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The field of nanoscience and nanotechnology has achieved significant progress over
last thirty years. Complex nanostructures with tunable properties for novel
applications have been successfully fabricated and characterized. In this thesis, I will
focus on our recent efforts on precise controlled synthesis of zero-dimensional
nanostructures as well as fundamental understanding of the physical behavior of as-
synthesized nanostructures. Particularly, three topics are presented: (1) Nanoscale
crystallinity engineering: we have achieved nanoscale crystallinity control of noble
metal nanoparticles with 100% yield by molecular engineering. We have used silver
nanoparticles as example to demonstrate synthetic strategy and importance of such
control in nanoscale chemical transformation, fundamental electron and phonon
couplings and surface plasmon resonance based biological sensors. Such nanoscale
crystallinity engineering provides a new pathway for design of complex

nanostructures, tailoring nanoscale electronic and mechanical properties as well as



controlling classical and quantum coupling interactions; (2) Precise control of
core(@shell nanostructures: we have developed a new universal strategy denoted as
intermediated phase assisted phase exchange and reaction (/PAPER) to achieve layer-
by-layer control of shell components in core@shell structures. Tunable plasmonic,
optical and magnetic properties of core@shell structures enabled by our iPAPER
strategy are further demonstrated. These characterizations are promising for
understanding and manipulating nanoscale phenomena as well as assembling
nanoscale devices with desirable functionality; and (3) Fundamental spin and
structure manipulation of semiconductor quantum dots by hydrostatic pressure.
Pressure provides a unique means of modifying materials properties. By measuring
dependence of spin dynamics on pressure, we revealed that the spin states of
semiconductor quantum dots are very robust. We further provided the first
experimental evidence for the existence of a metastable intermediate state before the
first-order phase transition of semiconductor quantum dots. Our results are crucial for
the future development of quantum information processing based on spin qubits of

quantum dots.
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Chapter 1: Introduction

1. Nanoscience and Nanotechnology

Nanoscience and nanotechnology have attracted public attentions over thirty
years, and are considered to be the next “industrial revolution”. There are broad
applications, ranging form health, environment to energy and information technology.
To most of scientists and engineers, nanoscience and nanotechnology are the
understanding and control of matter that is at least one nanometer to a few hundred
nanometers in one or more dimensions. At nanoscale, it is a number of atoms and
molecules which play the role, but the system is still small enough to behave
differently from their bulk counterparts. The quantum size effect and surface/interface
effect are the important factors that regulate the properties of materials, leading to

unique phenomena and novel applications.

The term of “nanotechnology” was first coined by Professor Norio Taniguchi in
1974 [1], but as early as 1959, physicist Richard Feynman for the first time sketched
the framework of nanoscience and nanotechnology in his famous lecture, “There is
Plenty of Room at the Bottom”, at the annual American Physical Society meeting [2].
He noted that scaling issues would arise from the changing magnitude of various
physical phenomena and predicted its various potential applications in such as bio-

engineering and information technology. He also described a method by which to



manipulate and characterize matter at the atomic scale. These ideas were realized by
Gerd Binnig and Heinrich Rohrer at IBM in 1981 [3]. They invented scanning
tunneling microscope (STM), a powerful tool for viewing surfaces at the atomic level
using quantum tunneling effect. In 1985, Gerd Binnig, Christoph Gerber and Calvin
Quate further developed atomic force microscope (AFM) to overcome STM’s basic
drawback that only conducting surfaces could be investigated. From the material view
point, Buckyball (C60) was discovered by Harold Kroto, Robert Curl and Richard
Smalley in the same year of 1985 by using mass spectrometry [4]. Nanoscience and
nanotechnology have been advanced in more vast and far-reaching ways by two of
the most fundamental building blocks: one-dimensional carbon nanotubes and zero-
dimensional colloidal semiconductor quantum dots which were discovered by Sumio
lijima and Louis Brus, respectively [5, 6]. These two works play a key role in the
recent tremendous improvements of nanoscience and nanotechnology that are made

almost daily by scientists and engineers from across the world.

My graduate research has focused primarily on the precise and tunable control of
size, shape, composition and structure of zero-dimensional nanoparticles (NPs),
aimed at serving as model systems for exploring fundamental science as well as
building blocks of practical device applications. This thesis is outlined as follows:
The first chapter begins with an overview of some basic concepts and current
progresses of NPs, including semiconductor, metal and magnetic NPs, and their
related optical, electronic and magnetic properties and applications. It also covers the

general synthetic strategies and basic measurements; The focus of the second chapter



is an efficient synthetic strategy we have developed to control nanocrystallinity of
noble metals with 100% yield, which has enabled tailoring and optimization of
nanoscale chemical transformation, fundamental electron and phonon couplings and
surface plasmon resonance based sensors [7]; The third chapter introduces a facile
and general intermediate phase assisted phase exchange and reaction methodology to
achieve layer-by-layer precise control of metallic shell growth over versatile core
NPs. Core@shell nanostructures prepared by such precise control provide model
systems to investigate nanoscale optics, plasmonics and magnetism in a very accurate
manner; The fourth chapter describes our discovery of a pressure induced spin
metastable state of semiconductor NPs by a novel experimental method combining all
optical spin measurements and high pressure diamond anvil cell; Finally this thesis is

concluded by a summary and future outlook.

2. Zero-dimensional Nanoparticles

Zero-dimensional nanostructures, also known as nanoparticles are of great
scientific interest because they can serve as a bridge between bulk materials and
isolated atoms or molecules. A bulk material has constant physical properties,
regardless of its size, which can be successfully described by classical theories, while
the properties of a single atom or molecule and the interactions among them are
quantum mechanical in nature. At the nanoscale, NPs consisting of a finite number of

atoms possess significant surface to volume ratio and discrete electronic density of



states, which lead to many unique properties. One example is the tunable optical
properties of semiconductor and metal NPs, without which nanoscience and

nanotechnology would not be as attractive and exciting as it is today.

In the next I would like to overview some basic concepts, unique properties,
practical applications as well as current experimental status of zero-dimensional NPs,

based on their functionalities of semiconductor, metal and magnet.

2.1 Semiconductor Nanoparticles

Figure 1.1 shows the colorful image of semiconductor NPs in a series of sample
vials. The origin of rainbow colors is the tunable band gap structure of semiconductor

NPs.

Figure 1.1 Size dependent photoluminescent colors of colloidal CdSe NPs
dispersed in hexane. Photography by Felice Frankel, from the website of
Bawendi group at the MIT Department of Chemistry [8].
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Figure 1.2 The continuous conduction and valence energy bands of a bulk
semiconductor are separated by a fixed energy gap, Eg(bulk), whereas a
semiconductor nanocrystal (NC) has discrete atomic-like states and a NC
size-dependent energy gap. (From Ref. [9])

The energy band gap width of semiconductor materials that separates the
conduction band from the valence band is important for both fundamental science and
practical device applications (Figure 1.2). In bulk materials, the energy band gap is a
fixed parameter and is only determined by the nature of materials. Absorption of a
photon by semiconductor materials promotes an electron from the valence band into
the conduction band, which creates an “electron-hole” pair. If the size of
semiconductor materials is reduced to be comparable to or smaller than the natural

length scale of electron-hole pair (Bohr radius), it is confined by the boundaries of the



materials, which leads to an interesting atomic- (or molecular-) like optical behavior.
This phenomenon is known as “quantum size effect”, which arises solely due to the
finite size of NPs. Therefore, semiconductor NPs with the size smaller than Bohr

radius are also named as quantum dots (QDs).

The relation between the electron energy band gap and the size of semiconductor
NPs was first developed by Louis Brus by using the simple “particle-in-sphere”
model assuming an arbitrary particle inside a spherical potential well with a series of
approximations [9, 10]. The first approximation is the “effective mass approximation”
which completely ignores the semiconductor atoms in the lattice and treats the
electron and hole as “free particles”. The second approximation is the “envelope
function approximation” [11] which considers the NP as a “bulk” compared to the
size of electron and hole. The third one is the “strong confinement approximation”
which justifies the Coulomb attraction between the negatively charged electron and
positively charged hole in the strong confinement regime [12]. Therefore, the

electron-hole pair (e-4) states in a semiconductor NP can be given as

V() = WY, () =1 L. f, )
RGO IR

v

Te T

=C|u,

with energies,
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Where, e is the electron, /# the is hole, v means the valence bonds, ¢ means the
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.7 means the “effective mass”. u is a function with the

spherical Bessel function. m

periodicity of the crystal lattice. The states are labeled by the quantum numbers
npLyn.L.. The lowest pair state is written as 15,1S,. E, is the semiconductor band gap
and the energies are relative to the top of the valence band. E¢ is the first order
Coulomb attraction energy correction, which is 1.8 ¢* / a for the electron in the 1S,
level, where ¢ is the dielectric constant of the semiconductor material [13]. The
selection rules for an optical transition from the ground state to a particular electron-
hole pair state can also be obtained by this “particle-in-sphere” model. The rules are

An=0 and AL=0.

The equation describes that the band gap width decreases as the NP size (a%)
increases. It is true that the real band structure of semiconductor NPs is more
complicated than the “particle-in-sphere” model [14-16]. The more accurate band gap
structure in semiconductor NPs can be explored by combining theoretical calculations
with optical spectroscopic techniques. The first technique is transient differential

absorption (TDA) spectroscopy [17], which is also called pump-probe or hole-



burning spectroscopy. It measures the absorption change in semiconductor NPs
induced by a spectrally narrow pump beam. The advantage of TDA is its high
resolution, while the disadvantage is that its strong absorption features overlap with
the interesting complicated features of the semiconductor NPs. In addition, a more
convenient technique, photoluminescence excitation (PLE) [18] is widely used in
today’s semiconductor NP research. The origin of photoluminescence of
semiconductor NPs is the recombination of photo activated electron-hole pair
(exciton) at the band edge and the deactivation of excited electron or hole at the

surface states [19].

While the single NP photoluminescence spectra can be obtained by such as low-
temperature near-field scanning optical microscopy [20], well controlled and high
quality semiconductor NPs samples are the essential for all the characterizations and
applications. Over the last three decades, significant efforts have been made by
scientists and engineers to achieve various kinds of semiconductor NPs with

controlled size, shape, surface, structure and impurity.

The first successful synthesis of CdSe NPs with narrow size distribution was
demonstrated by Christopher Murray and coworkers by high temperature colloidal
synthesis [9, 21]. The CdSe NPs ranging from 1.5 nm to 12 nm in diameter have

absorption in the visible light range (Figure 1.3).
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Figure 1.3 (Left) Optical absorption spectra of CdSe NPs ranging from 1.2 to
11.5 nm in diameter dispersed in hexane at room temperature. The
experimental observed relationship between energy band gap and
semiconductor NPs size fits the simple “particle-in-sphere” model at the large
size. For small NPs, more complicated models are needed. (Right) A typical
Transmission Electronic Microscope (TEM) image of CdSe NPs averaging
3.5nm = 5% in the direction of the (002) wrtzite axis and 3.0nm = 6%
perpendicular to the (002) axis. (From Ref. [21])

Later, CdS, CdSe and CdTe NPs are synthesized by the similar process with
controllable passivated surface to achieve better photoluminescence with high
quantum yields [22]. Other II-VI NPs are also well developed, such as ZnSe for
ultraviolet emitting [23] and PbSe for infrared [24] showing in Figure 1.4 and Figure

L.5.
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Figure 1.4 (Left) Optical absorption and luminescence spectra of ZnSe NPs
ranging from 6.0 nm (uppermost) and 4.3 nm (next down) in diameter
dispersed in hexane at room temperature. (Right) A High-resolution TEM
(HR-TEM) image of ZnSe NPs with an average diameter size of 6.0 nm. The
size bar represents 10 nm. (From Ref. [23])
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Figure 1.5 Optical absorption spectra (left) and TEM images (right) of PbSe
NPs synthesized by high temperature colloidal synthetic strategy. (From Ref.
[25])
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The similar high temperature colloidal synthetic strategy is not limited to II-VI
NPs, but can also be extended to more covalent III-V semiconductor NPs with larger
Bohr radius, for examples InP, GaP and GalnP, with tunable size and narrow
distribution [19, 26]. Silicon NPs are also generated by the colloid method [27].
Detailed methods will be discussed in the third section of this chapter. Other
approaches to semiconductor NPs, such as molecular beam epitaxy (MBE), chemical
vapor deposition (CVD), and room temperature aqueous based reactions, inverse-

micelle techniques have been also applied.

Surface/interface effect plays a critical role in nanoscience and nanotechnology
because the surface to volume ratio increases remarkably when the size of NPs
shrinks. Controlled passivated surface by organic molecules on semiconductor NPs
impacts the electric and optical properties [22, 23]. Core@shell structure is another
pathway to modify the surface, which can be realized by coating semiconductor NPs

with epitaxial layers of different semiconductors (Figure 1.6) [28].

CdSe core with ZnS or CdS shell shows an order of magnitude enhancement in
photoluminescence comparing with plain CdSe NPs (Figure 1.7) [29]. A series of
combinations of II-VI and III-V semiconductor core@shell NPs have been achieved
such as InAs@InP and InAs@CdSe and more complicated multi-shell structures such

as CdS@HgS@CdS and ZnS@CdS@ZnS with different band gap structures [30].
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Figure 1.6 (Top) Schematic synthesis of CdSe@CdS core@shell NPs and
TEM images of 3.4 nm CdSe plain core NPs (bottom left), and CdSe@CdS
NPs with 0.9nm CdS shell overcoating on 3.4nm CdSe NPs (bottom right)
(From Ref. [28])
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Figure 1.7 Absorption (left) and photoluminescence (right) spectra for plain
CdSe NPs and CdSe@ZnS NPs, respectively. The sizes of CdSe core NPs
are (a) 2.3, (b) 4.2, (c) 4.8, (d) 5.5 nm. The ZnS shell is one or two monolayer.
(From Ref. [29] )

Surface energy also can be modified by anisotropic morphology of
semiconductor NPs, which have much higher energy than spherical NPs. Synthesis of
rods, arrows, stars, teardrops, even tetrapods of II-VI semiconductor NPs have been
successfully developed by many groups [31, 32]. Impurities doping into NPs is also
an effective way to change the band gap structures in semiconductors. There has been
a great deal of activity on this subject: Mn®" and Co®" have been shown to modify

photoluminescence of CdSe, ZnSe and CdS with higher quantum yields [33].

The application of hydrostatic pressure represents a crucial means to modify

material parameters such as the lattice spacing and the crystal structure that could not

13



be easily achieved by other methods [34]. Alivisatos group at Berkeley found a first-
order solid-solid phase transition from wurtzite to rock-salt structure, first identified
by X-ray diffraction measurements [35]. Our group observed a long-lived metastable
intermediate phase before the first-order solid-solid phase transition by combining
spin dynamics with high pressure technique, which will be discussed in detail in the

Chapter 4.

Semiconductor NPs have also created a lot of interest for various device
applications, including biological and energetic applications. Size-tunable color,
broad absorption and narrow emission, as well as easy functionalization by biological
molecules on the surface make semiconductor NPs a competitive candidate for cell
labeling and tracking, DNA detection and in vivo imaging [36]. Compared with
organic dye molecules, semiconductor NPs have bright photoluminescence and high
endurance. For low cost, large area and manufacturable solar cells, hetero-junctions
are the key which make charge separation possible. Band gap engineered
semiconductor NPs are promising for making charge separation more efficient
because of their large surface/interface in related hetero-junctions. Beyond this, such
structures can create opportunities to explore new generation of solar cells with

multiple excitons and energy up-conversions [37, 38].
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2.2 Metal Nanoparticles

The beautiful colors of small metal particles have been noticed since the fourth
century A.D. The famous Lycurgus cup changes color when held close to light: The
opaque green cup turns to a glowing translucent red when light is shone through it. At
that time, it was not known that small amount of gold and silver NPs embedded in the
glass could give the cup unusual optical properties, until Michael Faraday recognized
the physical processes of colors in the nineteen century [39]. When a small spherical
metal particle is photoactivated, the conduction electrons inside are driven to a
coherent oscillation by the oscillating electric field of the light and the Coulomb
attraction with nuclei in the particle. This phenomenon is called localized surface
plasmon resonance (LSPR), which is the origin of color of small metal particles.

(Figure 1.8)

E-field Metal
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>

Figure 1.8 Schematic of localized plasmon oscillation of free electrons in a
small spherical metal particle. (From Ref. [40])
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In the early twenty century, Gustav Mie first precisely calculated the interactions
between the incident light and the small spherical metal particle by solving Maxwell’s
equations [41]. Briefly, a quasi-static approximation is used when the radius of
spherical NPs (@) is much smaller than the wavelength of the irradiated z -polarized

light (1), i.e. @a<0.1 4. The electromagnetic field outside of the NP is determined by,

A

— ~ | g, ¢ Zz 3z( ~ ~
Eou=Ejz—| —2—" |a°E, —3——5(xx+yy+zz)
g, +2¢,, A

Where, ¢, is the dielectric constant of the metal NP, and ¢, is the external
environment dielectric constant. &, 1s strongly dependent on A, the approximate

resonance condition is &, =-2¢&

out

which means the electromagnetic field is

enhanced relative to the incident light. The extinction spectrum is given by,

2 3 3
E. ()= 247*Na’ /e’ & (4)

A1n(10) (gr(/l)+250m)2 +gl.(/1)2

Where, ¢, (l) =g, (ﬂ,)+i8i (/1) [42]. The scattering term or radiative damping effect

has been omitted and only dipolar terms are considered for the whole calculation,
more accurate expression can be developed by such as the discrete dipole

approximation and the finite-difference time-domain methods. This expression is
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valid only for small spherical NPs. It should be modified when calculated for NPs
with high aspect ratio geometries, and higher multipoles especially the quadrupole

terms should be considered for larger NPs [40].

The maximum of LSPR extinction wavelength, 4 . is sensitive to the dielectric

X

constant (or refractive index, n=+/s). The relationship between the shifts in 4

and the changes of the local environment is given as follows [43],

Al =y [1—e )] (An)

Where m,,, is the refractive index of NPs bulk counterpart material, d is the
effective adsorbate layer thickness and [, is the approximated decay length of

electromagnetic field.

The enhanced electromagnetic field is useful for spectroscopic characterizations
of physical and chemical structures and processes. There are four main kinds of
spectroscopies, surface enhanced absorption, surface enhanced fluorescence, surface
enhanced Rayleigh scattering and surface enhanced Raman scattering (SERS). The
SERS spectroscopy is holding a great deal of research interest because the signals
from molecules functionalized on metal NPs can be enhanced by a factor up to
10'*~10"° [44]. The mechanism of this pronounced SERS effect is a long-debated

subject. Briefly, two different mechanism categories have been proposed: the first is
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electromagnetic enhancement and the second is chemical enhancement [45]. The
enhancement of Raman scattering only happens when molecules are adsorbed on
rough metal surfaces, which means the smooth surface is not active for the

enhancement.

To understand LSPR and the surface enhanced spectroscopy deeply, ultrafast
(femtosecond) laser technique has been used to explore electron dynamics in metal
NPs, such as the energy decay processes of the electromagnetic enhancement [46]. In
a typical process: the energy of incident light is absorbed by electrons, and then is
redistributed among electrons by electron-electron (e-e) scattering, eventually leading
to an established electron temperature in less than one picosecond; The energy is
continually transferred to the lattice (phonon) by electron-phonon (e-ph) interaction
leading to thermalization of the lattice and the electron gas which takes place in
several picoseconds; Finally the energy is dispersed into the surrounding media
(matrix) by phonon-phonon (ph-ph) and phonon-matrix interactions. The whole
process is described as the “Two-Temperature Model” (Figure 1.9), by which various
properties of the conduction band electrons especially the quality of the plasmon
resonance can be defined. The detailed technique and calculation will be discussed in

the Chapter 2.
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Medium

Two-Temperature Model

Figure 1.9 Schematic illustration of “Two-Temperature Model” in a metal NP.

As the discussion above, the electron oscillation frequency is the heart of
electronic and optical properties of metal NPs, and it is determined by the density of
electrons at the Fermi Level, the effective electron mass, and the shape, size of the
electron distribution [40]. The highly controlled NP samples are playing the key role
for fully understanding and application of electromagnetic enhancement. Various
novel methods such as wet chemical synthetic techniques, electronic- and ion- beam
lithography have been developed to fabricate large quantities of metal NPs with
controlled size, shape and component (Figure 1.10). Many interesting electromagnetic
enhancements have been investigated (Figure 1.11) [47-49]. Beyond these,
crystallinity control of metal NPs is a relatively new topic. In the Chapter 2, the
remarkable contribution to this subject achieved by my graduate research will be

described in detail [7].

19



13 3 r

Sphere Tetrahedron Cube Octahedron Truncated Truncated Truncated Single-crysta
tetrahedron  cube  octahedron rod

7%

Quasi-sphere |cosahedron Decahedron Twinned Twinned Triangular  Disc Tadpole

rod wire plate
{ — . {I’_ = | {; L ﬁ‘ r;: lﬂj\j O T P
. ol A S fue—if =
Shell Double Core- Box Cage Tube Double Porous
shell shell tube tube

Figure 1.10 Schematic diagrams illustrating the artificial shapes of metal
nanostructures. (From Ref. [50])
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Figure 1.11A (Left) Extinction spectra and corresponding solutions
photographs of Ag nanoprisms with varying edge length. (Right) A typical
TEM image of Ag nanoprisms (scale bar is 100nm). (From Ref. [47])
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Figure 1.11B Size, shape, and composition tunability of the LSPR of noble
metal nanostructures. (a) Tuning the LSPR frequency of the gold nanorod
long-axis mode by synthetically controling aspect ratio. (b) Si@Au
core@shell NPs show LSPR frequency tunable from the visible to the near-IR
by changing the shell thickness relative to the core size. (c) Increase in the
plasmon scattering to absorption ratio by increasing the size of gold NPs.
(From Ref. [48])
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Figure 1.11C (Left) Tunable plasmon response of Ag cuboctahedra NP
assembles achieved by the Langmuir—Blodgett technique. (Right) Dark-field
scattering spectra of different Ag NPs pairs or chains. (From Ref. [49])

The LSPR of metal NPs is typically in the range of ultraviolet or visible
wavelength without blinking or bleaching features, which offers opportunities to
apply gold and silver NPs as biological probes. One of the examples is the “molecular
ruler” by Paul Alivisatos and coworkers to measure the length of DNA [51]. And
non-isotopic and non-toxic gold and silver NPs with bio-conjugations are promising
for SERS imaging of the structures and functions of cells and tissues [36]. Enabled by
the near-field couplings between LSPR with individual NPs, silver and gold NP
chains/arrays have been demonstrated both theoretically and experimentally to guide
the flow of electromagnetic energy over hundreds of nanometers without significant

loss [52]. This creates lots of opportunities for nanoscale photonic devices.
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2.3 Magnetic Nanoparticles

Our pursuit of better magnetic materials has continued for thousands years,
because they are everywhere in our life from huge planets to small credit cards. Both
the length of atomic exchange interaction and the width of domain wall in
ferromagnetism are in the nanoscale region. Obviously, magnetic NPs are promising
not only for the miniaturization of practical devices but also for the exploration of
new properties and fundamental mechanisms. Like the semiconductor and metal NPs
discussed above, size and surface effects play the key role when the size of magnetic

NPs is comparable to the size of magnetic domains.

It 1s well known that the size of magnetic domains, the width of domain walls
and their inner structure are continuously changing due to the reduced volume of the
bulk magnetic system with multidomain structure. Eventually, the NP can possess
only one single domain structure, when its size is below a certain critical size (D,), in
which the energy for supporting the external magnetostatic stray field of the single
domain is smaller than the energy for creating a domain wall. The critical size is
determined by the saturation magnetization of particle, anisotropic energy and
exchange interactions between individual spins. The critical size is a few tens of
nanometers for most magnetic materials and a few hundreds of nanometers for some
high anisotropy materials. In the single domain regime, the relationship between the

magnetic coercivity (/) with the NP volume (/") is given by [53],
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Where, K, is the magnetic anisotropic constant, m, is the saturation magnetization,
and k, is the Boltzmann’s constant and 7 is the temperature. The magnetic
coercivity of a single domain is larger than that of multidomain, and it decreases as

the size of the NP decreases (Figure 1.12).

Single
domain | ) Multidomain

r|-|

SPM Ferromagnelic

Coercivity

Diameter
Figure 1.12 Schematic diagram illustrating size-dependent magnetic domain

structures from superparamagnetism (SPM) to single domain and
multidomain ferromagnetism. (From Ref. [54])
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Figure 1.13 (Left) Schematic diagrams illustrating energy of magnetic NPs
with different magnetic spin alignment. (From Ref. [54]). (Middle and right)
Diagrams illustrating a typical hysteresis loop of a single domain
ferromagnetic NP and a typical curve for a superparamagnetic NP,
respectively. (From Ref. [55])

Furthermore, the energy barrier (K V') decreases as the size of NPs decreases,

which means the smaller amount of energy is required to reverse the magnetization
for smaller NPs. When the thermal energy (k,T ) exceeds the energy barrier, the easy
magnetic fluctuation makes the NPs behave like a conventional paramagnet without
hysteresis in the magnetization curve. This phenomenon is called
“superparamagnetism” (Figure 1.12 and 1.13). The temperature corresponding to the
transition from ferromagnetism to superparamagnetism is referred to as the blocking
temperature (7, ). The blocking temperature depends on the size of NPs, the effective
anisotropy constant, the applied magnetic field, and the experimental measuring
timescale. The blocking temperature is the essential parameter defining the magnetic

behavior of NP devices.
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Over the last thirty years, a large family of magnetic NPs with precise and
tunable size and components has been achieved by various research groups
worldwide, such as Co, Ni, Fe, FePt, CoPt, CoPt;, FeCoPt, y-Fe,0s, Fe;04, CoFe;0s,
MnFe,04, MnO, Fe,P and etc. [56]. Figure 1.14 highlights a few examples of

magnetic NPs achieved by colloidal synthesis.
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Figure 1.14A (From left to right) TEM images of spherical Fe@Fe304
Core@Shell NPs, cubic Fe NPs and Fe Nanoframes (From Ref. [57] and

[58]).

Figure 1.14B TEM images of MnO NPs with different shapes (From Ref.
[59)).
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Figure 1.14C TEM images of rod shaped Fe,P NPs with different dimensions.
(From Ref. [60])

On the other hand, the existence of large surface to volume ratio of magnetic
NPs plays an important role in determining the magnetism of NPs. The effect could
be more significant than the crystalline and shape anisotropy effects. However, the
exact mechanism of such surface effects remains an open question due to the
contradictory experimental results: an enhancement of the magnetic moment with
decreasing size of small metal magnetic NPs was reported [61], while oxide NPs have
reduced magnetic moment compared with their bulk counterparts [62]. Many
explanations have been proposed, including the existence of uncompensated surface
spins, the existence of a disordered spin glass like layer near the surface, the existence
of a magnetically dead layer on the surface, and the influence of organic ligand

capping with surface metal atoms and etc. [63]. Magnetic NPs with precise and
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tunable non-magnetic shell layer might server as good model systems to systemically
explore the mechanism, which will be discussed in the Chapter 3. As mentioned in
the beginning of this chapter, magnetic NPs have demonstrated for various
applications, and all of them are very close to human daily life. Here several
examples are given, such as ultra high density magnetic recording media for
information storage; ultra strong permanent magnets for energy efficiency,
conservation, and self-sufficiency; and ultra sensitive magnetic sensor for biomedical

diagnosis and therapy [64].

3. Principle of Colloidal Synthetic Strategies of Nanoparticles

For nanoscience and nanotechnology, the importance of sample quality can
never be overemphasized. Almost all the unique properties and novel applications of
nanoscale materials dramatically depend on their size, shape, component and
structure. Generally, there are two main categories for nanoscale materials

fabrication: “top-down” and “bottom-up”.

The easiest picture for the “top-down” approach is the sculpture, the raw
materials is cut into desired structure. The knives in nanoscience and nanotechnology
are focused ion beams, atomic force microscope tips (Dip-pen) as well as some other
techniques descended from conventional solid-state silicon methods. However, it is

not easy to achieve the nanostructures with very small size by the “top-down”
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strategy due to technological challenges. On the contrary, the “bottom-up” approach
uses atoms or molecules as bricks to build nanostructure, therefore there is no

theoretical size limitation.

Wet chemical colloidal synthesis is a typical “bottom-up” approach for NPs.
Compared with the other main approach, clean room technique, wet chemical
colloidal synthesis is cheap and facile, the as-synthesized nanostructures are free

standing and easy functionalized.

Figure 1.15 shows a typical apparatus employed in colloidal synthesis of NPs.
The designs can enable flexible control of all necessary parameters for versatile
materials by different synthetic routes. More importantly, the kinetics of NPs growth
can be monitored through the whole process by simply taking out partial reactant

from the solution.

The mechanism of colloidal NPs growth can be described by the model

developed by La Mer and Dinegar, and the general processes are shown in Figure

1.16.
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Figure 1.15 A typical set-up for colloidal synthetic strategies of NPs.
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Figure 1.16 Schematic illustrating La Mer model for the general growth
processes for colloidal synthesis of NPs
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In a typical synthesis: After the precursors, organic surfactants and solvents are
mixed, the precursors chemically transform into “monomers”, which are composed
by active atoms or molecules; When the concentration of monomers is higher than the
critical concentration (nucleation threshold), monomers could aggregate to form
“nuclei”; After the formation of nuclei, the concentration of monomers deceases to a
value below the critical concentration, and then monomers can only add to the
existing nuclei for continuous growth onto NPs; Then monomers exchange among
NPs to reduce the whole system energy, which is referred to the “self-focusing”
process and lead to the narrowest size distribution; When the organic surfactants is
not sufficient for passivating NPs from aggregation, the “Ostwald ripening” happens,

and eventually the huge NPs precipitate out from the solution.

The key point for achieving mono-dispersed NPs is the balance of the chemical
reaction speed and the growth speed. The concentration of precursor and the capping
ability of organic surfactants determine the NP size. The shape controlled NPs can be

achieved by selective adhesion of organic surfactants on particles.

Once synthesized, the NPs can be “washed” by polar solvents and be
precipitated out by centrifuge. Sometime, further treatments such as thermo annealing
and ligand exchange are used for specified applications of NPs. The more detailed

procedure of colloidal NP synthesis is described in latter chapters when needed.
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4. General Characterization of Nanoparticles

The size, structure and composition of as-synthesized NPs need confirmations
and characterizations. In this section, three main widely used techniques for basic

characterizations of NPs are introduced.

4.1 Transmission Electron Microscope

Transmission Electronic Microscope (TEM) is a powerful tool for morphology
characterizations of NPs, which uses highly energetic electron beam instead of light
to "image" the specimen. Resolution of TEM is much higher than optical microscopes
because the wavelength of an electron is much smaller than that of a photon of visible
light. The point-to-point resolution of a commercial Field Emission TEM is as low as
0.19 nm. Beyond size and distribution measurements, the crystal structure and
element information also can be obtained by analytical techniques associated with
TEM, including the “Diffraction Mode” of TEM, combined energy dispersive x-ray

spectrometer (EDS) and electron energy loss spectrometer (EELS).

Samples for TEM characterization are prepared by adding one drop of NP

dispersion in volatile solvent onto copper grids with carbon support film. The samples

are ready for use after the solvent is dry.
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4.2 Ultraviolet-visible Spectroscopy

The function of this instrument is relatively straightforward. A beam of light
from a visible and/or ultraviolet (UV) light source is separated into monochromatic
beams by a prism or diffraction grating. Each monochromatic beam in turn is split
into two equal intensity beams by beam splitter. One beam, i.e. the sample beam,
passes through a small transparent container (cuvette) containing a solution of NPs in
a transparent solvent. The other beam, also called the reference beam, passes through
an identical cuvette containing only the solvent. Both the intensities of these light
beams are then measured by light detectors and compared. In our measurement, the
UV scan region is normally from 200 to 400 nm, and the visible portion is from 400

to 800 nm.

4.3 SQUID Magnetometer

SQUID or Superconducting Quantum Interference Devices are very sensitive
magnetometers used to measure extremely small magnetic fields, based on
superconducting loops containing Josephson junctions. A commercial SQUID usually
has the following features: AC Susceptibility Measurement from - 0.1 Hz to 1K Hz
with the sensitivity as 2 x 10-8 emu at 0 T; Ultra-Low Field Capability from + 0.05 G
for the 5 T or 7 T magnets; Reciprocating Sample Option (RSO)-DC Magnetization

absolute with the sensitivity as 1 x 10® emu at 2,500 Oe and Continuous Low
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Temperature Control/Temperature Sweep Mode (CLTC) with the Sweep rate as

0.001 ~ 10 K/min.

The NP sample for magnetic characterization is in powder form and kept in a

lock-ring capsule.

5. Summary

In this chapter, the basic and general concepts of semiconductor, metal and
magnetic NP synthesis, characterizations and their related optical, electronic and
magnetic properties are reviewed. Based on these introductions, in the next few
chapters I will focus on a few specific topics related to zero-dimensional NPs that

were carried out in my graduate research.
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Chapter 2: Crystallinity Controlled Metal Nanoparticles:
Synthesis and Properties '

In this chapter I will focus on one important topic of metal nanoparticles (NPs),
i.e., how to achieve crystallinity control at the nanoscale. I will start by reviewing the
current status of this field. Then I will highlight recent experimental progress towards
realization of absolute nanocrystallinity control by using silver NPs as an example.
Lastly, I will present three examples to emphasize the importance of nanocrystallinity

control, and provide an outlook for future research.

1. Introduction

Metal NPs with size close to or smaller than their electron mean free path
(typically 10-100 nm) show many unusual properties and functionalities [9] and can
serve as model systems to explore fundamental quantum and classical coupling
interactions as well as provide building blocks of many practical applications
including catalysis, molecular- and bio-sensing/regulation, photonics [44, 51, 52, 65-
69]. The intrinsic properties and functionalities of these NPs depend strongly on their
size, composition, shape, structural and electronic defects. Under this context,

controlled synthesis of well-defined metal NPs has been a top research interest.

1. This chapter was adapted from: Yun Tang and Min Ouyang. “Tailoring Properties and
Functionalities of Metal Nanoparticles through Crystallinity Engineering”, Nature Materials
(2007), 6(10), 754-759.
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While recent advances in strategies for chemically synthesizing metal NPs have
enabled excellent control of size, composition and even shape [70-79], defect control
at the nanometer scale, to ensure essential perfect nanocrystallinity for physics
modeling as well as device optimization, has posed outstanding challenges. Because
of their small size, NPs typically show unusual crystalline properties as compared
with their bulk counterpart [80]. There are a few issues needed to be considered for
nanoscale crystallinity, including (1) the constraint of translational invariance on a
lattice that does not apply for very small sized nanostructures (<10 nm) and (2)
surface energy due to very high surface/volume ratios. In order to analyze NP
energetics, the thermodynamics and growth kinetics have to be taken into account.
The first question to be considered is what is the most favored structure a NP can
possess at low temperature, given its size and composition? For this determination,
the potential energy surface global minimum needs to be calculated under different
conditions. Theoretically, the binding energy E, of a NP of size N (with a given
structure) can be expressed by considering both volume and surface (from facets,

edges and vertices) contributions [80]:

E (N ) = aN(volume) + bN*"*( facets) +cN'" (edges) + d(vertices)

where a, b, c and d are factors related to the sturcture. The stability of NPs in different

size ranges can be evaluated by another useful parameter, A(N), defined as follow:
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where &, 1s the cohesive energy per atom in the bulk. A(N) represents the excess
energy with respect to N atoms in a perfect crystal. Figure 2.1A shows comparison of
A(N) among single crystal face-centered cubic, icosahedron and decahedron NPs,
showing that within a small size range, noncrystalline structure may be energetically

more stable than a single crystal. This agrees qualitatively with experimental results

(Figure 2.1B) [80-83].
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Figure 2.1 (A) Qualitative behavior of A(N) for NPs with different crystalline
property. This curves show the qualitative relationship between size and
stability of small nuclei within a small size range. Icosahedron (Ih) should be
the more favored at small size than the other two structures, face-centered
cubic (fcc) and decahedron (Dh). Also the potential energy barriers between
these morphologies are low enough that thermal fluctuations could provide
sufficient energy to provoke shifts between the twinned and single crystal
morphologies. So the small nuclei are mixture of Multiple-twinned (MT) and
Single-crystalline (SC) structures, and they continue growing to MT- and SC-
NPs. (B) Silver NPs synthesized from traditional Polyol method showing
existence of various structural defects, including five-fold twinning defects
(inset).
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Crystallinity control of NPs requires efficient ways to adjust the thermodynamic
energy during synthesis. Recently, Xia’s group at the University of Washington at
Seattle demonstrated that by introducing a small amount of chloride and oxygen
species into the conventional polyol synthesis, twinned seeds could be selectively
etched and dissolved thus promoting the formation of single crystal metal
nanostructures [84]. However, this method typically led to large sized nanostructures
with a broad size distribution. Our goal is to seek a facile synthetic route that can
achieve efficient nanocrystallinity in a highly controlled manner while maintaining

less than 5% size variation.

2. A Novel Chemical Synthetic Scheme

We have developed a single-phase synthetic route to achieve mono- dispersed
metal NPs with well-defined crystallinity. Figure 2.2 shows examples of both perfect
single crystalline (SC-) and disorder multiply twinned (M7-) structures. We start with
a series of organometallic single molecules (such as silver-phosphine complexes,
Ag(PPhs);—R with R= —Cl and —NO; , in the Figure 2.2) as the precursors for
synthesizing metal NPs. During the synthesis these molecular precursors not only
provide metal chemical sources for growing NPs but also simultaneously release
functional groups to guide the synthesis: because of different atomic energy sites on
the crystallographic facets, the chemical activity of M7-NPs shows a substantial

difference with respect to the SC- counterpart, or a slight difference among various
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twinning configurations. The method provides a general synthetic route for the
modification of the thermal barrier (Figure 2.1A) and the nucleation and growth of
metal NPs with desired crystallinity. There are two main reasons for choosing the
phosphine complex as a precursor in our synthesis: it is a well defined general
organometallic complex that can accommodate many different metals and different
functional R groups can be incorporated and/or combined into the molecules leading

to kinetic control of NP synthesis [85-88].

Figure 2.2 A novel synthetic strategy for controlling the crystallinity of silver
NPs.

In Section 2.1, silver NPs will be used as an example to describe synthesis and

characterization procedures.

40



2.1 Synthesis and Characterizations of (PPh;);Ag—R

Precursor 1 (R= —NOj): Solution of 17.0 mg silver nitrate (209139, Sigma-
Aldrich) in 2 mL anhydrous acetonitrile (271004, Sigma-Aldrich) is added to the
solution of 78.7 mg triphenylphosphine (T84409, Sigma-Aldrich) in 8§ mL
acetonitrile. Crystals slowly precipitate out with gentle agitation. The white crystals
are stored in a dark, dry atmosphere after washing several times with acetonitrile and

drying in the dark.

Elemental Analysis: Calcd. for CssHasNO3P3Ag: C, 67.79; H, 4.74; N, 1.46. Found:
C,6791;H,4.72; N, 1.53.

3P NMR (Dichlormethane-d,, 444324, Sigma-Aldrich) §(chemical shift): 8.06ppm.

Precursor 2 (R= —Cl): Stoichiometric quantities of silver nitrate (17.0 mg),
triphenylphosphine (78.7 mg) and tetraethylammonium chloride hydrate (113042,
Sigma-Aldrich) (33.2 mg) are added to warm acetonitrile (10 mL). Crystals form by
slowly cooling the solution. After washing with acetonitrile and drying under

nitrogen, the white crystals are stored in a dark, dry atmosphere.
Elemental Anallysis: Caled. for Cs4HasP3ClAg: C, 69.73; H, 4.88; P, 9.99; Cl, 3.81.

Found: C, 69.55; H, 4.82; P, 10.01; Cl, 3.68.

3P NMR (Dichlormethane-d,) 8(chemical shift): 3.34ppm.
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2.2 Synthesis and Characterization of M7T- and SC- NPs

We have discovered that mono-dispersed silver NPs (the size variation is less
than 5%) with size between 8 to 20 nm can be obtained by one-step single phase
synthesis, by the reduction of air stable (PPh3);Ag—R with amine molecules (—NH>)
at elevated temperature in organic solvents. In a typical experiment, the Ag(PPhs);—R
molecular precursor is dissolved in anhydrous o-dichlorobenzene (240664, Sigma-
Aldrich) under helium. After the clear solution is heated to the desired temperature
oleylamine (129540010, Acros) is quickly injected into the solution with vigorous
stirring. The synthesis conditions for selected sized twinned and single crystalline
NPs are summarized in Table 2.1 and 2.2 below. Oleylamine serves as both reducing
agent and capping ligand for the NPs. Compared with other inorganic reducing
agents, oleylamine has a less reducing ability. This slows the reducing rate of silver
cations, allows control over the growth and ultimately leads to narrow size
distribution [70]. Once the concentration of reduced silver monomers in solution is
high enough, silver monomers follow the conventional synthetic scheme, which
involves rapid homogeneous nucleation and growth, followed by self size focusing to
achieve the narrowest size distribution and slower ripening which means the size
distribution gets broader. The formation of Ag NPs is evidenced by slow color change
of the solution from clear to bright yellow. The NPs can be precipitated out of
solution by adding methanol after the reaction is stopped by cooling to room
temperature. The NPs can also be re-dispersed in other non-polar organic solvents,

such as toluene, for later use.
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Table 2.1 Synthesis of different sized MT-NPs follows the general procedure
described above with precursor 1.

Size (nm) 8.8+0.3 13.9+0.5
Precursor / (mmol) 0.05 0.19
o-dicholorbenzene (ml) 17.0 19.0
Oleyamine (mmol) 7.2 3.6
Temperature (°C) 174.0 150.0
Reaction time (mins) 30 120

Table 2.2 Synthesis of different sized SC-NPs follows the general procedure
described above with precursor 2.

Size (nm) 14.0 £ 0.6 20.0+0.9
Precursor 2 (mmol) 0.19 0.19
o-dicholorbenzene (ml) 19.0 19.0
Oleyamine (mmol) 3.6 3.6
Temperature (°C) 140.0 150.0
Reaction time (mins) 120 240
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2.3 Electron Microscopy Characterizations

In order to characterize synthesized NPs and to understand their structure we

Figure 2.3 Large scale (left) and high resolution TEM (top-right) images and

SPED patterns (bottom-right) for two identical sized (A) MT- and (B) SC-
silver NPs. In the large scale images, the NPs having twinning defects can

diffract the electrons into the angular range selected by the objective
aperture, the remaining parts of the NP show darker contrast. The different
contrast of the SC-NPs is caused by different crystal orientation. From the
measurements, we can safely conclude that nearly 100% of the silver NPs
synthesized by precursor 1 possess MT- structure, while nearly 100% of the

used the JEOL 2100F and 4000FX field emission transmission electron microscopes
NPs with SC- structure are obtained by precursor 2.

(TEM) at the Maryland NanoCenter.
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Figure 2.3 A and B (left), show typical large scale TEM images of silver NPs
with an average diameter of 10.6 = 0.4 and 10.5 + 0.4 nm, synthesized from
precursors with RZ and R2, respectively, These NPs have not undergone size
selection. The difference between these two large scale TEM images can be
immediately addressed. The clear inhomogeneous feature developed in all the NPs
presented in the Figure 2.3A can be attributed to the existence of twinning defects in

silver NPs, while all the NPs in Figure 2.3B are homogeneous.

Figure 2.4 TEM images of different sized (A) MT- and (B) SC- silver NPs.
The white scale bars in the images are all 20 nm. The yellow number is the
average size of NPs shown in the images.
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In the TEM experiment, the NPs with twinning defects can diffract the electrons
into the angular range selected by the objective aperture and the remaining parts of
the NP show darker contrast. The different contrast of the SC-NPs is caused by
different crystal orientation [83]. The single crystallinity of silver NPs can be further
indentified with high resolution TEM and Single Particle Electron Diffraction (SPED)

characterization shown in Figure 2.3 A and B (right). Different size NPs with well

defined crystallinity can also be synthesized, shown in Figure 2.4.

-20 deg -10 deg 0 deg +10 deg +20 deg

Figure 2.5 Angle dependent TEM images of 10.5 nm SC- and MT- silver
NPs. It is clear that the perfect lattice of the SC-NP does not depend on the
angle, but the contract of the SC-NP does. The image is dark when the SC-
NP is at +20 deg, and lighter at +10 deg. For the MT-NP, the twinning defects
can not been noticed clearly on some of angles (-10 deg and +20 deg, for
examples).
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Occasionally TEM and SPED images are not sufficient to provide accurate
information on the crystallinity of NPs due to, for example, chemical coatings on the
surfaces or NP orientation. In order to characterize and define unambiguously
crystallinity of as-synthesized NPs, we also have carried out angle dependent TEM
measurements to confirm the difference between M7- and SC- NPs, as shown in
Figure 2.5. For SC-NPs homogeneous atomic lattice structure can be observed at all
angles, while the contrast of inhomogeneous lattice structures in M7-NPs is angle

dependent.

2.4 Discussion on Mechanism

To elucidate the mechanism of crystallinity control, we characterize the time
evolution of growth of both silver M7- (Figure 2.6) and SC- (Figure 2.7) NPs. For the
synthesis with both precursor 1 and 2, we observed very small silver SC- and MT-
nuclei (~3 nm) at the early growth stage (the top-left images of Figure 2.6 and 2.7).
This agrees with previous theoretical and experimental studies (Figure 2.1). It is
believed that MT- nuclei typically possess smaller surface and volume energies that
favor growth to large size [9, 80]. With time, the MT-NPs follow the conventional
synthetic scheme [9, 70, 78]. When the functional group of the precursor is replaced
with —Cl, precursor 2 not only serves as a silver source but also provides abundant C1~
ions after reduction. The CI” ion is easily bound to defect sites (due to higher energy)

and thus inhibit continuing growth of nuclei with MT- structure. Therefore only
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nuclei with SC- structures can continue to grow to large size and participate in the
conventional synthetic scheme (Figure 2.2). This mechanism is further supported by
our control experiments showing that if the growth rate of NPs is increased by either
higher reaction temperature or higher oleyamine concentration the Cl™ ion may not

efficiently inhibit the growth of all M7~ structure thus leading to mixtures of SC- and

MT- NPs (Figure 2.8).
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Figure 2.6 Time evolution of growth of MT-NPs characterized by TEM. The
white scale bars in the images are all 20 nm, and the black bars in the small
inset images are 3 nm. Time dependent TEM images are taken after the
injection of 3.6 mmol oleylamine into 0.19 mmol precursor 7 in 19 ml of o-
dichlorobenzene at 140°C. The 15min image shows the coexistence of SC-
and MT- nuclei. With time, nuclei grow to large size which following a
conventional synthetic scheme. The narrowest size distribution (<5%) for this
synthesis occurs at 120mins. After that, the NPs keep growing but the size
distribution becomes broader slowly.
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Figure 2.7 Time evolution of growth of SC-NPs characterized by TEM. The
white scale bars in the images are all 20 nm, and the black bars in the small
inset images are 3 nm. Time dependent TEM images are taken after the
injection of 3.6 mmol oleylamine into 0.19 mmol precursor 2 in 19 ml of o-
dichlorobenzene at 140°C. The 3min image also shows the coexistence of
SC- and MT- nuclei. With time, only SC- nuclei grow to large size which
follows conventional synthetic scheme, The CI™ ions inhibit continuing growth
of MT-nuclei. The narrowest size distribution (<5%) for this synthesis occurs
at 240mins. After that, the NPs keep growing but the size distribution
becomes broader slowly.

The advantages of using metal-phosphine complexes as silver sources for NP
synthesis include: facile synthesis, well-defined molecular structure and
stoichiometry, solubility in organic solvents, a key point for the syntheses of mono-
dispersed NPs, and flexible choice of central metal ion and functional R group. These

provide a new and versatile route to kinetically controlled synthesis of metal NPs.
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Figure 2.8 Mixture of MT- and SC- NPs. Mixture of MT- and SC- NPs can be
achieved in a single reaction with different ratio of MT- to SC- NPs (the red
number) by simply tuning the ratio of reducing agent to precursor amounts.
(The scale bars in the images are all 20 nm.)

3. Significance of Nanocrystallinity Control

As compared with current available techniques, our technique has an additional
level of synthetic nanocrystallinity control through judicious choice of the functional
group of the organic molecular precursors. Our technique should facilitate the
investigation of NPs for fundamental chemistry and physics as well as for practical

device applications. Using a variety of experimental techniques we have carried out
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in- depth investigations of synthesized silver SC- and MT7- NPs, revealing how
structural defects govern chemical functionalities, electron-phonon interactions and
mechanical properties as well as performance of molecular sensing devices at the
nanoscale. These studies provide a rational pathway for the understanding and
controlling the intrinsic properties and functionalities of metal NPs through
nanocrystallinity engineering and for further optimizing device performance

fabricated from these nanoscale building blocks.

3.1 Role of Nanocrystallinity on Nanoscale Material Chemistry

Recent progress in the synthesis of NPs has sparked significant interest for
template directed solid state chemistry at the nanometer scale in which the NPs can be
chemically transformed into novel complex nanostructures. At the nanometer scale,
the thermodynamics and kinetics of the chemical reactions are dramatically different
from those in bulk materials due to the different free energy and reactivity of atomic
sites within the NPs. Understanding how chemical transformation can be manipulated
by defect engineering within NPs will be vital for the optimal use of chemical
transformations to create building blocks with novel properties and functionalities
[89-92]. We start with as-synthesized 10.5 nm silver SC- and MT- NPs as templates
and perform a direct chemical reaction of these two different kinds of Ag NPs with Se
powder in o-dicholorbenzene solution at 45 °C. Figure 2.9 highlights the HRTEM

image and SPED characterizations of single NPs before and after the reaction.
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Figure 2.9 Chemical transformation of 10.5 nm silver SC- and MT- NPs to
Ag.Se nanostructures at 45°C in o-dicholorbenzene. (A) Typical High
Resolution Transmission Electron Microscope (HRTEM) image (top-left) and
Single Particle Electron Diffraction (SPED) (top-right) of SC-NP and
schematic diagram of atom diffusion paths (middle); typical HRTEM image
(bottom-left) and SPED (bottom-right) of SC-Ag>Se NP with hollow core. (B)
Typical HRTEM image (top-left) and SPED (top-right) of MT-NP and
schematic diagram of different atom diffusion paths (middle); typical HRTEM
image (bottom-left) and SPED (bottom-right) of solid SC-Ag.Se NP. Blue and
orange spheres represent silver and selenium atoms, respectively. Yellow
and red arrows represent outward silver diffusion and inward selenium
diffusion through the lattice, respectively. The dark grey spheres (behind
some of the orange spheres) highlight silver atoms in the twinning
boundaries, providing another fast atom diffusion path for both silver and
selenium atoms (white arrows). Scale bars in the HRTEM images are all 5
nm.
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For the silver MT-NPs we observe formation of solid, perfect single crystalline
Ag,Se (Figure 2.9, Right), while for the reaction started with SC-NPs single
crystalline Ag,Se with a well defined hollow core can be obtained (Figure 2.9, Left).
For the selenization process with silver SC- NPs we find that the diameter of the hole

inside the NPs is 20-40% of the final particle size.

The observed differences in Figure 2.9 suggest two different nanometer scale
chemical transformations. We believe that formation of hollow cores after chemical
transformation of SC-NPs follows a mechanism analogous to the Kirkendall effect, in
which the diffusion speed of Ag atoms is faster than that of Se atoms during the
reaction. This leads to vacancy formation and vacancy condensation into a single hole
by crystal relaxation [92]. However, when many twinning defects exist in the silver
NPs, the outward and inward transport of atoms and vacancies may take place in a
hierarchical order: (i) transport along the surface (and surface layers) (ii) lattice
diffusion; and (iii) transport along the twinning boundaries. The first two cases
resemble the kinetics of the Kirkendall effect. The third case may be important for
atom diffusion when Se reacts with M7-NPs because twinning boundaries are
believed to act as easy diffusion paths called “Pipe Diffusion” [93] for both Se and
Ag, which may balance the outward and inward flows of atoms and diminish the
formation of vacancies. In addition, defects in the core of MT Ag NPs will also help
to anneal vacancies. Perfect single crystalline Ag,Se NPs are the only products of the

chemical transformation of M7-NPs.
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3.2 Role of Nanocrystallinity on Fundamental Physical Processes

Knowledge of fundamental electron and phonon interactions at the nanometer
scale is central for understanding many new properties of nanomaterials and
represents the key for fully exploiting quantum confinement effects. Extensive
studies have been carried out on metal NPs, yielding, for example, information on
intrinsic electron and phonon coupling, however, the results are contradictory [46, 94-

101].
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Figure 2.10 Schematic drawing of two-color (Pump-probe) time-resolved
optical measurement setup. A first energetic pump pulse, resonant with an
electronic or vibrational transition of the system under study, perturbs the
absorption by the sample; the system evolution following excitation is
monitored by measuring the transmission change of a delayed, weak probe
pulse. The probe can be either an attenuated replica of the pump pulse,
obtained by a beam splitter (degenerate pump—probe) or a pulse with a
different color (non-degenerate or two-color pump—probe). One usually
detects the pump-induced variation of the probe energy, measured by a slow
detector, as a function of the time delay (Af) between pump and probe pulses.
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Using time resolved spectroscopy, we show for the first time that fundamental
electron and phonon properties of silver NPs are dramatically modified at the
nanometer scale by defect engineering. Two-color femtosecond pump-probe
measurements (Figure 2.10) are systematically performed in both silver SC- and MT-
NPs dissolved in toluene solution at room temperature. For 10.5 nm sized silver NPs,
the Localized Surface Plasmon Resonance (LSPR) energy (~3.1eV) is well separated
from the interband transition (~4.0eV, 4d — Ssp transition), allowing measurements
at off-resonance to achieve a weak perturbation regime. A 100-fs laser pulse with
250-kHz repetition rate is used to excite electrons from below to above the Fermi
energy, generating a non-thermal equilibrium electron distribution (Insert, Figure
2.11A). At a delay time At¢, a probe pulse with energy tuned to around LSPR
(providing high sensitivity due to the remarkable strength of the LSPR absorption)
measures the time dependent pump induced transmission change (A7/7, T is the
temperature). Typical time resolved A7/T data obtained from two control SC- and
MT- samples under similar experimental condition are shown in Figure 2.11A. For
both samples, time resolved data clearly show inter-correlated energy transfer
processes with different dominant interactions in characteristic timescale as follows:
(1) the short time delay (t<0.5ps) behavior of A7/T corresponds to electron-electron
(e-e) scattering and correlated thermalization dynamics of non-equilibrium
conduction electrons after pump excitation; (2) the follow-up fast exponential decay
(0.5<t<4ps) can be attributed to energy exchange of electrons with the lattice mainly
through electron-phonon (e-ph) coupling process, whose decay constant allows direct

measurement of e-p/ interaction time; (3) on a longer time scale (t>4ps) the process is
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mainly dominated by phonon-phonon (ph-ph) interactions and energy (heat)

dissipation from NPs to the local environmental matrix.
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Figure 2.11 Time-resolved measurements of 10.5 nm silver MT- and SC-
NPs. (A) Normalized optical transmission change (AT/T) as a function of time
delay (At). Red and blue curves are experimental data from SC-NPs recorded
at the absorbed pump laser energy density Eagp =1.38x106 Jm™ (which is
near to the Localized Surface Plasmon Resonance of the 10.5nm SC-NPs)
and from MT-NPs acquired at Eaep =1.44x106 Jm™>, respectively. The inset
shows the equilibrium electron distribution of NPs (blue line) and the
perturbed one after absorption of pump pulse energy (E,) (orange dashed
line); Er and Ng represent the Fermi energy and the density of states,
respectively. (B) Experimental Eaep (the absorbed pump laser energy density)
dependence of 7, , (the e-ph relaxation time) for both MT- and SC-NPs.

7, 1S obtained by fitting to the time-resolved AT/T trace. Red and blue lines

are linear fits to data for SC- and MT-NPs, respectively. The error bars are
derived from the best fit to the experimental data set.

As known, the e-ph coupling constant (G) is important for understanding the
nature of nonequilibrium electron relaxation. The superconducting transition
temperature depends most strongly on the electron-phonon coupling constant G.

Large G causes faster dynamical response, which provides efficient scattering of the
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excited electrons. To further quantify e-ph interaction within NPs and gain more
physical insight we estimate based on a two-temperature model by relating the e-ph

relaxation time (7, ,,) to the absorbed pump laser energy density (Eagp) by a single

particle as [99]:

(1 1
Z-e—ph - G + TOG EAED

where v is electronic specific heat and 7 is room temperature. Experimentally, 7.,
can be determined by fitting the experimental of (A7/7) data (Figure 2.11A) with the
convolution of the theoretical response function and instrument response function. In
previous studies G values were obtained by extrapolating experimental data to obtain
intercept and then obtaining G in order to eliminate ill-characterization and non-
reproducibility of experimental conditions (such as sample concentrations and laser
intensity). In our measurement we can determine sample concentration accurately
(3%) and carry out all measurements under the same conditions, therefore we are able
to normalize our pump laser intensity to the absorbed energy density (E,zp) of a
single particle and obtain G by fitting with slope by the given equation , which we
believe provides a more accurate value of G. Indeed, our experimental data fit well
the predicted linear dependence (Figure 2.11B) and yield a G value of
(1.49£0.22)x10'® JK'm™s and (3.66+0.54)x10"° JK'm>s for MT- and SC- NPs,

respectively.
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The G value of MT-NPs is in good agreement with the range determined in
previous reports [97, 99], and thus provides an additional consistency check in our
work. However, our measured G value for silver SC-NPs is about 4 times smaller
than that of M7-NPs, which suggests a significant enhancement of e-ph scattering

within the MT-NPs due to the existence of twinning boundary.

The time resolved measurements also provide valuable information on the low
frequency acoustic vibration modes of NPs that are a unique signature of their
structural and mechanical properties that are extremely difficult to observe with
spontaneous Raman spectroscopy. In our experiment, low frequency acoustic
vibration modes are impulsively excited by a rapid expansion of silver NPs by
absorption of a femto-second pump pulse [99]. The vibrations are described as weak
oscillations superimposed on a slowly decaying background, due to modulation of
electronic properties by coherent mechanical oscillation. These have been recently
reported in semiconductor and metallic nanostructures. Figure 2.12A highlights a
portion of the data (> 5ps) in Figure 2.11A after removing the residual exponential
background from the e-ph scattering process. The oscillations characteristic of the
fundamental breathing mode of acoustic phonon vibration in both M7- and SC- NPs

are clearly revealed. We fit the oscillation pattern with a phenomenological response

function: A(z) = Aoe(_’”m) cos(i—m‘ + ¢j , where 4, is amplitude, 7, is the decay time of

br

energy transfer time from NPs to the local surrounding medium, ¢ is the phase, and

Ty, is the oscillation period. As shown in Figure 2.12B, oscillation periods extracted
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from both samples show no dependence on E4zp or on solvents in our weak
perturbation regime. The averaged periods are 3.55 + 0.02ps and 4.16 £+ 0.02ps, for
SC- and MT- NPs, respectively. The observed acoustic phonon vibration period can

27R

SoNY/p

silver, p=10.5g/cm’ is the density of silver, R is radius of NPs and Y is elastic

be related to the elastic modulus of NPs through 7, = , where &=2.85 for

modulus. We find that the elastic modulus, Y, of silver NPs increases about 37% from
MT-NPs (81 £ 5 GPa) to SC-NPs (111 £ 7 GPa). While it is generally believed that
defects can degrade macroscopic mechanical properties and smaller materials (such
as one dimensional nanotubes) have been observed to have mechanical strengths
considerably greater than those of their macroscopic counterparts due to a reduction
in the number of defects per unit volume [102-106], our results provide the first direct

evidence of the dependence of nanomechanics on defects at the nanometer scale.

3.3 Role of Nanocrystallinity on Nanoscale Device Applications

Our time resolved measurements performed on silver SC- and M7- NPs in the
vicinity of LSPR provides fundamental insight into the physics of these nanometer
scale systems as well as essential information for NPs based applications. One
important application of plasmonic metal NPs is chemical and biological sensing
based on the sensitive and stable LSPR spectral response to local environments.

While many theoretical and experimental studies have been carried out to improve
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NPs configuration to enhance their sensitivity of LSPR response (e.g., zeptomole (10
'mol) sensitivity of silver NPs based optical sensors have been recently achieved for
the detection of biomolecules) [68, 69, 107-117]. The dependence of sensitivity on

the nanocrystallinity of plasmonic NPs has not yet been reported.

To illustrate the effect of twinning defects on LSPS dielectric sensitivity, we
evaluate and compare the LSPR spectra of silver SC- and M7- NPs collected in
various solvent environments. The results are summarized in Figure 2.12. We observe
that for all of the solvents investigated the Full Width at Half Maximum (FWHM) of
LSPR peaks of SC-NPs (0.29+0.01eV) are consistently smaller than that of M7-NPs
(0.50+0.01eV), which suggests that twinning defects within M7-NPs play a critical
role in the damping of LSPR of NPs. They significantly enhance scattering process on
the basis of the frame of Mie theory (the linear relationship between NP’s LSPR
energy shift and environmental dielectric constant) [96], and agree with our time
resolved measurements in Figure 2.11. Figure 2.13A shows a linear dependence of
LSPR energy on refractive index, n, for both SC- and M7- NPs. This is similar to the
tendency seen in previous reports of plasmonic based NPs sensor devices [115].
Linear regression yields experimental slopes, m, of (-0.55%+ 0.02) eV/RIU and (-
0.33+0.04) eV/RIU, for SC-NPs and MT-NPs, respectively, where RIU is the
refractive index unit. To further evaluate device performance of chemical sensors

based on SC- and MT- NPs we define a “Figure-Of-Merit” (FOM) as follows [115]:

B |m| (eV /RIU)

FOM
FWHM (eV)

, and we find that the FOM is improved by a factor of three
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for SC-NP based devices (1.89 RIU™") as compared with M7-NP based devices (0.66

RIU™.
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Figure 2.12 Time-resolved measurements of 10.5 nm silver MT- and SC-
NPs. (A) Coherent acoustic-phonon oscillation modulation of AT/T data
shown in Figure 11A on an enlarged scale, after removing the residual
exponential background from the e-ph scattering process. Black lines are fits
to experimental data. (B) Experimental Eaep (the absorbed pump laser energy
density) dependence of acoustic-phonon oscillation period (T,) for both MT-
and SC-NPs. Red and blue lines represent the averaged period for SC- and
MT-NPs, respectively. Red and blue stars are data acquired from SC- and
MT-NPs dispersed in toluene, respectively. The error bars are derived from
best fit to the experimental data set.

We also investigated the use of SC- and MT7- NPs as molecular rulers, and
compared LSPR energy response for molecular adsorbates of different lengths. After
measuring the LSPR spectra of 0.5 mM silver NPs dispersed in chloroform, a 0.05
mmol straight chain alkanethiol molecules (CH3(CH;),SH, x=9~17) are injected into
a cell under nitrogen and NPs are incubated in the solution for at least 10 hours to

achieve stable and full coverage of self-assembled alkanethiol molecules on NPs
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surface. Figure 2.13B shows the dependence of the LSPR energy shift (related to
LSPR peak energy of NPs without the presence of molecular adsorbates) on
alkanethiol chain length, x. The observed responses of both SC- and M7- NPs are
linear with the length of the alkanethiol molecules. This agrees with Mie theory
calculations performed on spherical NPs, however, the sensitivity of SC-NPs of
0.037eV for each additional methylene unit in the adsorbed molecules is almost three
times higher than the of M7-NPs value of 0.014eV. The mechanism for much higher
sensing capability of SC-NPs is not clear. One possibility is that occupation (packing
density) of ligand and molecular adsorbates on the surface (as shell) of M7- NPs (as
core) might be different from that of SC-NPs due to the existence of different surface
crystalline facets in M7-NPs, giving a different effective refractive index immediately
surrounding the NPs core. However, this effect will only induce constant LSPR peak
energy shift instead of a sensitivity change. Further systematic studies will be
necessary to provide more information on the sensitivity dependence of
nanocrystalline structure which may be important for the future optimization of

plasmonic metal NPs based molecular sensing devices.

4. Conclusions

In this chapter I address the important issue in nanoscience and nanotechnology
of nanocrystallinty control of metal NPs. Our ability to synthesize mono-dispersed

silver NPs with controlled crystalline structure opens up new opportunities, ranging
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from fundamental solid state chemistry and physics to ultra-sensitive sensor
applications at the nanometer scale. We further show that defect mediated chemical
transformations allow a rational design of complex nanostructures if nanometer scale
structural disorder is appropriately introduced to suppress or enhance competing
mechanisms. Defect engineering can provide a means for precisely tailoring
nanometer scale electronic and mechanical properties as well as controlling classical
and quantum coupling interactions, ultimately leading to the optimization of device

performance of defect-engineered NPs.
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Figure 2.13 LSPR (Localized Surface Plasmon Resonance) energy shift of
MT- and SC- silver NPs: (A) in different solvents with different dielectric
constant; (B) with different capping ligand molecules.
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Chapter 3: A Versatile Strategy for Precisely Tailored
Core@Shell Nanostructures with Single Shell Layer Accuracy:
the Case of Metallic Shell >

Core@shell nanostructures represent a unique constitution integrating different
materials, properties and functionalities into a single unit. This class of nanostructures
has shown enormous importance for both fundamental science and technological
applications, including enhanced luminescence, biomedical, energy transfer, and
fundamental couplings [118-123]. A key challenge here is the precise and tunable
control of both core and shell dimensions and chemical compositions independently.
So far the most successful examples to address this challenge are limited to certain
semiconductor-core@semiconductor-shell structures by taking advantage of material
epitaxial nature [124] while other types of core@shell combinations remain
substantial technological challenges. In this chapter, I will describe a general well-
controlled synthetic strategy to achieve meticulous control of metallic shell growth at
the single monolayer level with versatile core nanoparticles (NPs), thus facilitating
investigation of their scope for numerous applications. The key to the success of this
strategy is to introduce an intermediate phase in a phase transfer reaction to finely
tune shell growth process. Three categories of core NPs with distinct functionality,
including metallic, magnetic, and semiconductor NPs, are chosen to demonstrate
versatility of our approach. Enabled by such, we further highlight importance and

tunability of plasmonic, optical and magnetic couplings with shell control.

2. This chapter was adapted from: Jiatao Zhang * , Yun Tang * and Min Ouyang. “A Versatile
Strategy for Tailored Core@Shell Nanostructures with Single Shell Layer Accuracy: the Case
of Metallic Shell”, Nature Nanotechnoloy, 2009, submitted. (* contributed equally to this work)
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Furthermore, because the metallic shell can act as useful platform for
converting to various compounds [7, 125], our methodology represents a facile and
highly controllable synthetic pathway for complex nanostructures, thus is important
for understanding and manipulating fundamental nanoscale chemical and physical
property as well as assembling nanostructures with desirable structure and

functionality.

1. iPAPER: Principle and Synthetic Procedure

Although advances in strategies for synthesizing plain NPs have achieved
significant success in controlling size, composition, shape and even crystallinity [31],
core@shell nanostructures have only obtained limited progress. Experimental
challenges of achieving precise control of core@shell structures mainly include self-
nucleation of shell components and inhomogeneous growth over core NPs, which set
requirements of both slow growth rate of shell and controllable surface reactivity of
core NPs. These requirements in principle could be met by using less active
precursors for the shell component and surface chemical modification of core NPs
[126-131], which have posed significant limitation to the choice of both core and
shell materials. Our strategy, denoted as intermediate phase assisted phase exchange
and reaction (/PAPER), however relies on controlling phase transfer reaction during
the shell growth, as highlighted in Figure 3.1. Phase transfer mechanism has been

demonstrated to be an attractive strategy for synthesizing a wide range of NPs
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because it combines advantages of both aqueous and organic phase synthesis [132].
While a similar mechanism was also attempted for core@shell synthesis, there is no
control of self-nucleation of shell component, thickness and monodispersity due to

distinct polarity difference in the interface [133].

I aqueous phase
I intermediate phase
HiI. organic phase (linoleic acid)

Core@Shell

Figure 3.1 Schematics of /PAPER strategy for core@metal-shell synthesis.

The key to the success of our iPAPER method is the judicious choice of an
intermediate phase reagent so that it can coordinate transport of ion (M"") and atom
(M?) species to govern shell growth dynamics and can have better compatibility with
core NPs surface to ensure homogeneous growth. We start with monodispersed core
NPs passivated with long chain alkyl ligands (e.g., oleic acid or oleylamine) as seeds
that can be dispersed well in fatty acid (phase III). Soluble metallic inorganic salts in

distilled water (phase I) are used as precursor for shell growth and can be available
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for most transition or main group metal ions, which provide a wide range of shell
composition as well as generality of our approach. In order to transfer metal ions
from aqueous solution, sodium linoleate (RCOONa) has been demonstrated to be an
effective phase transfer agent'’. Several criteria need to be considered when choosing
phase II reagent: (1) its polarity should be between those of phase I and III; (2) it
should be hydrophilic with charge-polarized heteroatom group; and (3) it should
reduce adhesion energy of core NPs to allow dynamic solvation of surfactant
molecules at the growth temperature to enable exposure of core NPs surface to shell
atoms. Once the phase II reagent is identified, phase I with metal ions, sodium
linoleate, phase II and III reagents are mixed together in a reaction vessel with
vigorous stirring to form a macroscopic homogeneous thermostable mixture.
Typically, a phase transfer process of metal ions would happen spontaneously in this
mixture process via formation of metal linoleate through phase exchange.
Appropriate reducing agent is thus introduced to the system to initiate shell growth
process, and the shell thickness can be precisely controlled by reagent concentration
and reaction time. An organic solvent such as toluene can thus be added to destroy
the homogeneous mixture, stop shell growth and extract final core@shell product to
the organic phase. To demonstrate versatility of this method we choose Au, FePt and
Ag,Se as representative metallic, magnetic and semiconductor core NPs respectively,
and use Ag shell as example to highlight precise control of /PAPER technique.
However, more combinations of core and shell can be available to further

demonstrate generality of iPAPER.
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2. Characterization of Core@Shell by iPAPER

TEM and EDS characterization: Samples for TEM characterization are prepared by
adding one drop of core@shell solution in toluene onto 300 mesh copper grids with
carbon support film (Ted Pella, 01820). JEOL 2100F and JEM 2100 LaB6 TEM are
applied for size, morphology and ensemble EDS characterizations. Single-particle
EDS measurement is operated under STEM mode with JEOL 2100F. Size distribution

of NPs is determined by counting over 100 NPs based on TEM characterization.

Optical spectroscopy characterization: The UV-Vis spectroscopy measurement is
carried out with commercial UV-Vis recording spectrophotometer (Shimadzu, UV-

2501PC) with sample in a sealed Smm- thick fused silica cell.

Magnetic property characterization: Magnetic property measurement of NPs is
carried out in a Quantum Design SQUID Magnetometer (MPMS XL-7). The sample
for characterization is in powder form and kept in a lock-ring capsule (Size 5, Torpac
Inc.). All sample preparations are under nitrogen protection. ZFC and FC curves are

typically obtained from 10mg sample with magnetic field of 500 Oe.
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3. Nanoscale Optics, Plasmonics and Magnetism Tailored by Core(@Shell

3.1 Metallic-Core@Metallic-Shell

Au@Ag is the first example to demonstrate fPAPER’s principle and synthetic
procedure. Different sized Au NPs passivated by oleic acid are synthesized following
previous report [132], and are used as core for successive growth of Ag shell. In a
typical synthesis of four monolayers of Ag shell with 2.8 nm core, 0.005 mmol Au
core NPs are dispersed in the three-phase mixture of 6ml of H,O, 4ml of ethyl glycol
(EG), 0.4ml of oleic acid, and 0.3g of sodium oleate. In this reaction, EG acts as
phase IT reagent. After the mixture becomes clear and homogeneous by shaking, 1ml
AgNO; aqueous solution is added drop by drop under vigorous stirring. 0.6ml of
ascorbic acid solution is then added drop by drop to act as reducing agent. After 24
hrs’ reaction, 10ml of toluene is injected into the mixture to stop reaction and extract

Au@Ag to toluene.

Figure 3.2a shows a series of high resolution transmission electron microscope
(TEM) images of Au@Ag core@shell structures with identical size of Au core NPs
and the shell thickness continuously tuned from one- to nine- monolayers enabled by

iPAPER.

69



Extinction (a.u.)

500
Wavelength (nm)

Figure 3.2 Precise and tunable control of Au@Ag nanostructure. a, Series of
high resolution TEM images of Au@Ag, highlighting layer-by-layer control of
shell thickness from zero- (plain Au core NPs) to nine- monolayers of Ag
shell. Red and yellow dashed lines are guides to the eye for core- and shell-
boundaries, respectively. Scale bar, 5nm. b, Large scale TEM images of
Au@Ag with same overall size of 6.8 + 0.3 nm after shell growth but from
different Au core NPs, highlighting uniformity and independent core control.
(TOP) Au@Ag prepared from core size of 2.8 + 0.2 nm (Inset). (Bottom)
Au@Ag prepared from core size of 4.5 + 0.3 nm (Inset). Scale bar, 20nm. c,
Evolution of optical spectroscopy of Au@Ag with different core size and shell
thickness. Spectra from same Ag shell thickness are represented by same
color and line pattern: dark red for plain Au core NPs; dash orange for one
monolayer of Ag shell; dash-dot pink for two monolayers of Ag shell; dot blue
for three monolayers of Ag shell; green for four monolayers; yellow for five
monolayers. Maximum SPR peak intensity is normalized to the unit for
comparing peak position and spectra are shifted vertically to show the
difference between different core sizes.
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Among of all bimetallic core@shell structures reported so far, Au@Ag system
represents the one that has been studied most, however, for size below 10nm in which
quantum effect can get pronounced there are no unambiguous reports of Au@Ag
core@shell structures so far, which was partially due to the lack of control of
miscibility between Au and Ag over the whole composition range in such size
regime. In addition, since well-defined core NPs are applied as seed for successive
shell growth, core and shell sizes can thus be independently tuned. Figure 3.2b
compares large scale TEM images of two uniform Au@Ag structures with same
overall size, but obtained from two distinct sized core NPs (Figure 3.3), further
highlighting the quality and the monolayer shell tunability of bimetallic core@shell

nanostructures enabled by /PAPER.

As compared with monometallic NPs, our ability of precise control of
core@shell nanostructures facilitates novel pathways to improve stability and quality,
and to understand and fine tune nanoscale property and functionality because of
synergistic effect, including for example tunable catalytic and plasmonic properties.
Because of dielectric confinement Au NPs as well as some other noble metals have
shown pronounced surface plasmon resonance (SPR) effect, giving their optical
property dramatically different from that of bulk. Figure 3.2c highlights evolution of
SPR with both core size and shell thickness at the single monolayer level. We observe
that SPR features of Au@Ag are significantly modulated layer-by-layer by Ag shell,
and for shell thicker than five monolayers the SPR features of core@shell

nanostructures are mainly contributed from silver component. However, while fine
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spectra structures of SPR depend on both Au core and Ag shell, for the same shell
thickness with different core sizes the overall peak features show the same, which

further confirm shell layer control of /PAPER.

Figure 3.3 High resolution TEM images of Au@Ag with layer-by-layer control
of Ag shell by /PAPER strategy. The size of Au core NPs is 4.5 £ 0.3 nm.
Images from top left to bottom right correspond to 0- to 5- monolayers of Ag
shell. Red and yellow dashed circles are guides to eye to highlight boundary
of core and shell, respectively. Scale bars, 5nm.

Same control can also be applied to other systems possessing such as catalytic
functionality (Figure 3.4), which might facilitate our future understanding and control

of nanoscale catalysis by investigating monolayer shell dependence.
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Figure 3.4 Synthesis and characterization of Au@Pd by /PAPER strategy. a,
Large scale TEM image of 2.8 £+ 0.2nm Au NPs. Scale bar, 20nm. b, Large
scale TEM image of Au@Pd synthesized from Au core NPs shown in a. Scale
bar, 20nm. Inset, high resolution TEM image of single Au@Pd, highlighting
core and shell features. Scale bar, 5nm. ¢, Ensemble EDS measurements of
plain Au core NPs (red) with Au@Pd (blue). Intensities of Au peak at 2.15 keV
are normalized to be the same in order to compare peaks contributed from Pd
element.

3.2 Magnetic-Core@Metallic-Shell

We further extend our /PAPER strategy to achieve similar precise control of
magnetic core@shell nanostructures. Figure 3.5 shows the FePt@Ag synthesized by

iPAPER.
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Figure 3.5 Precise and tunable control of FePt@Ag nanostructure. a, Large
scale TEM image of 4.2 + 0.2 nm FePt@Ag with three monolayers of Ag shell
and 2.0 + 0.1 nm FePt core (Inset). Scale bar, 10 nm. b, Zero-field cooling
(ZFC) (solid line) and field cooling (FC) (dot line) magnetization curves of
FePt NPs (lower, black) and FePt@Ag (upper, orange), respectively. Inset,
normalized magnetization hysteresis loops at 3K: orange for FePt@Ag and
black for FePt NPs. c, Optical extinction spectra of FePt NPs (black) and
FePt@Ag with three monolayers of Ag shell (orange). d, Dependence of Tp
(blue) and M, (black) on Ag shell thickness which is represented by molar
ratio between Ag shell (Mag) and FePt core (Mrep:). High resolution TEM
images of FePt@Ag samples for magnetic property measurements are also
shown, showing layer-by-layer control of thickness from zero- (plain core FePt
NPs) to four- monolayers of Ag shell. Pink dashed circles are guides to the
eye for the interface between core and shell. Scale bar, 5nm.
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FePt core NPs are obtained by following Sun’s method [79], and N, N-
Dimethylformamide (DMF) is chosen as appropriate phase II reagent. In a typical
synthesis of three monolayers of Ag shell with 2.8nm FePt core, Img of FePt NPs is
added into the mixture solution of 6ml of H,O, 4ml of DMF, 0.4ml of oleic acid and
0.3g of sodium oleate. The mixture is clear and homogeneous after sonification. 1ml
of AgNOs is then added drop by drop to the mixture. After heating at 85°C with
stirring for 14hrs 10ml toluene is added to stop and extract final product of FePt@Ag.
Even though growth of a non-magnetic shell onto magnetic core NPs has been
demonstrated to modify surface property as well as integrate additional functionality
[129, 130, 134], systematic shell-layer control with unambiguous structural
characterization at the single monolayer level should be crucial for unrevealing
fundamental magnetism and thus finely tuning nanoscale magnetization [135], but

has been lacking.

Existence of Ag shell in our FePt@Ag is evident by dramatic size increase as
compared with that of plain core FePt NPs (Figure 3.5a), and can be further identified
by high resolution TEM images with various shell thickness (Figure 3.5d), which
shows accurate control and tunability at the single monolayer level as achieved in
Figure 3.2a. Because of small size (as compared with bulk domain dimension) FePt
core NPs typically manifest superparamagnetic behavior with blocking temperature
(Tp) of 13K as former reports [79]. After the growth of Ag shell, FePt@Ag remains
superparamagnetism but with smaller 7 (Figure 3.5b). Furthermore, as compared

with featureless optical absorption from FePt core NPs, existence of metallic Ag shell
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adds new optical functionality with pronounced SPR peak at 420 nm (Figure 3.5¢). It
has been proposed that magneto-optical effect can be remarkably enhanced near the
SPR resonance, future study of our tunable FePt@Ag structure might offer unique
magneto-optical devices similarly observed in metallic multilayers of nanometer scale
thickness [136]. Furthermore, by introducing different shell composition, such as
catalytic shell (for example, FePt@Pd in Figure 3.6), magnetic core@shell
nanostructures enabled by our iPAPER approach should find immediate use for many

applications including catalysis, fuel cell, bioimaging and etc.

While many works have been carried out over last few years on the
understanding of magnetism of magnetic NPs, fundamental issues, such as origin of
Tp, surface effect and interfacial proximity effect remain open questions, and some
experimental observations were controversial due to inherent complexity and ill-
control of structure. Importantly, availability of precise shell layer control should
allow us to investigate magnetic property at the molecular level, as shown in Figure
3.5d. Magnetic property measurements of FePt@Ag with different shell thickness
show that the 73 decrease dramatically right after the first monolayer growth,
thereafter the 73 maintains a stable value. Mechanism of 75 of magnetic NPs has been
argued over long period. Two main mechanisms have been proposed: one is due to
collective inter-particle coupling [137, 138] and the other is related to anisotropy of
nanostructures [139]. Our observation of strong dependence of one single non-
magnetic shell layer is different from theoretical simulation on inter-particle distance

[140], suggesting that collective coupling might not be the major contribution to
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observed decrease of 7. On the other hand, existence of Ag layer might induce
relaxation of surface Fe and Pt atoms to reduce anisotropy and thus reduce 7.
Furthermore, low temperature hysteresis loop measurement of FePt NPs with
different Ag layer thickness show continual increase of remnant field (M,) with shell
layer thickness. While it will require more experimental work in order to gain
thorough understanding of this observation (for example, systematic study of
different core size and shell composition), one possible explanation of observed
enhancement of magnetization with the increase of shell thickness might be related to
the stretching of inter-atomic distance inside magnetic core NPs due to shell-core
interaction, which has been predicted to increase magnetic moments per atom [141].
If this mechanism is confirmed it might open up opportunity to manipulate nanoscale
magnetism by choosing different shell materials to either stretch or contract inter-
atomic bonds of magnetic NPs, which can be readily realized by our iPAPER

technique.

3.3 Semiconductor-Core@Metallic-Shell

While precise control of bimetallic and magnetic-metallic core@shell
nanostructures has shown exciting tunability and complex functionality, the

uniqueness so far is mainly due to classic dielectric confinement.
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Figure 3.6 Synthesis and characterization of FePt@Pd by /PAPER strategy. a,
Large scale TEM image of 2.0 + 0.1 nm FePt NPs. Scale bar, 20nm. b, Large
scale TEM image of 3.7 £ 0.4 nm FePt@Pd synthesized from FePt core NPs
shown in a. Scale bar, 20nm. Inset, high resolution TEM image of single
FePt@Pd, highlighting core and shell features. Scale bar, 5nm. ¢, Ensemble
EDS measurements of plain FePt core NPs (red) and FePt@Pd (blue).
Intensities of Pt peak at 2.06 keV are normalized to be the same in order to
compare peaks contributed from Pd element.

Another important class of nanoscale core@shell heterostructures should be the
integration of quantum confined semiconductor and metal, which might offer
opportunity to investigate quantum and classic coupling interactions. The reverse
structures (i.e., metal core and semiconductor shell such as Au@PbS [128]) have
been reported, but there has been no success on the semiconductor core and metallic
shell. However, from the view point of additional functionality of such as SPR
contributed from noble metal component, it would be a better structural arrangement
if metal is in the shell configuration. Figure 3.7a compares size evolution from plain

semiconductor Ag,Se core NPs to Ag,Se(@Ag nanostructure.
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Ag>Se NPs are prepared following a modified method [137], and used as core
NPs without further processing. Ethanol is chosen as phase II reagent. In a typical
synthesis of three monolayers of Ag shell with 4.8 nm Ag,Se core, 0.8 mg of Ag,Se
NPs is dispersed in mixture solution of 6ml of H,O, 4ml of ethanol, 0.4ml of oleic
acid, and 0.3g of sodium oleate by sonification for 10mins. Iml of AgNO; and 0.6ml
of ascorbic acid are then added subsequently drop by drop. The reaction continues for
24hrs to achieve Ag,Se@Ag structure. 10ml toluene is added to stop and extract final

product of Ag,Se@Ag.

As compared with Figures 3.2 and 3.5, the core@shell feature in Ag,Se@Ag is
not straightforward even from high resolution TEM images due to similar electron
scattering cross section between Ag and Se atoms. In order to confirm core and shell
features, we carry out single-particle energy dispersive X-ray spectroscopy (EDS)
measurements in the center and the edge regions under the scanning TEM (STEM)
mode (Figure 3.7b). A clear absence of Se component in the edge unambiguously
supports the existence of core@shell structure. Importantly, Ag shell can also be
precisely controlled, which is evident by the continuous increase of silver peak in the
large scale EDS measurement (Figure 3.7c). In order to explore potential coupling
effect we compare optical extinction spectra of Ag,Se@Ag possessing different shell
layers with those from separated plain Ag,Se and Ag NPs (Figure 3.7d). There are a
few unique features that can be immediately identified: (i) significantly enhanced
optical extinction throughout a broad optical range which can be attributed to field

enhancement by the shell contributed SPR [128]; (i1) peak features between 300 and
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450nm can not be simply described as the linear combination between non-interacting
Ag>Se and Ag NPs that have been observed in the reverse structures [128, 134],
which might suggest new coupling interactions unique in semiconductor-core and
metal-shell configuration; and (iii) monotonic evolution of peaks with the increase of
Ag shell layer thickness. More thorough understanding of coupling between
semiconductor core and metallic shell as exhibited in the Figure Figure 3.7d is

currently under investigation by time resolved experiments.

Also, different core and shell compositions for semiconductor-core@metallic-

shell can be achieved by iPAPER, such as PbSe@Ag and PbSe@Pt are shown in

Figure 3.8 and Figure 3.9.
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Figure 3.7 Precise and tunable control of Ag.Se@Ag nanostructure. a, Large
scale TEM image of Ag,Se@Ag with three monolayers of Ag shell and core
size of 4.8 + 0.2 nm (Inset). Scale bar, 20nm. b, EDS spectra taken in the
center (green) and the edge (orange) of a single Ag.Se@Ag. Blue and red
arrows highlight peaks contributed from Ag and Se components, respectively.
A peak appeared in the orange EDS spectra at 1.75 keV is due to Si element
contributed from commercial carbon thin films. Inset, high resolution TEM
image of Ag.Se@Ag indicating where the EDS spectra were taken. Scale bar,
5nm. ¢, Ensemble EDS spectra of Ag.Se@Ag with different shell layer
thickness. In order to compare intensity of Ag peaks (blue arrows), Se peaks
(red arrow) are normalized to possess the same intensity for all shell
thickness. d, Evolution of optical extinction features with Ag shell layer
thickness: brown for plain Ag.Se NPs; pink for one monolayer of Ag shell;
green for two monolayers of Ag shell; blue for three monolayers of Ag shell;
dark yellow for plain Ag NPs. In order to compare peak positions peak
intensities are normalized to the unit.
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Figure 3.8 Synthesis and characterization of PdSe@Ag by /PAPER strategy.
a, Large scale TEM image of 4.0 £ 0.2 nm PdSe NPs. Scale bar, 20nm. b,
Large scale TEM image of 5.1 £ 0.3 nm PdSe@Ag synthesized from PdSe
core NPs shown in a. Scale bar, 20nm. ¢, Ensemble EDS measurements of
plain PdSe core NPs (red) and PdSe@Ag (blue). Intensities of Se peak at

1.39 keV are normalized to be the same in order to compare peaks
contributed from Ag.
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Figure 3.9 Synthesis and characterization of PdSe@Pt by /PAPER strategy.
a, Large scale TEM image of 4.0 £ 0.2 nm PdSe NPs. Scale bar, 20nm. b,
Large scale TEM image of 7.9 + 0.5nm PdSe@Ag synthesized from PdSe
core NPs shown in a. Scale bar, 20nm. ¢, Ensemble EDS measurements of
plain PdSe core NPs (red) and PdSe@Ag (green). Intensities of Se peak at

1.39 keV are normalized to be the same in order to compare peaks
contributed from Pt.
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4. Conclusions

Our iPAPER approach represents a new strategy to achieve unprecedent control
of core@metal-shell nanostructures with advantages including: (1) generality and
flexibility for both core and shell components that can facilitate versatile applications
of core(@shell; (2) independent control of both core and shell growth that can increase
the tunability of nanostructures; and (3) precise control of the metallic shell at the
single monolayer level that makes it possible to tailor nanoscale property and
functionality in a very accurate manner. The importance of such precise control has
been highlighted by showing the single shell-layer dependence of optical, plasmonic
and magnetic properties of as-prepared core@shell structures. Such control should be
critical in the development of understanding many fundamental physics at the

nanoscale as well as optimization of device applications.

83



Chapter 4: Pressure-Induced Spin Metastability in
Semiconductor Quantum Dots °

Semiconductor quantum dots (QDs) have been applied as model systems to
study various fundamental physics at the nanoscale, including solid-state phase
transformation [142-144]. QDs also represent attractive building blocks for scalable
solid-state implementations of quantum information processing by using spins of
electrons and excitons as qubits [145]. While many recent advances have been
achieved toward a thorough understanding of spin confined within QDs [146-148],
crucial issues such as stability of spin states as well as manipulation of spin and spin-
orbit coupling require more work, mainly due to the experimental challenges
involved. The application of hydrostatic pressure represents an important means to
modify key material parameters that could not be easily achieved by other methods,
therefore offers a unique opportunity to explore various fundamental spin properties
and interactions. In this chapter, I will describe the dependence of spin coherence
dynamics on artificial lattice structures of semiconductor QDs by a new experimental
method combining ultrafast optical orientation methods with diamond-anvil cell
(DAC) techniques. Spin confined within QDs is observed to be robust up to several
gigapascals, while electron and exciton Landé g-factors show a novel bi-stable
characteristics prior to the first-order structural transition. This observation is

attributed to the existence of a theoretically predicted metastable intermediate state at

3. This chapter was adapted from: Yun Tang, Alexander F. Goncharov, Viktor V. Struzhkin,
Russell J. Hemley and Min Ouyang. “Pressure-induced Spin Metastability in Semiconductor
Quantum Dots”, Nature Materials, 2009, under review.
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the nanoscale, for which there has been no previous experimental support. The results
further reveal pressure enhanced fundamental exchange interactions for large-sized
quantum dots with sizable anisotropy. Therefore, these findings shed insight into
underlying mechanisms of long-debated nanoscale solid-state transformations in
semiconductors [142-144], and are also important for understanding structure-spin
correlations as well as engineering nanoscale structures to achieve desired spin

property for the future development of spin based quantum devices.

1. Experimental Method

1.1 Two-color Time-resolved Faraday Rotation Experiments under High
Hydrostatic Pressure

The experiment scheme of two-color time-resolved Faraday rotation (TRFR)
is shown in Figure 4.1. QDs sample with DAC (Figure 4.2) is located in the center of
a pair of permanent magnets with controllable separation. Magnetic field strength in
sample position is calibrated with a Hall-effect Gaussmeter. A commercial Coherent
optical parametric amplifer (OPA) with a 250-kHz repetition rate produces
~100femtosecond laser pulse with tunable wavelength ranging from 480nm to 720nm
and is used as pump beam. A home-made OPA with similar laser output is
synchronized with the first OPA, and applied as a probe beam, allowing pump-probe
experiments at multiple wavelengths. In a typical experiment, the tunable circularly

polarized output of the first OPA is adjusted to match with specific QDs energy state,
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selectively generating spins oriented along the laser propagation direction. When the
in-plane magnetic field is applied, the optically injected spins comprise a coherent
superposition of states quantized along the field direction and separated in energy by
the Zeeman splitting. As the system evolves with time, the energy difference between
the spin states produces a quantum beating of spin magnetization along the optical
path, which can be quantized by measuring the rotation of polarization plane of
linearly polarized probe beam at different time delay Ar (the zero delay time is
corrected for the chirp of OPA laser). To avoid Auger process and biexciton effects
the number of excited electron-hole pairs is typically kept more than an order of

magnitude lower than the number of QDs in the focus volume.
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Figure 4.2 Photos of opened (left two) and closed (right) DAC cell.
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1.2 Determination of g-factors

We determined the g-factors at different pressure based on the following routine:
(1) The v.(s) of every single TRFR trace at a fixed magnetic were calculated by both
fast Fourier FFT of and curve fitting to TRFR trace of spin precession; (2) Magnetic
field H was varied and corresponding TRFR trace was recorded (typically more than
six different magnetic fields were taken in order to calculate a g-factor). And for each
magnetic field, the same procedure as described in (1) was taken to obtain
corresponding v;(s); (3) The plot of vi(s) versus H could thus be obtained. The

precise g-factor could thus be obtained by linear fitting.

1.3 High Pressure Effects

Sizeable birefringence effect of the two diamonds in the cell under load needed
to be carefully compensated before reliable spin measurements could be obtained. In
order to avoid hystersis effects associated with structural phase, in most of cases
measurements of spin coherence dynamics were carried out after each pressure
increased up to a value below the first-order phase transition pressure, and then on
decompression. The compression and decompression data agreed well. In addition,
usually data taken at the same pressure over various periods showed no difference,

indicating that our observations were stable and not dependent on history.
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2. Experiment and Discussion

CdSe QDs with diameters tunable from 2.5 to 7.0 nm were synthesized via a
modified chemical method [21], possessing narrow size distribution of 4% and high
crystallinity with the wurtzite structure under ambient conditions (Figure 4.3). These
chemically synthesized QDs were originally capped/stabilized with a monolayer of
surfactant, trioctylphosphine oxide, and were re-dissolved in 4-ethylpyridine as a
pressure medium up to 10 GPa [143]. Pressure was determined by standard ruby
fluorescence technique with a non-magnetic Be-Cu high pressure cell [149]. Our
TRFR (Figure 4.1) technique was applied to measure spin coherence dynamics under
pressure (Figure 4.3a) [145]. Briefly, a circularly polarized laser beam with tunable
energy was used to excite spin polarization of CdSe QDs at a selected energy level.
At a delay time 4¢, a linearly polarized probe pulse with independent tunable photon
energy measured the spin magnetization along the laser propagation direction by
monitoring rotation of its linear polarization orientation (#). When an in-plane
magnetic field (H) was applied, spin processed about the field direction, which led to

an oscillatory Faraday rotation at the sample dependent Larmor frequency (vz). This

At

process can be described by Ae cos(2zv, At + ¢), where 4 is the amplitude, 7" is

the transverse spin lifetime, and ¢ is the phase. A custom-made UV-visible
spectrometer with fs-whitelight was used for linear optical absorption spectroscopy

measurement.
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Figure 4.3 All optical spin resonance measurements of semiconductor QDs
under pressure. a, Experimental setup. b, Linear optical absorption spectra of
3.4 nm CdSe QDs under selected hydrostatic pressure labeled by different
number and color (1: 0.1 MPa; 2: 1.0 GPa; 3: 1.9 GPa; 4: 2.8 GPa; 5: 3.1
GPa; 6: 3.5 GPa; 7: 4.7 GPa; 8: 5.5 GPa; 9: 6.0 GPa). The inset shows a
typical high-resolution transmission electron microscope image of CdSe QDs
with wurtzite structure. Scale bar: 5nm. The QDs manifest spherical symmetry
with the aspect ratio of 1. ¢, Size dependence of first order structural
transition pressure obtained from b.

At low pressure linear absorption spectra of QD samples clearly exhibited
discrete electronic states, which were in accord with previous calculations (Figure
4.3b) [150, 151]. When the pressure was slowly increased to a critical value
absorption of CdSe QDs suddenly became featureless with the absorption changing
continuously over a broad energy range. The origin of featureless optical absorption
structure at high pressure was reported before and was attributed to a first-order solid-
solid phase transition from wurtzite (with direct bandgap) to rock-salt structure (with

indirect bandgap), first identified by X-ray diffraction measurements (XRD) [143].
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This critical pressure could be used as a reference to characterize structural phase
transition as a function of QD size (Figure 4.3c). Qualitatively, this size dependence
agreed well with previous experimental hystersis measurements and thermodynamics
considerations of the transformation [142, 143], and provided a cross-check on the

experiments reported here.

Importantly, our TRFR measurements clearly revealed spin coherence dynamics
of electrons and excitons confined within CdSe QDs under pressure (Figure 4.4a).
Two Larmor precession frequencies could be distinguished from Fast Fourier

transform (FFT) as well as beating pattern presented in raw TRFR data, which led to

HgH

Vi

two different Landé g-factors based on the relation: g= , where up is Bohr

magnet and /4 is Planck constant. Following the previous report under ambient
condition [147] as well as our experimental result of size dependence of both g-
factors (Figure 4.5), we can assign unambiguously observed two g-factors at low

pressure to the electron (lower) and the exciton (higher), respectively.

We further characterized in detail both electron and exciton g-factors as a
function of pressure (Figure 4.4b). Surprisingly, a novel bi-stable characteristic of the
g-factors was clearly observed: Both electron and exciton g-factors remained stable
over a certain pressure range above ambient conditions, and then increased with
pressure and stabilized at different values up to the onset of the rock-salt phase. This
observed g-factor transition was further found to show QD size dependence by

assigning transition pressure to the midpoint of two bi-stable g-factors (Figure 4.4b
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and Figure 4.6a). The monotonic increase in g-factor transition pressure with
decreasing QD size suggests that this g-factor transition was a pressure-driven

intrinsic effect of the QDs
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Figure 4.4 Spin coherence dynamics of 3.4 nm CdSe QDs under hydrostatic
pressure. a, Typical TRFR data at 1.2 GPa. Circle: experimental data with
H=0.21 T. Red solid curve: theoretical fit with two Larmor precession
frequencies. The inset shows FFT of TRFR data revealing two distinct Larmor
frequencies (1.98 GHz and 2.23 GHz). b, Dependence of electron (lower) and
exciton (upper) g-factors on applied hydrostatic pressure, showing a novel g-
factor transition before the first-order structural phase transition occurred.
Dashed lines are guides to the eye for the evolution of experimental g-factors
(red diamonds). Squares are theoretical calculations of pressure dependence
of electron g-factor by assuming continual lattice deformation of ambient
wurtzite phase. In the calculation, the pressure dependence of E; and R were
determined from linear optical absorption measurement. Pressure
dependence of E, and Aspo were obtained from theory prediction [165, 166].
The best fit of ambient g-factor was obtained with a=1.7 eVenm?, which were
close to the accepted literature value [151].
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Figure 4.5 Size dependence of electron and exciton g-factors under ambient
condition. Each g-factor was determined based on the procedure described in
the Methods section. Two curve fittings were based on the assignment of
electron (blue up triangles) and exciton (green down triangles) g-factors [173-
175]
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Figure 4.6 Landé g-factor transition at intermediate pressure. a, QD size
dependence of g-factor transition pressure. b, Schematics of two different
underlying transformation mechanisms of first-order phase transition. A five-
coordinated structure (P63mmc space group) is used to represent metastable
intermediate structure in path 2.
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As compared with the Figure 4.3c, the observed g-factor transition happened
under a much smaller pressure; therefore it could not explicitly arise from the
conventional first-order structural transition that has been confirmed by XRD

measurements.

In order to gain insight of pressure-induced evolution of g-factors, the
transformation path needs to be examined carefully. Due to the lack of effective
experimental characterizations, the underlying mechanism of the first-order phase
transition remains an unresolved issue. Furthermore, since the wurtzite/zinc-blende
structure and rock-salt structure represent the most stable forms of most of the four-
and six- coordinated binary compounds respectively, understanding the transition
mechanism of CdSe QDs can be essential for manipulation of structural energetics of
different semiconductor nanostructures to improve materials synthesis and to achieve
desired materials functionality and property in a controlled manner. So far, two
different mechanisms have been proposed (Figure 4.6b): the first is based on a
continual deformation model, assuming high correlated atom motions during
transformation [151-155]; the second is a two-step process, in which a long-lived
metastable intermediate phase with a hypothetic five-coordinated structure exists
before the first-order phase transition occurs [156-160]. Even though a metastable
intermediate state was suggested based on shock wave compression experiments with
bulk semiconductors [161-163], direct experimental evidence of such metastable
states at the nanoscale has been lacking. Instead, earlier reports of high-pressure XRD

measurements of CdSe QDs leaned to support continual deformation model because
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of no detectable changes of XRD peaks before first-order transition [142-144]. As
compared with experimental techniques based on structural characterization, our
experiment provides unique opportunity to directly measure electronic and excitonic
effective g-factors with a high degree of precision under pressure. This g-factor probe
plays a central role in gaining fundamental understanding of electronic band structure
as well as inter-band optical processes. Thus our measurements offer a valuable
alternative insight (from the viewpoint of electronic structure) for underlying

nanoscale solid-state transformation path.

From perturbation theory electron g-factor of spherical QD can be generalized
in terms of fundamental band structure parameters, including size dependent bandgap

E,, the Kane matrix element £, and the spin-orbit splitting Aso [147, 164-166]:

2 E,As

ge(R): 9=
3(Eg +I;+ASOIE9 - aJ

R

where R is radius of the QDs and a is a fitting parameter in the simplest parabolic
approximation . If the continual deformation model is correct a smooth increase of g,
factor is expected (Figure 4.4b), which is obviously in conflict with bi-stable g-factors
characteristics observed during the high pressure transformation. Therefore, our
observed bi-stable g-factor characteristics strongly suggest the existence of a long-
lived metastable intermediate state during the transformation process, and the distinct

g-factors correspond to different electronic states induced by pressure. In particular,

94



our measured g-factor transient pressure range is qualitatively consistent with the ~2

GPa pressure range of the onset of the theoretically predicted intermediate state [159].

While the g-factor transition was observed for all the QDs we investigated (as
summarized in Figure 4.6a), there existed subtle differences between small- and
large- sized CdSe QDs: For all large-sized QDs (= 5nm in diameter) we consistently
observed three g-factors at higher pressure (Figure 4.7a and Figure 4.8), which
suggested that this observation should be an intrinsic size related effect. In order to
reveal such fine effect, we further investigated correlation between energy level
scheme and g-factors by carrying out additional spectroscopic measurements. In
general, optical study of the quantum size levels is very challenging because of
inhomogeneous broadening and cannot be achieved simply by linear absorption
measurements (Figure 4.3b). In contrast, TRFR has been demonstrated to be not only
a unique and sensitive experimental probe for spin coherence dynamics but also a
precise spectroscopic technique for directly identifying individual exciton transitions
that reveal the fine electronic energy level scheme (Figure 4.7) [167-130]. For
example, related TRFR spectroscopic study of colloidal CdS@CdSe quantum dot-
quantum well system has revealed its fine energy levels, which showed consistency
with kep perturbation calculations [167]. Similarly, we carried out measurement of
dependence of TRFR oscillation amplitude on probe energy under different pressure.
In these experiments, a wavelength tunable probe with ~5 meV energy resolution was
achieved by passing the light through a monochromator after transmission through

the DAC. Under ambient conditions, TRFR spectra exhibited pronounced resonances
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close to the absorption edges that could not be seen in linear absorption spectra and
could be further assigned to fine energy level transition evaluated with kep
calculations (Figure 4.7c) [167]. While all the resonance peaks appeared under
ambient conditions remained as the pressure was increased, two more new resonance
peaks could be immediately identified with small amplitude and became more
pronounced at higher pressure, which agreed well with the increased number of g-
factors within the same pressure range. In contrast, we carried out same
measurements for small-sized QDs and such control experiment showed no new

resonance peaks during the entire transformation path.

Therefore, we attributed our observed increased number of g-factors to the
pressure-enhanced fundamental exchange interactions in large-sized QDs [170],
based on following facts: (i) For chemically synthesized QDs it has been shown that
while smaller size QDs possessed very symmetrical spherical shape larger size QDs
started manifesting anisotropy [21]. This can also be clearly seen by comparing high
resolution TEM images in the Figure 4.3b, 4.7b and Figure 4.8, which shows the

increase of aspect ratio of QDs with the size.
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Figure 4.7 Pressure-enhanced exchange interactions in 5.1 nm CdSe QDs.
a, Evolution of g-factors with applied pressure. b, (Left) Typical high-
resolution transmission electron microscope image of a 5.1nm CdSe QDs.
Scale bar: 5nm. The QDs manifest structural anisotropy with the aspect ratio
of 1.04; (Right) Schematic of degeneracy lifting of the exciton fine band-edge
structure (represented by HOMO-LUMO type energy levels) due to enhanced
exchange interactions under pressure. Dashed lines are guides to the eye for
the evolution of experimental g-factors. ¢, Dependence of TRFR amplitude on
probe photon energy under three different pressures. Data were taken at
fixed time delay 4t=300ps and normalized by the probe beam power. Green
arrows highlight resonance peaks existing in all pressures, and red arrows
highlight the appearance of new resonance peaks at higher pressure. For
comparison, linear optical absorption spectra for different pressure were also
present.
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Figure 4.8 Evolution of electron and exciton g-factors with applied pressure in
6.2nm CdSe QDs. The inset shows corresponding high resolution
transmission electron microscope image of QDs with aspect ratio of 1.07.

Under hydrostatic pressure, the aspect ratio can be significantly enhanced due
to different compression ratio along different crystal axis; (ii)) The evolution of
initially eightfold degenerate ground state in a wurtzite spherical QD could be
obtained from theoretical analysis of fine band-edge exciton structure when electron-
hole exchange interactions, crystal field and anisotropy effects were considered
(Figure 4.7b) [147, 171]. As a result, crystal field splitting and electron-hole exchange
interactions would be significantly augmented in the more anisotropic QDs due to

stronger confinement [150], thus leading to energy level degeneracy lifting and the g-
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factors splitting; and (iii) The correlation between energy level splitting and the
increased number of g-factors of large sized quantum dots at high pressure was

indeed clearly observed in the Figure 4.7c.

3. Conclusions

In summary, investigations of quantum confined spin coherence dynamics of
semiconductor QDs under pressure reveal that the spin of semiconductor QDs are
very robust up to ~2 GPa. This observation is important for understanding the
stability of spin qubits of QDs in the future quantum information processing devices.
In contrast to former studies of nanoscale solid-state transformation by XRD and
linear optical absorption, our new TRFR-DAC technique provides a unique insight
into the transformation process from the viewpoint of electronic state property
changes. A surprising pressure-driven g- factor transition was observed along the
transformation path that could be attributed to the theoretically predicted metastable
intermediate state not been explicitly observed yet at the nanoscale. This finding
marks an important step towards deep understanding of underlying mechanism of
related long debated nanoscale solid-state transformation. Furthermore, the current
study reveals pressure enhanced fundamental fine exchange interactions that should
provide deepened understanding necessary for future manipulation of spin states by

such as interfacial/surface strain layer fabrication [120, 172].
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Chapter 5: Summary and Future Outlook

Zero-dimensional Nanoparticles (NPs) are fascinating nanoscale material system
because of their small size and large surface to volume ratio. The component, size,
shape and structure of NPs are essential to their properties and applications. Our
ability of precise and tunable structural control of metal, core@shell and
semiconductor NPs provides invaluable opportunity to investigate fundamental

nanoscience and to explore their exciting application of novel nanotechnology.

Through our novel strategy of nanoscale crystallinity engineering by chemical
functional groups, I showed in the Chapter 2 that the twinning-defect-mediated
chemical transformation enabled a rational design of complex nanostructures if
nanoscale structural disorder was sensibly introduced to suppress or enhance
competing mechanisms. Consequently, this nanocrystallinity engineering would
provide a means for precisely tailoring nanoscale electronic and mechanical
properties as well as controlling classical and quantum coupling interactions.
Significant enhancement of electron—phonon interaction by twinning defects can
eventually lead to sizeable modulation of electronic and heat conductivity and/or
superconductivity of metals at the nanoscale [176], ultimately leading to the

optimization of device performance of crystallinity-engineered NPs.

More generally, more than one functional group R can be simultaneously

incorporated into metal phosphine precursors [177], which should enable finer kinetic
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control of chemical environment in metal NPs synthesis and further distinguish
different multiply twinned species. As discussed in the Chapter 2, the existence of ill-
characterized twinning structures is a common feature for most of noble metal NPs.
While we focus on silver NPs in the Chapter 2, our method can be readily expanded
to other metal nanostructures, including Au and Pt, with the precise control of
nanometer scale crystallinity. This would represent a significant advance in the
complexity as well as functionality of the building blocks of nanoscience and

nanotechnology.

From our progress on the nanocrystallintiy control of silver NPs we have
provided three examples to highlight its importance. Another important application of
metal NPs (particularly silver NPs discussed in this thesis) is the surface Raman
enhancement for bio-imaging and sensing. Recently, Zhuang’s group at Harvard
University reported the observation of 2-5 orders of magnitude enhancement of
Raman activity from polycrystalline silver NPs with grain size down to the electron
Fermi wavelength (~1 nm) [178]. Similar measurements comparing Raman activity
between identical sized multiply twinned and single-crystalline silver NPs should
provide insight into the mechanism of nanoscale Raman activity and provide an

optimized optical probe for bio-imaging [179].

In the Chapter 3, I described a very general synthetic strategy, denoted as

intermediate phase assisted phase exchange and reaction, to achieve unprecedented

control of versatile core@metal shell nanostructures in a very accurate manner.
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Because core and shell sizes can be independently controlled, our approach provides
aunique way to tune the versatile core@shell nanostructures with tailored property
and functionality. We observed for the first time the evolution of surface plasmon
resonance of Au@Ag with independent controlled core size and shell thickness at
single monolayer level; We identified significantly enhanced optical extinction which
can be attributed to field enhancement by the metal shell contributed SPR and the
new coupling interactions between semiconductor core and metal shell; We noticed
the strong dependence of blocking temperature decrease of magnetic core on one
single non-magnetic shell layer and continual increase of remnant field with shell
layer thickness, which suggested magnetic core with tunable non-magnetic shell is a

potential model for nanoscale magnetism understanding.

It is obvious that more meticulous characterizations of core@shell are needed
to investigate nanoscale optics, plasmonics and magnetism in an accurate manner, for
examples, time-resolved experiment on fundamental couplings between shell and,
systematic SQUID study of different size of magnetic core and non-magnetic or
magnetic shell composition. Additional importantly, because metallic shell can be
converted to related compounds [7] (Figure 5.1), our iPAPER approach also offers a
general and constructive method to create wide range of core@shell structures with
desired multi-functionality, and thus provide versatile nanoscale building blocks from

the bottom-up approach.
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Figure 5.1 Au@Ag»Se converted from Au@Ag with 2.8 nm Au core and six
monolayers of Ag shell. Large scale TEM image of 6.8 £ 0.3 nm Au@Ag2Se.
Scale bar, 20nm. Inset, high resolution TEM image of Au@Ag2Se showing
clear core and shell structures. Scale bar, 5nm.

Enabled by our unique technique combining of two-color time-resolved Faraday
rotation method with diamond-anvil cell technique, consistent examination of
pressure induced spin metastable states of semiconductor NPs were discussed in the
Chapter 4. A surprising bi-stable characteristic of the Landé g-factors of both electron
and exciton was clearly observed, which provided the first experimental supporting
for the existence of a theoretically predicted metastable intermediate state before the
occurrence of first-order phase transition of semiconductor NPs. This observation
marks an important step towards future utilization of quantum information processing
based on spin qubits of semiconductor NPs. Looking into the future, a few directions
regarding nanoscale structural transformation can be immediately addressed
following our progress presented in the Chapter 4, including: g-factor behaviors of
other II-V or III-V semiconductor NPs with anisotropic morphologies, electron or
spin transportation of semiconductor NPs assembles, fundamental electron-electron

and electron-phonon couplings in crystallinity engineered metal NPs, and etc.
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