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microscopy technique, overcoming resolution limits in far field measurements. Finally, we



demonstrate the employment of nanoscale chirality to induce spin polarization and enable unique

nanoscale chiral Floquet engineering.
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Chapter 1: Introduction

1.1 Background

Chirality describes a general property of objects that possess non-superimposable
mirror images, for example, human hands. Generally, a chiral object and its mirror
images are referred to as ‘left-handed’ and ‘right-handed’ respectively. (Figure 1.1).
Chirality was initially extensively studied in life science.! It’s found that most
biological molecules and tissues are chiral and enantioselective reactions have been
found significant in investigation for the exploration of life origin as well as
application for pharmaceuticals.? For example, most DNA molecules have a right-
handed double helix structure, and all 21 essential amino acids only exist in L-

enantiomers in life.

Figure 1.1. Two enantiomers of a generic chiral amino acid. Image
from Wikipedia page of ‘Chirality’.



The interesting physical and chemical properties manifested by chiral objects
originate from the broken symmetry of their structures.® The broken symmetry affects
the light-matter interaction of chiral objects leading to so-called optical activities.
Circular dichroism (CD) and optical rotatory dispersion (ORD) are the two most
common optical activities, where CD describes the difference in absorption of left and
right circularly polarized light and ORD describes the difference in the propagation
velocity of polarized light. Objects of opposite chirality present CD and ORD of
opposite signs and same amplitude. Distinguishing biomolecules of different
handedness has been vital in many cases. For example, in pharmaceutical industry,
while the drug molecules of one chirality show beneficial medical effects, the drug
molecules of the opposite chirality could be toxic*. Measurement of chiroptic
response, especially CD, are thus developed as a great tool for handedness

discrimination and characterization of chiral biomolecules.

Although the majority of research efforts on chirality have been focused on organic
molecules due to historical reasons and availability, recent years has witnessed a
rising interest in exploration of chirality in inorganic systems due to promising broad
application and exotic physics. One example is introduction and control of chirality in
plasmonic materials which is a natural platform of strong light-matter interaction
thanks to localized surface plasmon resonance (LSPR). LSPR is a collective photon
driven electronic oscillations in plasmonic metals which manifests a large optical
response and strong confined electromagnetic fields and thus naturally leads to
potential strong chiroptical response.’® Meanwhile, semiconductor materials have
been a hot research topic due to various physics and applications from exciton
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dynamic to LED. Integrating chirality with semiconductor materials opens up a
research field of potential applications in circularly polarized photoluminescence,
chiral sensing and the optical manipulation of electron spins.”” The research efforts of
realization of chiral objects have been following two general directions: top-down

and bottom-up methods. Top-down nanofabrication methods like direct laser writing'”
and lithography based technique!!"!* have fabricated plasmonic nanostructures with
chiral morphology with various shapes. Meanwhile, bottom-up chemical methods are
garnering significant interests due to their potential of scalability and efficiency and
compatibilities of further fabrication of assembly and hybrid nanostructure.’%!4-23
Although most inorganic lattices are achiral, the chirality could be induced by
breaking symmetry of lattice facets in bottom-up chemical synthesis. Recent
discoveries have shown that the enantioselective adsorption of chiral molecules on
surface chiral facets of an achiral lattice breaks the surface symmetry and potentially
enable the enantioselective growth of nanoparticles.'#¢ Conversely, chirality could
also be induced and controlled by introducing the coupling of achiral and chiral
objects or chiral coupling of achiral objects in bottom-up methods. For instance,
molecular self-assembly of achiral plasmonic nanoparticles has been shown to
effectively create chiral plasmonic nanostructures with strong chiroptical response.'”
19 Additionally, the coupling of plasmons with chiral biomolecules or media has
demonstrated enhancement and manipulation of the original chiroptical response and
even lead to the emergence of novel chiral hybrid light-matter states.’*?* Along with
experimental efforts of introducing chirality in inorganic systems, there are both

theoretical and numerical efforts of understanding the chirality mechanism. The



chiroptical response of chiral medium could be characterized by a second order term
called non-locality tenser in its constitutive relations. Historically, dipole and
oscillator models were demonstrated to be successful in modeling the physical origin
of chiroptical properties of organic molecules and have been recently applied to
inorganic chiral medium and their plasmon analog.[] The dipole and oscillator model
provided a simple but effective tool for a theoretical understanding and also served as
the guidance for design of chiral nanostructures. On the other hand, given a certain
chiral nanostructure, it was demonstrated that numerical simulation (e.g. finite
element method) could give a reasonably accurate prediction of its chiroptical

response.

With the rapid advancement of inorganic chirality material systems, there is an
growing need for characterization tools that enable microscopic observation of
chiroptical response of individual nanoparticles and even allow for spatially
dependent chiroptical feature analysis. For instance, a local chiroptical
characterization would be necessary to understand the underlying mechanism of
chiroptical properties of individual chiral inorganic nanoparticles as well as nanoscale
coupling among the chiral and achiral objects. However, traditionally the chiroptical
measurements have been limited to ensemble measurements®**> and the effort to
improve spatial resolution of far field measurements is restricted by the diffraction
limit.'®2® Optical AFM techniques including AFM-IR and SNOM are experimental
tools that integrates optical and AFM measurement. These newly developed
techniques allow acquisition of near field optical signal simultaneously with
morphological information and therefore build the connection of optical responses
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and the local features. Introduction of polarization dependent measurement into the
optical AFM measurement could provide the opportunity to characterize the

nanoscale chiroptical features in the chiral nanostructures.

Apart from the chiroptical response, the symmetry breaking of chiral objects also

27-30

breeds other fascinating physical phenomena, such as chiral phonon~'~", chiral optical

3133 and spin control*>*?. Chiral phonon describes mirror-asymmetric vibrational

force
states which can be characterized by terahertz circular dichroism spectroscopy. The
diagnostic ability of such chiral phonons is found to be important in pharmaceuticals
and biomedical images. On the other hand, it’s demonstrated that chiral plasmonic
nanoparticles can be exerted a circular polarization-dependent gradient optical force
by circularly polarized laser, which provides an optical approach for manipulating
and separating chiral objects.’! Moreover, there have been predictions and
demonstrations of the potential applications of chiral objects in spintronics. For
example, it’s found that chiral molecules could exhibit chirality induced spin
selectivity (CISS)**2, where the spin of the transmitted electrons is influenced by the
handedness of chiral biomolecules. Previous research of chirality induced spin effect
has been focused on biomolecules due to historical reasons and difficulties in
synthesis of chiral inorganic nanostructure. The newly developed synthetic strategy

for creating chiral inorganic structures provides an excellent testbed for investigation

of chirality-spin interplays in inorganic systems.

1.2 Overall structures

The rest of the dissertation is organized as follows.



Chapter 2 demonstrates a bottom-up synthetic strategy to induce chirality in inorganic
nanoparticles using chiral Au nanocube and chiral Au nanorod as an
example.(published'®) Surface geometric chirality is introduced by uneven
distribution of chiral high Miller index facets facilitated by the enantioselective
adsorption of chiral molecules. We further demonstrate the synthesis of chiral hybrid
plasmonic-semiconductor nanoparticles based on the chiral plasmonic nanoparticles,

which proves the robustness of the geometric chirality.

Chapter 3 details a simplified analytical coupled-oscillators model to facilitate the
understanding of plasmonic-chiral coupling. We build the coupled-oscillator model
by integrating plasmonic oscillator with Born-Kuhn model. Based on the oscillator
model, we predict various chiroptical responses at different coupling strengths and
discussed the underlying mechanism of CD. The predictions are further validated

through finite element method (FEM) simulations.

Chapter 4 presents our advancements in characterizing nanoscale chirality with high
spatial resolution at the single nanoparticle level. By using a novel polarization-
dependent optical atomic force microscopy technique, we are able to overcome
resolution limits in far field measurements and characterize a synthesized chiral
plasmonic helicoid nanoparticle. The results are further analyzed based on the
underlying physical mechanism and evaluated with simulated near field electric field

distribution of the chiral helicoid.

Chapter 5 presents a low-temperature ultrafast optical measurement on the

synthesized chiral hybrid Au-CdS core-shell nanoparticles following the synthetic



strategy presented in Chapter 2. We acquired the time-resolved Faraday rotation
(TRFR) of the chiral Au-CdS core-shell nanoparticles and demonstrated the

employment of structural chirality to induce spin polarization and spin manipulation.

Chapter 6 summarizes the dissertation and outlines some future research.



Chapter 2: Tuning Geometric Chirality in Metallic and Hybrid
Nanostructures by Controlled Nanoscale Crystal Symmetry
Breaking

2.1 Introduction

2.1.1 Background
Chirality (or handedness) represents a pervasive and fundamental geometric character
of an object whose space group contains no improper symmetry operations. While
organic chiral molecules containing cyclic or dihedral point groups and their induced
chirality-dependent phenomena have been extensively studied*, exploration of
inorganic chiral objects has been limited until recently due to their structural
complexity with involvement of many atoms as well as lack of understanding of
underlying chiral mechanisms. Nevertheless, if chirality of inorganic objects can be
induced or even controlled, it should open up many foreseeable opportunities for
emerging exotic physics and applications. For example, merging chirality with metal
nanostructures could potentially induce chiral plasmons with tunable and enhanced
chirality and the emerging chiral vortical effects (e.g., negative refractive
materials)>**. A few mechanisms have been proposed to induce inorganic chirality.
For example, there exists a small group of inorganic crystals such as quartz, mercury
sulfide and tellurium that can possess a chiral atomic lattice along certain
crystallographic axes, leading to intrinsic handedness***’. Although intrinsic lattice
handedness is absent in achiral in-organic metals and semiconductors, extrinsic

handedness can be induced by either electromagnetic coupling or inter-particle
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assembly via chiral templates'®2%434 Nevertheless, such extrinsic handedness is in
general not robust and has limited applications. From the crystallographic viewpoint,
the kinked site of step edges can act like a chiral center in an organic molecule to
break mirror symmetry in an inorganic achiral lattice, rendering two high Miller
index crystallographic planes enantiomorphous (see more details in Supporting
Information). Figure 2.1 shows the unit sphere of a face centered cubic (fcc) lattice
that can be divided to different regions designated by two distinct colors, representing
two sets of left- and right- handed chiral planes, respectively. Although the racemic
mixture of chiral high Miller index planes should not induce handedness in a bulk
crystal, when they are exposed and controlled on the surface of a crystal the
enantiomeric excess favoring chiral facets with definite handedness can be induced
by chiral symmetry breaking, leading to the formation of chiral boundary morphology
and thus extrinsic chirality of an achiral crystal. Importantly, a few theoretical studies
have shown enantiospecific interactions between chiral molecular adsorbates and
inorganic chiral facets, which has also been experimentally confirmed by scanning
tunneling microscopy®*->*. This can potentially offer a general and effective pathway
to enable symmetry breaking of crystallographic chiral facets towards new chiral

materials design and enantioselective control of inorganic chiral nanostructures.

2.1.2 Chiral high Miller index facets
The chiral boundary morphology in our current work originates from the broken
symmetry of chiral high Miller index facets on the surface of an inorganic crystalline

lattice. We use Au as an example to denote its associated handedness. The crystal



structure of Au is face-centered cubic (fcc) with no intrinsic lattice chirality. A high

Miller index plane with index of (hkl), where h*k=1 and hkl=0, cannot be

superimposed by its mirror image by any combination of rotations and translations.
This crystalline plane is defined as a chiral plane, with one example of (321) plane
shown in the Figure 2.1. In general, from the viewpoint of atomic structure, such high
Miller index chiral plane can be signified by a micro unit cell (with in-plane
translation) consisting of atomic kink site that acts as the interconnect of an ordered
combination of symmetric Miller planes like (100), (110) and (111), mimicking a
chiral center from an organic chiral molecule. To that, we follow Attard’s notation to
assign an R- or S- designation to a high Miller index chiral plane®*: when viewing
from above a chiral plane (Figure 2.1), if its interconnected symmetric low Miller
index microfacets around the atomic kink site are oriented clockwise from the most
densely packed microfacet to the least densely packed one, it is defined as R- chiral
plane, and vice versa for the S- chiral plane. For example, the R-(321) plane in Figure

2.1 has a clockwise conformation of (111) = (100) — (110), while the S-(321)
manifest a counter-clockwise conformation of (111) — (100) — (110). Because of

the crystal symmetry as shown in Figure 2.1a, although there exist many high Miller
index chiral planes in a bulk achiral crystal, their effects are cancelled out.
Nevertheless, the symmetry between two chiral planes with opposite handedness can

be broken on the surface.

It has been demonstrated both experimentally and theoretically that there exist
enantioselective interactions between chiral organic molecules and inorganic chiral

planes defined above*3233 In general, the L-cysteine molecules consistently show
10



enantioselective binding on high Miller index chiral R-facets, while D-cysteine
molecules favor occupation onto the chiral S-facets. For example, the DFT
calculations have shown that the adsorption energy of L-cysteine on R-(321) is higher
than that on S-(321), leading to enantioselective binding of L-cysteine on R-

(32 1)'50,52,53
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s-(321) R-(321)

Figure 2.1. Designation of high Miller index chiral facets in a crystalline lattice. (a) Unit
spherical representation of atomic fcc lattice (small spheres at the center). Any single point on
the surface can define a zone axis of crystalline plane. Black curves highlight all the crystalline
planes that possess at least one mirror symmetry. The regions lying off the mirror zones are
designated by two different colors, light blue and light red, to represent sets of R- and S- chiral
planes, respectively. (b) Construction of enantiomeric crystalline plane (top) by following
notation in (A), with enantiospecific interaction with small chiral organic molecules (bottom).
Red (S-) and blue (R-) represent chiral planes, having enantioselective binding with D- and L-
chiral molecules, respectively. (c) Atomic models of exemplary chiral R-(321) and S-(321) facets
showing that the kinked site (green filled circles) of step edges in a high Miller index plane
behaves as a “chiral center”, leading to the chirality.
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2.2 Results and discussions

2.2.1 Synthetic strategy
Figure 2.2 shows schematics of how to employ small organic chiral molecules to
preferentially occupy enantioselective chiral facets during the synthesis of achiral
inorganic nanostructures. This enantioselective interaction leads to a biased kinetic
growth rate favoring crystallographic overgrowth with opposite handedness, thus
dictating the prevailing coverage of one handedness of chiral facets on the surface to
induce robust chiral boundary morphology of an inorganic nanostructure. One
significance of such chiral inorganic nanostructures is to serve as building blocks to
allow creation of novel chiral hybrid nanostructures through interfacial epitaxial and
non-epitaxial growth to form various chirality coupling at the nanoscale®. We choose
Au nanostructures as an example to demonstrate the proposed strategy in Figure 2.2

based on a few considerations: First, the Au possesses an achiral fcc lattice and
<

4k -8

i

]
i -
p v = '

Figure 2.2. Schematic of controlled bottom-up growth of chiral inorganic
materials and their enabled chiral hybrid nanostructures. Red and blue represent
high Miller index chiral S- and R- crystallographic planes, respectively. Small
chiral organic molecules are employed to break structural symmetry and to
enable enantiomerically pure chiral boundary morphology to induce
crystallographic handedness in inorganic materials. The robustness of chiral
boundary morphology of inorganic materials can allow integration of multiple
components (yellow block) by the formation of hybrid nanostructures,
possessing interfacial chirality coupling (green arrows).
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synthesis of achiral Au nanostructures with versa-tile controls have been achieved,
which make Au an excellent testbed for understanding role of chiral morphology in
an achiral crystal®*>®, It is worth noting that a gigantic chiral Au structures with a size
of a few hundred nanometers have been achieved recently'*!>%° however small sized
chiral Au nanocrystals with robust chirality that can be potentially utilized as chiral
functional building blocks have been absent, which is the impetus of our current
work; Second, Au nanostructures have been demonstrated to possess strong localized
surface plasmon resonance (LSPR), which is uniquely determined by the size and
morphology of nanostructures®®. Therefore, chirality of crystalline boundary
morphology should have a direct implication in the LSPR due to delocalization of
plasmonic electrons, which plays an important role in the emerging field of chiral
plasmonics and in understanding the interplay be-tween chirality and plasmonics;
Last but not the least, it has been demonstrated that functional hybrid nanostructures
consisting of metal and semiconductor subunits can be synthesized by non-epitaxial
approach with enhanced and tunable light-matter coupling>> ¢! 62, Consequently, if
the standalone chiral Au nanostructures can be achieved with robust chirality,
chirality of metal subunits might be imprinted to semiconductor subunits to create

unique chiral hybrid nanostructures with exotic functionality and properties.

In following the proposed synthetic strategy outlined in Figure 2.2, we start with Au
nanostructures with well-defined achiral morphology (e.g., nanocubes, NCs or
nanorods, NRs) as seeds, followed by surface treatment with chiral molecules (e.g.,

L-/D- cysteine). After the removal of excessive chiral molecules from the surface
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treatment, overgrowth of chiral Au nanostructures is initiated and kinetically
controlled by a slow injection of an Au precursor with a mild reducing agent such as

ascorbic acid.

2.2.2 Chiral Au nanocube (NCs)
The achiral Au seed NCs are synthesized by a revised seed-mediated method®*.
Typically, a 0.5 ml of Au seed NCs solution is added into 1.5 ml of 80 mM CTAC
solution. A 10~25 ul of 70 uM L-cysteine (or D-) solution is added and the mixed
solution is kept stirring for 30 mins to adsorb the cysteine molecules on the surface of
Au NCs. The mixed solution is centrifugated by 13200 rpm for 10 mins and the
supernatant is discarded to remove the extra cysteine molecules in solution. This
centrifugation process is repeated twice, redispersing each time in DI water. The
precipitate is then re-dispersed into 0.5 ml of DI water, followed by addition of 1.5 ml
of 80 mM CTAC solution and 100 pl of 0.1M ascorbic acid under stirring. A 500 pl
of 1 mM HAuCly solution is slowly injected into the mixture solution by syringe
pump for 30 minutes. The products (i.e., chiral Au NCs) are washed out by
centrifugation and redispersed into the DI water.
Figure 2.3a shows a typical transmission electron microscopy (TEM) image of chiral
S-Au NCs with average size of 50 nm by using L-cysteine molecules, which were
grown from achiral seed NCs shown in Figure 2.4. Different from achiral Au NCs
possessing uniform morphology with flat surface, high-resolution TEM image of a
single chiral NC as presented in Figure 2.3b show inhomogeneous identities on the

surface with a few highlighted by red arrows. Importantly, the circular dichroism
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Figure 2.3. Synthesis and characterizations of chiral Au NCs. (a) Typical large-
scale TEM image of chiral S-Au NCs. Scale bar, 100 nm. (b) Typical TEM image
of individual S-Au NC. A few inhomogeneous features on the surface are
highlighted by red arrow. Scale bar, 20 nm. (c) Experimental CD spectra of S-
(red) and R- (blue) Au NCs. (d) Experimental extinction spectra of S- (red) and R-
(blue) Au NCs.

) 1WA

Figure 2.4. Achiral AuNCs as seeds for growing chiral Au NCs. Typical TEM
image. Scale bar, 100 nm. Inset shows a single achiral NC with scale bar of
20 nm. Straight edges and flat surface of achiral Au seed NCs can be clearly
revealed.
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(CD) measurement of as-synthesized S-Au chiral NCs in Figure 2.3a shows the
presence of a clear bisignate spectra feature (red data points in Figure 2.3¢c), i.e., a
positive peak at 532 nm and a negative peak at 592 nm. For the chiral R-Au NCs that
are synthesized by using D-cysteine molecules while other synthetic conditions
remain the same, their corresponding CD spectrum is also presented in Figure 2.3¢
(blue data points) for comparison, in which the CD peaks occur at the same
wavelengths but with opposite sign. For both R- and S- chiral Au NCs, their optical
extinction spectra are almost identical (Figure 2.3d), similar to the case of molecular

enantiomers.

A few mechanisms have been proposed to account for chiral plasmonic nanoparticles,
including electromagnetic interaction between chiral molecules and plasmonic
resonance on the surface and formation of chiral oligomers!'”!84%, We have performed
one control experiment by passivating the surface of achiral Au NCs with chiral
molecules but without overgrowth, however no detectable CD is found from such
samples. This is also consistent with theoretical study that for the high symmetric
plasmonic nanostructure like nanosphere or NCs, the chirality induced by
electromagnetic coupling between embedded/coated chiral molecules and
nanostructures could be cancelled out, and the effect of chiral molecules in this
scenario is negligible?’. Furthermore, although chiral-template- mediated inter-

64 such

particle interactions in a plasmonic oligomer has been observed in literatures
chiral oligomers have been absent in our current study based on TEM and SEM
characterizations, and the concentration of chiral molecules utilized in our chiral

synthesis is much smaller than those required for the formation of chiral oligomers.
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In order to understand the inhomogeneous morphological features as highlighted in
Figure 2.3a and 2.3b and to elucidate the origin of their optical characteristics shown
in Figure 2.3¢ and 2.3d, we have performed a thorough angle-dependent high-
resolution SEM characterization of single S-Au NC with three examples presented in
Figure 2.5a. A few structural features can be immediately identified: First, although
the overall shape of chiral Au NC remains cubic, its surface becomes concave after
the overgrowth, which is consistent with TEM observation in Figure 2.3b and can be

attributed to the edge- and corner- favored growth under the kinetically controlled

18



a (0 titted, 0" rotated) (45" tilted, 90" CCW rotated) (45" tilted, 0” rotated)

ol

T
)
(-

w

CD, 107" (au)
o
s

Extinction, 10" (a.u.) Q|
A

G

= i 1 ' L L
400 500 600 00 00 500 600 00 800
Wavelength (nm) Wavelength (nm)

-
5o
= T

Figure 2.5. Angle-dependent high-resolution SEM characterizations and
modeling of chiral Au NCs. (a) (Top) SEM images of single S-Au NC under
three different viewing angles. Scale bar, 20 nm. (Bottom) Corresponding
structural model. (b) Schematic showing the formation of S- (left) and R- (right)
chiral NCs facilitated by the prevailing chiral high Miller index facets on the
surface due to chiral symmetry breaking from an achiral NC (middle). Small
green filled circles as guide to the eye highlight the twisted edges on the
boundary. (¢) & (d) Computed CD and extinction spectra of S- (red) and R-
(blue) chiral Au NCs by using the structural model presented in (A),
respectively.

condition®. The fact of formation of concave surface further suggests the exposure of
high Miller index facets during the growth>*%7. Second, the boundary edges of chiral
Au NC are twisted as is evident from the twisting sites highlighted by the four small
green circles in Figure 2.5a. From the crystallographic viewpoint (Figure 2.1and
Figure 2.2), the surface of a regular achiral concave Au NC can be modeled as a

racemate of chiral high Miller index facets, which is schematically shown in the
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middle of Figure 2.5b. In the presence of chiral molecules like L-cysteine, the
preferential occupancy of chiral molecules onto specific chiral facets (e.g., R-facets
for L-cysteine) inhibits their successive outward growth and thus leads to preferential
kinetic growth of chiral facets with opposite handedness. As a result, the predominant
coverage of chiral facets with exclusive handedness is achieved on the surface of a
chiral NC, resulting in chiral morphology with feature of twisting boundary edges, as
schematically shown in Figure 2.5b. The small green filled circles on both the right
and left NCs in Figure 2.5b highlight the twisting sites on the edge, which are formed
by simply considering the prevailing overgrowth of one type of chiral facets from a
concave surface. Based on the proposed mechanism illustrated in Figure 2.5b, we
have constructed a structural model and compared it with SEM images acquired at the
different tilting and rotating angles (Figure 2.5a), which shows excellent agreement
with experimental results and can elucidate chiral characteristics of morphology as
manifested in the SEM characterization. More importantly, we have utilized the
constructed models presented in Figure 2.5a to compute optical properties of chiral
Au NCs by using finite element method (FEM) simulation®’, and presented both
theoretical CD and extinction spectra in Figure 2.5d, which also shows excellent
agreement with experimental data in Figure 2.4c and 2.4d. This offers a sanity check
of our model and supports the proposed CD mechanism of as-synthesized chiral Au

NCs.
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2.2.3 Chiral Au nanorods (NRs)
We would like to emphasize that our model and understanding of the CD origin in a
chiral Au NCs, which is based on the symmetry breaking of chiral high Miller index
facets on the surface, is general and can be immediately applied to other
nanostructures to induce and control similar extrinsic handedness. Figure 2.6 presents
another example of chiral Au NRs by following a similar mechanism and growth
process. As compared with Au NCs, Au NRs are more complicated from the
structural viewpoint, but possess more tunability to engineer their properties and
functionalities. For example, a few structural parameters including the aspect ratio
(AR) and the surface facets on both sides and ends of a NR often play a crucial role in

determining various physical and chemical properties and functionalities.

We chose achiral Au NRs that are synthesized by using the well-known seed-
mediated growth method as the starting structures®®. The growth of chiral Au NRs
starts with preparation of seed solution, in which a 5 ml of 0.2 M CTAB solution is
mixed with 5 ml of 0.5 mM HAuCls, followed by addition of 0.6 ml of ice-cold 0.010
M NaBH4 under vigorous stirring for 2 mins and then aged for 30 mins before further
usage. A 5 ml of 0.2 M CTAB is mixed with 0.1 ml of 4 mM AgNOj solution and 5
ml of 1 mM HAuCly solution, and after gentle mixing by hand shaking of the
solution, 70 ul of 0.1M ascorbic acid is added. This step is followed by addition of 12
ul of the above seed solution. After aging for 12 hrs, the solution is centrifuged at
13200 rpm for 10 mins, and the precipitate (i.e., achiral Au NRs) is re-dispersed in 2

ml of DI water as seed NRs for the subsequent overgrowth of chiral Au NRs. For the
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Figure 2.6. Synthesis, characterizations and modeling of chiral Au NRs. (a) Schematic
showing that by breaking the symmetry of enantiomeric high Miller index facets (red
and blue colors represent chiral crystallographic S- and R- facets, respectively) at the
ends of achiral NR (middle), chiral S- (Ieft) and R- (right) NRs can be formed by the
prevailing chiral facets at the ends, while its elongated side consists of symmetric low
Miller index facets (gray color) as those of achiral NR. (b) Typical large-scale TEM
image of chiral S-Au NRs. Scale bar, 100 nm. (c¢) (Left) High-resolution TEM image of
single chiral S-Au NR. (Middle top) Atomic resolved TEM image of the green re-gion
on the left image. Scale bar, 2 nm. (Middle bottom) the FFT pattern of the side of NRs.
The side facets of the chiral NR are identified by both imaging and indexing the FFT
pattern. (Right) Constructed structural model of chiral S-NR. (d) Experimental CD (left)
and extinction (right) spectra of chiral S- (red) and R- (blue) Au NRs. (e) Computed CD
(left) and extinction (right) spectra of chiral S- (red) and R- (blue) Au NRs by using the
structural model in (C).
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growth of chiral Au NRs, a 1 ml of above Au seed NRs solution is mixed with 1 ml of
80 mM CTAC and 10 pl of 0.3 mM L- (or D-) cysteine molecule. The mixture
solution is aged for 1 h. After aging, a 10 ul of 5 mM HAuCl4 and 0.2 ml of 0.1M
ascorbic acid is added and aged for 1 h. Then the solution is centrifuged at 13200 rpm
for 10 mins to get the Au NRs and repeated twice and dispersed in 2 ml of 80 mM
CTAC. A 30 pl of 5 mM HAuCls solution and 0.2 ml of 0.1 M ascorbic acid is added
to the above solution, followed by aging for 1 h. After aging, the solution is
centrifuged twice at 13200 rpm for 10 mins, and the chiral product is re-dispersed in 2
ml of 80 mM CTAC solution. Similar overgrowth condition is repeated to grow chiral
Au NRs with different aspect ratio and protrusions and eventually the final product is
collected by centrifugation and redispersion into DI water. Typically, a regular achiral
NR can be modeled as a four-sided elongated rhombic dodecahedron (middle in

Figure 2.6a)%%7

, whose side surfaces manifest achiral low index facets (110), while
the high surface curvature at the apexes often makes chiral high Miller index facets
(red and blue regions) more accessible at both ends. This can provide an invaluable
opportunity to induce intriguing chirality of NRs by controlling the prevalence of
chiral high Miller index facets at the end of NRs, as schematically shown in Figure
2.6a. Figure 2.6b shows one typical TEM image of overgrown chiral Au NRs assisted
by the chiral L- cysteine molecules in the growth. Both high-resolution TEM (Figure
2.6c) and SEM characterizations (Figure 2.7) have confirmed that our as-synthesized
chiral Au NR remains an overall four-sided elongated rhombic dodecahedron but

with concave morphology in the boundary facets. The atomic image and its Fast

Fourier Transform (FFT) pattern show the undistorted (110) facets on the sides, while
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the concave morphology can be clearly observed at both ends of NRs, that is similar
to the concave characteristics and chiral high Miller index facets of chiral NCs in

Figure 2.3.

Figure 2.7. SEM images of chiral Au NRs. (a) Image showing concave
facets at the ends of NRs (highlighted by red arrows). Scale bar, 20
nm. (b) Image showing straight and undistorted concave facets on the
side (highlighted by red arrows). Scale bar, 20 nm.

We have found that the as-synthesized chiral Au NRs manifest CD features in the
visible regime. In particular, Figure 2.6d (red data points) shows experimental CD
(left) and extinction (right) spectra of the S-Au NRs from Figure 2.6b which is grown
by using L-cysteine molecules. For comparison, the optical data acquired from the R-
Au NRs that possess the same dimensions but were grown using D-cysteine instead
are also presented (blue data points). Both R- and S- chiral Au NRs exhibit almost
identical op-tical extinction features, and two absorption peaks at 525 nm and 660 nm

can be attributed to the transverse and longitudinal LSPR modes of the Au NRs,
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respectively’®. Meanwhile, their CD spectra show the opposite signs with peaks at

530 nm and 660 nm.
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Figure 2.8. Overgrowth of chiral Au NRs by using binary surfactants mixture. (a)
Typical TEM image showing that overall morphology of Au NRs become more
even after the overgrowth. Scale bar, 20 nm. (b) Experimental extinction spectra
before (red) and after (green) overgrowth. Small red shifts of both transverse and
longitudinal peak wavelengths are observed after overgrowth due to the size
increase. (c) Experimental CD spectra before (red) and after (green) overgrowth.

In order to elucidate the underlying mechanism of observed chirality in the Au NRs,
we have performed two control experiments. First, we have re-moved surface ligand
molecules after growth of chiral Au NRs by a ligand exchange process with achiral
oleylamine molecules, and redispersed the chiral Au NRs in toluene, and we have

observed that the CD features remain almost unchanged. This observation excludes
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the role of possible residue chiral molecules on the surface’*”. Second, we have
modified chiral overgrowth conditions and coated additional Au layers onto chiral Au
NRs by using a binary surfactant mixture of cetyltrimethylammonium chloride and
sodium oleate (Figure 2.8). This modified overgrowth condition led to an even
morphology of NRs, and those inhomogeneous structural features that are originally
observed from the chiral Au NRs disappear (Figure 2.6¢ and Figure 2.7).
Correspondingly, the CD features measured after this second overgrowth almost
completely disappear. This control experiment unambiguously suggests that our
observed CD in Figure 2.6d originates from the boundary morphology itself, rather
than other mechanisms. Similar to the CD mechanism observed in chiral Au NCs that
is attributed to the existence of prevailing chiral high Miller index facets on the
surface, we propose that the prevailing chiral high Miller index facets exist on both
ends of the chiral Au NRs as schematically shown in Figure 2.6a. The exposure of
chiral high Miller index facets at the ends of NRs originates from the kinetically
controlled overgrowth reaction, and the adsorption of chiral molecules onto
enantioselected chiral high Miller index facets breaks the symmetry and thus
promotes the formation of each enantiomorph dependent upon the molecular
chirality. Based on this proposed mechanism, a structural model of a chiral Au NR is
constructed and presented in Figure 2.6¢ to compare with its corresponding TEM
image, showing excellent agreement. More importantly, we have computed the CD
and extinction spectra by using the structural model in Figure 2.6¢, and presented the

results in Figure 2.6e. The excellent agreement between our experimental (Figure
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2.6d) and simulation (Figure 2.6¢) results has validated our proposed CD mechanism

as well as our structural model in Figure 2.6c.
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Figure 2.9. The dependence of handedness of chiral Au NRs on the AR and the
apex protrusions. (a) & (b) Evolution of peak wavelengths in CD and extinction
spectra with the AR, respectively. Both transverse (green spheres) and
longitudinal peaks (orange spheres) are presented and compared. The green and
orange lines are data from simulation for transverse and longitudinal peaks,
respectively. (c) & (d) Evolution of peak wavelengths in CD and extinction
spectra with the average number of protrusion features at the ends of chiral NRs,
respectively. Both transverse (green spheres) and longitudinal peaks are presented
and compared. The cyan upper and down triangles are simulation data for
longitudinal and transverse peaks, respectively. The experimental uncertainty of
the AR is determined by counting more than 500 nanostructures from TEM
images of each sample. The experimental uncertainty of peak wavelength is
estimated by the Gaussian peak fit error.

Our experimental observations and proposed mechanism of induced chirality in both
Au NCs and NRs immediately suggest that such nanoscale chirality can be further
engineered by designing and tailoring their dimensions and boundary morphology.
Figure 2.9 highlights two examples of such chirality control. For regular achiral Au

NRs, their optical properties have been demonstrated to be dependent on the AR,
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Figure 2.10. Evolution of optical properties of chiral Au NRs with the AR by
FEM simulation. (a) & (b) Simulated CD and extinction spectra as a function of
the AR of chiral Au NRs, respectively.

By using our proposed CD mechanism and model of chiral Au NRs in Figure 2.6, we
have evaluated theoretically the evolution of both CD and extinction spectra with the
AR of chiral Au NRs while keeping the other structural parameters the same, and we
present the results in Figure 2.10. Experimentally we have achieved chiral Au NRs
with different AR but similar width of 18.3 + 0.5 nm (Figure 2.11), and we have
measured their CD and extinction spectra with results presented in Figure 2.12. It can
be seen that although all samples with different AR show similar characteristics in
both CD and extinction spectra and both transverse and longitudinal LSPR modes are
observed, the longitudinal mode in both CD and extinction spectra manifests strong
dependence on the AR but the transverse mode does not. In order to compare
experimental with computational results, we have extracted peak wavelengths of both

trans-verse and longitudinal LSPR modes from the CD and extinction spectra, and
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Figure 2.11. Tuning the AR of chiral Au NRs. (a) Typical large-scale TEM images
of chiral Au NRs with two different averaged ARs of 1.8 (top) and 3.1 (bottom).
Scale bar, 100 nm. (b) TEM image and model of individual chiral Au NRs showing
structural evolution with the AR. Structural model for each AR is also used for FEM
computation in Figure 2.10.

a b

Figure 2.12. Experimental optical spectra of chiral Au NRs with different AR. (a)
CD spectra. (b) Extinction spectra. Data were acquired from samples summarized
in Figure 2.11.

summarized their results in Figure 2.9a and 2.9b, respectively. It can be clearly seen
that the variation tendency seen in our experimental results agrees very well with the
theoretical prediction, and both the CD and extinction wavelengths of the longitudinal

mode show strong dependence on the AR, while the corresponding peak wavelength
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Figure 2.13. Control of structural protrusions at the apex of chiral Au NRs. (a)
Typical large-scale TEM images of chiral Au NRs with different number of
protrusions at the ends of Au NRs. Three examples, 0 protrusion, 2 protrusions and
bone-shape are presented to show the overall quality of samples in this control
experiment. Scale bar, 100 nm. (b) Representative TEM image and structural model
of individual chiral Au NRs with evolution of different number of protrusions at
the ends. For model, side view and two end views are provided for clarification
purpose. These are also the models utilized for FEM computation presented in
Figure 2.14.

of the transverse mode remains almost unchanged, as it is mainly determined by the

width of chiral Au NRs.
Our observed CD of chiral Au NRs originates from the prevailing chiral facets

exposed at the ends of chiral NRs, suggesting that if such chiral facets (and thus the
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end morphology) can be tailored it should offer an important way to finely tune and
enhance its induced handedness. Indeed, by employing a layer-by-layer overgrowth
process onto the starting chiral Au NRs, we have found that the boundary
morphology at both ends of NRs evolves from a simple chiral concave rhombic
dodecahedron (Figure 2.6) to a more intricate shape with multiple protrusions at the
end, and the average number of such structural protrusions can be controlled from
single protrusion to a bone-shaped morphology with more than six protrusions
(Figure 2.13). The appearance of protrusions can be understood by the kinetically
controlled overgrowth condition, in which the over-growth at corners is favored over
facets. We have performed optical measurements on a series of samples with different
numbers of protrusions, and summarized the results in Figure. 2.14a and 2.14b. Based
on the morphologies of protrusion structures, we have also constructed corresponding
models (Figure 2.13) and computed their chiroptical responses to account for the
effect of such morphological protrusions (Figure 2.14c and 2.14d). In order to
compare experimental with theoretical results and to validate the underlying CD
origin and model, we have acquired peak wavelengths from experimental and
simulated CD and extinction spectra, and summarized results in Figure 2.9c and 2.9d.
It can be seen that both the CD and extinction spectra of resultant chiral Au NRs with
protrusions vary consistently with total number of protrusions at the ends, which can
be fully rationalized by our modeling. Thus far, the consistency between our
experimental results and theoretical computations and modeling for all different chiral

Au NCs and NRs has validated our pro-posed chiral mechanism in this important
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Figure 2.14. The CD and extinction spectra of chiral Au NRs with different number
of protrusions at the ends. (a) & (b) Experimental CD and extinction spectra,
respectively. (c) & (d) Computed CD and extinction spectra by using the model
presented in Figure 2.13, respectively.

class of plasmonic chiral metal nanostructures, offering a guideline to further tailor

CD characteristics of chiral nanostructures from the bottom-up.

2.2.4 Chiral hybrid metal-semiconductor nanostructures
It is worth noting that different from other mechanisms for inducing chirality in
plasmonic nanostructures by either electromagnetic coupling or assembly, the
boundary morphology induced handedness of metal nanostructures has been

demonstrated in Figure 2.9 to be very robust with various controls, thus offering a
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viable bottom-up chiral materials platform for developing more complex and
functional chiral hybrid nanostructures that can potentially integrate different
functionalities within a single nanoscale entity to enable synergistic couplings (Figure
2.2), and to explore the emerging chirality-dependent physics and chemistry. For
example, exotic nanoscale resonant plasmon-exciton coupling has been achieved in
achiral hybrid metal-semiconductor nanostructures ®-*>77_ If similar hybrid
nanostructures can be achieved with chiral plasmonic nanostructures, like the chiral
Au NCs and NRs from our current work, chirality should provide a new degree of
freedom to control nanoscale spin or enantioselective photocatalysis by a chiral local
plasmonic field. Figure 2.15 demonstrates the feasibility of developing a new class of
chiral hybrid nanostructures and to investigate the evolution of structural and optical
characteristics in such hybrid nanostructures. We start with chiral S-Au NRs with
bone-shaped end morphologies that retain strong CD (Figure 2.13a). Typically, a 2 ml
of chiral Au NRs is mixed with 1 ml of 0.2 M CTAB, 30 pl of 0.01 M AgNO3 and 50
pl of 0.1 M ascorbic acid. The pH of the solution is adjusted to ~10 by using NaOH.
After aging for 5 mins, the solution is centrifuged twice at 13200 rpm for 10 min, and
the product (Au-Ag NRs) is re-dispersed in 2 ml of 0.2 M CTAB. To convert metal
Ag shell of Au-Ag NRs to semiconductor AgzS shell, the above Au-Ag core-shell
NRs solution is mixed with 20 pl of 0.4 mM Na,S solution. After aging for 30 mins,
the solution is centrifuged twice at 13200 rpm for 10 min, and the product (chiral Au-
Ag>S NRs) is dispersed in 2 ml of 0.2 M CTAB. The chiral Au-CdS NRs is achieved
by cation exchange process. Typically, the above Au-Ag,S NRs solution is mixed

with 20 pl of 80 mM Cd(NO3); solution. The solution is stirred at 60 °C, followed by
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Figure 2.15. Development and characterization of chiral hybrid nanostructures. (a)
Step-by-step chiral structural evolution (top to bottom in figure) from chiral metal
Au NRs with bone-shape morphology, to Au-Ag core-shell, to Au-Ag>S and to
Au-CdS metal-semiconductor core-shell NRs by chemical conversion. For every
step, solution in a glass vial showing good sample dispersion and color (left),
TEM image of individual nanostructure with scale bar of 20 nm (middle) and its
corresponding model (right) are presented. (b) Experimental dissymmetry g-
factor measured at each step. Purple, pink, gray and yellow data curves were
acquired from the Au, Au-Ag, Au-AgS and Au-CdS NRs, respectively. For
comparison and clarity purpose, the curves of the Au-Ag, Au-Ag:S and Au-CdS
NRs are vertically shifted by -0.006, -0.0105 and -0.0155, respectively.

addition of 5 pl of tributylphosphine. The cation exchange process continues for 2

hrs. The solution is centrifuged twice at 13200 rpm for 10 mins, and the product

(chiral Au-CdS NRs) is dispersed in DI water. Figure 2.15a and Figure 2.16 show the

step-by-step structural and compositional evolution characterized by TEM imaging,

with a schematic model, and the corresponding variation of optical properties of

different hybrid nanostructures can be evident by examining the color of solutions.

We have found that although the starting chiral Au NRs possess bone-shaped end

morphology, the overall Au (core)-Ag (shell) NRs become regular rectangular
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Figure 2.16. Step-by-step optical characterization of hybrid chiral NRs by chemical
conversion. (a) & (b) Experimental CD and extinction spectra, respectively. Purple,
pink, gray and yellow data curves are acquired from Au, Au (core)-Ag (shell), Au
(core)-AgsS (shell) and Au (core)-CdS (shell) NRs, respectively. For comparison
and clarity purpose, the CD curves of the Au-Ag, Au-Ag,S and Au-CdS NRs are
shifted vertically by 140, 250 and 400, respectively, while the extinction curves of
the Au-Ag, Au-AgS and Au-CdS NRs are shifted vertically by 0.85, 1.6 and 2.5,
respectively.

cuboids after the overgrowth of the Ag shell while the bone-shaped Au NRs remain
intact and visible in the TEM images. The subsequent chemical conversions from the
metal Ag to dielectric semiconductor shells (both Ag>S and CdS) do not alter either
the overall cuboid morphology or the central bone-shaped Au core, highlighting the

robustness of as-synthesized chiral Au NRs.

We have studied the evolution of CD characteristics (Figure 2.16), and compared the
corresponding dimensionless dissymmetry factor (g-factor) in Figure 2.15. There are

a few important observations that can be immediately identified from Figure 2.15b:
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First and foremost, the hybrid Au-Ag:S and Au-CdS nanostructures manifest strong
CD that originates from the chiral Au core NRs. This observation is consistent with
our TEM result confirming that chiral Au NRs remain intact even after multiple
overgrowth and harsh chemical conversion processes. This again can be attributed to
the robust chirality mechanism by chiral boundary morphology in Figure 2.2; Second,
the CD of the Au-Ag core-shell NRs almost disappears after overgrowth of the Ag
shell, but is recovered once the Ag shell is converted to the semiconductor Ag>S shell
in the Au-Ag>S hybrid NRs. The revival of CD features in the Au-Ag>S hybrid NRs
suggest that the chirality of Au NRs is sustained in the process, however the
disappearance of CD in the Au-Ag core-shell NRs can be attributed to the fact that
both Au and Ag are conductive and the overall morphology of the Au-Ag core-shell
NRs becomes even, and the plasmonic electrons are delocalized on the surface of
entire core-shell NRs. As a result, the effect of the chiral boundary morphology of Au
NRs becomes negligible to the delocalized plasmonic electrons; Lastly, although the
CD features are recovered in the hybrid Au-Ag:S and Au-CdS metal-semiconductor
NRs, both the CD peak wavelengths and intensities are varied as compared with the
starting chiral Au NRs. Qualitatively, such variation can be attributed to the
difference in the dielectric constant of semiconductor shell in the hybrid
nanostructures. A more thorough and quantitative comparison is currently under

investigation.

2.3 Conclusion

We have developed a facile synthetic method to induce and engineer chirality of small-

sized plasmonic Au NCs and NRs from the bottom-up, having achiral crystallographic
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lattices. Both experimental and theoretical results have suggested that the observed
chirality originates from the nanoscale chiral boundary morphology induced by the
broken symmetry of chiral high Miller index facets and is very robust. Because of their
small size and robustness of chirality, these as-synthesized nanoscale chiral plasmonic
structures can serve as chiral functional building blocks. We have demonstrated a new
class of chiral hybrid nanostructures that can integrate multi-functionalities, including
chirality, plasmons and excitons at the nanoscale. Our current work opens up a few
emerging research avenues. For example, although we have utilized Au as an example,
the chiral mechanism based on broken symmetry of chiral high Miller index facets
should be general and be readily applied to other achiral inorganic metals. As compared
with existing mechanisms for inducing chirality at the nanoscale, chiral boundary
morphology in inorganic nanocrystals should offer a robust mechanism for preserving
CD characteristics for many practical applications, including enantioselective catalysis.
Additional importantly, the availability of hybrid chiral metal-semiconductor
nanostructures as demonstrated in our work should offer a new and unique pathway to
study various entangled chirality effects, including chirality induced spin selectivity

and chiral hot electrons at the nanoscale’®7°.
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Chapter 3: Intrinsic Plasmon-Chiral Coupling in the Emerging
Hybrid Chiral Nanostructures: A Coupled-Oscillators Analysis

3.1 Introduction

Chiral objects, possessing non-superimposable mirror images often termed as “left-
handed” or “right-handed”, exhibit distinct properties and behaviors, playing pivotal
roles across diverse fields, ranging from chemistry and biology to physics and
photonics. For instance, chiral molecules are crucial for numerous biological processes
in nature, with their selective interactions with receptors underpinning critical functions
such as drug binding and enzyme catalysis'. Despite the broad significance of chirality,
the majority of research has historically focused on small organic molecules due to
their prevalence and synthetic accessibility. However, recent years have witnessed a
growing interest in exploring chirality in inorganic materials. Inorganic chiral
materials, including chiral metallic and chiral semiconductor nanostructures, offer
unique avenues to broaden our understanding and applications of chirality beyond the
organic domain*>%, These materials exhibit intriguing optical, spintronic and phononic
properties, driven and tailored by their chiral geometry and crystal structure, surpassing
what can be achieved by organic chiral molecules alone®*!34. Particularly, recent
development in bottom-up synthesis techniques have facilitated the creation of
emergent inorganic chiral hybrid nanostructures comprising chiral subunit and other

536285 For instance, integration of achiral plasmonic

functional components
nanostructures, such as gold and silver metal nanoparticles and nanorods that possess

localized surface plasmon resonances (LSPR), with chiral subunits in a hybrid
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nanostructure presents an exciting opportunity'®®’. This integration allows for the
exploitation of the distinctive optical properties of both components, resulting in novel
chiral hybrid light-matter states and precise control over chiral light-matter interactions
at the nanoscale?>*%%%, However, the study of such hybrid chiral systems remains
nascent, and there is pressing need for theoretical investigations to elucidate the
underlying coupling physics between LSPR and chiral objects. Herein, a general
coupled-oscillators model has been developed to unveil inherent LSPR-chirality
coupling in hybrid nanostructures. Predictions from this model indicate various LSPR-
mediated chiral effects depending on inherent coupling strengths within the hybrid
nanostructure, offering valuable insights to guide the design of chiral hybrid
nanostructure with desired chiroptical properties and functionalities. Furthermore, full
wave simulation incorporating chiral constitutive equations has been employed to
evaluate specific hybrid nanostructures, showcasing excellent agreement with
predictions by the coupled oscillators model. Understanding the intrinsic chiral-
plasmonic coupling in a hybrid nanostructure holds promise for precise design and
innovative applications in areas such as quantum sensing, enantioselective catalysis
and chiral optoelectronics*!"7>#2, Further theoretical and experimental studies on the
coupling between LSPR and chiral objects are imperative for unlocking new
functionalities and advancing the development of next-generation chiral nanophotonic

devices.
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3.2 Oscillator model

3.2.1 Three coupled oscillator model

Figure 3.1 shows schematics of a three-coupled-oscillators model for a chiral hybrid
nanostructure consisting of an achiral plasmonic subunit and a chiral subunit with
dominant one-dimensional plasmons-chiral coupling. Briefly, in this model, the chiral

subunit can be generically described by the Born-Kuhn model*?*?

, Involving two
separated but coupled oscillators along x and y directions, respectively, with a physical
separation distance D along z direction and chiral coupling strength gi, = g21 -
Qualitatively, under excitation of left or right circularly polarized light with k vector
along z and frequency w, oscillations of the two oscillators for chiral subunit will be
either constructive or destructive that is determined by D, leading to different
oscillation magnitude and thus circular dichroism (CD). Furthermore, oscillators have
also been widely utilized for describing various physical properties of nanoscale
plasmonic systems’*>. In a hybrid chiral nanostructure consisting of both chiral
subunit and achiral plasmonic subunit as illustrated in Figure 3.1, a three-coupled-
oscillators model can be utilized by integrating the plasmonic oscillator with the Born-
Kuhn chiral oscillators, which is governed by the equations as follows:

e\ kD
uy' + yiui + wiug + giauy + gi3uz = —N, (E) Ejez et

e

ikD
Uy + YUy + 03Uy + gioUy + gaztis = —N, ( )Eze_Te_lwt (Eq.3.1)

m

e .
uz + y3uz + wiuz+gi3u; + gazup = —N, (E) Eze™t¢t
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The w; and y; are the intrinsic resonance frequency and damping parameter of the i-th
oscillator, where the i=1 and 2 denote two coupled-oscillators representing chiral
subunit and the /=3 is the plasmonic oscillator. The E; is the projection of the external
electric field of the incident light at the i-th oscillator. The g;;u; represents the coupling
interaction applied to the i-th oscillator by the j-th oscillator. The N, and N,, represent
the total number of chiral electrons and plasmonic electrons for chiral and plasmonic

oscillators, respectively, which characterize the polarizability of the chiral subunit and

plasmonic subunit within the hybrid nanostructure.

N
- <
<

W1,¥1

f$ Wz, Y2
y

Figure 3.1. Schematic presentation of the three-coupled oscillator
model (bottom) describing a hybrid chiral nanostructure (top)
comprising an achiral plasmonic subunit (golden) and a chiral subunit

(purple).
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Different from the nonlocality tensor method that is often applied to calculate the CD
of Born-Kuhn coupled oscillator>**, we have evaluated the CD of a hybrid chiral
nanostructure by directly calculating the difference of energy loss of three oscillators
in order to fully account for the integration of the plasmonic oscillator in Figure 3.1%.

The energy loss of an oscillator system can be calculated by energy dissipation of the
damping term of o; = %yiwzluilz. The total CD from the hybrid nanostructure can

therefore be evaluated as the difference of energy loss under left and right circularly

polarized light and can be written as:

1
CcD =EwaZA|ui|2,i =123 (Eq.3.2)
i
15 b 0.10
NN 0.08
3 1.0 5
% <0.06
"N -]
= — 3
X £0.04
a 0.5 2
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i 0.02
0.0 L 1 0.00
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Figure 3.2. Chiral oscillator that is set to have CD peak at 530 nm and is utilized to
couple with plasmonic oscillator in our multiple coupled oscillator models. (a) CD

17
and (b) Absorption spectra by following parameters: w; = A0 o1

530
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For all our computations in current work, we adopt N,,/N, = 100 to account for
different intensities of optical response by the plasmonic and chiral subunits in a hybrid
nanostructure. The Born-Kuhn model has been applied to describe both non-degenerate
and degenerate scenario depending on whether the frequencies of the two oscillators
are the same or not to account for different line shapes of CD peak’’. We have
demonstrated (unpublished) that our model of hybrid chiral nanostructure in Figure 3.1
can be applied to both cases with similar underlying coupling physics, however to
better illustrate intrinsic chiral physics and to compare with existing chiral
semiconductors like chiral HgS or chiral perovskite nanostructures that have been

achieved experimentally, we will use a non-degenerate single CD peak located at 530
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Figure 3.3. Variation of optical characteristics of a chiral hybrid nanostructure with
its intrinsic coupling strength between chiral and plasmonic subunits. (a, b)
Representative CD and absorption spectra in a weak coupling regime (
g,,=—3x10%s-2); (c, d) Representative CD and absorption spectra in a medium
coupling regime (g ,= - 3x 10%s-2); (e, f) Representative CD and absorption spectra
in a strong coupling regime (g ,=-3x10%s-2). The magnitudes of CD and
absorption are normalized to the corresponding peak intensities of the uncoupled
chiral subunit in Figure 3.2.
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Figure. 3.4. Evolution of optical characteristics with continuously tuned plasmonic-
chiral coupling strength across different regimes. (a, b) The CD and absorption
spectra with variation in the coupling strength from weak to medium regimes,
respectively. The LSPR wavelength is fixed at 590 nm. (¢, d) The CD and
absorption spectra with variation in the coupling strength from medium to strong
regimes, respectively. The LSPR wavelength is fixed at 530 nm. The magnitudes
of CD and absorption are normalized to the corresponding peak intensities of the
uncoupled chiral subunit in Figure 3.2.

nm as an example (Figure 3.2) and explore plasmonic-chiral coupling by tuning the
LSPR (w3) across this CD peak.

Figure 3.3 compares the total CD and absorption spectra of a hybrid nanostructure with
three different intrinsic coupling strengths (i.e., g13 and g,3) between the plasmonic
and chiral oscillators, with variations in the LSPR peak. The evolution of CD and

absorption spectra with continuously tunable coupling strength at a fixed LSPR is also
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depicted in Figure 3.4. Both Figure 3.3 and 3.4 clearly illustrate the existence of three
different coupling regimes, each characterized by unique optical signatures. A notable
emergent feature observed across all coupling strengths is the appearance of a new CD
band coinciding with the LSPR, despite the plasmonic subunit itself being achiral. This
evolving CD feature is termed as an induced plasmonic CD, which arises from confined
electrons within the achiral plasmonic subunit, influenced by its neighboring chiral
subunit. Across all coupling strengths, negative induced plasmonic CD is observed
when the LSPR wavelength is shorter than the CD wavelength of the chiral subunit,
and vice versa for positive induced plasmonic CD. Notably, similar observations of
induced plasmonic CD have been predicted in scenarios involving plasmonic
aluminum nanoparticle coupled to chiral molecules on their surface”®. In the weak
coupling regime, as illustrated in Figure 3.3a and Figure 3.4a, while the CD signal from
the chiral subunit at 530 nm remains positive, its peak strength experiences a modest
enhancement when the LSPR occurs at a shorter wavelength than the CD peak, and a
reduction vice versa, compared to a pure chiral subunit without plasmonic coupling
(Figure 3.2a). Importantly, as the coupling strength increases, dramatic modifications
to the chirality signature of the chiral subunit can occur. A notable sign inversion from
positive to negative CD peak of the chiral subunit is observed when the LSPR
wavelength is tuned to be longer than that of CD peak (Figure 3.3c), while the optical
absorption of the hybrid structure remains dominated by the achiral plasmonic subunit,
akin to the weak-coupling regime (Figure 3.3b and 3.3d). In the strong coupling
scenario, evident mode splitting is observed in both CD and absorption spectra (Figure

3.3e and 3.3f), with the degree of splitting increasing with the intrinsic coupling
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strength (Figure 3.4c and 3.4d). The observation of cross splitting of the absorption

spectra signifies the formation of plasmon-chiral hybrid states®'%,

3.2.2 Understanding the underlying origins of the total CD
To understand the diverse CD signatures across weak, medium and strong coupling
regimes in Figure 3.3, we have meticulously examined the origin of the observed total
CD of a hybrid chiral nanostructure as follows. The time varying term, e ~*“¢ doesn’t
appear in the calculation of CD and therefore for the following discussion, the time
—iwt

varying term, e in the equations can be omitted for simplicity, and the Eq. 3.1 can

be rewritten as follows:

ey . ikp
—w?uy — iy Uy + iUy + gioUp + gisus = =N, (E) Eje 2
e _ikD
—w?U; — iyU; + WFUp + G1oUs + Gasus = —Ne (a) Eze 2 (Eq.3.3)
e
—w?uz — iy3Us + wiuz+gi3Uy + g3ty = =N, (E) Es

To understand the underlying coupling physics between chiral and plasmonic
oscillators, we can evaluate chiroptical responses of the coupled oscillator model by
separating the external excitation of chiral oscillators and plasmonic oscillator in the

system, and evaluate the Eq. 3.1 as the combination of two separated equation sets:

ey . ikp
—w?uy — iy Uy + Wiy + giuy + gizuz = =N, (%) Eie 2
- e _ikD Eq.3.4
—w?uy — iyuy + wiu, + giouy + gozuz = —N, (E) Eye 2 (Eq.34)
—w?uz — iysuz + wiuz+gi3U; + gty =0
—w?uy — iy uy + wiuy + gipup + grzuz =0
—w?Uy — iyaUp + W3Uy + groUy + go3uz =0 (Eq.3.5)
_ e
—w?uz — iy3uz + wiuz+gi3uy + gasup = —N, (E) E3
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In the Eq. 3.4, we only have non-zero excitation terms on chiral oscillators, i.e., E; #
0, E;, # 0 and E3 = 0. The solutions of the i-th oscillator of this equation set are
denoted as uc;4, where i = 1,2,3 and ‘+’ and ‘=’ stand for left circularly polarized
(LCP) and right circularly polarized light (RCP), respectively; Similarly, in the Eq. 3.5,
we only have non-zero excitation terms on plasmonic oscillators, i.e., E3 # 0 and E; =
E, = 0, and the solutions of the i-th oscillator of this equation set are expressed as
Upi+, Where i =1, 2,3,

The total response of the i-th oscillator from the Eq. S15, u;, can thus be expressed as

the sum of u; = u.; + u,;, where i = 1,2, 3.

pi»>
We thus have:

2 X ) 5 )
uis|” = Tcix + wpixl? = |ucie|” + [upis|” +ulisupis +
UcitUpit (Eq.3.6)
Correspondingly, the total CD (Eq. 3.2) can be obtained as:

1 1 2 . .

CD = EY(;_)Z YAy = EYa)Z il (|uci|2 + |upl-| + UgiUp; + uciupl.) =(CD. +

CD, + CDg (Eq.3.7)

where  CD. =yw?¥;Alugl? , CD =1ya)ZZiA|upi

|2
¢ 2 L)

, and (D, =
%ywz i A(uziupi + uciu;i), representing different chiral mechanisms.

We have evaluated those three different contributions separately as follows:

(1) The CD.. The CD, is only relevant to the excitation of chiral oscillators without the
contribution of uy; . Therefore, the CD. originates from the excitation of chiral

oscillators, and represents the intrinsic chiroptical response of chiral subunit in a hybrid

nanostructure. Importantly, by comparing with the uncoupled chiral oscillator, the
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intrinsic chiral response of chiral subunit in a hybrid nanostructure is modified by the
existence of the adjacent achiral plasmonic subunit located within the hybrid
nanostructure, and is characterized by the coupling strengths of g,3 and g,3. From the
perspective of energy flow and optical excitation, the CD. originates from the
excitation of chiral oscillators, and is dominated by the characteristics of chiral
oscillator. However, the excitation of chiral oscillator under the external
electromagnetic wave can be coupled to its adjacent plasmonic oscillator through the
near-field plasmonic-chiral coupling. As a coupled system, all the oscillators could
eventually reach dynamic equilibrium. To evaluate such near-field coupling effect here,
the CD, can be further quantitatively expressed by two contributions as CD, = CDg +
CDyp , where the CDyp represents the original CD of the pure chiral subunit without
being coupled to the plasmonic subunit, and the CD, originates from the near-field
coupling by the plasmonic oscillator, which imposes a small but not negligible
modification to the original CDyp.

(2) The CD,,. The CD,, is only relevant to the uy;. In order to compute the quantity of
CD,, we have evaluated excitation of the oscillators system by considering the LCP
and RCP separately:

For the LCP excitation: E = E(X + iy), the Eq. 3.5 can be written as:

—w?uy — iy + wiug + gipup + gaztz =0
—w?Uy — iy Uy + iUy + 912Uy + gosUz = 0 (Eq.3.8)

e
—w?uz — iy3uz + wiuz+gi3uy + gasut, = —N, (E) E(X +iy)-u3

For the RCP excitation: E = E(X — iy), the Eq. 3.5 can be written as:
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—w?uy —iyuy + iUy + giaUp + gi3us =0
—w?uy — iyyup + w3, + groug + 9237;3 =0 (Eq.3.9)
—w?uz — iyzuz + wiuz+gi3uy + gosuy; = —N, (E) E(Xx —iy)-u3
The only difference between the Eq. 3.8 and Eq. 3.9 is the phase term of the external
excitation: (X + iy) -tz = (X —iy)-u3-e®?, where Ap represents the phase

difference. As a result, their corresponding solutions meet the relationship of up;; =

Uy - 29, leading to |upl-+| = |upi_|. Consequently, we have concluded that the

pl—

CD =lyw2(21|upi+|2—Zi|upi_|2)=0. This suggests that there is no net

P
chiroptical response that can be induced by the plasmonic subunit at the absence of
excitation of its alongside chiral subunit, although near-field plasmonic-chiral coupling
exists.
(3) The CD,. The CD,y involves contributions from both u,; and u.;, strongly

suggesting that its origin is the interplay of simultaneous excitations of plasmonic and

chiral oscillators, and thus should play a key role in the hybrid nanostructure.
In summary, we can obtain the total CD as:

CD = CD¢p + CD, = CDp + CDy + CDyp (Eq.3.10)
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Figure 3.5. Decomposition of total CD based on two different mechanisms, D
and ¢p . (a), (c), and (¢) depicts €D maps for weak, medium, and strong coupling
examples illustrated in Figure 3.3, respectively. (b), (d), and (f) shows cD_maps
for weak, medium, and strong coupling examples illustrated in Figure 3.3,
respectively. The magnitude of CD is normalized to the CD peak intensity of the
uncoupled chiral subunit in Figure 3.2.

In our current work, we use non-degenerate Born-Kuhn model for chiral oscillator as

an example to present and discuss the underlying coupling physics in a hybrid chiral

nanostructure, and set the CD peak of pure chiral oscillator to be a positive single peak

at 530 nm (Figure 3.2). For simplicity, the orientation of the plasmonic oscillator is set

to be 43 = X and the chiral subunit is placed at its X direction so that # = X. Therefore,

we have:
1 2e?
g13 = —e*[3(uz - y3)(Wy - 713) — Uy - u3]T—3 - Tr.3
13 . 13 (Eq.3.11)
922 = —e*[3; T3 (@ 733) — - W] — = 0
23

We have chosen three different coupling strengths, g;3 = —3 X 1026572, -3 x

10%7s7%,and — 3 X 10?8572 to represent weak, medium and strong regimes,
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Figure 3.6. Two different chirality contributions to the CD,. : (a), (¢) and (e) are
CDg maps for weak, medium and strong coupling examples illustrated in Figure

3.5, respectively. (b), (d) and (f) are CDyp maps for weak, medium and strong

coupling examples illustrated in Figure 3.5, respectively. The magnitude of CD is
normalized to the CD peak intensity of the uncoupled chiral subunit in Figure 3.2.

respectively. We have investigated in-depth the total CD in the weak, medium and

strong coupling regimes that are presented in Figure 3.3 and Figure 3.4, and present
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their different contributions of CD., and CD, in Figure 3.5, as well as two different

contributions of CD., CD, and CDyp, in Figures 3.6-3.8.

~ 30 al~ 30 b
e & -
< 25 I < 25 "
— = ] -
X T o X =]
= 20+ 2% 20F
& ! 23
S 15 ~2|8 15 2

. S B i

- - . n
E 10F I;u 'E'J 10F o
% 5k q g 5k -
8 1 ] 1 ; o 1 1
430 480 530 580 630 430 480 530 580 630
Wavelength (nm) Wavelength (nm)
~30 % ~300 d
tn =) ) =
e ol '3.\ =
& 250 l S 2501 .
- % — 2
X L i
= 200 W__\_EZOO- =
o " 2B < =
S 150 =15 150F <
E sl 28
7] 'Qlen &)
20100 I:; 2100 -9
= =
=3 o |2
2 50 S |3 50 -o
U 1 1 1 U 1 1
430 480 530 580 630 430 480 530 580 630
Wavelength (nm) Wavelength (nm)

Figure 3.7. Decomposition of total CD in Figure 3.4 based on two different
mechanisms, CD., and CD. . (a) and (¢) are evolution of CD¢, with inherent
coupling strength from weak-to-medium and medium-to-strong coupling,
respectively. (b) and (d) are evolution of CD, with inherent coupling strength from
weak-to-medium and medium-to-strong coupling, respectively. The magnitude of
CD is normalized to the CD peak intensity of the uncoupled chiral subunit in Figure
3.2.

Figure 3.5 compares different contributions from €D, and CD, in the weak, medium
and strong coupling examples presented in Figure 3.3. Several key insights can be

gleaned immediately: First, CD. maintains a positive sign across all coupling scenarios.

Particularly in weak and medium couplings, CD, is predominantly influenced by the
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pure chiral oscillator. While a slight modification to the original CD of the chiral
oscillator occurs due to the presence of its neighboring plasmonic oscillator (Figure
3.6), this effect is relatively minor compared to the original CD strength from the chiral
oscillator, owing to the absence of direct excitation of the plasmonic oscillator; Second,
the coupling term, CD.p, distinctly exhibits a phase reversal for all coupling strengths
when the LSPR is tuned across the CD peak of the chiral oscillator. The consistent sign

inversion in the CD., map arises from the phase change of the plasmonic oscillator

through plasmonic near-field coupling inherent in a hybrid nanostructure. When LSPR
peak coincides with CD peak of chiral oscillators, the plasmonic oscillation is in-phase
with the driving electric field, resulting in a phase shift of zero degrees. When the
excitation wavelength deviates from the LSPR peak, the phase shift between the
plasmonic oscillation and the driving field becomes non-zero and opposite, depending
on excitation at longer or shorter wavelength than the LSPR peak. Such phase change
has led to Fano resonance with asymmetric line shape when a narrow resonance state
is coherently coupled with a broad plasmonic feature!’!, Similarly, in a hybrid
nanostructure where the plasmonic oscillator is coupled to chiral oscillators, at the
original CD peak of the chiral oscillator, the LSPR of the plasmonic oscillator occurring
at shorter or longer wavelength will exhibit an opposite phase shift of m, resulting in
opposite phases of the local electric field by the plasmonic oscillator and serving as the
excitation source of coupled chiral oscillators with a sign inversion at the CD peak;

Third, while CD,, exhibits consistent sign-inversion characteristics, its magnitude
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Figure 3.8. Evolution of two different contributions to the CD. maps presented in
Figure 3.7: (a) and (c¢) are evolution of CDg contribution with inherent coupling
strength from weak-to-medium and medium-to-strong coupling, respectively. (b)
and (d) are evolution of CDyp contribution with inherent coupling strength from
weak-to-medium and medium-to-strong coupling, respectively. The magnitude of

CD is normalized to the CD peak intensity of the uncoupled chiral subunit in Figure
3.2.

depends on the coupling strength between the chiral oscillator and the plasmonic
oscillator, while CD, remains relatively constant in the weak and medium coupling
regimes. Consequently, the total CD results from the competition between near-field
plasmonic coupling and direct external excitation of the chiral oscillator. In a weak

coupling, direct external excitation of the chiral oscillator dominates, leading to sign
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preservation (positive in Figure 3.3a). Conversely, in a medium coupling, near-field
coupling originating from the plasmonic oscillator predominates, resulting in the
observed sign-inversion in Figure 3.3c. This can be clearly seen in the evolution of CD
with varying coupling strength in Figure 3.7 and 3.8; Lastly, in the strong coupling
regime, both CD¢, and CD. undergo significant modifications. Consequently, the
optical characteristics in this scenario should be considered as the formation of a hybrid

electronic state within a hybrid nanostructure, manifesting as clear mode splitting*1%,

3.2.3 Four coupled oscillator model
It is noteworthy that while we have only considered one plasmonic oscillator coupling
in Figure 3.1, our theoretical framework is versatile and readily extends to incorporate
multiple oscillators. This capability allows for the description of more complex
coupling scenarios, including high dimensional anisotropic coupling between the
plasmonic subunit and chiral subunit in a hybrid nanostructure. For instance, if a hybrid
nanostructure possesses a structural configuration where a chiral nanoparticle subunit
is situated in the middle of a plasmonic nanorod subunit, couplings between the chiral
subunit and both the transverse and longitudinal plasmonic modes of the plasmonic
subunit must be considered concurrently. To address such two-dimensional anisotropic
coupling, the model can be readily expanded by integrating an additional plasmonic
oscillator into the existing three-coupled oscillator model, as depicted in Figure 3.9.

The equations describing the general framework for the four-coupled oscillator
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Figure 3.9. Schematics of a four-coupled oscillator model (bottom) to describe
hybrid chiral nanostructure (top) possessing inherent anisotropic plasmonic-chiral
coupling. The chiral subunit is described by a coupled Born-Kuhn coupled
oscillator (1% and 2" oscillators). To introduce anisotropy, two plasmonic
oscillators are employed for achiral plasmonic subunit.

scenario can be formulated similarly to Eq. 3.1 for the three-coupled oscillator model,

with addition of corresponding coupling terms:
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( uy + iUy + 0iug + groUs + gi3Us + grally = — ( )E1e 2 e~lot

lkD
uy + yuy + WUy + graUy + gozlUs + Goally = — ( )E ot
) (Eq.3.12)

u3 +ysus + wiuz+gizuy + a3y + gaaly = —N3 ( ) e ot

| U+ YUy + wiUstg1aUs + GaaUz + GaaUz = —N, (m) Eje™t"

where u, is the displacement for the fourth oscillator for anisotropic plasmonic subunit
with frequency of w, and new couplings to both existing plasmonic oscillator (g3, =
Ja3) and chiral oscillator (g4 = g41 and g,4 = g4,). Correspondingly, the total CD of

a hybrid chiral nanostructure can be evaluated as:

1
CD = 5yw? Z Alwl?,i=1,23,4 (Eq.3.13)

To solve the equations, coupling parameters, g;;need to be determined based on the
structural configurations. To compare with three-coupled oscillator model in Figure 3.1
and simplify computation, we set the orientations of four oscillators as uz =
x and uy =y for plasmonic oscillators and #; = X and u; = ¥ for chiral oscillator,
but the result-in underlying physics is general. We will further assume no self-coupling
between two plasmonic oscillators, i.e. g3, = g43 = 0. This can often be justified for
anisotropic plasmonic nanostructures. For example, the transverse and longitudinal
LSPR modes of a metallic plasmonic nanorod are determined independently by its

diameter and length, respectively. We considered the relative intensity of optical

responses from different portion, and adopt % = 100 and % = 30 for computation in
c c

current work. This allows for comparison with subsequent FEM simulation of specific

hybrid nanostructures in Section 3.3.
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For the sake of validation and comparison with three-coupled oscillator model, we will
initially employ the four-coupled oscillator model to assess a specific scenario
involving one-dimensional plasmonic-chiral coupling along x axis, denoted as 7 = X.

We can write coupling parameters as:

(e o~ \ [~ . 1 2e?
g13 = —e’[3(uz - ¥i3) (g - 713) — Uy -ug]—3 =—-——
13 713
S | e? (Eq.3.14)
goa = —€“[3(Uy " Toa)(Uy " Toa) — Uy "Wy — = —
24 24

914 =923 =0
where the ;3 and r,, represent the effective distance between the chiral oscillator and
two plasmonic oscillators. In this setup, we designate the w, of the fourth oscillator to
have its corresponding LSPR wavelength at 370 nm, while w3 of the third oscillator is
subject to variation. All other computation parameters remain consistent with those
outlined for the three-coupled oscillator model discussed in Figure 3.3. The resultant
CD, as predicted by the four-coupled oscillators for this scenario is presented in Figure
3.10. A comparison with the outcomes from the three-coupled oscillator model in
Figure 3.3 reveals a similar trend across weak, medium and strong coupling regimes.
This conclusion is expected, as the three-coupled oscillator model is developed for one-
dimensional coupling and adequately captures its nuances. Nevertheless, this

comparison serves as a validation of the consistence of oscillator model framework.
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Figure 3.10. Application of the four-coupled oscillator model to scenarios with one-
dimensional plasmonic-chiral coupling. (a, b) representative CD and absorption in
a weak coupling regime (g;3 = —3 X 1026 s72; g,, = 1.5 X 1026 s72) ; (¢, d)
representative CD and absorption in a medium coupling regime ( g3 =
—3x10%7 s72%; g,4 = 1.5 X 10?7 s72) ; (e, f) representative CD and absorption in
a strong coupling regime (g;3 = —3 X 10?8 s72; g,, = 1.5 x 1028 s72); All
results are consistent with predictions from the three-coupled oscillator mode in
Figure 3.3. The magnitudes of CD and absorption are normalized to the

corresponding peak intensities of the uncoupled chiral subunit in Figure 3.2.

Furthermore, we have employed the four-coupled oscillator model to evaluate an
anisotropic scenario in which there exist a sizable coupling between the fourth
oscillator and chiral oscillator along # =% . In this situation, the three-coupled

oscillators model is not sufficient. We thus have:

S | e?
g13 = —e?[3(u3 - 7y3)(Uy - Fy3) — Uy~ W3] — = —
13 "3
N | 2e? (Eq.3.15)
G2a = —€*[3(z - T2a) (g " T3) — Uy " Uyl —5 = ——
24 24

914 = Gg23 =10
All other computation parameters remain consistent with aforementioned scenario, and

the computed CD is summarized in Figure 3.11 for a medium coupling strength. It is
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evident that the evolution of CD spectra with the LSPR of the third plasmonic oscillator
(Figure 3.3c¢) is distinctly different from Figure 3.11. This discrepancy can be
qualitatively attributed to the anisotropic plasmonic-chiral coupling, underscoring the

necessity of the four-coupled oscillator model for this scenario.
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Figure 3.11. Application of the four-coupled oscillator model to a scenario with
two-dimensional anisotropic plasmonic-chiral coupling along x and y direction and
medium coupling strength (g3 = 1.5 X 102”7 s72; g,, = —3 X 1027 s72). (a) CD
and (b) absorption maps when the LSPR is tuned across CD peak of chiral
oscillator. The magnitudes of CD and absorption are normalized to the
corresponding peak intensities of the uncoupled chiral subunit in Figure 3.2.

3.3 Numerical simulation

3.3.1 Methods

We would like to highlight that the theoretical framework of oscillator model in section
3.2 is general and intrinsic without contingent on specific geometry of hybrid
nanostructure, and the coupling strength and direction are the only consideration factors
in determining underlying coupling physics. Therefore, our understanding and results
from the oscillator model can offer a valuable design guideline for materials and
structural configuration of hybrid chiral nanostructures with desirable chiroptical
response. To evaluate optical response of specific hybrid nanostructures, we have
constructed the model and performed the FEM simulation with COMSOL Multiphysics
6.0 software.
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We have employed a similar simulation setup and procedure consistent with prior
literatures®¢’. Briefly, a hybrid nanostructure with specific structural configuration and
compositions is embedded in an achiral environment, which is set to be vacuum for the
current work. To compute specific hybrid chiral nanostructures and compare them with
the theoretical oscillator model, we utilize parameters as outlined in Figure 3.12 for the
chiral subunits in all structures that can possess a CD peak at 530 nm. These parameters
are chosen to resemble chiral materials such as HgS and perovskites, which have been
successfully synthesized experimentally. The dielectric function of Ag is acquired from

previous literatures'?>1%,

[
=3
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Figure 3.12. Dielectric function and chiral parameters of chiral semiconductor
subunit utilized for FEM simulation. (a, b) real and imaginary portion of dielectric
function, respectively. (¢, d) real and imaginary portion of chiral parameter,
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We would like to delve further into the critical considerations necessary when
employing FEM simulations for computing and analyzing small CD signals. For FEM
simulations, the numerical error typically remains several orders of magnitude smaller
than the cross section. In most cases, this numerical error is neglectable. However, the
CD signal, which represents the difference in cross-section under left and right
circularly polarized light, is much smaller than the cross section itself. In the current
study, the CD signal ranges from 107*to 107° of the cross-section magnitude.
Therefore, it is crucial to further minimize numerical errors to accurately represent the
CD signal. We have employed symmetric mesh to reduce the numerical error for all
the simulated hybrid structures. Additionally, we have devised a method to separate the
true CD signal from the numerical errors using chiral media theory. In our model, we
treat the chiral subunit as isotropic non-magnetic chiral media, described by
constitutive equations in terms of dielectric function (¢), relative permeability (i), and

chirality parameter (), all of which are wavelength dependent:
i6B
D = ¢E + T

OF (Eq.3.16)

H=yu"! (B + —)
c

where c is the light speed. 8 quantifies the chiral asymmetric media. If 6=0 is set for

all wavelength, it provides the constitutive equations for achiral media. The terms of

— . . iOB iu"10E
¢E and p~ B represent achiral components, while the terms of lT and WT

represent chiral components in the equations. The chiral term is typically much smaller
compared to the achiral term. To facilitate analysis, we introduce the chirality scale
parameter (), with 8 expressed as 8 = y6,, where y = 1 represents the right scale
and 6, is the chirality parameter which is wavelength dependent. By tuning y, we can
manipulate 6 proportionally. Consequently, the D and H canbe expressed as functions
of y: D = D(y) and H = H(). As the cross section (o) is determined by integrating
D and H, we can express ¢ as 0 = o()). Performing a Taylor expansion on 6(y), we
obtain o(y) = ag + a;x + 0(x?), where a, and a; are the Taylor coefficients for
zero- and first- order y terms, respectively, and O(x?) represents the sum of higher

order y terms. The CD signal can be expressed based on the difference in cross-section
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under left and right circularly polarized light (‘+’ under the excitation of left circularly
polarized light and ‘-’ under right circularly polarized light):

CD(x) =04() —0-(¥) = ags+ —ap- + (a1,+ - a1,—))( + 0(x*) (Eq.3.17)
During simulation, each term is subject to numerical errors. For example, we write
numerical error of ag 4 and a, _ as Er(a0,+) and Er(al,_). The calculated CD from
simulation can be written as:

CD(y) = (a0,+ - aoj_) + Er(a0_+) - Er(aO,_) + [(a1_+ - aL_) + Er(a1,+) - Er(all_)])(

+ 0(x%) (Eq.3.18)
By letting y = 0, theoretically CD(0) should be equal to 0, implying ay + — ao— = 0.
Therefore, we have CD(0) = Er(a0'+) — Er(ao,_), and the CD(0) is equal to the

zero-order numerical error. By subtracting CD(0) from CD (), we obtain the zero-
order numerical error corrected CD,pprecteq as follows:
CDcorrectea(¥) = CD(x) — CD(0)
=[(ay+ —a,-) + Er(ayy) — Er(ay,)]x + 0(x®)  (Eq.3.19)

In our cases, the first-order numerical error and higher order terms can be neglected.
Figure 3.13 provides a typical analysis of our simulation results by using the example
of Ag nanorod and chiral medium sphere. We have conducted simulations of the

hybrid chiral nanostructure by setting the length of nanorod to be 86 nm and varying

the chirality scale parameter y. As observed in Figure 3.13, the %‘ged(zo),

cD corrected(lo) CDcorrected (5)
10 ’

and CD orrecteq (1) almost overlap, indicating that the

computed CD signal after subtracting the zero-order numerical error follows a linear

dependence on y. This error checking further validates our simulation results.
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Figure 3.13. The computed CD of hybrid nanostructure of Ag nanorod and chiral
medium sphere with different chiral scale parameter y. The length of nanorod
subunit is fixed to be 86 nm. Zro-order numerical error is subtracted. For the case

of y = 5,10 and 20, the computed CD are divided by 5, 10 and 20, respectively.
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CD orrecteq(1) curves agree very well in our simulation setting.

It can be seen that the

3.3.2 Achiral Ag nanrod and a chiral semiconductor nanoparticle
To facilitate a direct comparison with theoretical predictions summarized in Figure
3.3, we have chosen a chiral semiconductor subunit for FEM computation that can
possess a CD peak around 530 nm with materials parameters summarized in Figure
3.12, resembling a few nanoscale chiral semiconductors that have been achieved
experimentally, including chiral cinnabar HgS and perovskites®!'°”1%°, We have first

evaluated a chiral hybrid nanostructure consisting of an achiral plasmonic Ag
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Figure 3.14. A hybrid chiral nanostructure comprising a Ag nanorod (grey) with a
diameter of 30 nm and a length of L, along with a spherical chiral semiconductor
(red) with a diameter of 10 nm, positioned at the end of the nanorod at a distance
of d. (a) Schematic representation of structural configuration. (b) Computed CD
spectra at different d: 1 nm (black), 5 nm (red), 20 nm (blue), and 40 nm (green).
(c) Variation of CD with L at the fixed d= 40 nm. (d) Variation of CD with L at the
fixed d= 1 nm.

nanorod and a chiral semiconductor nanoparticle located at the end of nanorod with
structural configuration shown in Figure 3.14a. We have chosen Ag nanorods based
on considerations that it can have both longitudinal and transverse LSPR modes and
the wavelength of its longitudinal mode can be tuned by simply varying its length
(Figure 3.15)". Figure 3.14b compares different CD spectra at different gap distance
d, while maintaining the length of Ag nanorod as 104 nm (corresponding to the

longitudinal LSPR peak at 590 nm). Two features can be immediately identified from
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Figure 3.15. Tunable longitudinal LSPR wavelength by length of Ag nanorods. The
spectra are computed by FEM simulation for Ag nanorods with fixed diameter of
30 nm but varying length L: Black, 66 nm; Red, 74 nm; Blue, 82 nm; Green, 90
nm; Purple, 98 nm; Dark Yellow, 106 nm.

Figure 3.14b: First, a new positive CD peak appears at 590 nm, and the central
wavelength remains unchanged when d is varied but its magnitude increases as d
decreases. Second, the sign of original CD peak of chiral nanoparticle changes from
positive to negative when the d becomes smaller. The appearance of new CD peak
that is consistent with peak wavelength of longitudinal LSPR of Ag nanorods
suggests that it is an induced plasmonic CD and is caused by its neighboring chiral
nanoparticle. As a result, when the d is reduced, near-field coupling between Ag
nanorods and chiral nanoparticle is enhanced, leading to larger induced CD signal.
Furthermore, observation of sign inversion of CD peak at 530 nm agrees with
prediction in Figure 3.4 by our three-coupled oscillator model: when the d is varied
from large to small, the coupling strength between Ag nanorod and chiral

nanoparticle is tuned accordingly from weak to medium coupling, leading to a sign
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Figure 3.16. Evolution of absorption of hybrid nanostructure in Figure 3.14 with
length of Ag nanorods at the different gap distance. (a) d= 40 nm. (b) d= 1 nm.

change of CD of chiral subunit. Moreover, we have investigated the evolution of CD
with the length of Ag nanorod in the hybrid nanostructure at two gap distances of 40
nm (weak coupling) and 1 nm (medium coupling), as shown in Figures 3.14c¢ and
3.14d, respectively. Corresponding variation in the absorption spectra are provided in
Figure 3.16. Figures 3.14¢ and 3.14d show distinct dependence of CD on L, however,
both scenarios show excellent agreement with Figures 3.3a and 3.3c¢ for the weak and
medium coupling regimes, respectively. Figure 3.17 provides CD and absorption
maps at two more distances (5 nm and 20 nm), which shows how the CD sign
inversion evolves and the transition from weak to medium coupling regimes occurs
around 20nm distance. This control simulation substantiates the CD mechanism
discussed in Figure 3.5, in which the total CD is determined by the competition of

two different types of chiral coupling processes.
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Figure 3.17. Evolution of CD and absorption of hybrid nanostructure in Figure 3.14
with L at different gap distance. (a, b) CD and absorption mapping for d= 5 nm,
respectively. (¢, d) CD and absorption mapping for d= 20 nm, respectively.

It is noteworthy that in the depicted configuration where the chiral semiconductor
nanoparticle is positioned at the end of the nanorod, as illustrated in Figure 3.14a, the
coupling between the plasmonic and chiral subunits is primarily governed by the
longitudinal LSPR mode. Consequently, our three-coupled oscillator model
adequately address the underlying chiral physics in this scenario, notwithstanding the
anisotropic nature of the Ag nanorod. Importantly, we have also evaluated another
hybrid chiral nanostructure by placing the chiral semiconductor subunit in the middle

of achiral plasmonic nanorod subunit but with close distance (Figure 3.18). In this
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structural geometry, two- dimensional anisotropic couplings from both the
longitudinal and transverse modes need to be considered. We have computed its
optical response with results presented in Figure 3.18 and found that although
absorption feature of this new hybrid chiral nanostructure is still dominated by the
plasmonic subunit, its CD characteristics is completely different from Figure 3.14c,
and cannot be interpreted by the three-coupled oscillator model due to the fact that
higher dimensional anisotropic coupling in this configuration cannot be negligible.
Nevertheless, our four coupled oscillator model can precisely predict anisotropic
features uncovered by FEM simulation and shows excellent agreement (Figure 3.11),
further validating our oscillator model and highlighting its versatility, scalability and
effectiveness to elucidate intricate underlying coupling physics inherent in various

hybrid chiral nanostructures.
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Figure 3.18. Hybrid chiral nanostructure featuring a plasmonic Ag nanorod coupled
with a chiral semiconductor nanoparticle positioned in the middle of the nanorod
with a close distance. (a) Schematic representation of the structural configuration.
(b) Evolution of CD spectra with varying lengths of nanorods. (¢) Evolution of
absorption spectra with varying lengths of nanorods. The simulations are conducted
with d of 1 nm and a chiral nanoparticle diameter of 10 nm, while the length L is
adjusted.
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3.3.3 Achiral Ag bowtie and a chiral semiconductor nanoplate
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Figure 3.19. Hybrid chiral nanostructure composed of a plasmonic Ag bowtie
subunit (whose thickness is 20 nm with side length of L and a gap distance of d)
and a chiral semiconductor nanoplate subunit (whose diameter and thickness is 20
nm and 8 nm, respectively) at the center. (a) Schematic representation of structural
configuration. (b) and (c), Evolution of CD and absorption spectra with L,
respectively, while d is fixed at 10 nm.

Additionally, we have investigated another type of hybrid chiral nanostructure
consisting of an achiral plasmonic bowtie subunit with a chiral semiconductor
nanoplates in the center, showcasing one-dimensional plasmonic-chiral coupling
(Figure 3.19a). By tuning the dimensions of the bowtie plasmonic subunit, the peak
wavelength of LSPR at the center of structure can be tuned, and a significant

enhancement (hotspot) of electromagnetic field in the regime confined by the two

apexes of the bowtie subunit can be achieved at the small d (Figure 3.20). The

Figure 3.20. Normalized electric field enhancement at the resonances in plasmonic
Ag bowtie subunit in Figure 3.19 with d of 10 nm. The color scale bars show the
normalized electric field amplitude relative to the incident field Ey.
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resonance wavelength tunability as well as strong ability of the bowtie subunit to
enhance the local electromagnetic field amplitude is promising to enable strong
inherent coupling strength with chiral subunit in a hybrid nanostructure. The resulting
CD (Figure 3.19b) and absorption (Figure 3.19c¢) clearly exhibit existence of a mode
splitting feature around the CD peak of chiral subunit, and two split band with
opposite CD emerges, which are accurately captured by our three-coupled oscillator

models.

3.4 Conclusion

In summary, we have developed a theoretical coupled oscillator model to describe and
elucidate the underlying chiral coupling physics of a novel hybrid chiral nanostructures,
which consists of an achiral plasmonic subunit and a chiral semiconductor subunit. This
emergent hybrid chiral nanostructure can serve as an important testbed for exploring
fundamental plasmonic-chiral coupling and various new chiroptical phenomena. Three
different coupling regimes (weak, medium and strong) with manifestation of distinct
CD characteristics have been predicted, depending solely on the intrinsic coupling
strength. Additionally, our model elucidates the underlying mechanisms behind these
different coupling regimes, shedding light on the competition among various coupling
processes defined by the hybrid chiral nanostructures. Notably, our oscillator model is
generalizable and not constrained by specific structural configurations, making it
applicable to a wide range of hybrid systems that can be achieved by the bottom-up or
top-down techniques. Although we have mainly employed the simplest three-coupled

oscillator model as an example to apply for a hybrid chiral nanostructure possessing a
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one-dimensional plasmonic-chiral coupling scenario, the concept of coupled oscillators
can be further extended to incorporate more oscillators to address more complex
coupling scenarios, including higher dimensional anisotropic plasmonic-chiral
coupling. To that, a four-coupled oscillator model is also presented in the current work,
highlighting the scalability and generality of proposed model. Through validation using
FEM simulations of a few concrete hybrid nanostructures, we have further
demonstrated excellent agreement between coupled oscillator model predictions (from
both three and four- coupled oscillators) and numerical simulations, further
substantiating the validity and reliability of our coupled oscillator model. All these
together has suggested that a simple coupled oscillator model can provide a robust
framework for further exploration of intricate chiral coupling processes inherent in the
emergent hybrid chiral nanostructures with deep insights, and also offer a rational
materials design guideline for the future advancement of hybrid chiral nanostructures
with desirable chiroptical properties and enhanced functionalities for broad
applications. Last but not the least, by extending our coupled oscillator model with
generalized parameters and high-order coupling terms that are recently developed in

literatures”®'1°

, we expect to gain deeper understanding of non-linear optical response
like higher- harmonic CD that might be enabled in a sophistically designed hybrid
chiral nanostructure with inherent plasmonic-chiral coupling. Moreover, the validation
of our oscillator model using FEM simulations sets the stage for experimental
verification of theoretical predictions, through the fabrication and characterization of

actual hybrid chiral nanostructures, which will be essential for advancing our

understanding and harnessing the potential of these structures for practical applications
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in fields such as plasmonic chiral switch, plasmon-enhanced chiral sensing and chiral
photon emitters!®!!1:112 With the increasing interest in chiral nanophotonics and the

1314 - our coupled oscillator

ongoing developments in nanofabrication techniques
model presents a powerful tool for advancing both fundamental understanding and

practical applications in this burgeoning field.
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Chapter 4: Nanoscale characterization of chiral gold

nanoparticles with optical atomic force microscopy

4.1 Introduction

Recent years have witnessed rising studies in nanoscale chirality in the realm of
inorganic materials due to their profound physics as well as intriguing application
across chemistry to spintronics.!*?”#? As discussed in previous chapters, there have
been great efforts and advancements in introducing chirality into inorganic
nanostructure as well as the theoretical models and numerical simulations to explain
the underlying mechanism. Meanwhile, the characterization techniques for
microscopic chirality are still nascent. Most chiroptical characterization has been
limited to ensemble measurement (Figure 4.1) because of the historical reasons and
the difficulty to access the subwavelength resolution due to diffraction limit. Lacking
spatial resolution leads to an unpleasant gap between the experimental observation
and numerical/theoretical understanding. For example, there is inevitable
inhomogeneity among the chemically synthesized nanoparticles concerning the
geometry and optical properties, which require individual characterization.
Furthermore, the spatial dependent features in plasmonic nanostructures predicted by
theoretical and numerical studies are vital for a deep understanding of chiral

62,78

mechanism as well as the applications for enantiocatalysis™ ', polarization light

196,115,116

contro and etc. However, all of these are unfortunately out of scope in

ensemble measurements.
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Figure 4.1. The schematic of a commercial CD machine for ensemble
measurement.

Because of diffraction limit it’s difficult for far field measurement to characterize the
local chiroptical response as it’s usually within sub-wavelength range. Researchers
have made a few attempts on a single particle level measurement on chiral
nanoparticles with different methods. For example, researchers performed single-
particle circular differential scattering spectroscopy on plasmonic nanoparticle-
protein complexes'®?®. The single-particle circular differential scattering spectroscopy
is performed on a dark-field microscope setup. Left and right circularly polarized
light and oil immersion condenser are used to create evanescent wave excitation.
Scattering signal is collected by objective followed with slit aperture. In such
experiment, they are able to detect the single particle level signal of the structural
chirality of plasmonic aggregates and plasmon-coupled circular dichroism induced by
chiral proteins. With similar principle, single particle extinction/scattering circular
dichroism were measured in different samples.?®!!"-!18 Another technique developed
is single particle photothermal dichroism!!*!?°, The photothermal effect of the chiral
plasmonic particles can lead to an enhanced photoluminescence of electrons in the f
orbital of Er** ions. The photoluminescence signal is collected with a confocal

microscope and the relative intensity is used as an indicator of photothermal effect.!!”
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By comparison under different circularly polarized excitation, people are able to
measure the photothermal dichroism of single particle. In both cases, people have
been using confocal microscopy to perform single particle level circular dichroism
measurement. However, an obvious drawback is that such measurements are still
limited by spatial resolution and cannot provide dichroism mapping on the fine

geometry features.

Atomic force microscopy (AFM) was first invented by IBM scientists in 1985. With
feedback control on the tip, the movement of tip can record the morphological
information of samples down to atomic resolution based on force interaction of tip
and sample.'?! AFM has demonstrated application in a wide range of disciplines from
biological samples to novel 2D materials. Recent years have witnessed a development
of integrating optical microscopy with AFM system which enables characterization of
local optical properties with nm level spatial resolution.'?>12® As comparison, far field
optical measurements are limited by the diffraction limit and cannot reach the
subwavelength resolution. Two major techniques of integration of optical

)122-124

measurement and AFM are photo induced force microscopy (PiFM , which is

also referred as AFM-IR, and scanning near field optical microscopy (SNOM).!2%126
In SNOM, the near field optical signal is collected as the AFM probe scanning over
the sample. Particularly, scattering type SNOM (s-SNOM)'? collect the tip-sample
scattering light under light excitation. The intensity and phase of the scattering light
are extracted based on interference technique and could be used to derive the optical
property (e.g. dielectric function) of the sample. On the other hand, PiFM detects the

photo induced tip-sample force interaction under light excitation by monitoring and
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analyzing the small perturbation in the AFM tip movement. The intensity and phase
of the photo induced tip-sample force reveal a interplay of local optical and

mechanical properties of the sample.!'?*

In this Chapter, we developed a new technique of the polarization dependent PiFM
measurement. This new technique enables us to characterize the near field chiroptical
response of the chiral plasmonic nanoparticles, which is beyond the capabilities of far
field chiroptical measurement. We anticipate that such technique would provide
exciting opportunities for direct characterization of nanoscale chirality and lay the

groundwork for manipulation and application of local chirality.

4.2 Experiment

4.2.1 Optical AFM setup

Figure 4.2. The photo of our modified Bruker optical AFM apparatus. Part 1:
Bruker AFM system; Part 2: Home-built top excitation optical path and s-SNOM
optical path; Part 3: Home-built bottom excitation optical path.

Our experiment is based on a modified commercial Bruker optical AFM apparatus

(Figure 4.2). There are a few unique modifications for our polarization dependent
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Figure 4.3. Cascading detection scheme of the polarization dependent PiFM
measurement. The 638nm diode laser is first amplitude modulated by AOM at f, — f;
and then polarization modulated by EOM at fzon = 1kHz The cantilever deflection
signal is firstly demodulated at f; and then demodulated at fzoy, to get the
polarization dependent signal.

optical AFM measurement that can be summarized below. We utilize a cascading
detection scheme shown in Figure 4.3 for the polarization dependent PiFM
measurement. Typically, the AFM controller drive the cantilever tip at its 2" intrinsic
oscillation mode f, and monitor the cantilever movement at 1% intrinsic oscillation
mode f; as the optical AFM signal. An external 638nm diode laser is used for
excitation with the modulation of an acoustic optical modulator at f, — f; to induce
the PiFM signal at f;. An electro-optical modulator (EOM) is used to modulate the
polarization of incident laser between left and right circularly polarized light at 1kHz
to create the differential PiFM signal. Differently from the commercial setup, we use
a bottom excitation optical path rather than the original top excitation optical path
(Part 2 in Figure 4.2). In the original top excitation optical path, the excitation laser
has a right angle of incidence to the tip and therefore excites both the tip dipole and
sample. The interaction of tip dipole and sample can be destructive or constructive

coupling depending on the phase relation which causing issue to single out our
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Figure 4.4. PiFM result of the same particle under (a&b) top excitation with (a)
LCP and (b) RCP and (c&d) bottom excitation with (¢) LCP and (d) RCP. The
strong tip-sample coupling in top excitation scheme leads to very different results
from top and bottom excitation scheme.

interested signal from the sample itself.!?’-'? In the bottom excitation optical path, the
electric field of incident laser is perpendicular to the tip dipole avoiding the direct
excitation of the tip dipole. Figure 4.4 presents the PiFM results of the same gold
nanoparticle from top and bottom excitation, which show a clear difference. For the
bottom excitation path in our experimental setup, a fast-steering mirror (FSM) and
off-axis parabolic (OAP) mirror are installed with OEM controllers. A new sample
stage and OAP holder were designed and 3D printed by UMD Terrapin Works. The

old optical table was replaced with the new optical table is machined by the workshop
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in Laboratory for Physical Sciences (LPS). A homebuilt LabVIEW program is

developed for control and optimization of FSM and OAP.

For the signal collection, the cantilever deflection signal is detected by the quadrant
photodiode detector. The 1% lock-in demodulated the signal at f; to give the optical
AFM signal which is sent to the 2" lock-in. The 2"¢ lock-in demodulate the PiFM

signal at from = 1kHz to give the polarization differential signal.

4.2.2 Sample preparation and characterizaton
Chiral helicoid Synthesis. The chiral helicoid III for the characterization is
synthesized following the previous literature.'* The 1-2nm gold seed nanoparticles are
prepared by the following procedure: 2.5ml 0.2M CTAC, 125ul 10mM HAuClq,
2.15ml H>O are mixed, which followed by rapid injection of 0.45ml 10mM ice cold
NaBHj4 solution with stirring. The solution quickly turns brown. After 2min stirring,
the solution is left for 1h incubation at 30°C for next step usage. Prepare two bottles
of solutions A and B: for both, mix 5ml 0.2M CTAC, 4.47ml H,O, 250ul 10mM
HAuCls, Sul 10mM KI and 220ul 0.1M AA. Firstly, add 55ul 1-2nm gold seed
solution into solution A while stirring. After 5s, solution A turns pink, add 55ul
solution A into solution B while stirring. After 10s, the solution B is left for
incubation for 3 hours. The synthesized gold nanooctahedra are collected by 2 times
centrifugation and redispersion into 1ml DI water. For synthesis of chiral helicoid III,
mix 0.3ml 0.2M CTAB, 0.2ml 10mM HAuCl4, 4.15ml H>0, 0.775ml 0.1M AA, 12ul

2.5mM L-GSH, 20ul gold nanooctahedra seed solution. The mixture is left
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undisturbed at 30°C for 90mins before 2 times centrifugation and redispersion into

1ml DI water.

Preparation of the PiFM sample. Fused silica substrates are cleaned with piranha
solution and DI water first and then immersed in 5SmM 3-aminopropyltriethoxysilane
(APTES) solution and left for drying. The 3-aminopropyltriethoxysilane molecules
are used for immobilization of the chiral helicoids. One drop of the chiral helicoid III
solution is added onto the pretreated substrate and left for drying in the air. The extra
3-aminopropyltriethoxysilane molecules are saturated by a quick dipping of the whole
fused silica substrate in 1% HCL solution which are followed by washing out by DI

water with a few rounds and drying in the air.

Characterizations. For SEM characterization, the samples are prepared using a
similar method for preparation of PiFM sample. Tescan XEIA FEG SEM equipped
with a field emission gun from Maryland Nanocenter at the University of Maryland
was applied. Typical TEM imaging parameters were: 10 keV electron landing energy
and, 4 s acquisition time. The circular dichroism (CD) and absorption spectra of
solutions samples are simultaneously acquired on a commercial JASCO J-815

spectrometer at room temperature using a cuvette with light path of 1.0 cm.

FEM Simulation. We have performed FEM simulation to evaluate both extinction
and CD properties of chiral nanostructures by using a commercial COMSOL
Multiphysics 6.0 software. The 3D models of chiral Au helicoid are firstly
constructed by using a different commercial 3D modeling software

(SOLIDWORKS), and then are imported to the FEM solver (COMSOL). The chiral
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Au helicoid model is encapsulated by a spherical shell with size of the maximum
excitation wavelength as the achiral environment and its outer surface set as perfect
matching layer (PML) boundary. For the simulation of ensemble measurement of CD
and absorption, the dielectric function of environment is always set to be that of water
in order to simulate the measurement condition (in DI water). Because of the low
anisotropy, we only calculate the incident wave in one direction. For the simulation of
near field electric field of chiral helicoid in PiIFM measurement, a box of fused silica
substrate is placed underneath the chiral helicoid and the dielectric function of
environment is set to be that of air. The dielectric function of Au is from the

literature'?°,
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4.3 Result and discussion

4.3.1 Ensemble measurement and simulation.
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Figure 4.5. Chiral helicoid nanoparticles. (a) SEM image and 3D model of the chiral
helicoid nanoparticles. Scale bar: 200nm. (b) CD, (c) absorption and (d) g-factor
spectra by the ensemble optical measurement of the chiral helicoid nanoparticles

solution.

In Figure 4.5a, SEM characterization of the synthesized chiral helicoid nanoparticles
shows a clear chiral geometry and a 3D model of the chiral helicoid created in
SolidWorks is also presented to highlight the chiral features. Each face of the chiral
helicoid consists of four highly clockwisely curved arms. The side length of the chiral
helicoid is about 170nm. Ensemble optical measurements of the chiral helicoid show

a strong CD peak at 605nm with a g-factor of -0.16.
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Figure 4.6 The simulated CD and absorption result of the chiral helicoid
nanoparticle. (a) CD, (b) absorption and (c) g-factor spectra of the chiral helicoid
nanoparticle.

Based on the 3D model in Figure 4.4a, we ran a finite element method simulation of
the chiroptical response of the chiral helicoid nanoparticle using COMSOL. The
simulation results are presented in Figure 4.6. We can see that the CD and absorption
spectra are consistent with the measured spectra. Meanwhile, the simulated g-factor
has the maximum amplitude of -0.3 compared to the experiment maximum g-factor
of -0.16. This difference can be contributed to the inhomogeneous shape distribution

of chiral helicoid nanoparticles in measurements.

4.3.2 Polarization dependent PiFM
The geometric feature of the chiral helicoid nanoparticle is firstly characterized by
silicon tip (TESP from Bruker). The silicon tip has a tip radius of about 7nm and
therefore is able to resolve the chiral feature of the nanoparticle (See Figure 4.7a).
The polarization dependent optical AFM result of the same chiral helicoid
nanoparticle is measured with a platinum coated tip (ARROW-NCPt from

NanoWorld). The result is shown in Figure 4.7b to 4.7f. The ARROW-NCPt tip has a
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Figure 4.7. Polarization optical AFM measurement of chiral helicoid nanoparticle. (a)
the AFM image of the chiral helicoid particle with silicon AFM tip (TESP). (b) the
corresponding AFM image of the same nanoparticle with Pt coated tip (ARROW-
NCPt). (c) The average optical AFM signal of left and right circularly polarized
excitation light. (d,e) The (d) amplitude and (e) phase of the differential optical AFM
signal of left and right circularly polarized excitation light. (f) calculated g-factor
map calculated based on (c) and (d).

tip radius of about 25nm and therefore cannot resolve the fine geometric feature as
shown in Figure 4.7b. We can only barely tell the gaps between the curved arms. As
shown in Figure 4.7c, the PiFM signal, however, presents some fine features. The
four corners present a brighter contrast. There are some artifacts on the top right and
bottom right corners due to the fluctuation of tip oscillation frequencies at the contact
of tip and helicoid corners. Figure 4.7d and e present the amplitude and phase of
differential signal of the left and right circularly polarized excitation light. The outer

edge of the protruding curved arms gives stronger signals. Meanwhile, the whole
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helicoid surface presents a constant phase 120° showing a constant sign of
differential signal over the whole surface. Moreover, we can calculate the g-factor

map shown in Figure 4.7f based on the differential PIFM and averaged PiFM signal.

Before further analysis of the data, we firstly review the physical mechanism of the

PiFM signal. There are two major processes'??> which contribute to the PiFM signal I:
I =1Ipr + Ipr

Where Ipr describes the PiFM signal from photothermal effect and I, describes the

PiFM signal from optical force effect.

In the physical process of photothermal effect, the absorption of incident laser induces
a local heating of sample which leads to a local thermal expansion of sample. The
photo induced thermal expansion modifies the tip-sample interaction and thus
perturbates the AFM cantilever movement, which is picked up as the cantilever
deflection signal. In this mechanism. the acquired PiFM signal should be linear to the
thermal expansion coefficient and local temperature. For plasmonic gold
nanoparticles, the thermal relaxation and heat transfer within the plasmonic helicoid
is in the time scale of a few ns'3°. As a comparison, the excitation laser pulse width in
our measurement is hundreds of ns. Therefore, in our current measurement the
temperature over the particle can be considered homogeneous. This means that the
PiFM signal from photothermal effect should be homogeneous over the whole

particle.
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Figure 4.8. The simulated average electric field distribution of left and right
circularly polarized excitation. (a) The top view of the chiral helicoid in the
simulation. The excitation light is along out of plane direction. (b,c,d) Simulated
averaged |E|?/|Ey|? of left and right circularly polarized excitation 638nm light at
(b) 5nm, (¢) 10nm, (d) 15nm higher than the helicoid top face. |Eq| is the intensity
of the incident electric field.

The other origin of PiFM signal is the optical force. The response of the tip to near

field electric field can be modeled as a dipole. The near electric field around the tip

imposes a time-averaged electromagnetic field to the tip'?>!*!. The averaged force (F)

can be expressed as:

(F) = aV[E]?/4
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Figure 4.9. The differential electric field distribution of left and right circularly
polarized excitation. (a,b,c) Simulated differential |E|?/|Ey|? between left and right
circularly polarized excitation 638nm light at (a) Snm, (b) 10nm, (c) 15nm higher
than the helicoid top face. |E| is the intensity of the incident electric field.

Where «a is the polarizability of the tip dipole and [E] is the electric field at the
position of tip dipole. Therefore, the optical force signal I, is relative to the square
of near field electric field |E|%. From simulation, we can see that |E|? are position
dependent over the particle surface and also height dependent. We ran the FEM
simulation of the chiral helicoid nanoparticle on fused silica substrate with bottom
excitation and plot the averaged (Figure 4.8) and differential (Figure 4.9) square of
near field electric field at the different height over the sample. The amplitudes are
normalized to the intensity of incident electric field. In the measurement, the tip is in
tapping mode with an average tip-sample distance of ~10nm. Therefore, we choose
heights of Snm, 10nm and 15nm to compare to our measurement. Notably, the three

different height shows reasonable consistent features.

Because the optical force is dependent on the [E]?, we expect the optical force
induced PiFM signal I, present similar spatial dependence as the simulated
|E|?/|Eo|? maps. Meanwhile, as we previously analyzed, the photothermal induced
PiFM signal Ipy is expected to be uniform over the surface of the whole particle and

therefore shouldn’t change the spatial dependence of overall PiFM signal. We expect
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that the measured PiFM signal I = I, + Ipr shows the similar spatial dependence as
the simulated |E|?/|E|? maps. This allows us to directly compare the measured
averaged and differential PiIFM maps with the simulated |E|?/|E¢|? map. Comparing
Figure 4.7¢ with Figure 4.8, we can see that the spatial dependence of the average
PiFM signal shows a reasonable agreement with averaged |E|?/|Eo|* map. The
stronger electric field at the four corners corresponding to the stronger averaged PiFM
signal at the four corners. In Figure 4.9, the differential |E|?/|Eq|? is strongest at the
outer edge of the curved arms. This agrees with the fact that our measured differential
PiFM signal in Figure 4.7c,d is also the strongest at the outer edge of the protruding
curved arms. The disagreement of the measured differential signal and the simulation
map can be attributed to the difference in the shape of this particular measured

particle (see Figure 4.7a) and the simulation model.

4.4 Conclusion

In this chapter, we have developed the polarization dependent measurement of single
plasmonic nanoparticles using chiral helicoid as an example with modified
commercial optical AFM apparatus. Using cascading detection scheme, we were able
to directly measure the differential PiFM signal. By analysis of the origin of the PiFM
signals, our measured PiFM signal origins from a combination of optical force and
photothermal expansion. We are looking forward to acquiring more data using
different excitation wavelengths and different nanoparticles to build stronger
correlation between the measurement and simulation. Nevertheless, this measurement
technique enables us to direct characterize the near field of the chiral plasmonic

structures, which provides a valuable tool to understand the couplings of the chiral
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plasmonic resonance and generation of chiral optical field. Application of this
technique on chiral plasmonic, semiconductor and molecule heterodyne complex
would give direct evidence of intermedium coupling and the local chiral response and
thus provide important insights into the application of such structures in chiral

sensing, spin manipulation and etc.
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Chapter 5: Spin-chiral measurement of chiral hybrid metal-
semiconductor nanoparticles with ultrafast laser system

5.1 Introduction

The significance of chirality has been overwhelmingly addressed in various fields,
ranging from understanding of evolution of life processes (e.g., origin of biological
homochirality in nature), enantioselectivity in chemical reactions, to recent discovery
of unusual large spin polarization through chiral organic molecules for
Spintronics’"*13%14! Most of the works has been limited to biological and organic
chiral molecules. For example, chiral molecules have been found to exhibit chirality-
induced spin selectivity (CISS) even at room temperature, in which spin state can be
polarized by the existence of chiral molecules, as evidenced by experimental
observation of spin-polarized photoemission and transport*":'*>142_ Furthermore, while
many theoretical research efforts have shed light on the CISS with qualitative
understanding of experimental results, a complete quantitative theory of the effect is
still under scrutiny, and its microscopic origins are insufficiently understood, requiring
substantial more work in both experiment and theory'*"12, As compared with long
history of chirality in biological and organic chiral realms, study of similar chirality-
spin interplays in inorganic chiral structures has just started and been limited, mainly
due to substantial challenges in achieving chiral inorganic structures as well as effective
experimental techniques for measuring chirality-spin interactions. As compared with
biological and organic systems, chiral crystalline inorganic materials and chiral hybrid

structures as presented in Chapter 2 should offer better control of periodicity and

91



morphology from the atomic scale, thus representing unique test beds to understand

and tailor chiroptical response and chirality-spin couplings.

So far, the major experimental technique for studying the CISS is based on
electron/spin transport. However, various optical techniques have been developed to
interrogate spins, including the time-resolved Faraday rotation (TRFR) or Kerr rotation
(TRKR)!*3. As compared with spin transport techniques, time-resolved optical
approaches can offer substantial advantages including absence of resistance mismatch

and time-resolved capability.

In this chapter, we focus on low-temperature time-resolved optical studies of a new
family of chiral hybrid nanostructures comprising chiral plasmonic metal cores and
monocrystalline semiconductor quantum shells. The availability of chiral hybrid metal-
semiconductor nanostructures can provide a platform to explore new chiral light-

matter-spin interactions, thus enabling chiral Floquet engineering at the nanoscale'>*

154, 155

5.2 Materials Design and Experimental Methods

5.2.1 Materials Synthesis and Characterizations
In this section, we describe step-by-step synthesis and characterizations of a new family
of chiral hybrid nanostructures consisting of chiral Au nanocubic core and
semiconductor CdS quantum shell with different structural parameters, which can
provide a valuable platform for exploring emerging chirality-spin interactions at the

nanoscale.
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Synthesis of chiral Au nanocubes (NCs). The synthesis of chiral Au NCs follows the
recipe of our previous work in Chapter 2.!® The Au seed NCs are synthesized by a
revised seed-mediated method.®® Typically, 1 ml of Au seed NCs solution is added into
3 ml of 80 mM CTAC solution. A. 30~40 ul of 70 uM L-cysteine (or D-) solution is
added and the mixed solution is kept stirring for 30 mins to have the cysteine molecules
adsorbed on the surface of Au NCs. The mixed solution is centrifugated by 13200 rpm
for 10 mins and the supernatant is discarded to remove the extra cysteine molecules in
solution. The centrifugation process is repeated once. The precipitate is then
redispersed into 1 ml of DI water, followed by addition of 3 ml of 80 mM CTAC
solution and 200 pl of 0.1M ascorbic acid under stirring. 500 pul 1 mM HAuCly solution

is slowly injected into the mixture solution by syringe pump for 30 minutes. The chiral

T e
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Figure 5.1. SEM image of typical chiral Au NCs utilized for
growing chiral hybrid nanostructures.
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Au NCs are washed out by centrifugation and redispersed into 4ml DI water. Typical

quality of chiral Au NCs for the study presented in this Chapter is shown in Figure 5.1.

Synthesis of chiral Au@Ag core-shell nanoparticles (NPs): Typical, 1ml of chiral
Au NCs are added into 8.1ml Di water and 1ml 0.2M CTAC solution. The mixture is
put into a 60°C oil bath. Typically, 500ul 2mM AgNO; and 500ul 50mM AA were
added drop by drop simultaneously into the mixture with active stirring. For thickness
control of the Ag shell, 250ul 2mM AgNOs and 250ul 50mM AA are used for thinner
shell and 750ul 2mM AgNOs and 750ul 50mM AA are used for thicker shell. The
reaction is left for 3hrs in the 60°C oil bath. Finally, the chiral Au@Ag core-shell NPs

are collected by centrifugation and redispersion into 4ml DI water.

Preparation of S precursor: 128mg S powder is added into 10ml oleylamine and 20ml
oleic acid. The mixture is purged with N> and kept under the protection of N> for the
whole process. The mixture is put in a 100°C oil bath and kept stirring for 20hrs. The
S powder should be almost dissolved completely and gives a brown-orange colored
solution. Undissolved S powder is removed by centrifugation at 8000rpm for 10mins.

The supernatant is then diluted by 30ml toluene and kept for future use.

Synthesis of chiral Au@CdS nanoparticles (NPs): 1ml chiral Au@Ag NPs are
centrifugated and redispersed into Iml DMF. Meanwhile, 0.4ml S precursor and 10ul
I-decanethiol are added into 2ml toluene while stirring. The 1ml Au@Ag DMF
solution is added into the previous mixture drop by drop. The reaction is left for 1hr at
room temperature and the chiral Au@Ag>S NPs are collected by centrifugation and

redispersion into 2ml toluene. For synthesis of chiral Au@CdS NPs, 20ul oleylamine,
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40ul oleic acid and 500ul 20mg/ml Cd(NOs3)2 methanol solution are added into the 2ml
chiral Au@Ag»S toluene solution. The mixture is put in 50°C oil bath and kept stirring.
20ul TBP is added into the mixture to initialize the reaction. After lhr stirring, the
mixture is taken out and put in the sonication bath for better dispersion. The full
reaction is reached by 2hrs in the 50°C oil bath under active stirring. Finally, the chiral
Au@CdS NPs are collected by centrifugation with addition of 2ml ethanol and
redispersion into 2ml toluene. For thickness control of the CdS shell, Au@Ag NPs with

different thickness of Ag shell are used.

Synthesis of chiral Au@Ag:S@CdS nanoparticles (NPs): 1ml chiral Au@Ag NPs
are centrifugated and redispersed into 1ml DMF. Meanwhile, 40ul S precursor, 60ul
oleylamine, 120ul oleic acid and 10ul 1-decanethiol are added into 2.18ml toluene
while stirring. The Iml Au@Ag DMF solution is added into the previous mixture drop
by drop. The small amount of S precursor led to incomplete conversion of Ag to Ag>S.
Only an outer layer of Ag is converted to Ag>S and left the inner layer of Ag intact. The
reaction is left for 1hr at room temperature and the chiral Au@Ag@Ag>S NPs are
collected by centrifugation and redispersion into 2ml toluene. For synthesis of chiral
Au@Ag@CdS NPs, 20ul oleylamine, 40ul oleic acid and 500ul 20mg/ml Cd(NO3)2
methanol solution are added into the 2ml chiral Au@Ag@Ag:S toluene solution. The
mixture is put in 50°C oil bath with active stirring. 20ul TBP is added into the mixture
to initialize the reaction. After lhr stirring, the mixture is taken out and put in the
sonication bath for better dispersion. Full reaction is reached by 2hrs in the 50°C oil
bath under active stirring. The chiral Au@Ag@CdS NPs are collected by centrifugation
with addition of 2ml ethanol and redispersion into 2ml toluene. For the final step, 0.4ml
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S precursor was added into the 2ml toluene solution of chiral Au@Ag@CdS NPs and
the mixture is kept stirring at room temperature for lhr. The resultant chiral
Au@Ag2S@CdS NPs are collected by centrifugation with addition of 2ml ethanol and

redispersion into 2ml toluene.

Phase transfer of chiral Au NCs from aqueous phase to oil phase: 1ml chiral Au
NCs are centrifugated and redispersed into 1ml DMF. Meanwhile, 0.4ml S precursor is
added into 2ml toluene while stirring. The 1ml chiral Au NCs in DMF is added into the
previous mixture drop by drop. The mixture is left for lhr stirring at room temperature
and the chiral Au NCs are collected by centrifugation and redispersion into the mixture
of 2ml toluene and 100ul oleylamine. The dispersion of chiral Au NCs in toluene is
further improved by sonication in 50°C water bath for 2hrs and stirring overnight. The
S precursor should create Au-S bonds at the surface of the chiral Au NCs and thus

promote the ligand exchange. The CD of the chiral Au NCs remains after the transfer.

water toluene
Figure 5.2. Phase transfer of chiral Au-CdS nanostructures from
aquesous to toluene phase with excellent dispersion.
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Figure 5.3. Photo of typical chiral Au-CdS thin films for
low temperature optical spin measurements

Preparation of thin films samples for low temperature optical study: For low
temperature optical spin measurements, it is crucial to achieve optically clear thin films
with reduced light scattering. Typically, a stock solution of Poly(vinyl butyral-co-vinyl
alcohol-co-vinyl acetate) (PVB) with M,, ~ 50,000-80,000 in toluene (1:3 volume ratio)
is prepared and is kept stirring until the polymer solution becomes clear. The chiral
nanostructures transferred from aqueous phase are dissolved in toluene with
concentration finely adjusted for optimum optical density of final thin film sample, and
then mixed homogeneously with PVB stock solution. A few drops of mixture solution
of chiral nanostructures in PVB are added into a pre-cleaned microscope slide. In order
to ensure high quality and homogeneous free-standing thin films with minimum light
scattering, extra care are needed for controlling such as evaporation speed of mixture

solution by adjusting environmental pressure to avoid rapid evaporation of solvent.
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Once the film is dry with desired optical density, it could be peeled off by adding liquid
nitrogen into the backside of microscope slide, while the thin film side is protected by
dry clean N2 gas to avoid water condensation during the peel-off step. It is important
to note that for our current study, the density of colloidal chiral nanostructures is always
kept sufficiently low to avoid inter-particle coupling or interactions. A typical optically

clear chiral nanostructure thin film is shown in Figure 5.3.

Characterizations. For TEM, EDS mapping and linescan characterizations, all
samples were prepared by adding one drop of solution containing desired
nanostructures onto the 300 mesh copper grids with carbon support film (Ted Pella,
01820) and the 400 mesh copper grids with ultrathin carbon film on lacey carbon
support film (Ted Pella, 01824). AJEM 2100 LaB6 and a JEM 2100 FEG TEM/STEM
equipped with a field emission gun from Maryland Nanocenter at the University of
Maryland were applied. Typical TEM imaging parameters were: 200 keV electron
landing energy, 108 pA beam current, 0.5 s acquisition time and 2004 pixel by 1336
pixel digital resolution. The circular dichroism (CD) and absorption spectra of solutions
samples are simultaneously acquired on a commercial JASCO J-815 spectrometer at

room temperature using a cuvette with light path of 1.0 cm.

5.2.2 Low-Temperature All-Optical Spin Measurements and Chiral Spin
Manipulations
Figure 5.4 shows schematically our home-built setup for low-temperature optical spin
measurements and manipulations. All optical measurements in our current work are
performed at 2K in a magneto-optical superconducting magnet system (SM4000-8)

from Oxford Instruments with magnetic field up to 7 T. This temperature is achieved
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Electronic
Controllers

Figure 5.4. Home-built apparatus for ultrafast all-optical chiral-spin measurements.
The laboratory reference coordinates are shown. All TRFR measurements are
performed in the Voigt geometry.

by fully opening the needle valve to fill the sample space with LHe and pumping the
sample space to reduce vapor pressure of LHe (the stable base temperature around 2 K
could be achieved after a few minutes). All solution and solid samples were always
prepared freshly right before loading to magneto-optical cryostat to avoid sample
degradation. Under our experimental conditions in current work, we have not yet found

any evidence of sample damage.

All ultrafast optical spectroscopy measurements in our current work were performed
with the same laser system (Figure 5.4) that is designed and configured to meet
experimental requirements for different samples and chiral-spin measurements and
manipulations. The whole laser system is based on Coherent’s regenerative amplifier
laser (RegA) with home-made optical parametric amplifiers (OPAs): A 18 W CW
solid-state 532 nm laser acts as pumps for both Ti:S and RegA simultaneously to
generate seed laser input for OPA. Two OPAs are used in the system operating at 256

kHz repetition rate, producing multiple 100 fs pulses of energy tunable monochromatic
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beam in the range of 0.55-1.15 eV (infrared OPA1) and 1.65-2.82 eV (visible OPA2),
respectively. A home-made frequency doubler/tripler is also used with OPAI to
produce laser pulse in the range of 2.06-3.01 eV. Ultrafast broadband whitelights are
also simultaneously produced by both OPAs. It is worth noting that the whitelight
continuum from OPA typically exhibited a significant chirp (i.e., different wavelength
components are temporally separated in whitelight pulse), and needed to be corrected
if it is used as a time-resolved probe pulse. The chirp correction is carried out under

second order approximation (i.e., the chirp of white-light continuum could be described

as At(/I)=CO+C 1/IJrCZ/IZ), which is enough for our current work. We have used a

routine two-photon absorption measurement to determine pump-probe cross
correlation for the chirp correction'*®. Briefly, the monochromatic pump and the
whitelight probe are spatially overlapped in a zinc oxide sample and the time delay is
scanned for each transmitted whitelight component with selected photon energy. After
collecting all the time-resolved data across the whole spectral range of whitelight, a
second order polynomial fit is applied to fit the data with the above function. Once the
coefficient C; (i =0, 1, 2) are determined they could be used to add a corrected temporal
offset to time-resolved measurements to correct the chirp effect. Single wavelength
component of the whitelight pulse can be selected by using a mini-monochromator
(Optometrics Corp.) and is generally used as a probe pulse to detect the spin
polarization. Laser pulse width is often compressed before sample with home-made
pulse compressor by using prism pairs and is calibrated with an autocorrelator from

Femtochrome Research Inc. (Model FR-103MN).
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Our all-optical spin experiments always involve three main key components: spin
initialization along the laser propagation direction by using either circularly polarized
or linearly polarized ultrafast optical pulse with the selective photon energy and
intensity at the zero time delay (the circularly polarized pulse was created by the
achromatic zero-order quarter waveplates with retardation accuracy of £A/100 from
Newport Corp.); spin detection by using linearly polarized probe pulse with the
selective photon energy and intensity at any time delay Af (the linearly polarized pulse
was created by using a Glan-Thompson linear polarizer with high extinction ration
more than 100,000 from Newport Corp.); a third ultrafast optical pulse with selective
photon energy and intensity at the pre-determined time delay At is applied to excite
chiral plasmons of Au core in some experiments. The arrangements of all above
ultrafast lasers are often needed to be configured and adjusted from Figure 5.4 to meet
experimental requirements of different samples and experimental purposes. Typically,
monochromatic output of visible OPA2 was used for spin initialization, and the
monochromatic output of infrared OPA1 was used to produce the echo pulse train by
using together with a home-made frequency doubler/tripler. In order to improve
detection sensitivity, a home-made laser power stabilizer with feedback is always
applied in optical path to reduce static noise level to below 0.1%. For every laser pulse
a mechanical optical chopper with different modulation frequency is applied for lock-
in detection. We have found that the lock-in detection at the sum frequency (that is
generated from home-made circuit) and in a cascade detection scheme could efficiently
isolate the effect of unexcited or partially excited quantum structures. All these

considerations are crucial to achieve the high quality of the data presented in the current
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study. For all the optical measurements in our current work, all pulse intensities are
always adjusted and kept low enough to avoid potential Auger process and biexciton
effects'>”!5, In general, the number of excited electron-hole pairs was always kept one
order of magnitude (or more) lower than the total number of quantum structures in the

focus volume (~ 75 um in diameter).

In a regular TRFR measurement, the pump pulse arrives at the zero-time delay, spin
polarization in sample at At is measured by a linearly polarized probe pulse with a
home-made circuit, whose polarization plane is rotated by an amount proportional to
the spin magnetization along the laser propagation direction. The zero-delay time is
always corrected for the chirp of OPA laser as described above. When the in-plane
magnetic field Hp is applied, the pump-injected spins comprise a coherent
superposition of states quantized along the field direction and separate in energy by the
Zeeman splitting. As the system evolved in time, the energy difference between the
spin states produces a quantum beating of spin magnetization along the optical path,
resulting in an oscillatory Faraday rotation of the time delayed linearly polarized probe
pulse at the Larmor frequency (1) that is field and sample dependent. Such TRFR
technique has been successfully employed to study ensemble spin dynamics of
colloidal nanostructures, including colloidal II-VI quantum dots and quantum shells'>*-
168 From prior experimental and theoretical studies, it is generally believed that the
spin observed in such colloidal semiconductor structures in various optical studies can
be assigned to excitons due to quantum confinement effect. For example, more
thorough investigation of size dependent excitonic g-factors showed good agreement

between experiments and theories. From our TRFR measurement our g-factors also
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Figure 5.5. Chiral Au NCs (core)-CdS (shell) samples. (A) Typical large scale TEM
image. (B) TEM image of individual chiral nanostructure. (C) High-resolution TEM
of area highlighted in (B), showing single crystallinity of CdS quantum shell.

show good agreement with prior assignment of excitonic g-factors'®2. To that, we

believe that the spin dynamics from the colloidal nanostructures investigated in our

current study originated from excitons.
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5.3 Results and Discussions

Figure 5.5 shows a typical sample quality of as-synthesized chiral L-Au NC (core)-
CdS shell hybrid nanostructures, highlighting the existence of unique monocrystalline
semiconductor shell, even though the morphology of Au core possesses
inhomogeneous and uneven structural features. The exceptional quality CdS quantum
shells can be attributed to the non-epitaxial synthetical method in our materials

growth>>62

, and offer the basis of our study of chiral-spin interactions at the
nanoscale. Dramatically, when different handedness of Au NCs are used as core for
growing hybrid Au-CdS nanostructures, the hybrid nanostructures also become
handed, and the hybrid nanostructures manifest opposite handedness depending on
the handedness of chiral Au NC cores, as shown in Figure 5.6A. By comparing with
pure chiral Au NCs with same handedness as presented in the Chapter 2, it is worth
noting that the CD characteristics of hybrid Au-CdS nanostructures are completely

different from their chiral core, which cannot be simply attributed to the change of the

dielectric environment of chiral core NCs. This suggests the existence of inherent
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Figure 5.6. CD spectra of chiral Au NC-CdS hybrid nanostructures. (A) Experimental
data. Red circles: (L-Au)-CdS; Blue circles: (D-Au)-CdS. (B) FEM simulated data of
single chiral hybrid nanostructure. Red curve: (L-Au)-CdS; Blue curve: (D-Au)-CdS.
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coupling between chiral core and its intimately contacted semiconductor shell. We
have performed FEM simulation of CD spectra at the single nanostructure level
(Figure 5.6B). Our simulation results have shown good agreement with experimental

results, and addressed the CD features manifested in the hybrid chiral nanostructures.

We have studied spin dynamics of CdS quantum shells in chiral Au NCs-CdS hybrid
nanostructures by performing TRFR measurements in Voigt geometry. Samples with
various structural parameters, including handedness of core and thickness of shells,
have been investigated and compared. Optical excitation of electrons from the
valence to conduction states in many semiconductors follows optical selection rules,
similar to the atoms and molecules. As a result, a circular polarization state of the
incident excitation laser pulse is mandatory in a TRFR measurements in Voigt
geometry in order to achieve non-zero initial spin polarization due to moment

conservation in an optical excitation governed by the optical selection rules, while the
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Figure 5.7. Zero-field TRFR spectra acquired by linearly polarized optical excitation.
Upper triangles: (L-Au)-CdS; Down triangles: (D-Au)-CdS.
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linear polarization state of incident beam, which can be considered as a linearly
combination of left- and right- handed circularly polarized states, often lead to a null

spin polarization in an undoped and unstrained semiconductor.

Figure 5.7 presents and compares the zero-field TRFR spectra of (L-Au) -CdS and
(D-Au) -CdS samples that possess identical structural parameters of Au core and CdS
shell except that the handedness of chiral Au core is opposite between two samples.
Different from conventional TRFR measurements, the data are acquired by using
linearly polarized optical excitation, which are supposed to result in a null spin
polarization. The energies of both pump and probe pulses are tuned to match with the
bandgap of CdS quantum shell, in which the pump pulse is 2.61 eV (1.72 mW) and
the probe pulse is 2.49 eV (0.33 mW). Both pump and probes are linearly polarized.
However, our data clearly show the appearance of large spin polarization in both
samples, but with opposite sign of TRFR signal during the whole spin decay process.
The zero-field spin life time of (L-Au) -CdS and (D-Au) -CdS samples are found to
be ~3900 ps and 3700 ps, respectively. Two conclusions can be immediately drawn
from the observations in Figure 5.7: First, the chirality inherent in the hybrid
nanostructures (Figure 5.6) can lift the degeneracy of spin states in the semiconductor
shells; Second, the spin polarization direction is dependent on the handedness of

hybrid nanostructure.
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Figure 5.8. TRFR spectra at 4.2T acquired by linearly polarized optical excitation. Red
circles: (L-Au)-CdS; Blue circles: (D-Au)-CdS. Red and blue are corresponding curve
fittings.

In order to elucidate the observed non-zero TRFR signal under linearly polarized
optical excitation in Figure 5.7, we have performed magnetic field-dependent studies
in the Voigt geometry of TRFR experiments. Figure 5.8 shows the TRFR data
acquired at the presence of horizontal magnetic field of Hy=4.2 T, but under the
optical excitation of linearly polarized pump pulses as employed in the Figure 5.7. A
clear spin precession about the Hy is observed, confirming that the spin polarization
can indeed be initialized by linearly polarized optical pulse in chiral hybrid
nanostructures, and the opposite orientations of initial spins are uniquely determined
by the handedness of their structures. We have used the following equation to fit

TRFR spectra:

_t _t
S,(t)=S,-e Tz -cosQmvit + ¢po) + A + A, e To
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Figure 5.9. TRFR spectra at 4.2T acquired by circularly polarized optical excitation
for the (L-Au)-CdS sample. Red up triangles: right- circularly polarized optical
excitation; Red down triangles: left- circularly polarized optical excitation. Black soild
curves are corresponding curve fittings.

where S, (t) represents the spin projection along x-axis at the time ¢, yielding the
time-dependent TRFR signal. S, is the magnitude of initialized spin polarization
(along x) by the optical excitation. v;, T, and ¢ are spin Larmor precession
frequency, transverse lifetime and phase, respectively. A4, 4, and 7 are fitting
parameters for background in a time-resolved optical measurement. The v;, can be

used to evaluate the Lande g-factor by the relationship of v; = %ﬂlo, where pp and

h are Bohr magneton and Planck constant, respectively. The fittings between
theoretical and experimental data are excellent, yielding the g-factors of both samples
are 1.88 and 1.89, respectively. Our measured g-factors agree with the range of those

of CdS semiconductors reported from literatures!62168:16%,
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Figure 5.10. TRFR spectra at 4.2T acquired by circularly polarized optical excitation
for the (D-Au)-CdS sample. Blue up triangles: right- circularly polarized optical
excitation; Blue down triangles: left- circularly polarized optical excitation. Black
soild curves are corresponding curve fittings.

We have further explored spin dynamics in chiral hybrid nanostructures by
initializing spins through circularly polarized optical excitations, and summarized
results in Figures 5.9 and 5.10. The experimental conditions (i.e. energy and power)
for acquiring the results in Figures 5.9 and 5.10 are the same as that for Figure 5.8,
except that the polarization of pump pulses are circularly polarized light. By
comparing with results in Figure 5.8, there are a few observations: (1) Both left- and
right- circularly polarized optical pump pulses can initialize spins in chiral hybrid
nanostructures with opposite orientation of spin polarization. However, different from
conventional achiral semiconductors, in which left- and right- circularly polarized
light can result in equal magnitude of spin polarization but opposite orientation, such
symmetry is broken in chiral hybrid nanostructures. Instead, the right- circularly
polarized pump pulses can polarize substantially more spin than the left-circularly

polarized light for the chiral (L-Au) -CdS sample, and vice versa for the (D-Au) -CdS
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Figure 5.11. TRFR spectra of (L-Au)-CdS samples with three different CdS shell
thickness at 1.8T. Spins are initialized by the linearly polarized optical excitation.
Black circles: ~4.5nm; Black squares: ~7.5nm; Black stars: ~11nm. Square and star
data are vertically shifted 700 and 1000, respectively, for the clarity purpose.
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sample with opposite helicity. The difference in the magnitude of spin initialization
can be more than ~ 8 times; (2) By comparing with spin initialization induced by
linearly polarized pump pulses, one helicity of light can result in more spin
polarization with same orientation, while the other helicity of light can only induce
much weaker spin polarization with opposite orientation; (3) By comparing the g-
factors determined from the TRFR spectra between the linearly polarized and
circularly polarized pump pulses, we have found that they are the same. This
confirms that the nature of spin polarization originated from the inherent handedness
of the chiral hybrid structures is the same as that of spins induced by the conventional
circularly polarized light; (4) By comparing with the CD characteristics in Figure 5.6,
in which no measurable CD is observed in the wavelength regime of 400-500nm, the

underlying mechanism of observed chirality induced spin polarization cannot be due
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to imbalanced optical absorption of left- and right- circularly polarized light by the

CdS quantum shells.

Furthermore, we have synthesized three different chiral hybrid (L-Au)-CdS
nanostructures, in which the chiral Au NC cores remain the same but with three
different averaged CdS shell thickness of 4.5nm, 7.5nm, and 11nm, respectively. We
have compared their spin dynamics under linearly polarized optical excitations.
Figure 5.11 shows one example at the Hy=1.8T. A clear shell thickness dependence
can be found. Three spin precessions manifest different Larmor frequencies at the
presence of same external magnetic field, suggesting different g-factors. It has been
found that the g-factor of semiconductors at the nanoscale shows strong size
dependent due to quantum confinement. Our observation is consistent with the
quantum confinement effect. Importantly, the initial magnitude of spin polarization
induced by the pump pulses, |S,|, shows strong dependence on the shell thickness.
For the ~4.5nm CdS shell, the |S,| is almost 7 times of that from the ~1 1nm shell.
This control experiment lends the support that the chirality induced spin polarization
inherent in chiral hybrid Au-CdS nanostructures might be related the interface

between chiral core and semiconductor shell.
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Figure 5.12. (A) Structure of the CdS shell in a chiral hybrid (L-Au)-CdS
nanostructure. Inhomogeneous features (highlighted by red arrow) can be found to
exist in the inner surface, which is imprinted from chiral L-Au NC core. (B) and (C)
Computed CD and extinction spectra per CdS quantum shell from the structure
presented in (A).

It is worth noting that the origin of chirality of Au NCs has been confirmed to be
originated from the imbalanced exposure of chiral high Miller index facets on the
surface of Au NCs (see also Chapter 2), and the chiral surface features of L-Au or D-
Au NCs uniquely determine their handedness, resulting in chiral plasmons. If such
uneven chiral surface features disappear by, for example, the overgrowth of another
metal layer (Ag) with uniform outermost surface, their handedness can be diminished.
However, this fact also suggests that the chiral surface features originating from the
Au cores can be in-principle imprinted to the inner surface of semiconductor CdS
quantum due to their intimate and seamlessly contact with chiral Au core during the

non-epitaxial growth process.

To further explore this possibility and its potential effect in the observed chirality-
induced spin polarization, we have constructed a model of CdS quantum shell in the
hybrid structure by considering the fact that the structural chiral features on the
surface of chiral Au cores can be imprinted to the inner surface of CdS shells during

the non-epitaxial growth process (Figure 5.12A), and performed the FEM simulation
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to evaluate its chiroptical response (Figure 5.12B). The model presented in Figure
12A is built by simply removing the chiral Au core in a hybrid (L-Au)-CdS structure
utilized for computation in Figure 5.6B without further modification, thus
representing the intrinsic property of CdS shell in a hybrid chiral nanostructure.
Interestingly, our computations in Figure 5.12B have clearly revealed that the
structural features appeared in the inner surface of CdS shell are chiral, and can
induce intrinsic chirality of the CdS quantum shells in a chiral hybrid nanostructure.
The computed CD magnitude of pure CdS shell by this mechanism is very small, thus
making it negligible and impossible to detect in a hybrid chiral nanostructure as a
whole (Figure 5.6B). Nevertheless, the existence of chiral characteristics in the inner

surface of CdS shell could modify its electronic and spin properties.

There exist three possible mechanisms to understand chirality induced spin
polarization observed in the chiral hybrid (L/D-Au)-CdS nanostructures: (1) Chiral
Au NC core might have chirality induced magnetism. Recently, evidences showing
that chiral molecules on the surface of metals or magnetic materials can alter their
intrinsic magnetic properties have been reported*®!7*!7*, We also performed a control
experiment by measuring TRFR of pure chiral L-Au NCs, but so far we have not
found any evidences that our chiral Au NCs possess magnetic properties; (2) Spins
that are optically excited in the CdS quantum shell can be selectively scattered by its
chiral inner surfaces to favor one particular spin states'#*+!4315%; (3) The appearance of
chiral structural features on the surface of semiconductor CdS shell might modify its
spin-orbit coupling (SOC) and lift the degeneracy of spin levels to induce spin

polarization'”>.
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Figure 5.13. TRFR data at 4.5T acquired by the circularly polarized optical spin
excitations. (A) (L-Au)-Ag,S-CdS sample. (B) (D-Au)-Ag,S-CdS sample. Down- and

up- triangles are data acquired by using left- and right- circularly polarized pump
pulses in a TRFR measurement, resepectively.

To confirm the effect of chiral interface in our observed chirality induced spin
polarization experimentally, we have designed a new type of chiral hybrid
nanostructures (L/D-Au)-Ag>S-CdS comprising of two shells, Ag>S and CdS shells,
in which the outer most CdS shell doesn’t have intimate contact with the surface of
chiral L/D-Au NC core during the growth process. Therefore, the structural
imprinting process observed in the prior chiral (L-Au)-CdS hybrid nanostructures
should no longer be applied to the outermost CdS quantum shell. As a results, in
contrast to the ((L/D-Au)-CdS samples, no chiral structural features should exist in
the inner surface of CdS in the (L/D-Au)-Ag>S-CdS samples. We have performed
similar TRFR measurements with the (L-Au)-AgzS-CdS and (D-Au)-Ag.S-CdS
samples, and compared with their counter parts of (L-Au)-CdS and (D-Au)-CdS.
Importantly, we have not observed net spin polarization in TRFR measurements for
both samples by using linearly polarized optical excitation. Instead, when employing

the circularly polarized optical excitations with same energy and average power in the
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TRFR measurements of (L-Au)-Ag>S-CdS and (D-Au)-Ag:S-CdS samples, equal
spin populations can be selectively induced with opposite orientations, and the spin
orientation is merely determined by the helicity of light during the optical excitations
and is independent on the handedness of chiral Au cores, as shown in Figure 5.13.
This represents a stark contrast to those observations from the (L/D-Au)-CdS
samples, suggesting that the CdS quantum shells in such samples behave as
conventional semiconductors and their optical excitation is governed by the

unmodified optical selection rules.

The interplay between light and matter has been the foundation of many fundamental
physical and chemical processes with various applications. Harnessing light-matter
interactions has been an intensive research field, and in-principle can allow operation
of quantum states under new physical principles. For example, the optical Stark effect
has enabled coherent quantum control schemes of spins and charges in
semiconductors by “dressing” the energy levels. When a matter becomes chiral,
chirality can emerge as a novel tuning knob in light-matter interactions as well as
their enabled quantum controls. We have explored the emerging light-chiral matter
interactions in our as-synthesized chiral hybrid nanostructures that uniquely integrate

chiral plasmons with semiconductor at the nanoscale.

Experimentally, measuring differential polarization absorption/transmission between
left- and right- circularly polarized light has been demonstrated to be a powerful tool
to probe momentum-dependent quantum control dynamics®"-!7%!”7. We have modified
such measurement scheme in our current study. In our experiment, we have set the

circularly polarized ultrashort probe pulse to measure differential polarization
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absorption of CdS quantum shell at the fixed probe energy and various time delay,
while the energy of linearly polarized pump pulse at At = 0 is tuned to across the 1%
plasmonic CD band of chiral Au NC core around 558nm. The differential polarization
absorption of probe pulses is measured by using a PEM that provides modulation of
left- and right- circularly polarized light at 50 kHz. Both (L-Au)-Ag>S-CdS and (D-
Au)-Ag>rS-CdS samples are studied by this scheme, and their results are presented in
Figure 5.14. For both samples, a clear peak with maximum differential polarization
absorption can be seen at the zero-time delay between the pump and probe pulses
when the pump energy matches with the CD peak. However, the sign of peak is
opposite between these two samples, showing the dependence on the handedness of
hybrid nanostructures. A few important implications can be immediately obtained
from this experiment: (1) The appearance of differential polarization absorption only
occurs when the pump and probe overlap at the At = 0, confirming that our
observation is a pump-dependent process. The time duration of the differential
polarization absorption peak is ~150 fs, and the underlying light-chiral matter
coupling is an ultrafast process; (2) Because the chiral plasmonic energy of Au core is
much smaller than the bandgap energy of CdS shell (see Figure 5.12), the pump itself
cannot directly excite charge or spin carriers in the CdS quantum shell. The sizable
differential polarization absorption measured at the excitonic energy of CdS quantum
shell suggest that excitation of chiral plasmons of the Au core can modify spin states
of CdS shell through virtual light-matter coupling, similar to the a.c. optical Stark
effect; (3) Although we have detected similar differential polarization absorption

spectra from both samples with different handedness, the sign of their differential
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polarization absorption is opposite, and is handedness dependent; (4) The structural
handedness dependent differential polarization absorption immediately suggests that
when the chirality is integrated in a light-matter coupling process, a net spin splitting
of electrons can be induced, similar to Zeeman splitting at the presence of external
magnetic field, and the orientation of chiral plasmons induced effective magnetic
field (Henirar) 1s along the laser direction and uniquely defined by the structural

chirality introduced.

This light-chiral matter coupling revealed in Figure 5.14 has never been observed
before, and is unique in our chiral hybrid nanostructures due to the nanomaterials
design. Importantly, availability of ultrafast light induced Hcnirar provides a viable
approach to single spin manipulation by applying a light-induced torque, 7 to the
spin: T = (g " g)S X H pirar, Where S is electron spin. As a direct result of this light
induced torque, spin can be rotated from its original polarization with a rotation angle
determined by the orientation of spin § and intensity of Hepirar (the orientation of
H_pirar 1s fixed by the handedness of chiral hybrid nanostructure, as shown in Figure

14). To demonstrate spin manipulation by the Henirar, Wwe have designed following
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Figure 5.14. Temporal and spectral mapping of differential polarization absorption of
CdS shell in a chiral hybrid nanostructure as a function of excitation wavelength of
chiral plasmons and time delay. (Bottom) (L-Au)-Ag,S-CdS sample. (Top) (D-Au)-

Ag,S-CdS sample. data at 4.5T acquired by the circularly polarized optical spin
excitations. (A) (L-Au)-Ag,S-CdS sample. (B) (D-Au)-Ag,S-CdS sample. Down- and
up- triangles are data acquired by using left- and right- circularly polarized pump
pulses in a TRFR measurement, resepectively.

experimental sequence. A circularly polarized laser pump pulse (whose energy is
tuned to 2.49 eV) is applied at At = 0 along the x-axis to create spin initialization, Sy
(either -x or +x). An external d.c. magnetic field Ho is applied along the z axis to
induce spin precession about this field. A linearly polarized probe pulse whose energy
is tuned to 2.61 eV is applied at different time delay At to monitor spin orientation
with time (i.e. before and after application of tipping pulse). For spin manipulation,
H_pirar 1s induced by applying a linearly polarized tipping pulse with energy tuned to

match with the CD peak at 2.21eV. For our current study, this tipping pulse is always

118



TRFR (a.u.) >
g8 &8 - B8 B B8
_—b %%‘d

0 20 40 60
Time Delay (ps)
B 150
100 4
35
w50+
e
w
X 04
-
50 4
100 4— . T T
0 20 40 ]
Time Delay (ps)
C 150
100
32
8 50
14
L
£ o
-50 T
T T T T
0 20 40 60
Time Delay (ps)
50 4
-~ 04
=
s
4
T 50
o
=
<100 4
i
T T T T
0 20 40 60 80
Time Delay (ps)

Figure 5.15. Ultrafast spin manipulation of CdS quantum shell by H ,. . A linearly

polarized tipping pulse with energy of 2.21eV is always applied at At = 37.29 ps (red
arrow). An external magnetic field is applied at H;=4.5T to induce spin precession.

Bloch sphere is presented on the right for each manipulation to elucidate spin control
path. To evaluate effect of H, a TRFR trace (dashed curve) without application of

hiral®
the tipping pulse is also acquired under the same pump and probe conditions and is
presented for comparison. (A) Spin is initialized by using left- circularly polarized
pump in (L-Au)-Ag,S-CdS sample; (B) Spin is initialized by using right- circularly
polarized pump in (L-Au)-Ag,S-CdS sample; (C) Spin is initialized by using left-
circularly polarized pump in (D-Au)-Ag,S-CdS sample; (D) Spin is initialized by
using right- circularly polarized pump in (D-Au)-Ag,S-CdS sample.
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applied at the fixed time delay At = 37.3 ps. This specific time delay is selected

based on g-factor and external magnetic field so that the spin is pecessed to the y-axis

at the arrival of the tipping pulse, which should provide maximum z. Because the
orientation of Henirar 1s determined by the structural handedness, we have studied both
(L-Au)-Ag>xS-CdS and (D-Au)-Ag>S-CdS samples. In order to illustrate proposed spin
manipulation process and assist our understanding of the underlying physics, Figure
5.15 summarizes results for four scenarios with different combinations of orientation
of initialized spins and Hcnirar. The Bloch sphere in the laboratory reference frame is
also used to elucidate spin rotation. A few important findings from this experiment
are summarized below. First, for each sample, by comparing with TRFR trace
acquired without application of tipping pulse (dashed curves), the tipping pulse
applied can either reduce or enhance TRFR magnitude, depending on the orientation
of initial spin, S9. The change of TRFR amplitude can be attributed to spin flip out of
its original precession plane, depending on the orientation of . The dependence on
the initial spin orientation occurs because when the spins are initialized oppositely,
they could preces with a n-phase difference. As a result, at the time that the tipping
pulse is applied, the spins could be along opposite directions, resulting in the opposite
T and thus different rotation direction. Second, when the spins are initialized along
the same orientation (along x or -x) in different samples, (L-Au)-Ag>S-CdS or (D-
Au)-AgrS-CdS samples, the effect of tipping pulses is also different, although they
are applied at the same delay time. When the spins are initialized in the same
orientation, they could always preces in-phase between two samples, because the only

difference between these two samples is their handedness, while other structural
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parameters, including size of Au core and thicknesses of CdS and intermediate Ag>S
shells are intentionally designed to be the same. Therefore, observation of different
spin rotation caused by the tipping pulses can be attributed to the opposite orientation
of the light induced Hcpirat between these two samples. This comparison is consistent
with our results from measurement of differential polarization absorption (Figure
5.14), and the orientation of light induced Henira is related to the structural
handedness. Third, when the spin is rotated our of its original precession plane by the
light induced Hcnirar , Wwe have not found any detectable phase change in all spin
manipulations, suggesting that the spin manipulation induced by the Hepirar 1s a

coherent process.

5.4 Conclusions

In this Chapter, we have studied various chirality-spin interplays in a family of chiral
hybrid nanostructures, which can uniquely integrate chirality, plasmons and excitons
(spins) in a single nanoscale entity with tunable structural parameters. Importantly,
we have shown that nanoscale structural chirality can induce spin polarization in low-
dimensional condensed matter systems. Through materials design, we have further
demonstrated that the integration of chiral plasmons of metal with semiconductor can
lead to novel light-chiral matter interactions. Through such coupling, nanoscale chiral
plasmon has been demonstrated to induce effective magnetic field in its nearby
semiconductor that is uniquely determined by the structural handedness. Such
chirality induced effective magnetic field can offer a viable mechanism for realizing
ultrafast spin manipulation at the nanoscale. Different ultrafast spin manipulation
processes by using chirality induced effective magnetic field have been achieved. Our
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present work should open up a variety of avenues in relevant science and
technologies. The concept of using periodic excitation of chiral plasmons to generate
effective ultrafast magnetic fields introduces an exciting paradigm for chiral Floquet
engineering, unlocking new possibilities in quantum control. Integrating these all-
inorganic chiral nanostructures with other quantum materials could lead to hybrid
systems with unprecedented functionalities, setting the stage for transformative

advancements in quantum information science and next-generation quantum devices.
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Chapter 6: Summary and Outlook

In this dissertation, we have proposed and demonstrated several new methods and
results in the field of nanoscale chirality including synthesis, modeling,
characterization and application of chiral inorganic nanoparticles. There are several
future studies and applications that we can immediately envision based on this
dissertation.

Firstly, we have presented a general strategy of synthesis of chiral plasmonic
nanoparticles by breaking surface symmetry with introduction of chiral molecules.
This proposed strategy could be readily applied to broader selections of inorganic
materials and different shaped nanoparticles which provides intriguing opportunities
in chirality-related applications. For example, palladium (Pd) as a plasmonic metal is
known for its application as a catalyst. Following the same synthesis strategy, we can
introduce chirality into Pd nanoparticles for the application of enantio-catalysis. We
have demonstrated that the robustness of the chiral plasmonic nanoparticles could
enable further synthesis of chiral plasmonic-semiconductor heterostructure with the
preservation of chirality. We can envision further studies to explore and demonstrate
the chirality-related effects in the chiral plasmonic-semiconductor heterostructures
such as chirality induced spin selectivity and chiral hot electron generation.
Secondly, we utilized coupled oscillator model to theoretically investigate plasmon-
chiral coupling and predicted enhanced CD, inversion of chirality, mode splitting in
different coupling regimes. With careful analysis of the physical origin of the CD, we
were able to explain the origins of the various chiroptical responses. The FEM

simulation confirmed the existence of our predicted chiroptical responses validating
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our theoretical analysis. This simple but effective coupled oscillator model provided a
valuable tool towards a deep understanding of the plasmon-chiral system. Although
our current work focused on the coupling of achiral plasmon and chiral medium, with
modification of the oscillator parameters we can easily extend our scope to the
coupling of chiral plasmon and chiral medium, which play important roles in chiral
sensing. Furthermore, extending our oscillator model with nonlinear coupling terms
would enable the theoretical investigation into the nonlinear chiroptical response of
the plasmon-chiral system.

Thirdly, we have developed a polarization dependent PiIFM measurement of single
chiral plasmonic nanoparticles. The PiFM signal was analyzed and attributed to the
near field distribution of the chiral plasmonic electric field. The PiFM provides nm
scale spatial resolution which is beyond the resolution of far field optical
measurements. This technique enables direct characterization of chiral near field
which represents a significant step to the understanding and application of the
nanoscale chirality. We are developing the integration of s-SNOM technique and our
current PiFM technique which would provide a deeper understanding of near field
chiroptical response. Meanwhile, another exciting direction is introducing ultrafast
laser into the optical AFM apparatus. As we detailed in Chapter 4, the photothermal
process of the chiral plasmonic heating is within around a few ns timescale. An
optical AFM measurement combined with ultrafast laser and pump-probe optical
measurements would enable us to resolve the dynamic of photothermal process in

both time domain and spatial domain.
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Lastly, we performed ultrafast optical measurements on the chiral hybrid plasmonic-
semiconductor nanostructures synthesized following the strategy in Chapter 2.
Difterently from organic counterparts, our inorganic chiral hybrid structure offers
structural flexibility, precise control, and tailorable quantum effects making it ideal
testbed for investigation of chirality-spin interplay. We have observed that nanoscale
structural chirality can induce strong spin polarization in the semiconductor shell. We
further demonstrated dynamic chirality in semiconductors and coherent spin
manipulation through chirality-induced effective magnetic field by the active control
of near-field chiral plasmon underscoring its potential as a powerful platform for
spin-based quantum technologies. The concept of using periodic excitation of chiral
plasmons to generate effective ultrafast magnetic fields introduces an exciting
paradigm for chiral Floquet engineering, unlocking new possibilities in quantum

control.
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