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Chapter 1

Introduction

1.1 Background

Angular momentum, as a basic property to describe the rotation of light, can be separated
into spin angular momentum (SAM) associated with the polarization of light and orbital
angular momentum (OAM) determined by the spatial degrees of freedom of light [1-3].
The SAM was first explicitly considered by Poynting and experimentally demonstrated
by Beth in 1936 [4,5]. However, it was a long time before the idea of the OAM of light
was pioneered by Allen et al. in 1992 [6]. They discovered that a light beam with a
helical phase front carries OAM. From then on, the study of optical angular momentum
has developed into a flourishing field of research, leading to a rich variety of research and
applications [7-11].

The interaction of angular momentum between light and matter gives rise to a va-
riety of striking optical phenomena and has been attracting extensive attention due to
the physical significance in optics. Especially, with the development of plasmonics and
nanotechnology, these studies have been greatly promoted in recent years because of the
strong interaction between light and plasmonic structures. Therefore, in this dissertation,
we carry out our work based on the three interesting phenomena in the interaction of

angular momentum between light and matter.



B Optical spin-orbit interaction

Spin angular Orbital angular
momentum momentum
A‘H"
scattering

Figure 1.1: Schematic illustration of spin-orbit interaction of light

When light interacts with matter, there is a transformation between the spin and orbital
parts of the angular momentum carried by the light as shown in Figure 1.1. This spin-obit
interaction of light is highly related to the polarization and spatial degrees of freedom of
light, which plays a crucial role in the manipulation and control of light. Most of the
spin-orbit interaction phenomena appear at subwavelength scales [12—14]. Therefore, nu-
merous spin-orbit interaction effects can be observed in the research fields of nano-optics,
photonics, and plasmonics [15-19]. The description of the polarization and spatial prop-
erties of light at subwavelength scales provides a new viewpoint for the physical insight
at subwavelength scales. Moreover, the interaction between spin and orbital degrees of
freedom makes it possible for optical nano-devices to have novel functionalities. In the
past three decades, with the rapid development of nano-optics, photonics, and plasmon-
ics, the spin-orbit interaction of light has been attracting rapidly growing interest due to
its promising potential in many practical applications, such as the optical manipulation of
nanoparticles and molecules [20,21], subwavelength optical probing [22], and generation

of vortex beams [23,24].

B Optical torque

Optical torque induced by the angular momentum transfer in light-matter interaction en-
ables a particle to rotate (as shown in Figure 1.2) through both the absorption and scatter-
ing [25-27]. It provides a rotational mechanical degree of freedom to manipulate objects.
Particularly, the localized surface plasmon resonances (LSPRs) in noble metal nanostruc-
tures can significantly enhance the absorption and scattering in light-matter interaction,

enabling these structures to overcome the Brownian motion and the other fluctuations
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Figure 1.2: Schematic illustration of optical torque

for the manipulation. The magnitude of the optical torque is strongly dependent on the
LSPR properties of the plasmonic structures [27]. It has been reported that the optical
torque on individual plasmonic nanoparticle can reach hundreds of pN - nm [28], which is
sufficient to propel nanomachines and to address single-molecule processes in biological
matter. Therefore, optically driven plasmonic nanostructures establish an extremely in-
teresting platform for nanomechanical engineering and sensing applications. Over many
decades, optical torque has been attracting widespread attention owing to its crucial role
in optical manipulations, with a variety of applications in atomic and molecular physics,

nanotechnology, and biology [29-33].

B Chiroptical response

Chiral objects are those objects which cannot be superimposed with their mirror im-
age [34,35]. Chirality is very common in our daily life as well as microscopically down
to molecular levels, reflecting a fundamental property of materials. Many biomolecules,
such as amino acids, nucleotides, and sugars, are inherently chiral. Chiral material can

manifest a chiroptical response via the different absorption of left- and right-handed cir-
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Figure 1.3: Schematic illustration of the chiroptical response



cularly polarized light as shown in Figure 1.3. It can be evaluated by the dissymmetry

factor (g factor) defined as [36,37]

Al — AT
abs abs
gabs = Ji r 59 (11)
Aabs + Aabs

where Aé ps and A7, are the absorption cross sections for left- and right-handed circularly
polarized light, respectively. The chiroptical phenomenon is of great significance in fun-
damental research and successfully applied in many different fields [38—40]. However,
this chiroptical response is inherently weak for most natural chiral materials due to the
small size of molecules [41,42], which limits its further studies and applications. Re-
cently, with the advancement of nanotechnology, the progress in plasmonics provides an
effective route for the g factor enhancement. It is now possible to artificially create chiral
plasmonic nanostructures or metasurfaces, which have been attracting widely scientific

interest because they can strongly interact with circularly polarized light [43—48].

1.2 Motivation and objectives of this study

As mentioned above, in recent years, the rapid development of plasmonics and nano-
optics has extremely facilitated the study of the interaction of angular momentum be-
tween light and matter with numerous applications. However, in such a large research
field, there are still many research topics that have not been studied. In this dissertation,
based on the three interesting phenomena introduced above in the interaction of angular
momentum between light and plasmonic nanostructures, we study the urgent issues in
each phenomenon to improve the insights into the physics of light-matter interaction and

to expand the applications.

B Quantification of the optical spin-orbit transformation in light-matter interaction

The spin-orbit interaction of light has been attracting rapidly growing interest due to its
promising potential in nano-optics, photonics, and plasmonics [15-24]. Therefore, it is of
great significance to find a method that can separately analyze the SAM and OAM in the

interaction between light and matter. As shown in Figure 1.1, when a circularly polarized



light carrying SAM interacts with a nanosphere, the scattered light from the nanosphere
possesses OAM. In this case, because the nanosphere is a very simple nanoparticle illumi-
nated by a simply structured incident light, the transformation between SAM and OAM
can be easily analyzed based on the model of rotating dipole scattering [49,50]. However,
when we consider a complex-shaped nanoparticle or incident light, the quantification of
the spin-orbit transformation would be very difficult because it is difficult to find an effec-
tive model to evaluate the angular momentum, especially the OAM, in the field. In other
words, thus far, there is no general way to quantify the optical spin-orbit transformation
in light-matter interaction.

In this topic, therefore, our objective is to find a method that can realize the quantifica-
tion of the spin-orbit transformation, which will greatly benefit the design and analysis of
a spin-orbit interaction system. To realize this, we should know the changes of the SAM
and OAM in the light-matter interaction. These are induced by the transfers of SAM and
OAM between light and matter, which can be clearly described by their continuity equa-
tions. It is worth pointing out that the total angular momentum, as the sum of the SAM
and the OAM, is a conserved quantity. The continuity equation for total angular momen-
tum is a well-known continuity equation, which explicates the transfer of total angular
momentum between light and matter. Consequently, in order to realize our objective, we

should find the continuity equation for SAM or OAM.

B Optical torque between twisted metal nanorods induced by plasmon coupling

As introduced in the background part, many remarkable achievements have been made in
the study of optical torque, however, these studies mainly focus on an individual nanopar-
ticle. Few works are trying to study the optical torque in a multi-particle system. When
two nanoparticles are close to each other, plasmon coupling occurs due to the strong inter-
action between them, resulting in an appearance of two plasmon coupling modes different
from individual constituents and a drastically enhanced near field in the narrow gap sepa-
rating them [51-53]. In some previous studies, it has been reported that the plasmon cou-
pling can produce a large interaction optical force on each nanoparticle [54-56], which
plays a significant role in the optical arrangement. Intuitively, interaction optical torque

is also very important in the optical arrangement because it provides another mechanical



degree of freedom for the manipulation of particles. Therefore, it is indispensable to study
the interaction optical torque in a plasmon coupling system.

In this topic, our objective is to study the interaction optical toque induced by the
plasmon coupling. Here, our study is based on a dimer of twisted metal nanorods be-
cause it is the simplest dimer system that can easily observe the plasmon coupling modes,
which can simplify the analysis of the physical mechanism. In this dimer, we investigate
the plasmon coupling between the nanorods depending on its configuration which is de-
termined by the gap size and twisted angle between the two nanorods. Then, we study
the interaction optical torque between the nanorods and the relation with the plasmon

coupling.

B Enhancement of g factor of twisted metal nanorods by plasmon coupling

Chiral plasmonic structures with large g factor have shown promising potential for detect-
ing and sensing applications [48,57,58], negative refraction materials [59-61], and optical
elements with strong chiroptical effects [45,46]. Therefore, the study of the enhancement
of g factor will be of great significance to improve the insights into controllable chirality
of nanostructure and to expand its applications. However, in the previous studies, almost
all the studies of the g factor enhancement are limited to the geometry design of the struc-
ture. Inspired by the results in the second topic concerning the SAM in the interaction
between light and the twisted metal nanorods, it implies that the plasmon coupling be-
tween the twisted nanorods results in a strong chiroptical response of the structure. This
may provide a new route for the g factor enhancement.

In this topic, therefore, our objective is to experimentally demonstrate that the plasmon
coupling can enhance the g factor of the twisted nanorods. Firstly, we try to fabricate
the twisted nanorods structures with different gap sizes and twisted angles. Then, we
experimentally characterize the plasmon coupling and g factor of the twisted nanorods
structure depending on the gap size and twisted angle. The relation between the plasmon
coupling and g factor will be discussed to show a new perspective for the study of g factor

enhancement.



1.3 Synopses of this dissertation

This dissertation is composed of six chapters.

In Chapter 2, we review two fundamentals of this dissertation: angular momentum of
light and localized surface plasmon.

In Chapter 3, by introducing the quantity of optical chirality density, the continuity
equation for spin angular momentum is derived, providing a method to realize the quan-
tification of the optical spin-orbit transformation in light-matter interaction

In Chapter 4, based on the structure of twisted gold nanorods, we investigate the
optical torques on the twisted nanorods induced by the plasmon coupling between them.
The rotational behaviors of the nanorod at different plasmon modes induced by the optical
torques are analyzed.

In Chapter 5, inspired by the results in Chapter 4, we experimentally demonstrate that
plasmon coupling can enhance the g factor of the dimer of twisted nanorods. The relation
between the plasmon coupling and g factor is discussed.

In Chapter 6, we summarize our works and describe the prospects.



References

[1]

[5]

[7]

K. Y. Bliokh and F. Nori, “Transverse and longitudinal angular momenta of light,”

Phys. Rep., vol. 592, pp. 1-38, 2015.

I. Bialynicki-Birula and Z. Bialynicka-Birula, “Canonical separation of angular mo-
mentum of light into its orbital and spin parts,” J. Opt., vol. 13, no. 6, p. 064014,
2011.

S. M. Barnett, L. Allen, R. P. Cameron, C. R. Gilson, M. J. Padgett, F. C. Speirits,
and A. M. Yao, “On the natures of the spin and orbital parts of optical angular

momentum,” J. Opt., vol. 18, no. 6, p. 064004, 2016.

J. H. Poynting, “The wave-motion of a revolving shaft, and a suggestion as to the
angular momentum in a beam of circularly-polarized light,” Proc. R. Soc. Lond. Ser.

A, vol. 82, pp. 560-567, 1909.

R. A. Beth, “Mechanical detection and measurement of the angular momentum of

light,” Phys. Rev., vol. 50, no. 2, pp. 115-125, 1936.

L. Allen, M. W. Beijersbergen, R. Spreeuw, and J. Woerdman, *“Orbital angular
momentum of light and the transformation of laguerre-gaussian laser modes,” Phys.

Rev. A, vol. 45, no. 11, p. 8185, 1992.

M. Antognozzi, C. R. Bermingham, R. L. Harniman, S. Simpson, J. Senior, R. Hay-
ward, H. Hoerber, M. R. Dennis, A. Y. Bekshaev, K. Y. Bliokh, and F. Nori, “Di-
rect measurements of the extraordinary optical momentum and transverse spin-
dependent force using a nano-cantilever,” Nat. Physics, vol. 12, no. 8, pp. 731-735,

2016.



[8] L. Liu, A. Di Donato, V. Ginis, S. Kheifets, A. Amirzhan, and F. Capasso, “Three-
dimensional measurement of the helicity-dependent forces on a mie particle,” Phys.

Rev. Lett., vol. 120, no. 22, p. 223901, 2018.

[9] L. Allen, M. J. Padgett, and M. Babiker, “The orbital angular momentum of light,”
Prog. Opt., vol. 39, pp. 291-372, 1999.

[10] S. Franke-Arnold, L. Allen, and M. J. Padgett, “Advances in optical angular mo-
mentum,” Laser Photonics Rev., vol. 2, no. 4, pp. 299-313, 2008.

[11] J. Ng, Z. Lin, and C. Chan, “Theory of optical trapping by an optical vortex beam,”
Phys. Rev. Lett., vol. 104, no. 10, p. 103601, 2010.

[12] D. O’ connor, P. Ginzburg, F. J. Rodriguez-Fortufio, G. A. Wurtz, and A. V. Za-
yats, “Spin—orbit coupling in surface plasmon scattering by nanostructures,” Nat.

Commun., vol. 5, no. 1, pp. 1-7, 2014.

[13] B. Le Feber, N. Rotenberg, and L. Kuipers, “Nanophotonic control of circular dipole

emission,” Nat. Commun., vol. 6, no. 1, pp. 1-6, 2015.

[14] N. Shitrit, I. Bretner, Y. Gorodetski, V. Kleiner, and E. Hasman, “Optical spin hall
effects in plasmonic chains,” Nano Lett., vol. 11, no. 5, pp. 2038-2042, 2011.

[15] K. Y. Bliokh, F. J. Rodriguez-Fortuiio, F. Nori, and A. V. Zayats, “Spin—orbit inter-
actions of light,” Nat. Photonics, vol. 9, no. 12, p. 796, 2015.

[16] S. Sukhov, V. Kajorndejnukul, R. R. Naraghi, and A. Dogariu, “Dynamic conse-
quences of optical spin—orbit interaction,” Nat. Photonics, vol. 9, no. 12, p. 809,

2015.

[17] K. Y. Bliokh, D. Smirnova, and F. Nori, “Quantum spin hall effect of light,” Science,
vol. 348, no. 6242, pp. 1448-1451, 2015.

[18] F. Cardano and L. Marrucci, “Spin—orbit photonics,” Nat. Photonics, vol. 9, no. 12,
pp. 776778, 2015.

[19] J. E. Vazquez-Lozano and A. Martinez, “Classical emergence of intrinsic spin-orbit

interaction of light at the nanoscale,” Phys. Rev. A, vol. 97, no. 3, p. 033804, 2018.



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

F. J. Rodriguez-Fortuio, N. Engheta, A. Martinez, and A. V. Zayats, ‘“Lateral forces
on circularly polarizable particles near a surface,” Nat. Commun., vol. 6, p. 8799,

2015.

H. Adachi, S. Akahoshi, and K. Miyakawa, “Orbital motion of spherical micropar-
ticles trapped in diffraction patterns of circularly polarized light,” Phys. Rev. A,
vol. 75, no. 6, p. 063409, 2007.

O. G. Rodriguez-Herrera, D. Lara, K. Y. Bliokh, E. A. Ostrovskaya, and C. Dainty,
“Optical nanoprobing via spin-orbit interaction of light,” Phys. Rev. Lett., vol. 104,
no. 25, p. 253601, 2010.

L. Huang, X. Chen, H. Miihlenbernd, G. Li, B. Bai, Q. Tan, G. Jin, T. Zentgraf, and
S. Zhang, “Dispersionless phase discontinuities for controlling light propagation,”

Nano Lett., vol. 12, no. 11, pp. 5750-5755, 2012.

E. Karimi, S. A. Schulz, 1. De Leon, H. Qassim, J. Upham, and R. W. Boyd, “Gen-
erating optical orbital angular momentum at visible wavelengths using a plasmonic

metasurface,” Light: Sci. Appl., vol. 3, no. 5, pp. e167—-e167, 2014.

D. Gao, W. Ding, M. Nieto-Vesperinas, X. Ding, M. Rahman, T. Zhang, C. Lim, and
C.-W. Qiu, “Optical manipulation from the microscale to the nanoscale: fundamen-
tals, advances and prospects,” Light: Sci. Appl., vol. 6, no. 9, pp. €e17039—e17039,
2017.

M. Padgett and R. Bowman, “Tweezers with a twist,” Nat. photonics, vol. 5, no. 6,

pp. 343-348, 2011.

Y. E. Lee, K. H. Fung, D. Jin, and N. X. Fang, “Optical torque from enhanced scatter-
ing by multipolar plasmonic resonance,” Nanophotonics, vol. 3, no. 6, pp. 343-350,

2014.

P. Ruijgrok, N. Verhart, P. Zijlstra, A. Tchebotareva, and M. Orrit, “Brownian fluc-
tuations and heating of an optically aligned gold nanorod,” Phys. Rev. Lett., vol. 107,
no. 3, p. 037401, 2011.

10



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

A. Ashkin, “History of optical trapping and manipulation of small-neutral particle,
atoms, and molecules,” IEEE J. Sel. Top. Quantum Electron., vol. 6, no. 6, pp. 841—
856, 2000.

M. Liu, T. Zentgraf, Y. Liu, G. Bartal, and X. Zhang, “Light-driven nanoscale plas-
monic motors,” Nat. Nanotechnol., vol. 5, no. 8, pp. 570-573, 2010.

M. Friese, T. Nieminen, N. Heckenberg, and H. Rubinsztein-Dunlop, “Optical
alignment and spinning of laser-trapped microscopic particles,” Nature, vol. 394,

no. 6691, pp. 348-350, 1998.

R. W. Bowman and M. J. Padgett, “Optical trapping and binding,” Rep. Prog. Phys.,
vol. 76, no. 2, p. 026401, 2013.

W. D. Phillips, “Nobel lecture: Laser cooling and trapping of neutral atoms,” Rev.

Mod. Phys., vol. 70, no. 3, p. 721, 1998.

G. H. Wagniere, On chirality and the universal asymmetry: reflections on image and

mirror image. John Wiley & Sons, 2007.

W. T. B. Kelvin, The molecular tactics of a crystal. Clarendon Press, 1894.

T. Liu, L. V. Besteiro, T. Liedl, M. A. Correa-Duarte, Z. Wang, and A. O. Govorov,
“Chiral plasmonic nanocrystals for generation of hot electrons: Toward polarization-

sensitive photochemistry,” Nano Lett., vol. 19, no. 2, pp. 1395-1407, 2019.

M. Wakabayashi, S. Yokojima, T. Fukaminato, K.-i. Shiino, M. Irie, and S. Naka-
mura, “Anisotropic dissymmetry factor, g: Theoretical investigation on single
molecule chiroptical spectroscopy,” J. Phys. Chem. A, vol. 118, no. 27, pp. 5046—
5057, 2014.

H. Tsukube and S. Shinoda, “Lanthanide complexes in molecular recognition and
chirality sensing of biological substrates,” Chem. Rev., vol. 102, no. 6, pp. 2389—
2404, 2002.

11



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

H. Rhee, Y.-G. June, J.-S. Lee, K.-K. Lee, J.-H. Ha, Z. H. Kim, S.-J. Jeon, and
M. Cho, “Femtosecond characterization of vibrational optical activity of chiral

molecules,” Nature, vol. 458, no. 7236, pp. 310-313, 2009.

A. Ben Moshe, D. Szwarcman, and G. Markovich, “Size dependence of chiroptical

activity in colloidal quantum dots,” ACS Nano, vol. 5, no. 11, pp. 9034-9043, 2011.

L. D. Barron, Molecular light scattering and optical activity. Cambridge University

Press, 2009.

Y. Tang and A. E. Cohen, “Enhanced enantioselectivity in excitation of chiral

molecules by superchiral light,” Science, vol. 332, no. 6027, pp. 333-336, 2011.

M. Kuwata-Gonokami, N. Saito, Y. Ino, M. Kauranen, K. Jefimovs, T. Vallius, J. Tu-
runen, and Y. Svirko, “Giant optical activity in quasi-two-dimensional planar nanos-

tructures,” Phys. Rev. Lett., vol. 95, no. 22, p. 227401, 2005.

M. Hentschel, M. Schiferling, X. Duan, H. Giessen, and N. Liu, “Chiral plasmon-
ics,” Sci. Adv., vol. 3, no. 5, p. €1602735, 2017.

M. Decker, R. Zhao, C. Soukoulis, S. Linden, and M. Wegener, “Twisted split-
ring-resonator photonic metamaterial with huge optical activity,” Opt. Lett., vol. 35,

no. 10, pp. 1593-1595, 2010.

N. Yu, F. Aieta, P. Genevet, M. A. Kats, Z. Gaburro, and F. Capasso, “A broadband,
background-free quarter-wave plate based on plasmonic metasurfaces,” Nano Lett.,

vol. 12, no. 12, pp. 6328-6333, 2012.

M. Hentschel, M. Schiferling, T. Weiss, N. Liu, and H. Giessen, “Three-dimensional

chiral plasmonic oligomers,” Nano Lett., vol. 12, no. 5, pp. 2542-2547, 2012.

E. Hendry, T. Carpy, J. Johnston, M. Popland, R. Mikhaylovskiy, A. Lapthorn,
S. Kelly, L. Barron, N. Gadegaard, and M. Kadodwala, “Ultrasensitive detection
and characterization of biomolecules using superchiral fields,” Nat. Nanotechnol.,

vol. 5, no. 11, pp. 783-787, 2010.

12



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

C. Schwartz and A. Dogariu, “Conservation of angular momentum of light in single

scattering,” Opt. Express, vol. 14, no. 18, pp. 8425-8433, 2006.

K. Y. Bliokh, E. A. Ostrovskaya, M. A. Alonso, O. G. Rodriguez-Herrera, D. Lara,
and C. Dainty, “Spin-to-orbital angular momentum conversion in focusing, scatter-

ing, and imaging systems,” Opt. Express, vol. 19, no. 27, pp. 26132-26149, 2011.

W. Rechberger, A. Hohenau, A. Leitner, J. Krenn, B. Lamprecht, and F. Aussenegg,
“Optical properties of two interacting gold nanoparticles,” Opt. Commun., vol. 220,

no. 1-3, pp. 137-141, 2003.

K.-H. Su, Q.-H. Wei, X. Zhang, J. Mock, D. R. Smith, and S. Schultz, “Interparticle
coupling effects on plasmon resonances of nanogold particles,” Nano Lett., vol. 3,

no. 8, pp. 1087-1090, 2003.

L. Gunnarsson, T. Rindzevicius, J. Prikulis, B. Kasemo, M. Kill, S. Zou, and G. C.
Schatz, “Confined plasmons in nanofabricated single silver particle pairs: experi-

mental observations of strong interparticle interactions,” J. Phys. Chem. B, vol. 109,

no. 3, pp. 1079-1087, 2005.

H. Xu and M. Kill, “Surface-plasmon-enhanced optical forces in silver nanoaggre-

gates,” Phys. Rev. Lett, vol. 89, no. 24, p. 246802, 2002.

V. Demergis and E.-L. Florin, “Ultrastrong optical binding of metallic nanoparti-

cles,” Nano Lett., vol. 12, no. 11, pp. 5756-5760, 2012.

N. A. Kostina, D. A. Kislov, A. N. Ivinskaya, A. Proskurin, D. N. Redka, A. Novit-
sky, P. Ginzburg, and A. S. Shalin, “Nanoscale tunable optical binding mediated by
hyperbolic metamaterials,” ACS Photonics, vol. 7, no. 2, pp. 425-433, 2019.

W. Li, Z. J. Coppens, L. V. Besteiro, W. Wang, A. O. Govorov, and J. Valentine,
“Circularly polarized light detection with hot electrons in chiral plasmonic metama-

terials,” Nat. Commun., vol. 6, no. 1, pp. 1-7, 2015.

C.Jack, A. S. Karimullah, R. Leyman, R. Tullius, V. M. Rotello, G. Cooke, N. Gade-

gaard, L. D. Barron, and M. Kadodwala, “Biomacromolecular stereostructure me-

13



diates mode hybridization in chiral plasmonic nanostructures,” Nano Lett., vol. 16,

no. 9, pp. 5806-5814, 2016.

[59] J. Pendry, “A chiral route to negative refraction,” Science, vol. 306, no. 5700,

pp. 13531355, 2004.

[60] S. Zhang, Y.-S. Park, J. Li, X. Lu, W. Zhang, and X. Zhang, “Negative refractive
index in chiral metamaterials,” Phys. Rev. Lett., vol. 102, no. 2, p. 023901, 2009.

[61] E. Plum, J. Zhou, J. Dong, V. Fedotov, T. Koschny, C. Soukoulis, and N. Zheludev,
“Metamaterial with negative index due to chirality,” Phys. Rev. B, vol. 79, no. 3,

p. 035407, 2009.

14



Chapter 2

Fundamentals: angular momentum of

light and localized surface plasmon

2.1 Introduction

In this chapter, we summarize the fundamental facts and phenomena that form the basis
of this study. In Section 2.2, we briefly review the concept of optical angular momentum.
Starting with Maxwell’s equations, we look at the conservation laws for energy, linear mo-
mentum, and angular momentum in a system of a charged particle in an electromagnetic
field. Then, we discuss the theoretical derivation of separating the angular momentum
into spin and orbit parts. In Section 2.3, we introduce the second essential knowledge in
our study, that is, the localized surface plasmon in metal nanoparticles. The basic physics
of localized surface plasmon is described by exploring the resonance condition in the

interaction between metal nanoparticles and an electromagnetic field.

2.2 Angular momentum of light

2.2.1 Maxwell’s equations and conservation laws

We start from Maxwell’s equations to describe the properties of electric and magnetic

fields and how they relate to each other in the following form [1]:
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V-D=p, 2.1)

V-8B=0, (2.2)
0B
Vx&E=— 2.3
xE&=—", (2.3)
Vx?—(:%—zt)+j, (2.4)

where & is the electric field, D is the electric displacement, H is the magnetic field, B is
the magnetic induction, p and j are the external charge density and current density. The
electromagnetic properties of a medium are further linked together via the polarization

and magnetization M by

D =&+ P, (2.5)
H=py'B - M, (2.6)

where gy and po are the dielectric permittivity and magnetic permeability of vacuum,
respectively. Eq. (2.1)~Eq. (2.6) builds the foundation of the classical electromagnetic
theory. These equations provide a complete description of the classical dynamics of inter-
acting charged particles and electromagnetic fields by combining with the Lorentz force
equation and Newton’s second law of motion.

In an isotropic, linear, and non-magnetic medium (typically considered in this disser-

tation), we can define the following relation

D =gpe, & = €6, 2.7)
B = popuyH = pH, (2.8)

where &, is the dielectric constant or relative permittivity, € is the dielectric permittivity,
i = 1 1s the relative magnetic permeability of the non-magnetic medium, and u is the
magnetic permeability. In this case, the relation between # and & can be described by
P = gy x&E, where y is the dielectric susceptibility.

In the following, we will discuss the mechanical interaction between light and a
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charged particle. In relation to an electromagnetic field in vacuum, we regard the par-
ticle with volume V enclosed by a surface S as a distribution of charges with density

p(r,1) and currents with density j(r, 7). For more details, please refer to Refs [1,2]

H Poynting’s theorem

We first consider the conservation of energy which is often called Poynting’s theorem.
The rate of work done on the charged particle by the field can be expressed as /v J -
& dV, which describes a conversion of electromagnetic energy into mechanical or thermal
energy. This must correspond to a rate of the decrease of energy in the electromagnetic
field. Therefore, by using Maxwell’s equations, we can get the Poynting’s theorem in

integral form as

/(5_U+V.3)dvz_/j-8dv, (2.9)
v Ot 14

U:%(a-z)w;-?ﬂ, (2.10)

S=ExH, (2.11)

where U is the energy density of the electromagnetic field. The vector S can be regarded
as the energy flux density, which is often called the Poynting vector. Eq. (2.9) can be

rewritten into the form of a differential continuity equation for energy,

‘96_[l]+v.3:_j.8, (2.12)

which is the most elementary continuity equation that explicates the exchange of energy

between the field and sources (charges and currents).

Bl Conservation of linear momentum

Similarly, we can consider the conservation of linear momentum. Based on the Lorentz
force equation and Newton’s second law of motion, the total Lorentz force on the charged

particle can be expressed as

d
—Pecn = /(ps + .7 X B) av, (2.13)
dt %
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where P,,.., is the mechanical linear momentum of the particle. By using Maxwell’s

equations in vacuum, we can obtain the symmetric form of Eq. (2.13):

d

EPmech = / eol(V-EE +c5(V-B)B -EX(VXE) - ;B x (VxB)dV
1%

P (2.14)
— —(EXB)AV,
/‘/80(%( x B)

where ¢ = 1/+/goup is the light speed in vacuum. The integrand of the second term on
the right-handed side of Eq. (2.14) can be regarded as the time derivative of the linear
momentum density of the field, which can be related to the Poynting vector: £y(&E X B) =

S/ c(z). Therefore, this integral term can be rewritten as

0 d S d
- = — —_— = —P i . 2.1
/‘/808t(5><3)dV ar Jy 3 av a7 Jield (2.15)

Furthermore, in the first integral term on the right-handed side of Eq. (2.14), the electric

field and magnetic field terms are found as

(V-8)8—8><(V><8):(V-8)8+(8-V)8—%V(8-8)
. (2.16)
=V [£0&- (&8l

(V-B)B—BX(VXB):(V-B)B+(B-V)B—%V(B-B)

. (2.17)
=V [BoB8- (8B

where ® denotes the operation of the dyadic product. I is the unit dyadic. We can therefore

rewrite Eq. (2.14) into

d
E(Pmech + Pfield) = /V Ty dV, (2.18)
\%4

where

1
Ty :80[8®8+CSB®B—5(8-8+c38-8)l] (2.19)

is called Maxwell stress tensor. Eq. (2.18) explicitly describes the conservation of the
total linear momentum. Similar to the energy flux density, —Tj; can be regarded as the

flux density of linear momentum.
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By using Gauss’ theorem, the volume integral of the divergence of T, can be substi-

tuted with an integral of its flux over a closed surface. This gives

d
E(Pmech + Pfield) = fTM -nds, (2.20)
S

where n is the outward normal unit vector to the closed surface S. The right-hand side of
Eq (2.20) corresponds to the flux of linear momentum that enters the surface S. Therefore,

the time-averaged optical force on the particle can be obtained by
f= }[TM -nds, (2.21)
S

where Ty, is the time-averaged Maxwell stress tensor. Besides, Eq (2.18) can also be

written into a differential form, that is, the continuity equation for linear momentum,
J .8 .
+(5) =V Ty = —(p€ + 3 X B), (2.22)
ot c(%

which describes the exchange of linear momentum between the field and sources.

B Conservation of angular momentum

The conservation of angular momentum can be analyzed in the same way as we have
processed energy and linear momentum. One can define an angular momentum with the
cross product of the position vector r and linear momentum P, thus the change rate of the

mechanical angular momentum J,,..; can be written as

d d .
—Jmecn = 5 (x X Preen) = / rx(p&+jx8B)dv. (2.23)
dt dt v

Therefore, the conservation law for angular momentum is given by

d
E(Jmech +J fieta) = }é(r X Ty) - nds, (2.24)
where
S
Jfiea = | TX = dV (2.25)
% c

0
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is the angular momentum of the field. The right-hand side of Eq (2.24) represents the flux
of angular momentum that enters the surface S. The differential continuity equation for

angular momentum can also be written as

0 S
—(rX—=)=V-(rxTy)=-rx(p&+3xB), (2.26)
ot cS
depicting the exchange of angular momentum between the field and sources.
Finally, the same as the optical force obtained by Eq (2.21), we can also get the time-

averaged optical torque on the charged particle:

Tiotal = jf (rxTy) -ndsS. (2.27)
S

Eq. (2.27) and (2.21) are quite general equations because the continuity equations, i.e., Eq.
(2.26) and Eq. (2.22), are exact consequences of Maxwell’s equations. Additionally, the
integral surface S is an arbitrary closed surface containing the particle, hence Eq. (2.27)
and (2.21) can be applied to particles of any size, shape, and composition in the presence
of arbitrarily structured optical fields, as long as Maxwell’s equations are available.

In Eq (2.27), we use the subscript “total” because the conservation law Eq (2.24)
and the continuity equation Eq (2.26) we discussed above are valid for the total angular
momentum. It involves both the spin angular momentum and orbital angular momen-
tum, which will be expounded in Subsection 2.2.2. Therefore, the optical torque obtained
based on the Maxwell stress tensor, 1.e., Eq (2.27), is the total optical torque, including
the contributions from the transfers of spin angular momentum and orbital angular mo-
mentum. The separation of the contributions from the transfers of spin and orbital angular

momenta to the total optical torque will be presented in Chapter 3.

2.2.2 Spin and orbital angular momentum

We obtained Eq (2.25) as the expression for the angular momentum of an electromagnetic
field. In the following, we will introduce the separation of angular momentum into the
spin and orbital parts. Considering a transverse electromagnetic field in a source-free

space, it is convenient to replace the electric and magnetic fields by introducing two vector
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potentials, A and C, defined as the following relations [3,4]:

1 oC

B=VXA=——-—, 2.28
A= (2.28)
OA
E=-VXC=—-———. 2.29
¢ ot (2.29)
Thus, Eq (2.25) can be rewritten as
3 fietd = 8—20 / rx[Ex(VXA)+Bx(VxC)dV. (2.30)
v
By employing the vector identity,
ax (Vxb)= Z aj(V)b; — (a- V)b, 2.31)
J=xy2
Eq (2.30) becomes
&0 €0
ineld :E,/‘./ Z 8j(l'>< V)ﬂj dv — 3 ‘/VI‘ X (8 : V)ﬂ dv

Jmhye (2.32)

&0 €0
+3/V.Z Bj(rxv)cjdV—3/Vr><(3.V)Cdv.

J=XY:2

Since we only consider a transverse electromagnetic field in a source-free space, V-& = 0

and V - 8 = 0, we can use the following relations

rx(E-VA=EXA, (2.33)
—rx(8-V)C=8xC. (2.34)

Hence, we can separate the angular momentum into two parts as

€0
L=3 /V(Z Eirx VA + ) Bi(rxV)C))dV, (2.35)
J=HPT J=xy.z
2:%/(8xﬂ+BxC)dV. (2.36)
|4

We can see L is related to the position vector r, corresponding to the orbital angular mo-

mentum. However, X depends on the vectorial nature of the field (polarization), therefore
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it can be associated with the spin angular momentum.

Considering a monochromatic transverse electromagnetic field, E(r, ) = Re[E(r)e ']
and B(r,1) = Re[B(r)e™'“!], we have the relation between the vector potentials and elec-
tromagnetic fields as E = iwA, B = iwC/ cé, where w is the angular frequency of the field.
A and C are given by A(r,1) = Re[A(r)e '] and C(r,t) = Re[C(r)e "], respectively.
Accordingly, we can obtain the averaged spin (o) and orbital (1) angular momentum den-

sities in a form that is useful in many practical cases:

1 1
l= —{go Z Im[E;(r x V)E;] + - Z Im[B’(r V)Bj]}, (2.37)

dw . .
j=xy.z j=xy.z
1 1
o = — {goIm[E* X E] + —Im[B" x B]}. (2.38)
4w Ho

2.3 Localized surface plasmon

Surface plasmons are the collective oscillations of electron plasma at the interface be-
tween two materials with different signs of the real part of permittivity (e.g. the interface
between a metal and a dielectric). The excitation of surface plasmon at a metal-dielectric
interface, including both the charge motion and its produced electromagnetic field, can be
divided into two categories: surface plasmon polariton (SPP) and localized surface plas-
mon (LSP) [5-8].

SPPs are electromagnetic excitations that propagate along an interface between metal
and dielectric as shown in Figure 2.1(a), which are induced by the coupling of the elec-
tromagnetic fields and the oscillations of free electrons on a metal surface [9, 10]. For
the excitation of SPP, the SPP resonance condition can not satisified by the electromag-
netic field in the air because the dispersion curves of air and SPP do not intersect at any
value of propagation constant except for the origin as shown in Figure 2.1(b). However,
we can find an intersection between the dispersion curves of SPP and a proper dielectric
medium. In this aspect, dielectric prisms are usually used to excite an SPP on a metal
surface. And, another method to generate SPP is by using a grating structure to realize

the phase matching. Interested readers are referred to Refs [6-8].
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Figure 2.1: (a) Schematic illustration of SPPs. (b) Dispersion curve for air, dielectric
medium, and SPP with an air-metal interface: w is the angular frequency of light or SPP.
co is the speed of light in vacuum. k, is the propagation constant of SPP. n is the refractive
index of the dielectric medium.
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Figure 2.2: (a) Schematic illustration of LSPs. (b) Field enhancement distribution near
the surface of a nanosphere with a diameter of 100 nm. (c) Extinction, absorption, and
scattering cross sections of a nanosphere with a diameter of 100 nm.
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On the other hand, LSPs are non-propagating excitation of the free electron at the
closed surface of a nanometer-sized structure. In response to an external electromagnetic
field, a collective oscillation of free electrons can be induced in the metal nanoparticle as
shown in Figure 2.2. In this case, a restoring force on the oscillating electrons can be pro-
duced due to the curved surface of the nanoparticle, resulting in a resonance of the plas-
mon mode, which is called localized surface plasmon resonance (LSPR). Importantly, this
resonance can be directly excited by the illumination of an external electromagnetic field.
The excitation of LSPR gives rise to an intense field near the nanoparticle surface and
enhances the optical cross section in absorption and scattering as shown in Figures 2.2(b)
and 2.2(c) [11-13], which highly depends on the shape, size, and surrounding environ-
ment. These properties of LSPs lead to their various applications in the enhancement and
manipulation of light-matter interaction in physics, chemistry, and biology [14-22].

In our study, the strong interaction between light and plasmonic nanostructures in-
duced by the excitation of LSPs is employed to investigate the three important phenom-
ena of the interaction of angular momentum between light and matter. Therefore, in this

section, we will introduce the basic physics of LSPs.

2.3.1 Optical response of a metal nanosphere

It should be pointed out that the quasi-static approximation can be applied when a particle
of size much smaller than the wavelength of light interacts with an electromagnetic field.
In this case, it can be approximated as a particle in an electrostatic field because the phase
of the time-harmonic oscillating electromagnetic field can be regarded as a constant over
the particle. With this approximation, we can be obtained the spatial field distribution
from the solution of the Laplace equation for the potential, V>® = 0 [1]. Then, the time
dependence can be directly added to the solution to describe the interaction of the particle
with the time-varying field (without considering the spatial retardation effects).

Here, as shown in Figure 2.3, we consider a homogeneous isotropic metal nanosphere
with a radius of a placed in a uniform electrostatic field E = E¢z. The dielectric permit-
tivity of the metal nanosphere is denoted by a complex number depending on the angular
frequency, &(w). The nanosphere is surrounded by an isotropic lossless medium with a

dielectric constant of g,,.
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g(w)

Em

Figure 2.3: Schematic illustration of a metal nanosphere in an electrostatic field.

From the solution of the Laplace equation in a spherical coordinate and considering
azimuthal symmetry in our system, we have the general solution of the potentials for the

field distribution: [1]

(o)

(r,0) = Z[A,r’ + Byr~*D1Py(cosh), (2.39)

1=0
where 6 is the angle between the position vector r and the z-axis. P;(cosf) is the Legendre
polynomials of order . The coefficients A; and B; can be determined from the boundary
conditions. Considering that the potential should not be divergent at the origin, we can

define the potential inside the nanosphere as
®;(r,6) = Z Ayr! Py(cosd), (2.40)
1=0

and the potential outside the nanosphere as

(o)

Dy (r,0) = Z[Blrl + Cr*P(cosh). (2.41)

1=0
Now, let’s consider the boundary conditions. When r — oo, ®,,, = Egcosf should be
satisfied, so that we can get B; = —Ey and B; = 0 (/ # 1). Besides, at the boundary r = a,
we have the boundary conditions for the tangential and normal components of electric

and displacement fields as following

10, 19D,,,
- S 2.42
a a6 |._, a 96 |._; (2.42)
D, AP
—e—| =g, 2 (2.43)
or r=a or r=a
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respectively. Therefore, by solving these two equations, we can obtained the final solution

for the potentials as

3em,
iy = - E 0, 2.44
£+ 2¢ey 0reos (2.44)
- 0
Dy = ~Boreosd + —— M gy q3 00 (2.45)
g+ 2¢g, r2

To understand Eq. (2.45), we now introduce a dipole moment p and Eq (2.45) can be

rewrite as

®,,; = —Egrcosf + ——~ - (2.46)
nENT
E— &
-4 32 _"ME. 2.47
P Tema g+ 2¢&, ( )

We can see the first term on the right-hand side of Eq (2.46) is related to the applied field.
However, it is worth noting that the second term is associated with the dipole moment
inside the nanosphere induced by the applied field, which is proportional to the magnitude

of E. Therefore, we can define the polarizability of the nanosphere as

3 E—&Em

=4 . 248
@ remd £+ 2¢e, ( )

Obviously, we can find a resonant enhancement when the relation
Re[e] = 2¢,,, (2.49)

is satisfied. Eq. (2.49) is called the Frohlich condition. What is more, the resonance is
known as LSPR in an oscillating field.

We have described the optical response of a metal nanosphere in an electrostatic field.
As we mentioned above, this description as an induced dipole moment is also valid in
the quasi-static regime. Considering a time-harmonic electric field, E(r,) = Eqe™'“’, the
induced oscillating dipole moment can still be written as p = aEge™'“! with the « defined

as Eq. (2.48).
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2.3.2 Oscillating electric dipole

We have seen that the interaction of a metal nanosphere with an oscillating electromag-
netic field can be described by the induced oscillating dipole. Next, we will continue to

discuss the properties of the oscillating dipole.

B Electric dipole radiation

We consider an electric dipole induced by a time-harmonic electromagnetic field E;i(7) =

Eie7" in vacuum, which has the same time dependence as pq(f) = pae !, where w is

the angular frequency. Here, pq is given by
Pa = (w)Eie ™, (2.50)

where « is the complex electric polarizability depending on the angular frequency.
Consequently, the oscillating electric dipole can produce a radiation field. Here, we
consider that a dipole is along the polar axis s at the origin of a spherical coordinate,

which can be expressed as

Pd = pdS. (2.51)

Therefore, the radiation field can be written as

k3 ikor 1 :
Eq = Pdfo e {20059[— L

= - I + sinf
4dregy kor (kor)?  kor resm

1 i A
-—-1(6y, 2.52
(kor)*>  kor ] } (22
where k( is the wavenumber in vacuum, f is the radial unit vector, r is the radial distance,
6 is the polar unit vector,  is the polar angle, and ¢ is the azimuthal angle. In the far field
(kor > 1), the radiation field becomes an outwards propagating spherical wave, which
can be expressed as

k3 Likor R
Pd%o ¢ ingd. (2.53)

E = -
dfar drey kor

B Cross sections

We now consider the cross sections of an electric dipole pg induced by an incident elec-

tromagnetic field E; in vacuum. The absorption cross section o7 is defined as the ratio
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of the absorption rate of energy to the power density of the incident field. The scattering
cross section o, multiplied by the power density of the incident field is equivalent to
the rate of the energy removed via the scattering field in all directions. The sum of the
scattering cross section and absorption cross section is referred to as the extinction cross
SECtiON Oy = Tups + Tsca-

We first consider the extinction cross section of the electric dipole. The intensity of

the incident electromagnetic field is given by

1
g:im%mf. (2.54)

The total power removed by the dipole is equal to the rate of the work done on the dipole

by the incident field, which can be expressed as

1
Peu = 5 / Reljq - E;]dV. 2.55)
\%4

where 74 is the current density induced by the oscillating electric dipole. Here, j4 can be

written as

Jda = —iwpgd(r — rq), (2.56)

where rg is the position vector of the dipole. Therefore, Eq. (2.55) becomes
w *
Pext = Elm[Pd -E]. (2.57)

Hence, the extinction cross section can be expressed as

cmﬁpwzﬁmm. (2.58)
Ii &0

Then, in order to calculate the work done on the dipole by the scattered field at the
location of the dipole for the scattering cross section, only the scattered field parallel to

the dipole need to be considered, which is given by

3 ikor
kg e
Eq-§= Pifo e {200529[

= + sin0
drey kor

L 1]} (2.59)

(kor? K] (kor  kor
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At the location of the dipole (kor < 1), we can use the Taylor series expansion, i.e.,

e*" ~ 1 + ikor — $(kor)* — L(kor)?, and rewrite Eq. (2.59) into

3
~ pdko

d'8= dreg (kor)3

| 2i
(3c0s0 = 1) + 5 (cos0 + 1)(kor)? + gl(kor)3 . (2.60)

Therefore, the work done on the dipole by the scattered field can be expressed as

w . wkS |I?d|2
Psca = —Elm[l)d -Ey(rq)] = B (2.61)
Hence, the scattering cross section can be written as
Py kg
Osca = — = 02|a'|2' (2.62)
I 67e;
Finally, we can also obtain the absorption cross section by
ko kg
Oabs = Oext — Osca = _Im[a'] - 02 |a'|2- (2.63)
£0 67‘(’80
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Chapter 3

Quantification of the optical spin-orbit
transformation in light-matter

interaction

3.1 Introduction

When light carrying angular momentum interacts with matter, an exchange can occur be-
tween the spin and orbital parts of the angular momentum. In recent years, this spin-orbit
interaction of light has been attracting rapidly growing interest due to its promising poten-
tial in nano-optics, photonics, and plasmonics [1-5]. Therefore, it is of great significance
to find a method that can quantify the transformation between spin angular momentum
(SAM) and orbital angular momentum (OAM) in the light-matter interaction. The trans-
fer of angular momentum between light and matter enables an optical torque that acts on
the matter [6-8]. Optical torque has gained considerable attention owing to the crucial
role it plays in optical manipulation, especially leading to a variety of applications in na-
noelectromechanical systems [9, 10], biological science [11, 12], and chemistry [13]. In
the analysis of the transfer of angular momenta between light and matter, as we discussed
in Chapter 2, the Maxwell stress tensor (MST) method has been extensively used to cal-
culate the optical torque on the matter, which can be derived from the continuity equation
for angular momentum. Optical torque arises both from the transfers of the SAM and

OAM of light [6-8]. Therefore, the study of the respective contributions of SAM and
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OAM to the optical torque, that is, the separate characterization of the SAM transfer and
OAM transfer will greatly facilitate the quantification of the optical spin-orbit transfor-
mation. However, the MST method cannot separate them because it is restricted to the
optical toque resulting from the total angular momentum.

In this chapter, we propose an approach to quantifing the optical spin-orbit transforma-
tion in the interaction between light and matter by separately characterizing the transfer
of SAM from that of OAM. We start by introducing another important quantity of elec-
tromagnetic field, i.e., optical chirality density. In analogy with the MST method, we then
obtain the continuity equation for SAM from the flux of optical chirality density, which
provides a method to separate the contributions of the SAM and OAM to the total optical
torque. Finally, we apply this method to some examples with the electromagnetic fields
calculated by the finite element method to verify the correctness of our equation and show
an application of the analysis of spin-orbit transformation in light-matter interaction by

combining with the MST method.

3.2 Optical chirality density

In 1964, Lipkin gave evidence of ten new independent conservation laws to characterize
the physical states of an electromagnetic field in vacuum [14]. Initially, only mathemat-
ical aspects of these new extensive quantities were analyzed, lacking specific physical
interpretation assigned to these quantities. Seeing electromagnetic field properties can be
described by many conserved quantities, such as energy, linear momentum, and angular
momentum, it is widely believed that every conserved quantity is physically significant.
Therefore, researchers have put a lot of effort into searching for the physical meaning of
these quantities [15-19].

Several years ago, the research on the interaction between chiral molecules and elec-
tromagnetic field has restarted a considerable interest in Lipkin’s zilches. In order to en-
hance the optical enantioselectivity of an electromagnetic field, Tang and Cohen proposed
and demonstrated the use of “superchiral” electromagnetic fields that yield ultra-dichroic
interactions with chiral molecules [19,20]. They introduced the 00-zilch as a measure of

the local density of the chirality of the electromagnetic field. They named it as optical
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chirality density. Recently, this quantity has been widely studied and employed in the
chirality characterization of molecules and electromagnetic fields [21-25]. The optical
chirality density in a medium with electric permittivity £ and magnetic permeability u

can be expressed as [26]

1
L. VxE+—B-VxB, 3.1)

C =
2 2u

where & and B are the time-dependent electric field and magnetic induction, respectively.
While many studies on optical chirality have been published, it is definitely surprising
that its physical aspects or relation to well-known quantities have not been well described.
Even though the continuity equation was proposed and discussed by many researchers, it
is still unable to be clearly depicted with the consideration of source terms (charges and
currents).

We will now reveal the relation between the SAM and optical chirality of an electro-
magnetic field in a general source-added space, which is an important relation to find the
continuity equation for SAM. In an electromagnetic field, the conserved quantities should
satisfy their continuity equations, indicating their exchange between the field and sources.
As introduced in Chapter 2 (Section 2.2), Poynting’s theorem is the most elementary con-
tinuity equation, which explicates the energy transfer between field and sources. In the
following, we restrict our discussion to a homogeneous, isotropic, lossless medium. In
relation to an electromagnetic field, we regard a particle as a distribution of charges with
density p(r,?) and currents with density 7(r,¢). The continuity equation for optical chi-
rality is given in analogy with the Poynting’s theorem. By taking the time derivative of

Eq. (3.1) and using Maxwell’s equations, we get [19,26]

AV F =Ll (VX6 +E- (VX )] (3.2)

where

7f:i[8><(V><B)—B><(V><8)] (3.3)

is the chirality flux density. Eq. (3.2) and Eq. (3.3) have been widely used for charac-

terizing the optical chirality density. Considering a monochromatic field in a source-free

35



space (j = 0), &(r,t) = Re[E(r)e™"] and B(r,t) = Re[B(r)e~'“'], some studies have
shown that ¥ is proportional to the SAM density of light, one of the well-known impor-
tant physical quantities, which is defined as Eq. (2.38).

By using Maxwell’s equations, # can be written as

1
¢:R+§8><j, (3.4)
1 & 1 08B
R== —+ — —). :
2(88X(9t+/,t8>< (9t) (3.5)

R, the first term on the right-hand side in Eq. (3.4), can be expressed as
w * 1 *
R = Z{sIm[E x E] + —Im[B* x B]} (3.6)
U

in a monochromatic field, which is proportional to the definition of SAM density, i.e.,
Eq. (2.38). The second term on the right-hand side in Eq. (3.4) is related to the sources.
We note that the current density j can be considered as dP./dt, where P, is the polariza-
tion that induces the current. The term (& X 7)/2 can be written as (& X dP./dt)/2, which
shows the same intrinsic physics as that of Eq. (3.5). Therefore, in a monochromatic field,

the quantity

a 1 & 1 0B
L L eex i 8x 2 1 ex; 37
w? 2w2(8 o T u o " x3) S

can be regarded as the SAM density of the total field, including the contribution from the

first two terms by the light field and the last term by the current.

3.3 Optical chirality and optical helicity

We have seen that the optical chirality density is typically associated with the SAM den-
sity. At the same time, it is known that optical helicity is also a conserved quantity in
electromagnetic theory that describes the angular momentum associated with circular po-
larization. In this section, we will show the relation between the optical chirality and
optical helicity.

Optical helicity density has its natural expression in terms of magnetic and electric
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vector potentials. Therefore, we now introduce the uniquely defined potentials by the

relations

B=VXHA, (3.8)
E=-VxC(, (3.9)

under the condition that the vector potentials are purely transverse, so that V - A = 0 and

V - C = 0. The optical helicity density of electromagnetic field is defined by [16]

H = %(czﬂ-B—C-S), (3.10)

where c is the light speed in the medium.

We now consider a monochromatic field in a source-free space, &(r, ) = Re[E(r)e™¢"],
B(r,t) = Re[B(r)e '], and j = 0, we have the relation between the vector potentials
and electromagnetic fields as E = iwA, B = iwC/c?, where A and C are given by
A(r,t) = Re[A(r)e™™“'] and C(r,t) = Re[C(r)e™"“], respectively. For the optical helicity

density, Eq. (3.10), this gives the result

Hyon = —Im[E - B*]. (3.11)
2w

Meanwhile, for the optical chirality density, Eq. (3.1) can be rewritten as

Coon = %Im[E . B*]. (3.12)

Thus, the relation between the optical chirality density and optical helicity density is
greatly simplified in the case of monochromatic fields in a source-free space: H,, =
cCpon/w?. Note that the optical helicity is a conserved quantity, it should obey its conti-
nuity equation just like the optical chirality does. Due to the proportional relation between
the optical chirality density and optical helicity density, it is obvious that the chirality flux
density and helicity flux density follows the same proportional relation with factor ¢/w?.
Moreover, the expression for the chirality flux density in the special case of monochro-

matic fields in a source-free region is proportional to the SAM density of light. Therefore,
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in this case, both the chirality flux density and helicity flux density are proportional to the

SAM density of light, which is related to the local degree of circular polarization.

3.4 Continuity equation for spin angular momentum

In the preceding sections, we have revealed the relation between the SAM density of the
field and the chirality flux density. We now turn our attention to the angular momentum
transfer in light-matter interaction. The angular momentum transfer can induce an op-
tical torque acting on the matter. It is worth mentioning that light possesses both SAM
and OAM. Both can interact with matter to produce optical torques acting on the matter.
Consequently, the optical torque calculated by the MST method, i.e., Eq. (2.27), includes
both the contribution from the SAM transfer and OAM transfer. In other words, the MST
method has not been able to characterize the SAM transfer and OAM transfer separately
thus far.

As we discussed in Eq. (3.7), ¥/ w? is the SAM density of the field, which is related
to the chirality flux density. This relation is similar to that the linear momentum density
of the field can be denoted by the energy flux density, S/c?, which has been discussed in
Chapter 2 (Section 2.2). Accordingly, in analogy with the continuity equation for linear
momentum, by taking the time derivative of /w? and applying Maxwell’s equations, we

obtain the exact continuity equation for SAM:

o, F c? . .
—(=)-V - Tyg=——[p(VXE)+ 3 X (VXB)+(VXxJ)XB], (3.13)
ot w? 20?2
2
Ts=—{[E® (VX&) + (VX E) ® ]
2w
(3.14)

2
+c2[B®(V><B)+(V><B)®B]}—%CI.

The symmetric tensor Tg resembles the MST Tj,;. —Tg represents the flux density of
SAM. The terms on the right-hand side of Eq. (3.13) account for the loss rate of the
SAM density of the field. Eq. (3.13) indicates the SAM transfer between the light and
matter. As the same as the continuity equations for energy Eq. (2.12), linear momentum
Eq. (2.22), and total angular momentum Eq. (2.26), Eq. (3.13) is also an exact conse-

quence of Maxwell’s equations, which holds instantaneously for each position without

38



any averaging. Note that Eq. (2.26) describes the total angular momentum transfer in
light-matter interaction and it is a conserved quantity, consequently, the OAM transfer can
be obtained by combining Eq. (2.26) and Eq. (3.13). This makes it possible to separately
characterize the SAM transfer and OAM transfer. As a result of the SAM transfer and
OAM transfer, the optical torques originated from them can be produced on the matter,
which we call the spin-transfer torque and orbit-transfer torque, respectively. Thus, the
terms on the right-hand side of Eq. (3.13) can be regarded as the spin-transfer torque den-
sity on the particle. Based on the flux density of SAM, we can obtain the time-averaged

spin-transfer torque:

Typin = yf Ts - nds, (3.15)
S

where Ts is the time-averaged Ts.

Furthermore, Eq. (3.15) is a general equation as the same as Eq. (2.27), hence Eq. (3.15)
can also be applied to particles of any size, shape, and composition in the presence of ar-
bitrarily structured optical fields. Therefore, the orbit-transfer torque can be obtained by
subtracting the spin-transfer torque, i.e., Eq. (3.15), from the total optical torque, i.e.,
Eq. (2.27). This may help to study the rotational states of nanoparticles and molecules in
some opto-mechanical systems.

Up to this point, we have shown the continuity equation for optical chirality and men-
tioned the continuity equation for optical helicity, as well as their fluxes. Based on the
Noether’s theorem, they must be associated with symmetries of the electromagnetic ac-
tion. A requirement for the continuity equations to be true is that these quantities are
defined to respect the dual electric-magnetic symmetry, which implies that they are in-

variant under a duality rotation:

& — & = Ecosh + cBsinb, (3.16)

cB — B = —Esinb + cBcosh, (3.17)

for any angle 6. Interested readers are referred to Ref [27-29].
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3.5 Verification and application

In this section, we will apply Eq. (3.15) and Eq. (2.27) to several examples (A, B, C). A
and B are given as an applicability verification and C is an application of our method to
analyze the angular momentum transfer between light and matter. The electromagnetic
fields were calculated using the finite element method (Simulation software: COMSOL
Multiphysics). All the following results were obtained with air as the medium, and the
circularly and linearly polarized light used in A and C were plane waves. We chose
plasmonic gold nanostructures as samples due to the strong interaction between them
and light. In A and B, the plasmonic structures were nanorods. Since the transverse
plasmon modes of the nanorods with the dimensions we used are negligible relative to
their longitudinal plasmon modes, the nanorods can be treated as “needle” particles and
the scattered light from them is linearly polarized without SAM or OAM. Therefore,
there is no spin-orbit transformation in the interaction between the light and nanorods in
the examples. This makes it much easier to analyze the physical mechanism of the spin-

and orbit-transfer torque based on the incident light.

B Verification

A. Gold nanorod illuminated by circularly or linearly polarized light. A circularly po-
larized light intrinsically has a SAM of +# per photon depending on the field rotation
direction. On the other hand, a linearly polarized light has no angular momenta because
it is given by the sum of the circularly polarized lights with different signs for SAM. Fig-
ure 3.1(a) schematically shows the geometric model. A nanorod lying along the y-axis is
illuminated by a plane wave with an incident angle of ¢ in the xz plane. For the circularly
polarized incident light, the optical torque arises from the absorption of the SAM carried
by the incident light and the scattering of the incident light with the radiation of the lin-
early polarized light, i.e., the extinction of the incident SAM. On the other hand, for the
linearly polarized incident light without any angular momenta, the optical torque is pro-
duced by the generation of SAM in the interference field between the scattered light and
the incident light. In both cases, only SAM transfer exists. Therefore, the spin-transfer

torque (7ypin) calculated by Eq. (3.15) should be equal to the total optical torque (77o7a1)
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calculated by Eq. (2.27), as shown in Figure 3.1(b). We can see that each component of
the spin-transfer torque and that of the total optical torque are equal to each other, which

is consistent with the analysis of the physical mechanism.

—
(o)
~

12k RCP A _Ttotal_x 'x'Tspin_x
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Figure 3.1: (a) Geometric model of a gold nanorod (length: 120 nm, diameter: 40 nm)
illuminated by circularly or linearly polarized light. (b) Wavelength dependence of optical
torques Tiora and Ty, calculated by Eq. (2.27) and Eq. (3.15), respectively, with right
circularly (top) and linearly (bottom) polarized light incident at an angle of ¢ = 30°. The
polarization direction of the linearly polarized light is at an angle of 45° with respect to

the longitudinal axis of the nanorod. T;psa/; and 7y, i(i=x, y, z) represent the different
components of the optical torque.

B. Gold nanorod illuminated by a Laguerre Gaussian (LG) beam. The properties of an
LG beam can be quantified by its azimuthal mode index / = 0,1, +2,- - -, radial mode in-
dex p =0,1,2,-- -, and the handedness of circular polarization denoted by s = +1 [30,31].
[ describes the phase distribution around the azimuthal direction of the beam, whereas p
decides the number of nodes along the radial direction. Moreover, [ and s give rise to an
OAM of [h and a SAM of sh per photon, respectively. Here, for simplicity, we confine
our discussionto / = 1, p = 0, that is, a single-ringed beam with an OAM of 7 per photon.
For an LG beam with / = 1, the spin-transfer torque can be added to, or subtracted from
the orbit-transfer torque to obtain the total optical torque [32].

As shown in Figure 3.2(a), a nanorod lies along the y-axis at the center of the incident
LG beam propagating along the z-axis from the negative to the positive direction. Here,
we only focus on the z-component of the torques on the nanorod since the torques are
negligible for the other components. (i) / = 1, s = 1. The scattered light from the nanorod

is linearly polarized without SAM or OAM. Therefore, optical torque is produced by

41



(@)

—~~
O
N

0.6 0.7 0.8 0.9 1.
Wavelength (um)

‘\,T\ 08 /=1 » 8= 1 — Tiotal_X
g 06k - Ttotal_y
% TmtaliZ‘Tspinfz Tiotal_z
E 0.4r *- Tspin_x

c T
. = 0.2k spin_)
' y X & ' Tspin_Z

~
(0 brmramsamen gm0
h
V4

—
(@)
~
—
o
~

& Ol S 08 I=1,y-pol. [\ — Tiotalx
€ _ | — Ytotal_X £ [ | —
3 0.1 Tl ) s 0.6F total_y
; - ; Total_z
g -0.2f Tiotal_z S
E - E 0.4 -*- Tspin_Xx
- T .
c -0.3f x spin_X c _x. Topin y
z R Z 0.2} -
9; 04+ 121, s=-1 L - 9; * Tspin_z
- ! ) Tsp in_z - 0 im&&@**wm*mmtmwa;*:&@mmwuwam
0.6 0.7 0.8 0.9 1. 0.6 0.7 0.8 0.9 1.
Wavelength (um) Wavelength (um)

Figure 3.2: (a) Geometric model of a gold nanorod (length: 400 nm, diameter: 40 nm)
illuminated by LG beam. (b-d) Wavelength dependence of optical torques 7774 and Typ;n
with the incident light of LG beam with different modes: (b) l = 1, s = 1, (¢c) [l = 1,
s=-1,and (d) [ =1, y-pol..

the extinction of the incident angular momentum. As each photon has SAM and OAM
with the same magnitude and sign, the spin-transfer torque (7;,) and the orbit-transfer
torque (Tiorar — Tspin) should be equal to each other. As shown in Figure 3.2(b), we can
see the results of 7y,;, obtained by Eq. (3.15) and 7;,s4; obtained by Eq. (2.27) show a
good agreement with our analysis. (i1) [ = 1, s = —1. The optical torque is produced by
the same mechanism as that in (1). The incident light has a negative SAM, producing a
spin-transfer torque which has a direction different from that in (i). Therefore, the same
magnitude but different signs of SAM and OAM produce the optical torques with the
same magnitude but opposite directions, resulting in a total optical torque of zero. How-
ever, the spin-transfer torque can still be calculated by Eq. (3.15). This is also supported
by the results in Figure 3.2(c). (iii) [ = 1, y-pol.. In this case, only OAM transfer occurs

between the nanorod and the light field, inducing an orbit-transfer torque on the nanorod.

42



Thus, the spin-transfer torque should be zero via the calculation of Eq. (3.15), while the
total optical torque is equal to the orbit-transfer torque with a non-zero value, as shown in
Figure 3.2(c).

All the above calculation results are consistent with those of previous studies and the
analysis of physical mechanisms, indicating that Eq. (3.15) is effective for calculating the
spin-transfer torque separately from the orbit-transfer torque. Furthermore, by combin-
ing with Eq. (2.27), it provides the potential to separately quantify the SAM transfer and
OAM transfer in the interaction between light and matter. In order to obtain a physical

insight into such quantification, we consider the following example.

B Application

C. Gold nanosphere illuminated by circularly polarized light. The geometric model is
shown in Figure 3.3(a). A nanosphere is illuminated by a right circularly polarized light
propagating along the z-axis from the positive to the negative direction. Interestingly,
even though it’s an incident light without OAM, the spin-transfer torque (7yp;n_) is not
equal to the total optical torque (7474/_;), as shown in Figure 3.3(b). Thus, the OAM along
the z-axis should be generated by the interaction between the nanosphere and circularly
polarized light. This generation of OAM produced a recoil orbit-transfer torque on the
nanosphere. Considering this in Eq. (3.13), the terms on the right-hand side, that is,
spin-transfer torque density, include the part that contributes to the generation of OAM
due to the spin-orbit interaction, which leads to the difference between the spin-transfer
torque and total optical torque in Figure 3.3(b). To confirm the OAM generation, we
calculated the phase distribution of the scattered light around the nanosphere as shown in
Figures 3.3(d) and 3.3(f). We can observe the phase gradient around the nanosphere in
the plane parallel to the xy-plane, which shows the OAM along the z-axis in the scattering
field. Additionally, some previous studies have also shown the OAM in the scattering
field around the nanosphere illuminated by a circularly polarized light [33-36], which
is consistent with our result. These findings may imply that all directions around the
nanoparticle should be considered to analyze the OAM of a scattering field. Besides,
as the spin-transfer torque and orbit-transfer torque are produced by the extinction of

the incident SAM and the generation of OAM, respectively, our method to separately
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Figure 3.3: (a) Geometric model of a gold nanosphere (diameter: 100 nm) illuminated
by right circularly polarized light. (b) Wavelength dependence of optical torques T;yzq;
and Ty;,. Electric field (c, e) and phase distribution (d, f) of the scattered light from the
nanosphere illuminated by circularly polarized light in the far field at different viewpoints.
The red arrows in (c) and (e) show the instantaneous polarization states at different po-
sitions on the far-field surface. The rainbow colors in (c¢) and (e) show the normalized
amplitude of the electric field in different directions of the scattered light. The wavelight
colors in (d) and (f) show the phase distribution on the far-field surface. The phase is
defined as the phase of the ¢ component of the electric field in the spherical coordinate
system (r, 6, ¢) transformed from the Cartesian coordinate system (x, y,z) in the figure.
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calculate them could be used to quantitatively characterize the transformation efficiency
from SAM to OAM with the ratio of the orbit-transfer torque to spin-transfer torque. This
quantitative analysis method for the spin-orbit transformation provides a new route to

understand and design the spin-orbit interaction systems.

3.6 Summary

In summary, we have presented an approach to quantifing the spin-orbit transformation in
the interaction between light and matter based on the separate calculation of spin-transfer
torque and orbit-transfer torque. By extending the proportional relation between the chi-
rality flux density and SAM density to sources-added space, we have derived the continu-
ity equation for SAM in analogy with the continuity equation for linear momentum. The
derived equation provides a method to separately calculate the spin-transfer torque and
orbit-transfer torque by combining with the MST method related to the continuity equa-
tion for total angular momentum. This method makes it possible to realize the separate
characterization of SAM transfer and OAM transfer between light and matter. What is
more, this is a general method that can be applied to any size, shape, and constituent of
matter in the presence of arbitrarily structured optical fields. In fact, we revealed that the
scattered light of a nanosphere illuminated by circularly polarized light has OAM as well
as SAM. The transformation capability from SAM to OAM can also be evaluated based
on our method. The separation of spin-transfer torque and orbit-transfer torque may play
a significant role in analyzing and designing a spin-orbit interaction system, which can be
applied to many fundamental processes such as optical manipulation of nanoparticles and
molecules, subwavelength optical probing, and generation of vortex beams. Our approach
to separating the SAM transfer and OAM transfer will provide a better understanding of

the fundamentals of the physics of the interaction between light and matter.
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Chapter 4

Optical torque between twisted metal

nanorods induced by plasmon coupling

4.1 Introduction

In Chapter 3, we have proposed a quantitative analysis method for the optical spin-orbit
transformation in light-matter interaction. This method is based on the transfer of angular
momentum between light and matter, which produces optical torque on the matter. Here,
we continue the discussion of optical torque.

Optical torque is a measure of how much a force acting on an object causes that object
to rotate. Compared with the optical force, it provides a rotational mechanical degree
of freedom to manipulate objects. The optical torque can be produced via absorption
and scattering processes in light-matter interaction [1-4]. Figure 4.1(a) describes that

a particle absorbs the spin angular momentum carried by incident circularly polarized

(a) (b) A Linearly polarized light
Absorption

2 /') \Q Scattering
Circularly polarized Ilght\&\ (/

Figure 4.1: Schematic illustration of optical torque produced via absorption (a) and scat-
tering (b).
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light to produce the optical torque. However, in Figure 4.1(b), the incident light is a lin-
early polarized light without angular momentum. In this case, due to the interference
between the scattered light from the plasmonic metal nanorod and incident light, angular
momentum can be generated and results in a recoil optical torque on the nanorod. There-
fore, owing to the important role of optical torque in optical manipulation, it has been
attracting widespread attention with a variety of applications in physics, chemistry, and
biology [5-10].

In recent years, with the development of plasmonics and nanotechnology, plasmonic
nanostructures have significantly furthered these studies due to the excitation of localized
surface plasmon resonance (LSPR). As introduced in Chapter 2, the excitation of LSPR
gives rise to an intense near field on the nanoparticle surface and enhances the optical
cross section in absorption and scattering [11-13]. Furthermore, the plasmonic character-
istics strongly depend not only on the nanoparticle size and shape but also on the configu-
rations of the particles, e.g., their separation, orientation, and so on [14—17]. In particular,
when two nanoparticles are close to each other, their plasmon coupling occurs owing to
the strong interactions as shown in Figure 4.2 [15-17], resulting in an appearance of two
plasmon modes different from individual constituents. The plasmon resonances and the
near-field enhancement effects of these hybridized modes are significantly changed by the
nanoparticle configurations [18-22]. In other words, we can efficiently control the plas-
mon characteristics through the configurations with the plasmon coupling. The plasmon
coupling between nanoparticles drastically enhances the electromagnetic (EM) field in the
narrow gap separating them. Over many decades, extensive investigations on the basis of
plasmon coupling have been carried out, promoting the applications of plasmonics, such
as surface-enhanced fluorescence [23, 24], surface-enhanced Raman scattering [25, 26],
chemical sensors, and biosensors [27,28], and high harmonic generation [29,30].

In some previous studies, it has been reported that the strong interaction between
plasmonic nanoparticles induced by plasmon coupling can produce an interaction optical
force between the nanoparticles as shown in Figure 4.2 [31,32]. This interaction opti-
cal force provides a possible approach for assembly control of the nanoparticles [33-35],
which plays a crucial role in optical arrangement with a variety of applications, such as

contactless control of plasmonic properties, e.g., plasmon resonance control and field en-

52



hancement, and high-precision plasmonic nanodevices. However, it is easy to imagine
that interaction optical torque can also play a significant role in the optical arrangement
because it provides a rotational mechanical degree of freedom to manipulate particles.
However, it is certainly surprising that few works are trying to systematically study the

interaction optical torque.

Figure 4.2: Schematic illustration of the interaction optical force induced by plasmon
coupling between two nanorods.

Therefore, in this chapter, we study the interaction optical torque induced by plasmon
coupling in a dimer of twisted metal nanorods. We start with the plasmon coupling in the
dimer which can be explained by the theory of plasmon hybridization. We then discuss
the optical torque in the twisted nanorods system. We study the direct relation between
the optical torque and plasmon coupling between the twisted metal nanorods. The results
indicate that the behaviors of the interaction optical torque at hybridized modes are differ-
ent from that of an isolated nanorod, which depends not only on the gap size but also on
the twisted angle between the nanorods. This interaction optical torque implements the
rotations to mutually perpendicular and parallel arrangements of nanorods with the light
excitations of different hybridized modes. Thus, the interaction optical torque induced by
the plasmon coupling would play an important role to control the plasmonic characteris-

tics and functions. We also analyze the interaction spin- and orbit-transfer torque between
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the two nanorods based on the analysis method proposed in Chapter 3, which leads to the

topic we will discuss in Chapter 5.

4.2 Simulation method

Isolate

Figure 4.3: Schematic illustration of twisted gold nanorods with gap size d, twisted angle
0, and definitions of the geometrical parameters: L = 165 nm, W = 50 nm, H = 40 nm.

In order to simply excite and observe the plasmon hybridized modes, we chose a dimer of
twisted nanorods as shown in Figure 4.3. The two nanorods are separated by gap size d,
and they are twisted by angle 6. The dimer was comprised of twisted gold nanorods with
definitions of the geometrical parameters: L = 165 nm, W = 50 nm, H = 40 nm. The long
axis of Rod 1 was fixed along the y-axis. Conversely, Rod 2 was rotatable for changing the
twisted angle. The dimer was irradiated by a y-polarized plane wave to propagate along
the z-axis from the positive to the negative direction. We chose the linearly polarized light
without any intrinsic angular momentum, which simplifies the analysis of the physical
mechanism on the optical torque. The refractive index of the surrounding medium was
1.45.

The optical torque on the nanorods was calculated based on the Maxwell stress ten-
sor (MST) method introduced in Chapter 2 and the equation proposed in Chapter 3, i.e.,
Eq. (2.27) and Eq. (3.15), with the EM field simulated by using the finite element method
(COMSOL Multiphysics). Another approach based on the dipole approximation is also
presented to qualitatively study the physics of optical torque in the dimer. Here, we dis-

cuss the optical torque only along the z-axis because the torques along the x-and y-axes
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are negligibly small.
The plasmon coupling was characterized by the extinction cross section which is the
sum of absorption and scattering cross sections. In our simulation, the scattering cross

section is defined as

1

Toe = — %S -nds, (4.1)
Iy Js

where 8 is the Poynting vector, Iy is the incident intensity, S is an arbitrary closed surface
surrounding the dimer, n is the outward normal unit vector to its surface. The absorption

cross section is defined as

1
Tabs = I_/dea 4.2)
0JV

where Q is the power loss density in the dimer and the integral is taken over its volume V.

Therefore, the extinction cross section can be obtained by

Oext = Osc + Ogbps, (4.3)

4.3 Plasmon coupling between twisted nanorods

4.3.1 Plasmon spectra of twisted nanorods

In the dimer of twisted nanorod, the gap size d and twisted angle 6 are two crucial parame-
ters to determine its configuration. Therefore, we calculated both the gap size dependence
and twisted angle dependence of the plasmon coupling between the two nanorods. Fig-
ure 4.4(a) shows the plasmon resonance spectra of an isolated nanorod and its dimer at
a twisted angle of /6 with different gap sizes. As the gap size decreases, the resonance
peak of individual nanorods, i.e., the isolated nanorod, starts to split and shifts to short
and long wavelengths due to the plasmon coupling between the nanorods in short and
long wavelength ranges, respectively. We can also observe similar spectral behavior in
the twisted angle dependence for the dimer with a gap size of 15 nm, as shown in Fig-
ure 4.4(b). As the twisted angle increases and decreases, the separation between two
resonance peaks decreases and increases, respectively. At the twisted angle of /2, the
dimer exhibits only one resonance peak with a small shift from the resonance peak of the

isolated nanorod, in other words, the interaction between the two nanorods with a twisted
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Figure 4.4: Plasmon resonance spectra of an isolated nanorod and its dimer: (a) gap size
dependence (6 = n/6) and (b) twisted angle dependence (d = 15 nm).

angle of /2 is not strong enough to induce plasmon coupling between them. These re-
sults indicate that the plasmon coupling between twisted nanorods can be controlled by
not only the gap size but also the twisted angle and increases with the decreases of gap

size and twisted angle.

4.3.2 Plasmon hybridization of twisted nanorods

To understand the plasmon coupling between the twisted nanorods, it can be described
as an elegant physical picture which is plasmon hybridization in analogy with molecular
orbital theory [15-19]. Each nanorod can be approximated as a dipole with energy U.
When two nanorods are close to each other, plasmon hybridization occurs, generating
two new plasmon modes: anti-bonding mode and bonding mode as shown in Figure 4.5.
These two hybridized modes are corresponding to a higher energy U, and a lower energy
U_ respectively, which are produced by splitting from the degenerate energy level U. For
the anti-bonding mode, two dipoles are arranged in a parallel manner, i.e., in phase. The
charges with the same sign at the edges of nanorods result in a higher energy mode due to
the charge repulsion. In this case, the dipole moments add up constructively. It is therefore

referred to as a bright plasmon mode that shows a large cross section (see Figure 4.4).
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Figure 4.5: Plasmon hybridization diagram in nanorod dimer with twisted angle 6. The
polarization direction of the incident light is along the longitudinal axis of the bottom
nanorod.

However, for the bonding mode, the dipoles are in an anti-parallel alignment that shows
opposite charges at the edges of the nanorods, reducing the charge repulsion and leading to
a lower energy. In this case, the destructive superposition of the dipole moment produces
a dark plasmon mode that exhibits a small cross section (see Figure 4.4) with a strong
enhanced near field. In the dimer of twisted nanorods (Figure 4.5), the decrease of the
twisted angle, as well as the gap size, would relieve the charge repulsion for bonding
mode but inverse for anti-bonding mode, resulting in the LSPR redshift and blueshift at
bonding mode and anti-bonding mode, respectively. Additionally, at the twisted angle
of /2, the charge repulsion between two nanorods vanishes away due to the orthogonal

dipoles, so that plasmon hybridization (coupling) does not occur.

4.4 Optical torque on the twisted nanorods

4.4.1 Optical torque calculated by the Maxwell stress tensor method

In this section, we will discuss the optical torque on the twisted nanorods based on the

MST method and the relation with the plasmon coupling. Figure 4.6 shows the optical
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torque applied to the twisted nanorods. The behaviors of the optical torque strongly de-
pend on the gap size and the twisted angle between the nanorods. The magnitude of the
torque on the whole dimer at the resonance wavelength is similar to that on the isolated
nanorod, even in the case of the strong plasmon coupling between the nanorods, i.e., small
gap size and twisted angle. However, the optical torque on each nanorod in the dimer can
be remarkably enhanced by the plasmon coupling, leading to more than 4.2 times as large
as that on the isolated nanorod. It should be noted that the extinction cross section at the
redshifted plasmon resonance (bonding mode) is much smaller than that at the blueshifted
plasmon resonance (anti-bonding mode) in Figure 4.4, whereas the magnitude of the opti-
cal torque at the redshifted resonance is much larger than that at the blueshifted resonance
in Figures 4.6(b) and 4.6(d).

Let us discuss the spectral shape and the mechanism of the optical torques on the
twisted nanorods. When a linearly polarized field E illuminates an isolated nanorod, the
time-averaged optical torque on the induced dipole moment p of the nanorod can be sim-
ply expressed as [36,37]

T = %Re[p x E*], 4.4)

where * denotes the operation of conjugation. This optical torque is produced by the
generation of the angular momentum owing to the interference between scattered light
from the oscillating dipole moment p and the incident light field E. For longer and shorter
wavelengths of the incident light than the wavelength at plasmon resonance peak of iso-
lated nanorod in Figure 4.4, the nanorod experiences the negative and positive torque,
respectively, as shown in Figure 4.6 (a) (also see Figure 4.10 in Subsection 4.4.2), be-
cause the phase difference between the dipole moment p and the incident light E changes
from O to 7 around the resonance peak. At the resonance peak, the total angular momen-
tum of the interference field keeps zero, hence, there is no optical torque on the nanorod.
In addition, when the incident field is polarized parallel or perpendicular to the long axis
of the nanorod, i.e., 8 = 0,7/2, the optical torque disappears because of no generation of
the angular momentum. In the case of the twisted nanorod dimer, the optical torque in
Figures 4.6(a) and 4.6(c) arises from two different mechanisms. One of them is due to the
angular momentum in the interference field between the scattered light and the incident

light, which is similar to that for the isolated nanorod. The other one is due to the different
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absorption cross section of the left-handed and the right-handed circularly polarized light
with positive and negative spin angular momentums, respectively, because of the chirality
of the dimer (6 # 0,7/2), which is highly associated with the plasmon coupling in the
dimer. At the anti-bonding mode, the optical torque induced by the former is dominant
because it is a bright mode with a large scattering cross section, resulting in the spectral
behavior similar to that of the isolated nanorod. However, at the bonding mode, the op-
tical torque induced by the latter is dominant because it is a dark mode with much small
scattering cross section comparing with that at anti-bonding mode while the difference
between the absorption cross sections of the left-handed and the right-handed circularly
polarized light shows a very large chirality of the dimer as shown in Figure 4.7. There-

fore, its spectral shape is similar to the absorption cross section.
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Figure 4.7: Absorption and scattering cross sections of the twisted gold nanorods dimer
with gap size and twisted angle of 15 nm and 7/6, respectively, for the illumination of
left- and right-handed circularly polarized light.

For each nanorod in the dimer, the optical torque is determined by the scattered field
from the other nanorod together with the incident light. In Figures 4.6(b) and 4.6(d),
the directions of optical torque on the two nanorods are opposite while their magnitudes
are close to each other. In other words, each nanorod dominantly experiences an optical
torque due to the angular momentum of the EM field arising from the interaction between
the two nanorod-plasmons, i.e., interaction optical torque. Therefore, the sign of the opti-
cal torque on the nanorods should be decided by the phase difference between the dipole

moments of the two nanorods. For the anti-bonding mode, the two dipoles are in phase,
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producing a negative torque on Rod 1 and a positive torque on Rod 2. Conversely, for
the bonding mode, the dipoles are out of phase. The optical torques on Rod 1 and Rod
2 are positive and negative, respectively. Moreover, because the scattering loss at the
bonding mode is much smaller than that at the anti-bonding mode, the near field between
two nanorods can be much more strongly enhanced at the bonding mode than at the anti-
bonding mode, as shown in Figure 4.8. This results in a much larger magnitude of the
interaction optical torque at the bonding mode than at the anti-bonding mode even though
the extinction cross section at the bonding mode is smaller than that at the anti-bonding
mode. Additionally, in the case of the two nanorods parallel and perpendicular to each
other, i.e., 8 = 0,7/2, the EM field does not possess the angular momentum, resulting in

no optical torque on the nanorods.
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Figure 4.8: Distributions of the field (intensity) enhancement at the gap center plane
between the two nanorods at (a) anti-bonding mode (4 = 1000 nm) and (b) bonding mode
(4 = 1200 nm), respectively, with the gap size of 15 nm and twisted angle of 7/6.

4.4.2 Optical torque calculated by the dipole approximation method

In the preceding subsection, we have discussed the optical torque on the twisted nanorods
calculated by the MST method using the finite element method. Here, we introduce an-
other approach based on the dipole approximation to confirm the spectral behavior of the
optical torque on each nanorod. The dipole approximation method is a widely utilized
method to calculate the optical torque. A nanorod can be approximated as a dipole with
dipole moment p, which is decided by the polarizability a of the nanorod. The induced

dipole moment p of the nanorod illuminated by an arbitrary monochromatic incident elec-
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tric field E can be expressed as p = - E.
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Figure 4.9: (a) Plasmon resonance spectra of an isolated gold nanorod at longitudinal
mode and transverse mode. (b) Longitudinal polarizability of the gold nanorod calcu-
lated by the finite element method. The definitions of the geometrical parameters of the
nanorod: L =165 nm, W =50 nm, H =40 nm

Since the transverse plasmon modes of the nanorods with the dimensions we used
are negligible relative to their longitudinal plasmon modes as shown in Figure 4.9(a), the
transverse polarizability of the nanorod is negligible and we only consider the longitudi-
nal polarizability «;. Figure 4.9(b) shows the real part and imaginary part of ;. Hence,
with the incident field of y-polarized plane wave E to propagate along the z-axis from the
positive to the negative direction as shown in Figure 4.3, the time-averaged optical torque

on an isolated nanorod rotated with an angle of 6 can be obtained by [36,37]
1 * 1 . 2
T = ERe[p xE*] = —ZRe[al]sm26|E| e, 4.5)

where e, is the unit vector along the z-axis. Eq. (4.5) shows a good agreement with the
results calculated by the MST method as shown in Figure 4.10. According to Eq. (4.5),
the direction of optical torque is decided by the sign of the real part of ;. Under the
situation of 0 < 6 < /2, Re[;] is positive in the longer wavelength region than the
resonance peak wavelength. The phase difference between the dipole moment p and the
incident electric field E is in the range of 0 to /2. The optical torque is negative. In the
short wavelength region, Re[a;] is negative, that is, the phase difference between p and E

is in the range of 7/2 to n. The optical torque is positive. Additionally, when the phase
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difference between p and E is /2, i.e., Re[q;] = 0, the optical torque is 0.
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Figure 4.10: Optical torque on an isolated nanorod with different rotation angles. The
solid line and triangle with different colors represent the torques calculated by the dipole
approximation method and MST method, respectively.

In order to calculate the optical torque acting on each nanorod in the dimer of twisted
nanorods, we need to calculate the electric field on each nanorod. Base on the dipole
radiation introduced in Subsection 2.3.2, each component of the electric field on each

nanorod can be expressed as

_ A+A%explik(d+H)]
1-A2cos26
; 2
E, = explik(d+H)]+Acos“0
I 1-AZcos20 Ey

0

sinGcosHEy
(4.6)

0

_ | 1+Aexplik(d+H
Br=| Sl B | (47

0

_ ajexplik(d + H)] K2+ ik(d+H)-1

dre(d + H) (d + H)? i (48)

where 6 is the twisted angle of the dimer, & is the wavenumber, ¢ is the permittivity of the

surrounding medium, d is the gap size in the dimer, H is the height of the nanorods, and
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E, is the y component of the incident light. Thus, the optical torques on Rod 1 and Rod 2

can be expressed as

1 (A + A%explik(d + H)])*(exp[ik(d + H)] + Acos?0)
71 = =Re[a;
4 |1 — A2cos26|?

Jsin20|E|%e,, (4.9)

; 2
= ‘Re[m |1 + Aexplik(d + H)]|

1 1= Acodl ]sin260|E|e,, (4.10)

where * denotes the operation of conjugation.
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Figure 4.11: Twisted angle dependence of optical torques on (a) Rod 1 and (b) Rod 2
calculated by the dipole approximation method as a function of wavelength. The gap size
was fixed as 40 nm .

Though the dipole approximation method can not perfectly describe the plasmon cou-
pling between the twisted nanorods, it is a helpful method to qualitatively reveal the
physics of the interaction optical torque between the twisted nanorods. Figure 4.11 shows
the twisted angle dependence of the optical torques on the Rod 1 and Rod 2 calculated
by Egs. (4.9) and (4.10), respectively. The shapes of the curves show a similar tendency
with the results calculated by the MST method in Figure 4.6(d). For the optical torque
on Rod 2, we can see the enhancement of optical torque arises from the enhancement of
the electric field that illuminates on the nanorods by comparing Eqgs. (4.10) and (4.5). In
the redshifted resonance region (bonding mode), because the real part of polarizability
changes slowly, as shown in Figure 4.9(b), the enhancement of the electric field dom-
inates the change of the optical torque, which is associated with the plasmon coupling

resonance. Thus, the peak of optical torque is corresponding to that of the plasmon
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coupling resonance. In the blueshifted resonance region (anti-bonding mode), the real
part of polarizability varies drastically, determining the variation tendency of the optical
torque. At the peak wavelength of the plasmon resonance of an individual nanorod, we
can find the optical torque is O in Figure 4.11(b) because the real part of polarizability is
0. However, the dipole approximation method cannot completely describe the plasmon-
coupling-determined characteristics of the near field in the dimer, such as the polarization
state distribution in the near field. Therefore, the optical torque shows slight changes from
that in Figure 4.6(d) (12). For the optical torque on Rod 1, we can see the electric field on
Rod 1 is not a linearly polarized light as described by Eq. (4.6). In this case, the optical
torque calculated by Eq. (4.9) is decided by not only the real part of polarizability but also
the imaginary part of polarizability. Hence, in the blueshifted resonance region, the spec-
tral behavior of optical torque is different from that of the optical torque on Rod 2. On the
other hand, in the redshifted resonance region, it is similar to the optical torque on Rod
2 because the enhancement of the electric field dominates the variation of optical torque.
The peak of optical torque is in accordance with that of plasmon coupling resonance as

well.

4.4.3 Optical arrangement in practical application

Having investigated the optical torque on the twisted nanorods, we further explore the
optical arrangement of the twisted nanorods in a practical application induced by the
interaction optical torque. As shown in the inset of Figure 4.6(d), the optical torques on
Rod 2 show different signs at the anti-bonding mode and bonding mode, leading to an
anti-clockwise rotation and a clockwise rotation at the anti-bonding mode and bonding
mode, respectively. As the Rod 1 is fixed along the y-axis, the rotations of Rod 2 at
the anti-bonding mode and bonding mode result in mutually perpendicular and parallel
arrangements of the nanorods, i.e., 8 = /2 and 0, respectively.

Considering this optical arrangement dependent on the incident light wavelength in
a practical application, the rotational potential energy induced by the torque on the Rod
2 should be large enough to overcome the Brownian motion energy, which should be
considered in dealing with optical trapping and manipulation. The average energy of the

Brownian motion associated with each degree of freedom can be expressed as kg7 /2 in a
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system at thermodynamic equilibrium, where kp is the Boltzmann constant, and 7 is the
absolute temperature. Interested readers in the detail of Brownian motion are referred to
Ref [38]. In this system, the temperature 7" will increase due to the light absorption of the
nanorods which depends on their configurations. To simplify the discussion, we keep T

at 300 K. We define the rotational potential energy as

6
Up=/ 7d0, 4.11)
6o

where 6 is the starting angle of the integral.
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Figure 4.12: (a) Calculated optical torque on Rod 2 at the anti-bonding mode (4 = 930
nm) and bonding mode (4 = 1200 nm). (b) Rotational potentials in units of kg7 (T = 300
K) for Rod 2 as a function of the twisted angle at the anti-bonding mode (4 = 930 nm)
and bonding mode (1 = 1200 nm). The gap size between the twisted nanorods was fixed
as 15 nm. The brown line shows the Brownian motion energy kzT /2.

Here, we chose a wavelength of 930 nm at the anti-bonding mode and 1200 nm at
the bonding mode. Figure 4.12(a) shows the optical torques on Rod 2 depending on the
twisted angle at the anti-bonding mode and bonding mode. Based on the data of optical
torque in Figure 4.12(a) and Eq. (4.11), we can obtain the rotational potentials for Rod 2
depending on the twisted angle at anti-bonding mode and bonding mode as shown in Fig-
ure 4.12(b). 6 is 7/2 and O for the anti-bonding mode and bonding mode, respectively.
The minimum values of potential energy identify the equilibrium positions of Rod 2 at
the different plasmon modes. Due to the Brownian motion, the final angle of Rod 2 can

not keep an exact value, which fluctuates around the angle determined by the minimum
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Figure 4.13: Schematic diagram for the calculation of angle fluctuation.

value of potential energy. To obtain the angle fluctuation, we compare the average energy
of the Brownian motion with the potential energy and get two values of angle (Y = Ay)
as shown in Figure 4.13. In the range of ¢ — Ay to ¥ + Ay, the potential energy is unable
to overcome the Brownian motion. Therefore, £Ay is regarded as the angle fluctuation.
For an incident intensity of 10 mW/um?, the potential depths are more than 160 times
as large as the Brownian motion energy kg7 /2. These potential wells enable the perpen-
dicular and parallel alignments of the nanorods with angle fluctuations of ~ +4.2° and
~ +4.4° respectively.

We have discussed the different arrangements at different plasmon modes under the
irradiation of y-polarized light. However, this can only be realized in two ways: perpen-
dicular and parallel to each other by changing the incident wavelength. It can not produce
the arrangements of the twisted nanorods in any other direction. To realize the full angle
control of the arrangement, we introduce a new variable parameter, which is the polariza-
tion state of incident light as shown in Figure 4.14(a). By treating the optical torque and
potential energy in the same way as we have introduced above, we can obtain the final
equilibrium angle of Rod 2 under the irradiation of linearly polarized incident light with
different polarization directions as shown in Figure 4.14(b). We can see, at the bonding
mode, it can only realize the arrangement in a small angle range. Rod 2 is bound to the
angle near the long axis of Rod 1 due to the strong enhanced interaction optical torque

at the bonding mode comparing with the optical torque produced by the incident light.
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However, at the anti-bonding mode, the final equilibrium angle of Rod 2 can be adjusted
in a full angle range by changing the incident polarization state. In this case, the inter-
action optical torque can not be strongly enhanced, keeping a comparable magnitude to
that of the optical torque produced by incident light. Thus, the balance between them can
realize the full angle management of the arrangement. This provides an effective method

to dynamically control the configuration of the nanorods.

(a) ®) 72y
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Figure 4.14: (a) Schematic diagram for twisted nanorods illuminated by linearly polar-
ized light propagating along the z-axis from the positive to the negative direction. The
polarization state is determined by the angle ¢. (b) The final equilibrium angle 6 of Rod
2 depending on the polarization angle ¢ of the incident light at the anti-bonding mode (4
=930 nm) and bonding mode (4 = 1200 nm).

Perpendicular Parallel

Figure 4.15: Concept of the experiment for optical arrangement.
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To achieve such optical arrangements in a practical application, we propose a con-
cept of the experiment as shown in Figure 4.15. Firstly, we can fabricate a nanorod array
embedded in a transparent substrate, e.g., silicon dioxide, by etching trenches in the sub-
strate. By controlling the depth of the trenches and the thickness of metal evaporated
into the trenches, we can get a nanorod array a few nanometers below the surface of the
substrate. The roughness of the surface can also be controlled within a few nanometers.
Such fabrication has been realized by electron beam lithography and reactive ion etching
in some previous studies already [39,40]. This will also be introduced in detail and re-
alized in Chapter 5. Then, we put nanorods dispersed in a solvent on the nanorod array.
The dispersed nanorods would be aligned by controlling the wavelength and polarization

state of the incident light.

4.4.4 Spin- and orbit-transfer torques between twisted nanorods

We now turn our attention to the origin of the interaction optical torque with regard to
the transfers of spin and orbital angular momenta based on the analysis method proposed
in Chapter 3. We calculated the spin- and orbit-transfer torques on each nanorod in the
dimer as shown in Figure 4.16. Even though the incident light was linearly polarized
light without any angular momenta, the interaction between two nanorods can generate
spin and orbital angular momenta in the near field between them and produce interaction
spin- and orbit-transfer torques on each nanorod. This indicates that spin-orbit interaction
occurs in the narrow gap between the twisted nanorods. As the same as the total optical
torque on each nanorod, the spin- and orbit-transfer torques also depend not only on the
gap size but also on the twisted angle. From Figures 4.16(b) and 4.16(c), we can see
the plasmon coupling between the twisted nanorod can enhance the interaction spin- and
orbit-transfer torques and the enhancements increase with the decrease of the gap size due
to the increase of plasmon coupling between the twisted nanorods. Comparing the total
optical torque, spin-transfer torque, and orbit-transfer torque, we can find that the spin-
transfer torque is the main contribution to the total optical torque at the bonding mode.
However, at the anti-bonding mode, the spin-transfer torque and orbit-transfer torque pro-
vide almost equal contributions.

Additionally, we can see the spin-transfer torque is very large at the bonding mode
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Figure 4.16: Gap size dependence of (a) total optical torque, (b) spin-transfer torque, and
(c) orbit-transfer torque on each nanorod with the twisted angle fixed as 7/6. Twisted
angle dependence of (d) total optical torque, (e) spin-transfer torque, and (f) orbit-transfer
torque on each nanorod with the gap size fixed as 15 nm
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comparing with the orbit-transfer torque. When the gap size and twisted angle are small,
in other words, in the range of strong plasmon coupling, the spin-transfer torque at the
bonding mode is also larger than that at the anti-bonding mode. As introduced in Chap-
ter 3, the spin-transfer torque is produced by the interaction of spin angular momentum
between light and matter. This means the strong plasmon coupling can result in a strong
interaction of spin angular momentum. Moreover, the interaction of spin angular momen-
tum between light and matter can be related to the absorptions of the left- and right-handed
circularly polarized light which induces the chiroptical response. Therefore, the results
of spin-transfer torque on the twisted nanorods imply that the strong plasmon coupling
can lead to a large chiroptical response of the twisted nanorods at the bonding mode.
This may provide a new strategy for the enhancement of the chiroptical response of chiral

plasmonic structures, which will be discussed in detail in Chapter 5.

4.5 Summary

In summary, we have presented a study of the interaction optical torque between twisted
metal nanorods induced by plasmon coupling. Firstly, we have explained the physical
description of plasmon coupling in the dimer using the theory of plasmon hybridiza-
tion, which depends not only on the gap size but also on the twisted angle between the
nanorods. This twisted angle dependence of plasmon coupling provides a new dimension
to tune the plasmon coupling. Then, we have demonstrated the interaction optical torque
is highly associated with the plasmon coupling by comparing the optical torques on the
nanorods with the plasmon resonance spectra. At the same time, the dipole approxima-
tion method has also been applied to analyzed and confirmed the spectral behavior of the
optical torque on each nanorod. The physical mechanism of the interaction optical torque
can be clearly explained based on the plasmon-coupling-induced dipole moments in the
nanorods. The optical torque behaviors are decided by the relative phase between the
coupled dipole moments of the two nanorods. In order to show how one can apply our
findings to practical experiments and applications, we have obtained the rotational poten-
tial energy by using the calculated optical torques on Rod 2 in comparison with the Brow-

nian motion energy. When the two-coupled dipoles are in phase and out of phase, i.e.,
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hybridized anti-bonding and bonding modes, their rotations lead to mutually perpendicu-
lar and parallel arrangements, respectively. Such arrangements can be extended to a full
angle control by changing the polarization state of the incident light. In addition, we have
discussed the experimental realization for the optical arrangement. The optical arrange-
ments depending on the hybridized modes with the different wavelength excitations and
the polarization states of the incident light will realize the dynamical contactless control
of the plasmonic characteristics and functions, e.g., the EM field enhancement, plasmon
resonance, and chirality, through the nanoparticle configurations with the plasmon cou-
pling. Our findings will open a new route to all-optical active plasmonic and metamaterial

devices, such as high-precision plasmonic nanodevices and nanomachines.
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Chapter 5

Enhancement of g factor of twisted

metal nanorods by plasmon coupling

5.1 Introduction

In Chapter 3, we have discussed the interaction of spin angular momentum separately
from that of orbital angular momentum between light and matter via the produced spin-
transfer torque and orbit-transfer torque. Whereafter, we have described the optical torque
on the twisted nanorods in Chapter 4. It clearly shows the interaction optical torque,
specifically the interaction spin-transfer torque, can be strongly enhanced by the plasmon
coupling, which implies that the plasmon coupling can enhance the chiroptical response
of the twisted nanorods.

As introduced in Chapter 1, the chiroptical response is induced by the different ab-
sorption of left- and right-handed circularly polarized light. It is quantflied by the g fac-
tor, i.e., Eq. (1.1), within the range from -2 to +2. However, the chiroptical response
of most natural chiral materials is typically weak with a very small value of g factor:
< 1073. Therefore, it is very difficult to detect the chiroptical response, which makes
the study of this phenomenon tough and limits its further applications. In recent years,
chiral plasmonic nanostructures have attracted widely scientific interest because they can
strongly interact with circularly polarized light as well as with chiral molecules and can
be designed to mimic the properties of chiral molecules [1-5]. The excitation of localized

surface plasmon resonance (LSPR) of plasmonic nanostructure gives rise to an intense
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field near the surface of the nanostructure and enhances the optical cross section in ab-
sorption [6]. Hence, the g factor of the chiral plasmonic nanostructure can be several
orders of magnitude larger than that of natural material. For example, the Nam group
fabricated a helicoid nanoparticles with a high g factor of 0.31 through a multi-chirality-
evolution step synthesis method [7, 8]. With the development of nanotechnology, chiral
plasmonic structures with large g factor have shown promising potential for detecting and
sensing applications [9-11], negative refraction materials [12-14], and optical elements
with strong chiroptical effects [15, 16]. Therefore, the study of the enhancement of g
factor will be of great significance to improve the insights into controllable chirality of
nanostructure and to expand its application. However, in the previous studies, almost all

the studies of the g factor enhancement are limited to the geometry design of the structure.

The characteristics of a plasmonic system are determined by the shape and size of the
individual nanoparticles, and the configuration of the nanoparticles, such as the distance
between them and their orientations [17-20]. When two nanoparticles are close enough to
each other, the plasmon modes of the individual particles hybridize to generate two new
hybridized plasmon modes due to the coupling between them. At these hybridized modes,
the plasmon functions, especially the enhancement of near-field, vary significantly with
the nanoparticle configurations [21-23]. Intuitively, the configuration of nanoparticles in

a chiral plasmonic system should be crucial in mediating its chiroptical response.

In this chapter, we investigate the chiroptical response based on the dimer of twisted
metal nanorods. The dimer of twisted nanorods, one of the simplest 3D chiral plasmonic
structures, has been widely used to study the chiroptical response [24-27]. However,
these studies only considered the chiroptical response with very weak plasmon coupling
between the nanorods or the circular differential scattering, which could not characterize
the chiroptical response at the hybridized modes. Here, we concentrate on the chiropti-
cal response of twisted nanorods at the hybridized bonding mode induced by the strong
plasmon coupling, which depends on its configuration. We study the effects of the con-
figuration parameters, e.g., gap size and twisted angle, in the dimer on its chiroptical
response. As a proof of concept, we realize the fabrication of twisted gold nanorods with
different gap sizes and twisted angles utilizing electron-beam (EB) lithography. We ex-

perimentally observe the hybridized modes induced by the plasmon coupling between

80



the twisted nanorods, which depends not only on the gap size but also on the twisted
angle. We find that the chiroptical response can be enhanced by the plasmon coupling
between the two nanorods and observe a very high g factor at the bonding mode due to
the plasmon-coupling-induced strong near-field enhancement. We believe that the study
of chiroptical response with the consideration of the plasmon coupling in the plasmonic
structure provides an efficient route for designing chiral metamaterial with a highly en-

hanced chiroptical response.

5.2 Fabrication of twisted nanorods

In this section, we will introduce the fabrication processes of the twisted gold nanorods.
We realized the fabrication of the twisted nanorods structures with different gap sizes
and twisted angles embedded in silicon dioxide (SiO;) using the top-down technique of
EB lithography combined with layer-by-layer stacking. Figure 5.1(b) shows the scanning
electron microscope (SEM) images of fabricated twisted gold nanorods structures with

different twisted angles.

Figure 5.1: (a) Schematic illustration of the dimer of twisted gold nanorods with gap size
d and twisted angle 6. (b) SEM images of the fabricated twisted nanorods structures with
different twisted angles: 7/12, 7 /4, and 57/12. Scale bar: 200 nm.
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The fabrication can be divided into two steps: bottom layer fabrication and top layer
fabrication, which mainly includes eight processes: substrate cleaning, sputtering, spin
coating of resist, EB lithography, development, etching, evaporation, and lift-off. Next,

we will introduce these processes in detail.

5.2.1 Bottom layer fabrication

Figure 5.2 describes the fabrication processes for the bottom layer fabrication. It includes

the following steps.

B1. Substrate cleaning B2. SiO, sputtering B3. Spin coating

b e D

Substrate (BK7)

v

B6. SiO, etching B5. Development B4. EB lithography

< 4 -

v

B7. EB evaporation B8. Lift-off

<

Figure 5.2: Fabrication processes to realize the bottom layer of the twisted nanorods
structure.

B1. Substrate cleaning
Before sputtering a dielectric layer on a substrate, we need to clean the substrate by
using an ultrasonic cleaner to remove the dust on the substrate. Table 5.1 shows the

specific conditions for substrate cleaning.
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Table 5.1: Conditions for substrate cleaning

Acetone 3 min
Ethanol 3 min
Distilled water 3 min
Baking 110°C X 1 min

B2. SiO; sputtering

Sputtering refers to a process for thin film deposition. In order to ensure that the
structure is surrounded by a homogenous medium, we deposited a 500 nm SiO, layer on
the substrate (Ulvac SIH-450, Takeda super clean room, the University of Tokyo) as a

dielectric layer.

B3. Spin coating

Resist is an electron-sensitive film on the surface of the sample. The solubility of
the resist can be changed by the electron beam in the EB lithography process, enabling
selective removal of either the exposed or non-exposed areas of the resist by immersing it
in a developer. In our fabrication, we chose ZEP520A-7 as the resist. ZEP520A-7 is a high
performance positive resist which will be removed in the beam exposure area. However,
when EB lithography performs on insulating substrates, negative charge buildup can occur
on the substrate surface causing beam deflection and thus pattern distortion. We solved
this problem by spin coating Espacer (300Z) after the spin coating of resist. Espacer
(300Z) is a kind of conductive polymer which can be simply applied by spin coating and
simply removed by rinsing with water. Table 5.2 shows the specific conditions in the spin

coating process.

Table 5.2: Conditions for spin coating

ZEP520A-7 300 rpm X 5 sec — 5000 rpm x 90 sec
Baking 120°Cx 2 min
Espacer 1500 rpm X 60 sec

B4. EB lithography

EB lithography is a direct writing lithographic process that pattern is formed in a resist
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layer by scanning with an electron beam. In our fabrication, we used the JEOL JBX-
6300FS (Arakawa Lab., Institute of Industrial Science, the University of Tokyo) system
for EB lithography. The pattern was written at a dose of 475 uC/cm? at an accelerating
voltage of 100 kV.

BS. Development

After exposure in the EB lithography process, the designed pattern exists as a latent
image in the resist layer. The exposed areas are chemically different from the non-exposed
areas. The purpose of the development is to remove the exposed area (in the case of posi-
tive resists) of the resist by immersing it in a developer, resulting in the designed pattern in
the resist layer. In our fabrication, the sample was developed in a developer (ZED-N50:
n-Amyl acetate) for 20 sec and rinsed twice in ZED-B (Methyl isobutyl ketone 89% +
Isopropyl alcohol 11%) for 5 sec.

B6. SiO; etching

S10; etching is a process to make trenches in the SiO, layer. In this process, the
designed pattern was transferred to the SiO, layer by inductively coupled plasma reactive
ion etching (ICP-RIE Ulvac CE-300I, Takeda super clean room, the University of Tokyo)
using the gas of CHF3 to etch off 45 nm of SiO;.

B7. EB evaporation

EB evaporation is a physical vapor deposition technique whereby a focused electron
beam to heat source material (e.g. pellets of Au) and evaporates it within a vacuum envi-
ronment. In our fabrication, a 2-nm titanium adhesion layer and 40 nm gold were sequen-
tially deposited onto the sample (ULVAC EX-300, Arakawa Lab., Institute of Industrial

Science, the University of Tokyo).

B8. Lift-off
Lift-off is a process for the removal of the resist layer in a solvent. The metal on the
top of the resist will be removed along with the lift-off of the resist. Thus, the metal will
only be deposited at sites that are not protected by the resist layer. In our case, the resist
layer was removed by a remover (ZDMAC: Dimethylacetamide) on a hot plate at 80°C.
After these processes, we finished the bottom layer fabrication. It is important to

note that the surface of the sample after the bottom layer fabrication should be very flat,
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Figure 5.3: (a) AFM image of the sample after the bottom layer fabrication. (b) The
surface profile to measure the flatness at the blue dashed line.

otherwise, we cannot fabricate the top layer well and it will be very difficult to control
the gap size between the two layers. To obtain a flat surface, we should optimize the
conditions in the etching and evaporation processes. In our fabrication, we made 45-nm-
deep trenches in the SiO; layer in the etching process. A 2-nm titanium adhesion layer
and a 40 nm gold layer was then deposited onto the sample using an EB evaporator. After
the lift-off process, the gold nanorods were embedded in the trenches etched in the Si0,
layer. Figure 5.3 shows the atomic force microscope (AFM) image of the sample after the
bottom layer fabrication and corresponding surface profile to measure the flatness at the
blue dashed line. We can see the peak to the valley of the surface is within about 7 nm
and the peak of the surface to the top side of the nanorods is within 3 nm. This makes it
is possible to control the gap size between the twisted nanorods within a very small error

range.

5.2.2 Top layer fabrication

Figure 5.4 shows the fabrication processes for the top layer fabrication. In this step,
we need to carefully consider the control of gap size and twisted angle between the two

nanorods in the dimer.

T1. SiO; sputtering

After the bottom layer fabrication, we continued to sputter a 100 nm SiO; layer on the
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T1. SiO, sputtering T2. SiO, etching T3. Spin coating
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T6. SiO, etching T5. Development T4. EB lithography

v

T7. EB evaporation T8. Lift-off T9. SiO, sputtering

Figure 5.4: Fabrication processes to realize the top layer of the twisted nanorods structure.

sample as a dielectric layer for the top layer fabrication. This process can also facilitate

the flattening of the sample surface.

T2. SiO; etching
In this etching process, the thickness of etched SiO, from the surface of the sample can
be control by changing the etching time, so as to realize the control of gap size between

the two layers.

T3. Spin coating

The same conditions as that in process B3.

T4. EB lithography
In this second EB lithography process, the twisted angle between the twisted nanorods

can be controlled by designing the input pattern for the EB writing.
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TS. Development, T6. SiO; etching, T7. EB evaporation, and T8. Lift-off

The same conditions as that in bottom layer fabrication.

T9. SiO; sputtering

We sputtered a 500 nm SiO; layer on the sample surface to cover the twisted nanorod
structure to ensure that the structure is surrounded by a homogenous medium.

After the above processes, we finally realized the fabrication of twisted nanorods

structure with different gap sizes and twisted angles.

5.3 Results and discussion

In this section, we will discuss the experimental results of the plasmon coupling and
chiroptical response of the fabricated twisted gold nanorods. Figure 5.5 shows the ex-
perimental setup to collect the spectra. The incident light in our system was switchable
among linearly, left- and right-handed circularly polarized light using a combination of a

linear polarizer and a quarter-waveplate.

WG
[Te]q]s
Polarizer
- M4 plate
10X
Sample
Spectrometer
i10)¢

/

Figure 5.5: Schematic of the experimental setup for spectra collection.
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5.3.1 Plasmon coupling between twisted nanorods

We start by considering the experimental results of the plasmon coupling between the
twisted gold nanorods. The plasmon coupling was characterized by the extinction spec-
trum with y-polarized light (see the direction in Figure 5.1). The extinction spectrum can

be obtained by [28]
_ () = In(2)

ext — = 7 N ° 5.1
15(1) G-D

where 1,,(1) and I(A) are the spectra of the transmitted white light through substrates

with and without nanostructures, respectively.
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Figure 5.6: Experimental and simulation results of extinction spectra of an isolated
nanorod and its dimers. (a) Gap size dependence (6 = 7/6) and (c) twisted angle de-
pendence (d =15 nm) of extinction spectra recorded with incident y-polarized light. Pan-
els (b) and (d) show the corresponding calculated spectra for the dimer comprised of gold
nanorods with length x width x height dimension of 165 nm x 50 nm x 40 nm. Illustra-
tion of plasmon modes: (e) anti-bonding mode with in-phase dipoles in short wavelength
range and (f) bonding mode with anti-phase dipoles in the long wavelength range.

In the dimer of twisted nanorods, the plasmon coupling is highly associated with its
configuration, which is decided by the gap size d and twisted angle 6. Therefore, we
experimentally characterized the plasmon coupling between the two nanorods with dif-
ferent gap sizes and twisted angles, as shown in Figure 5.6(a) and 5.6(c). In addition,
these results were confirmed numerically in panels (b) and (d) using the finite element

method (COMSOL Multiphysics). Based on these results, we can clearly observe the
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plasmon coupling between the twisted nanorods. When two nanorods are close to each
other, the resonance peak of isolated nanorod splits into two peaks due to the plasmon
coupling between the two nanorods. With the decreases of the gap size and twisted an-
gle, the two resonance peaks in short and long wavelength ranges shift to shorter and
longer wavelengths than that of the resonance peak of the isolated nanorod, respectively.
This indicates that the plasmon coupling increases with the decreases of the gap size and
twisted angle. Therefore, we experimentally demonstrated that the plasmon coupling be-
tween the twisted nanorods depends not only on the gap size but also on the twisted angle.
This is the first experimental demonstration for the twisted angle dependence of plasmon
coupling, which provides a new dimension to tune the plasmon coupling.

A detailed explanation of the plasmon coupling between the twisted nanorods has
been discussed in Chapter 4 (Subsection 4.3.2). The plasmon coupling between the two
nanorods can be described by the theory of plasmon hybridization. In the dimer of twisted
nanorods, the in-phase dipole coupling results in an anti-bonding mode as shown in Fig-
ure 5.6(e), which is a bright mode with a large cross section in the short wavelength
range. However, the anti-phase dipole coupling leads to a bonding mode as shown in
Figure 5.6(f), which is a dark mode with a small cross section but strongly enhanced near

field in the long wavelength range.

5.3.2 g factor of twisted nanorods

We now turn our attention to the results of the g factor. For the characterization of the
chiroptical response, we need to measure the g factor defined as Eq. (1.1). However, in
contrast to the extinction spectrum, our setup does not allow measuring the absorption
spectrum which is used in Eq. (1.1). It is known that the sum of the absorption cross sec-
tion and the scattering cross section is referred to as the extinction cross section. Here, we
focus on the chiroptical response at the bonding mode, which is a dark mode. The circu-
lar differential absorption is dominant compared with the circular differential scattering.

Thus, in order to characterize the g factor, we define the quantity g.,; as

_ Alext - A}e:xt
gext—A—l A (5.2)

ext ext
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and A’

»y are the extinction spectrum for left- and right-handed circularly po-

where Alm
larized light, respectively. Figure 5.7 shows the calculated g..;and g,»s by using the finite
element method with the designed parameters. Here, we put attention to the g factor at
the hybridized bonding-mode, where the spectra of g.,;and g,»s show a similar shape and

the same tendency.
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Figure 5.7: (a, ¢) Gap size dependence and (b, d) twisted angle dependence of g.,; and
gabs Of twisted gold nanorods calculated using the finite element method (COMSOL Mul-
tiphysics) with the definitions of geometrical parameters: L = 165 nm, W = 50 nm, H =
40 nm.

Therefore, we first collected the extinction spectra of the dimer of twisted nanorods
with incident left- and right-handed circularly polarized light as shown in Figure 5.8. The

measured results were then substituted into Eq. (5.2) to calculate the g factor.
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Figure 5.8: Measured extinction spectra recorded with incident left- and right-handed
circularly polarized light of the dimer of twisted gold nanorods with different gap sizes

and the twisted angles.
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Figure 5.9 shows the experimental results of the g factor with different gap sizes and
twisted angles. We can see that the g factor of the twisted nanorods is highly associated
with both the gap size and twisted angle between the two nanorods. Besides, we can
observe the opposite sign of g factor for the bonding mode and anti-bonding mode. At
the bonding mode, the g factor exhibits a very large value. When the twisted angle is
determined, the g factor increases with the decrease of gap size. For the twisted angle
dependence, it also shows the same spectral behavior as that of the simulation results in
Figure 5.7(b). These experimental results show a very good agreement with the simulation

results in Figure 5.7.
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Figure 5.9: Experimental results of g factor of twisted gold nanorods with different (a)
gap sizes with the fixed twisted angles of /6 and (b) twisted angles with the fixed gap
size of 15 nm.

The experimental value of the g factor reaches up to 1.03. This is orders of magni-
tude larger than that for most molecule system with g factor smaller than 1073. For a
chiral molecule, the chiroptical response stems from the helical motion of displacement
currents, which is induced by the interaction with circularly polarized light that causes
the electron clouds of the molecule to move along helical paths. However, in the dimer of
twisted gold nanorods, the interaction can excite real currents in the nanorods as well as
the displacement currents between the nanorods. Compared to a molecule, the real cur-
rents and displacement currents in plasmonic structures are much stronger because of the
massive free electrons in the metal nanoparticles. Hence, in a word, the strong chiroptical

response of chiral plasmonic structures stems from the large dipole moments and currents
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produced by the LSPR excitation.

Considering the g factor of the dimer of twisted nanorods, it is worth pointing out that
the anti-bonding mode and bonding mode can be thought of as corresponding to different
handedness. Meanwhile, circularly polarized light possesses the electromagnetic field
with different handedness. Such an electromagnetic field can interact with the twisted
nanorods by exciting plasmon modes. Therefore, the interaction between the nanorods
in the dimer at different plasmon modes excited by left- and right-handedness circularly
polarized light exhibits different strength due to the handedness matching (see Figure 5.8),
resulting in the chiroptical response with the g factors of opposite sign at the two plasmon
modes, as shown in Figures 5.9 as well as in Figures 5.7. Moreover, as we mentioned, the
bonding mode is a dark plasmon mode, while the anti-bonding mode is a bright plasmon
mode. The near-field enhancement at the bonding mode is much stronger than that at the
anti-bonding mode, which leads to the larger g factor at the bonding mode than at the
anti-bonding mode.

Compared with the previous studies on the chiroptical response of plasmonic struc-
tures, the strong plasmon coupling plays an important role in our work. We implemented
the twisted nanorods structure with a small enough gap size to study the chiroptical re-
sponse at the plasmon-coupling-induced hybridized mode. Owing to the plasmon cou-
pling, the excited flow of real currents together with displacement currents in the structure
can be strongly enhanced, resulting in the enhancement of chiroptical response. There-
fore, we can obtain a much larger g factor than that in previous studies. For example, the

Nam group realized a helicoid nanoparticles with a g factor of 0.31 [7].

5.3.3 g factor and plasmon coupling

In order to clear the direct relation between the g factor and the plasmon coupling in
the dimer of twisted nanorod, we summarized the experimental results, as shown in Fig-
ure 5.10. It describes the maximum value of g factor we can obtain depending on the
strength of plasmon coupling between the twisted nanorods. Here, the strength of the
plasmon coupling was characterized by the separation between the resonance peaks of
the bonding mode and anti-bonding mode. Based on the theory of plasmon hybridization,

the bigger the separation, the stronger the plasmon coupling. For the gap size dependence
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Figure 5.10: Summarized experimental results for the maximum value of g factor with
different (a) gap sizes with the fixed twisted angle of /6 and (b) twisted angles with the
fixed gap size fixed of 15 nm, depending on the strength of plasmon coupling between the
twisted nanorods. The strength of plasmon coupling is characterized by the separation
between the resonance peaks of the bonding mode and anti-bonding mode.

(Figure 5.10(a)), when the twisted angle is determined, the plasmon coupling increases
with the decrease of gap size. Accordingly, the maximum value of the g factor also in-
creases. However, for the twisted angle dependence (Figure 5.10(b)), as the twisted angle
decreases, the plasmon coupling increases when the gap size is determined. The maxi-
mum value of the g factor in our experiment was obtained at the twisted angle of 7/6,

while the strongest plasmon coupling was at the angle of 7/12.

Figure 5.11: Schematic illustration of two dipoles produced by the twisted nanorods with
center-to-center separation ry,.

To explain this, we first consider the g factor of twisted nanorods without plasmon

coupling. In this case, the g factor can be related to the interaction strength and rota-
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tional strength of the two dipoles produced by the two nanorods [29, 30]. For the twisted
nanorods as shown in Figures 5.11, the interaction strength V}, and rotational strength R},

can be simply expressed as

1 1

Vip o« PPy = Tplpzcose, (5.3)
T T

Ryp o 13 - (P; X Pp) = T12p1p2sing. (5.4)

where p; and p, are the dipole moments of the two nanorods, rj, is the vector joining
the centers of the two nanorods. The sign of R> changes between the anti-bonding mode
and bonding mode. As a result, the difference between the absorption of left- and right-
handed circularly polarized lights is proportional to the product of V}, and Ry;. Therefore,
the g factor of the twisted nanorod can be simplified to be proportional to sinfcosf. This
means that, without considering the plasmon coupling, the g factor of twisted nanorods
has a maximum value at the twisted angle of 77/4. Then, when the two nanorods are close
to each other, plasmon coupling occurs. The plasmon coupling enhancement should be
considered for the g factor. As we discussed in Subsection 5.3.1, the plasmon coupling
increases with the decreases of gap size and twisted angle. Thus, the maximum value of
g factor of the twisted nanorods increases with the decrease of gap size, and the twisted

angle for the maximum value of g factor shifts from /4 to a smaller angle.
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Figure 5.12: Optimization of g factor calculated using the finite element method (COM-
SOL Multiphysics). The red dashed line shows the twisted angle to obtain the maximum
value of g factor at different gap sizes.
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Figures 5.12 shows the optimization of g factor, which describes the maximum value
of g factor at different gap sizes and twisted angles. The red dashed line shows the twisted
angle to obtain the maximum value of g factor at different gap sizes. We can see that the
maximum value of g factor increases with the decrease of gap size due to the increase of
plasmon coupling. Besides, the twisted angle to obtain the maximum value of g factor
shifts from 7/4 to a smaller angle. These results also support the aforementioned anal-
ysis, which indicates that the plasmon coupling should be carefully considered for the

enhancement of g factor.

5.4 Summary

In summary, we have studied the chiroptical response of the dimer of twisted nanorods
concerning the plasmon coupling between the two nanorods. Firstly, we successfully
fabricated the twisted gold nanorods structures with different gap sizes and twisted an-
gles. Then, we experimentally characterized the plasmon coupling and g factor of the
structures. We clearly observed the plasmon coupling between the twisted nanorods and
demonstrated that the plasmon coupling highly depends not only on the gap size but also
on the twisted angle between the nanorods. The demonstration of twisted angle depen-
dence of plasmon coupling provides a new dimension to tune the plasmon coupling. What
is more, due to the near-field enhancement induced by the plasmon coupling, the dimer
of twisted nanorods shows a very strong chiroptical response with a large g factor at the
hybridized bonding mode, which indicates that the plasmon coupling can enhance the g
factor of chiral plasmonic structures and should be carefully considered for the enhance-
ment of g factor. This designable chiroptical response depending on the configuration of
the structure will pave the road for new metamaterials with modulated g factor distribu-
tion. We believe that the study of g factor at the hybridized plasmon mode provides a new
perspective for the study of chirality and is generally applicable to other chiral plasmonic

metamaterials for practical applications.
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Chapter 6

Summary

In this dissertation, based on the three interesting phenomena in the interaction of angular
momentum between light and plasmonic nanostructures: optical spin-orbit interaction,
optical torque, and chiroptical response, we investigated the urgent issues in each phe-
nomenon to improve the insights into the physics of light-matter interaction and to expand
the further applications. In this chapter, we will summarize the results and describe the

prospects.

B Quantification of the optical spin-orbit transformation in light-matter interaction

We proposed a quantitative analysis method for the optical spin-orbit transformation in
light-matter interaction, which is is a general method that can be applied to any size,
shape, and constituent of matter in the presence of arbitrarily structured optical fields. We
introduced a physical quantity called optical chirality density and reveal its relation with
the spin angular momentum of the field. Based on this relation, we derived the continuity
equation for spin angular momentum in analogy with the continuity equation for linear
momentum. By combining with the continuity equation for total angular momentum, the
transfers of spin and orbital angular momenta can be treated independently by consid-
ering the optical torques originated from them, which we called the spin-transfer torque
and orbit-transfer torque. The separation of spin-transfer torque and orbit-transfer torque
provides a quantitative analysis method for the optical spin-orbit transformation, which
plays a significant role in analyzing and designing a spin-orbit interaction system.

We believe that the discovered results provide non-trivial insight into our understand-
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ing of light-matter interactions. This new understanding of light-matter interaction will
open a new avenue for the control of rotational states of nanoparticles and molecules, or
the generation of light with specific states of spin angular momentum or orbital angular

momentum.

B Optical torque between twisted metal nanorods induced by plasmon coupling

We presented a systematic study of the interaction optical torque between twisted nanorods
induced by plasmon coupling. We built a physical model of the dimer of twisted gold
nanorods and start with the discussion of plasmon coupling between the twisted nanorods.
The plasmon resonance spectra of the dimer indicate that the plasmon coupling depends
not only on the gap size but also on the twisted angle. Then, we analyzed the interaction
optical torque between the twisted nanorods with considering the plasmon coupling with
them. The results show that the interaction optical torque can be enhanced by the plas-
mon coupling and can lead to mutually perpendicular and parallel arrangements of the
two nanorods with the excitations of plasmon-coupling-induced anti-bonding mode and
bonding mode, respectively. Additionally, such arrangements can be extended to a full
angle control by changing the polarization state of the incident light. Besides, the discus-
sion of spin- and orbit-transfer torques predicts that the strong plasmon coupling can lead
to a large chiroptical response of the twisted nanorods at the bonding mode.

The twisted angle dependence of the plasmon coupling provides a new dimension to
tune the plasmon coupling. Therefore, the optical arrangement depending on the wave-
length and polarization state of the incident light makes it possible to control the plas-
monic characteristics and functions dynamically and contactlessly. This shows a vast
potential for the all-optical active plasmonic and metamaterial devices. For example, the
precise arrangement of nanoparticles can be applied to make high-precision plasmonic
nanodevices. Nanomachines are also possible that can switch conformations or functions

with different incident light.

B Enhancement of g factor of twisted metal nanorods by plasmon coupling

We experimentally demonstrated that the plasmon coupling can enhance the g factor of the

dimer of twisted gold nanorods. Inspired by the result in the second topic, we fabricated
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the structures of twisted gold nanorods with different gap sizes and twisted angles. The
plasmon coupling and g factor were characterized to study the relation between them. We
experimentally demonstrated that the plasmon coupling depends not only on the gap size
but also on the twisted angle. The g factor at the hybridized bonding mode exhibits a
large value (~ 1.03) due to the plasmon-coupling-induced strong near-field enhancement.
The experimental results show a good agreement with the theoretical predictions. It was
found that the plasmon coupling should be carefully considered to obtain a large g factor
in a chiral plasmonic system.

We believe that the study of g factor enhancement concerning the plasmon coupling
provides a new efficient route for the study of chiral plasmonic structures. We anticipate
that our study will aid in the design of chiral plasmonic structures for use in metamaterial
applications. For example, the metamaterials with large chiroptical effect can be applied
to the optical elements. For the chirality detection of molecular, the detection signal can
be strongly enhanced by the plasmonic structures with a large g factor. Strong chirality of

chiral metamaterials can also realize the negative refractive index.
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