration intended for the shell.

This agreement of measured concentration indicates the effectiveness of the shell growth
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process, and confirms the successful incorporation of Co?* ions into the InoO3 NCs during the

synthesis.

4.1.3 Morphology Study of Core/Shell Co**:In,03 NCs

To study the morphology of the core/shell Co®*:In-O3 NCs and confirm the successful
completion of the shell-growth step, the TEM imaging was performed for the core- and shell-
doped Co?":In,O3 samples in both the core and the corresponding core/shell structures. The
TEM images shown in Figure 4.2 provide an overview of the NC cores and core/shell structures

for both samples.

In,0_3C6r9 <
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Figure 4.2 The TEM images of shell-doped (top) and core-doped (bottom) Co?*:In,O3z NCs
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with both NC cores (left) and corresponding core/shell NC configurations (right) indicated in

the figure. The average NC sizes are also shown as insets. All scale bars are 50 nm.

From Figure 4.2, most NCs adopt the quasi-spherical or square shape with a relatively
uniform size distribution. A comparative analysis of the average NC sizes of shell-doped
Co*":In203 NCs indicates a remarkable increase in the overall size of NC after the growth of
the shell (from 6.7 £ 0.5 nm to 10.2 = 0.4 nm). The average thickness of the shell is estimated
to be ~ 1.7 nm and the total NC radius ~ 5.1 nm, confirming that most of the dopants are indeed
present relatively close to the surface of the NCs.Similarly, the core-doped Co?":In,O3 NCs
have an average core diameter of 7.5 nm and shell thickness of 1.7 nm. The significant increases
in average size confirm the successful formation of the core/shell configuration in both core-

doped and shell-doped Co?":In,0O3 NCs.
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Figure 4.3 The HR-TEM images core-doped (top) and shell-doped (bottom) Co**:In,O3 NCs
with both NC cores (left) and corresponding core/shell NC configurations (right) indicated in

the figure. All scale bars are 10 nm.

Furthermore, the HR-TEM images in Figure 4.3 display the clear lattice fringes within
individual NCs, indicating high crystallinity in both core and core/shell configurations. Based
on the similarity in the lattice spacing measurements obtained from the HR-TEM images, it can

be verified that both samples maintain the high-purity bec-In2Os structure.

4.2 Optical Properties of Core/Shell Co**:In203 NCs

The UV-Vis spectroscopy was utilized to explore the optical properties of core/shell
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Co?":In,03 NCs, focusing on understanding the effect of Co dopants and dopant locations in
these NCs. The core-doped and shell-doped Co?*:In,O3 NCs have similar doping concentrations
but feature different locations for the Co dopants. According to the powder XRD patterns
discussed before, both NC samples adopt the cubic phase InpO3; with no secondary phase
formation. As described in the previous chapter, Co>" ions, which have a smaller ionic radius
(74.5 pm) 7! compared to In** ions (80 pm) ! in an octahedral environment, are preferentially

substituted for the d sites (highly distorted cation sites) in cubic bixbyite-type InO3 structure.
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Figure 4.4 Normalized optical absorption spectrum of core-doped (brown trace) and shell-
doped (blue trace) Co*":In,O3 NCs. The black trace indicates the spectrum of undoped In,O3

NCs prepared through one-pot synthesis method described in Experiment Section 2.2.1, for
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comparison.

According to Figure 4.4, both core-doped and shell-doped samples display similar
absorption band features with a series of weak transitions between 500 nm and 700 nm. These
transitions are assigned to the spin-allowed ligand-field transitions of octahedral Co®" ions
similar to those observed in uniformly doped samples. However, due to the low concentrations
of Co?" dopants in these samples, only a shoulder peak feature can be clearly observed at around
560 nm, which can be assigned to the dominant transition, *T; (F) = *T; (P), which is indicative
of the presence of Co within the Co**:InoO3 NC structure.”>”® Moreover, when compared to
uniformly-doped Co?":In,O3 sample with a similar overall doping concentration, the
resemblance in spectra suggests no notable difference in optical properties, regardless of the

dopant location in the InoO3 NCs.

4.3 Magneto-Optical Properties of Core/Shell Co**:In203 NCs

To explore the impact of cobalt dopant radial position on the magneto-optical properties
and exchange interactions in the In,O3 NCs, MCD spectroscopy was employed. The study
focused on comparing the MCD spectra of core-doped, shell-doped and uniformly-doped
Co?":In203 NCs that have comparable concentrations of Co. Through this analysis, the effects
of Co?" dopant location and NC size on the excitonic Zeeman splitting of Co**:In,O3 NCs can

be further investigated.
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Figure 4.5 5 K-7 T full range normalized MCD spectra of Ino03/Co?":In,O5 (blue trace) and
Co?":In203/In205 (brown trace) core/shell NCs. Both spectra were collected at 5 K under 7 T

and converted to AA/A by dividing with corresponding absorbance in the same range.

Figure 4.5 shows the 5 K MCD spectra of core- and shell-doped Co**:In,O3 NCs collected
under 7 T. The spectra are very similar in both Co*" ligand-field and the band-gap range,
indicating that dopants have similar speciation and similar effect on the excitonic splitting. In
the Co*" ligand field transition range, both samples exhibit similar MCD band features
corresponding to the uniformly doped Co**:In,03 NCs. It is noted that the transitions seen in
the electronic absorption spectra are considerably more pronounced in 5 K-7 T MCD spectra.

Similarly to the uniformly doped samples, the relatively sharp band at around 560 nm can be
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assigned to the Co**-related *T) (F) = *T; (P) transition. This is accompanied by a series of less
intense bands at shorter wavelengths, which probably originated from the spin-forbidden
transitions to doublet states. >3 Besides, the trailing (red) edge between ca. 600 and 700 nm is
consistent with the uniformly doped samples, which may be attributed to the *T; > %A,
transition. However, due to the low Co*" doping concentration, the specific features are not well
defined. Additionally, the shell-doped sample also exhibits a shoulder band at ca. 390 nm with
a relatively constant MCD intensity compared to the uniformly doped sample. As discussed in
the previous chapter, this peak is hypothesized to be the charge transfer transition from the

ligand O (2p) to Co** (3d) states.
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Figure 4.6 (Left) Variable-field (1-7 T) MCD spectra of In,O3/Co*":In,O3 core/shell NCs in the
excitonic region. (Right) Variation of the integrated excitonic MCD intensity with magnetic
field (blue spheres) and comparison with the Brillouin function for § = 3/2 and g = 2.002

(dashed black line).

Furthermore, field-dependent magneto-optical properties in the excitonic range were also
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investigated (Figure 4.6 left). The variable-field MCD signal of the shell-doped Co?*:In,O3 NCs
exhibits a similar band shape to that of the uniformly-doped 1.97% Co**:In,O3 NCs. However,
the excitonic MCD intensity clearly saturates at a lower rate with increasing magnetic field than
expected for S = 3/2 (Figure 4.6 right), as observed for uniformly-doped NCs. Similarly, as
shown in Figure 4.7, the core-doped Co?*:InoO3 sample also displays a comparable band shape

but a lower saturation rate with magnetic field compared to the uniformly doped NCs.
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Figure 4.7 (Left) Variable-field (1-7 T) MCD spectra of Co?*:InoO3/In,O3 core/shell NCs in the
excitonic region. (Right) Variation of the integrated excitonic MCD intensity with magnetic
field (blue spheres) and comparison with the Brillouin function for § = 3/2 and g = 2.002

(dashed black line).

These results suggest that there is an additional contribution to excitonic splitting in
core/shell NCs arising from undoped region of the NCs, where the saturation follows S = 1/2
behavior (Figure 3.9). In In203/Co*":InO3 NCs the native-defect-induced excitonic Zeeman

splitting occurs mostly in the core, while the dopant-induced splitting occurs mostly in the shell
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region. In Co?*:In,03/In,O3 NCs the splitting contributions are exactly the opposite. The MCD
spectrum can therefore be represented as a superposition of the MCD spectra corresponding to

the core and shell regions.
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Figure 4.8 Comparison of the MCD spectra of Co*":In,O3 NCs normalized per volume and

dopant for different radial placement of Co*" ions, as indicated in the graph.

To quantitatively compare MCD spectra for different radial distributions of Co*" dopants,
it is necessary to normalize the AA4/4 to the volume of the NCs containing dopant ions.
Furthermore, given the variation in the dopant concentration in the doped region of the NCs,

the quantitative comparison must involve further normalization to the doping percentage.
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Figure 4.8 compares the excitonic MCD intensities per dopant in the doped region for
core/shell architectures and uniformly-doped NCs. There is only a small difference between the
MCD signal intensities for core-doped and shell-doped NCs, indicating that the strength of
exchange coupling between the exciton and Co?" is not greatly affected by the radial position

of the dopant for NCs having average sizes larger than ca. 10 nm.

However, the excitonic MCD intensity is nearly an order of magnitude larger for
uniformly-doped NCs. The core/shell InoO3z NCs shown here are far from quantum confinement,
which implies a weaker coupling regime relative to the analogous quantum dots.®! Since the
excitonic Bohr radius for In»O3 is much smaller than the size of the core/shell NCs, the excitonic
wavefunction is also distributed more evenly throughout the NC, vanishing only at the very
surface of the NCs. This leads to a significant overlap between the wavefunctions of the exciton
and the Co?" dopants even if the dopant centers are located in the shell region of the NCs. On
the other hand, uniformly-doped NCs have an average radius of ca. 2.5 nm, which is comparable
to the In,O3 Bohr radius.®* The dopant-exciton coupling in this case is not only more sensitive
to the dopant distribution, but also much stronger that in bulk, as it has been well-documented
for Mn-doped II-VI NCs.?"% This leads to a larger dopant-induced excitonic Zeeman splitting

in uniformly-doped NCs.

4.4 Conclusion

In this study, I explored the impact of Co** dopant placement and NC size on the magneto-
optical properties of Co?*:In,O3 NCs by comparing two distinct types of NCs to a uniformly-

doped In2Os sample at similar doping concentrations: one features a Co**-doped shell grown
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on an undoped core, while the other has an undoped shell grown on a Co?*-doped core. The
results indicate that the strength of excitonic Zeeman splitting in large NCs (> ca. 10 nm) is
minimally affected by dopant radial location due to the even spatial distribution of the excitonic
wavefunction throughout the In,O3 NCs. However, in the case of small NCs comparable to the
In,O3 Bohr radius, there is a notably strong dopant-exciton coupling, resulting in a drastic
excitonic Zeeman splitting. Therefore, this research contributes to our understanding of how
the dopant location and NC size influence the magneto-optical properties in Co?":In,O3 NCs,
which will help with the development of In,Os-based DMSO materials and related potential

spintronic applications.
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Chapter 5
Conclusion and Future Work

5.1 Conclusion

The studies performed in this thesis focus on the manipulation of the exciton polarization
in transition-metal-doped indium oxide NCs. Based on the studies mentioned above, I prepared
the Co?":In,O3 NCs with varying Co concentrations by the one-pot colloidal synthesis method
and characterized the crystal structure and elemental composition through XRD, TEM and ICP-
OES measurements. The magneto-optical behavior of Co?":In,O; NC samples were
investigated by MCD spectroscopy. Comparison of the MCD spectra of different samples
suggests that there is a competition between excitonic splitting induced by intrinsic defects,
such as singly charged oxygen vacancies, and extrinsic Co®" substitutional doping of InoO3 NC
lattice. Co®" dopants undergo spin exchange interactions with the host-lattice charge carriers
that are of similar strength as the spin-exchange interactions involving intrinsic defects. The
two types of exchange interactions are found to be comparable in magnitude but result in the
opposite splitting pattern of the band states. The band splitting in undoped and lightly-doped
NCs is, therefore, dominated by exchange interactions involving singly-charged oxygen
vacancies in the presence of an applied magnetic field. With increasing Co doping level, the
dopant-induced exchange interactions take over as the dominant mechanism governing the
anomalous Zeeman splitting of the NC band states. This competition between the two
contributions leads to an anomalous behavior, including the cancelation of the MCD signal for

Co”" doping concentration of ca. 0.5 % (~12 dopants per 5 nm diameter NC). Furthermore,
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evidence also suggests that the magnitude and the underlying mechanism of the excitonic
Zeeman splitting are not drastically impacted by the radial location of the dopants in large NCs
(> ca. 10 nm), which is rationalized in terms of relatively even spatial distribution of the
excitonic wavefunction throughout the NC in the absence of quantum confinement in In;O3
NCs. Importantly, the overall coupling between exciton and dopants, and therefore, the
magnitude of the excitonic Zeeman splitting per dopant ion, is significantly stronger in
uniformly-doped than in core- or shell-doped NCs, owing to a spatial confinement of the
excitonic wavefunction. The results of this work provide a new understanding of the properties
of DMSO NCs, and the challenges associated with predicting and consistently reproducing their
behavior. Consideration of the contributions to excitonic Zeeman splitting identified in this
work allow for a design of DMSO NCs with improved characteristics for spintronics and

quantum information technologies.

5.2 Future Work

To verify that the generality of the obtained results, which is the competition between the
Zeeman effect involving intrinsic defects and magnetic dopants on the exciton polarization in
InO3 DMSO NCs, further research was conducted on NCs doped with different transition
metals. Thus, I prepared another set of Ni**-doped In,O3 (Ni**:In,03) NCs using the same
synthesis method with Ni(acac) as the Ni** precursor. This approach aims to explore whether
the magneto-optical behavior and exciton polarization seen in Co?*:InoO3 NCs are also present
in InoO3 NCs doped with Ni, therefore extending the understanding of these phenomena to a

broader range of transition metal-doped In2O3; materials.
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In this new set of experiments, I conducted a preliminary characterization of Ni**:In,O3
NC samples with XRD and ICP-OES measurements. The XRD patterns, as shown in Figure
5.1, indicate that all Ni-doped samples consist of high-purity cubic-phase In,O3 NCs, without
any detectable side products. Notably, an increased broadening of the characteristic peaks with
higher Ni doping concentrations suggests a decrease in average NC sizes, associated with the
incorporation of more Ni*" ions into the In>Os lattice. This observation is consistent with the

trend seen in Co-doped samples, where smaller dopant ions are substituted into the In** cation
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Figure 5.1 Powder XRD patterns of Ni**:In,O3 NCs with the doping concentration indicated in

the graph. Sharp peaks marked with * represent the Al substrate. The black pattern is the
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reference XRD pattern of cubic bixbyite [noO3 (JCPDS No.88-2160).

Furthermore, ICP-OES analysis reveals that the actual concentration of Ni in the doped
samples closely matches the precursor ratio, confirming successful incorporation of Ni** ions

into the InpO3 NCs.

Based on the preliminary structural characterization of the Ni*":In,Os NCs, these new
samples have demonstrated a promising extension to the research presented in this thesis.
Consequently, further analysis of the optical and magneto-optical properties of Ni**:In,O3 NCs
becomes increasingly intriguing. The next part of research is crucial to ascertain whether the
mechanisms obtained from the Co®":In,O3 NCs are universally applicable, thereby enriching
our understanding of DMSOs. This research will not only validate existing theories but also
potentially reveal new insights into the behavior of DMSOs under various doping conditions.
The outcomes of these studies are expected to lay a foundational groundwork for future
applications and innovations in the field, potentially leading to breakthroughs in areas like

spintronics and quantum computing where DMSOs could play a pivotal role.
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