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Abstract

This thesis presents experimental work and calculations on the interaction of
terahertz (THz) electromagnetic waves with subwavelength scale dielectric and
metallic media and chiral materials in the context of classical optics, electromagnetic
theory, and solid state theory.

The propagation of THz electromagnetic waves within heterogeneous
dielectric media is explored in Chapter 2 using the concepts of effective medium
theory and photon transport. It is found that effective medium descriptions of
heterogeneous dielectric media are inadequate when the size scale of the
heterogeneity approaches the wavelength of the electromagnetic wave.

In Chapter 3, this thesis explores THz non-resonant particle plasmon
interaction with a single subwavelength metallic particle and ensembles of
subwavelength metallic particles. For an ensemble of particles, coherent near-field
coupling between nearest neighbor particles leads to enhanced, polarized THz electric
field transmission through the ensemble. The influences of particle size, particle
shape, and metal conductivity on the enhanced THz electric field transmission
phenomenon are studied. It is further revealed that ensembles of metallic particles
coated with nano-layers of a different metal show diminished THz electric field
transmission due to resistive loss at the bimetallic interface. Since this resistive loss
is highly sensitive to the electromagnetically induced current density crossing the
interface, the interface resistance effect can provide a spatially localized probe of
electromagnetically driven charge motion. Using ensembles of multi-layered

bimetallic particles, the interface resistance effect is exploited to map out the sub-



surface charge motion induced by the incident THz electromagnetic wave on metallic
particles.

Chapter 4 demonstrates the application of THz time-domain spectroscopy as a
non-invasive, spectroscopic probe of phase transition phenomena in metallic media
composed of subwavelength sized particles. The experimental results reveal marked
phase modulation of the THz electromagnetic wave transmission through the metallic
medium at the melting point temperature, indicating the onset of solid-liquid phase
transformation.

Chapter 5 introduces methods to modulate the THz. plasmonic properties of
metallic particle ensembles via electron-spin-dependent phenomena. In particular, it
is shown that anisotropic magnetoresistance inherent to ferromagnetic media causés
magnetically anisotropic THz electric field transmission through ferromagnetic
particle ensembles. Interestingly, coating the ferromagnetic particles with a nano-
scale nonmagnetic metallic layer enhances their magnetic response.  The
enhancement in the coated ferromagnetic particles is shown to arise from the
dynamic, electromagnetically driven accumulation of spin-polarized eleétrons from
the ferromagnetic particle into the nonmagnetic layer.

Electromagnetic interaction with a subwavelength sized particle that is
asymmetric, or chiral, may lead to an electromagnetic effect known as optical
activity. Chapter 6 explores the interaction between THz electromagnetic waves and
a subwavelength scale metallic helix. Resonant and non-resonant optical activity
associated with axial and transverse THz electromagnetic wave propagation through a

metallic helix, respectively, are demonstrated and explained.
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1.1 Light Interaction with Small Particles

The interaction of electromagnetic waves with small particles is ubiquitous and
causes common optical effects such as the bluish color of the sky, the cloudiness of milk,
and the hues of a rainbow. Despite the striking diversity in these visual phenomena, the
fundamental physics underlying their occurrences are the same. All media are comprised
of electrons, protons, and neutrons. Upon excitation by an incident elecfromagnetic
wave, the electronic charges are set in motion by the incident electric field. The
oscillating charges in turn re-emit radiation in all directions. In addition to re-radiating .
electromagnetic energy, the electronic charges that constitute the particle may transfer
energy into other forms, which appear as a loss in the incident electromagnetic energy, or
absorption. Altogether, re-radiation and absorption of electromagnetic waves by the
medium give rise to its electromagnetic properties.

Electromagnetic interaction with a medium is strongly dependent on the ratio of
its dimensions to the wavelength of radiation, 4. When the medium is much larger than
the wavelength, the medium’s electromagnetic properties are largely determined by the
response of the atoms, which constitute the medium, to the incident radiation. As the
relevant dimensions of the medium approach the mesoscopic regime (between the atomic
and wavelength scales), the effective electromagnetic properties of the medium can
become vastly different than the bulk electromagnetic properties of the constituent
material. Many examples of this are found in nature; for instance, fog appears opaque
and white, whereas bulk water appears transparent and colorless. In this case, the

effective optical properties of fog are vastly different than the optical properties of bulk
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incident light

abso‘rbed light re-radiated light

Figure 1.1. Light interaction with an arbitrary particle. Light incident upon a particle
from the left induces electronic charge motion. The oscillating charges re-radiate in all
directions and also convert some of the incident electromagnetic energy into other forms.
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water due to light scattering from the individual water droplets. To fully describe the
optical properties of fog, one must take into account the intrinsic optical response of the
water molecules in addition to extrinsic light scattering at the surface of the droplet.
Currently, the interaction of light with small, subwavelength sized structures has
garnered incredible research attention. With the advent of advanced micro- and nano-
fabrication capabilities, it has become possible to tailor the electromagnetic response of
materials via structural engineering on mesoscopic size scales. Within the last few
decades, research groups have demonstrated a wide range of extraordinary
electromagnetic effects in media with subwavelength scale dimensions. In the 1990s,
researchers discovered photonic band gap media, consisting of a periodic array of
scatterers, which collectively inhibit reflection or transmission of light over a frequency
range correlated to the spatial periodicity of the scatterers [1]. Another discovery is the
demonétration that “artificial” magnetic materials can be constructed from nonmagnetic
metals. These artificial materials consist of subwavelength scale split-ring resonators [2].
Electric field incident on the material drives current in the split-rings producing
subwavelength sized magnetic dipoles that collectively generate an artificial magnetic
response. One of the most exciting developments in the field of photonics is the recent
demonstration that a group of subwavelength metallic scattering elements can exhibit
negative refractive index at microwave frequencies [3]. In these experiments, microwave
radiation propagated through a prism-shaped negative index medium is shown to refract
at angles on the “wrong” side of the normal (i.e. negative angles). Recently, the concept
of negative refraction has been extended into the visible regime using narrow waveguides

consisting of two dissimilar metallic nano-layers sandwiched closely together {4]. The
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key feature of these waveguides is that their metallic layers support propagating surface
plasmon polariton (SPP) waves at visible frequencies. With proper selection of the
metallic constituents, the dispersion of the SPP modes supported by the waveguide can
possess a negative slope at visible frequencies, leading to anti-parallel group and phase
velocities (the energy and phase-fronts propagate in opposing directions). In this
situation, the SPP modes propagate through the waveguide as if the waveguide had a
negative index of refraction. This negative index behaviour has been confirmed in an
1 experiment similar to the microwave counterpart, where visible light was shown to
_refract over negative angles when propagated through a prism-shaped SPP waveguide.
In contrast to engineered materials, random media possess no spatial periodicity or order;
thus, random media constitute the most general class of photonic systems. An
electromagnetic wave propagating through a random medium undergoes many scattering
events, which can give rise to a rich array of phenomena. In strongly scattering systems
composed of subwavelength sized particles, interesting effects such as enhanced
backscattering [S5], weak localization, and universal conductance fluctuations in light
transmission [6] have been observed. A fascinating phenomenon known as photon
localization, the photonic analog of electronic localization, has also been predicted to
occur in strongly scattering media [7, 8]. Thus far, however, reports of photon
localization based on the exponential decay of the transmission through random, strongly
scattering media have been debated, as absorption can emulate these signatures [9, 10].
The aforementioned discoveries of extraordinary electromagnetic phenomena
arise from‘the interaction of light with dielectric or metallic structures possessing

subwavelength scale heterogeneity. For structures with subwavelength scale dimensions,
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surface electromagnetic phenomena occurring at the interface between the dielectric or
metallic structure and the ambient medium (commonly air) play a significant role in their
electromagnetic properties. Radiation incident on a subwavelength sized dielectric
structure is strongly affected by wave scattering from the surface of the structure.
Generally, scattering occurs when an electromagnetic wave impinges on the interface
between different dielectric media [Figure 1.2 (a)]. In the simplest situation where a
system consists of two dielectric media with dimensions much larger than the
wavelength, scattering occurs only at the single interface between the two media.
Reflection and transmission from the single interface are determined by the refractive
indices of the media, the angle of incidence, the polarization of the electromagnetic wave,
and the geometry of the interface. When the spatial variations of the interface are less
than the wavelength of the electromagnetic wave, reflection and refraction are described
by the famous Snell’s Law. As the number of constituents comprising the system
increases, the incident electromagnetic wave undergoes an increasing number of
scattering events. The situation becomes more complex as the size of the constituents
approaches the wavelength of the electromagnetic wave. In this situation, the
electromagnetic wave may undergo many scattering events over several oscillations of
the wave, and it becomes increasingly difficult to analytically describe the
electromagnetic properties of the system. In this regime, the effect of multiple scattering
of light at the dielectric interface is a dominant contributor to the overall electromagnetic
properties of the medium.

The physics underlying the interaction of an electromagnetic wave with a metallic

medium are more complex than in the dielectric case. An electromagnetic wave incident
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on a metallic surface may simply scatter from the surface or, in certain situations, couple
into a surface plasmon wave [Figure 1.2 (b)]. Surface plasmon waves are
electromagnetic waves that are confined to the interface of a conductor and an insulator.
These waves arise via coupling of the electromagnetic fields to conduction electron
oscillations at the surface of the conductor.  There are two categories of surface
plasmons: surface plasmon polaritons (SPPs) and particle plasmons (or localized surface
plasmons). Surface plasmon polaritons are propagating two-dimensional electromagnetic
waves coupled to the surface of a conductor. Particle plasmons, on the other hand, are
non-propagating electromagnetic fields confined to the surface of a subwavelength sized
metallic structure. Since surface plasmons are confined to the surface of a conductor,
they are able to concentrate electromagnetic en-ergy over dimensions that are smaller than
the wavelength. This characteristic of surface plasmons can lead to often unexpected,
fascinating behaviour, especially in subwavelength sized metallic structures.

This thesis continues in the exploration of electromagnetic effects in mesoscopic
dielectric and metallic media using THz time-domain spectroscopy. Compared with
conventional visible and microwave spectroscopic techniques, time-domain spectroscopic
investigations in the THz frequency range possess several advantages. Broadband (~ 1
THz) THz radiation sources enable spectroscopic measurements over a wide range of
frequencies with a single measurement. Moreover, direct access to the coherent, time-
domain THz electric field allows the extraction of both the amplitude and the phase of the
field, without resorting to interferometric techniques commonly used in the visible
‘regime. Combined with the polarization sensitivity of THz radiation detection, THz

time-domain spectroscopy enables the direct characterization of the time-dependent
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amplitude, phase, and polarization of the electric field with femtosecond temporal
resolution that is several orders of magnitude better than one oscillation cycle. Another
advantage of THz spectroscopy is the relative ease of subwavelength sized sample
fabrication relative to analogous investigations at higher frequencies of the visible
spectrum. The relatively large wavelength of THz radiation compared to visible radiation
implies that subwavelength structures can be easily fabricated without complicated
nanofabrication methods. This also means that the sample dimensions can be extremely
well-controlled relative to the wavelength of the radiation. In addition to the technical
advantages of THz time-domain spectroscopy compared to techniques in neighboring
frequency ranges, the THz frequency range is interesting to explore because many
materials possess unique properties at THz frequencies. The characteristic vibrational
and rotational resonances of many gas and liquid molecules commonly lie at THz
frequencies. Moreover, many semiconductors have unique phonon absorption bands in
the THz regime. Since many visibly opaque semiconductor and dielectric media are
transparent at THz frequencies, THz radiation is ideal for imaging applications. In
particular, one promising application of THz radiation is biomedical imaging, since the
non-ionizing nature of THz radiation reduces cell damage common to conventional
techniques using x-rays. | Furthermore, solid state matter shows a stunning range of
clectromagnetic properties in the THz regime. For example, at THz frequencies, the real
permittivity of dielectrics, Refegiciecrric] ~ 1, whereas the real permittivity of metals,
Re[€meral] ~ —10°. This is strikingly different than the real permittivity of metals at visible
frequencies, where Re[emer] ~ —10. Indeed, the wide range of phenomena and the

remarkable diversity in the electromagnetic properties of matter at THz frequencies
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Figure 1.2. Illustration of electromagnetic wave interaction at the surface of (a) a
dielectric medium and (b) a metallic medium. An electromagnetic wave incident on the
dielectric surface is scattered. On the other hand, an electromagnetic wave incident on a
metallic surface (it is assumed that the metal is opaque) is scattered and, in certain
situations, may couple to a surface plasmon wave.
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makes this regime both scientifically rich and technologically important.

This thesis explores several aspects of THz electromagnetic wave interaction with
subwavelength structures. Terahertz electromagnetic scattering within heterogeneous
dielectric media, THz surface plasmon interaction with heterogeneous metallic media,
and THz optical activity in subwavelength chiral structures are explored with the overall
goal of understanding the fundamental electromagnetic interactions on mesoscopic scales

that lead to their effective properties.

1.2 Scope of the Thesis

Chapter 2 explores THz electromagnetic wave propagation in strongly scattering
random dielectric media composed of subwavelength sized sapphire particles. In
particular, it is shown that in the regime where the medium heterogeneity scale is less
than the wavelength, the effective medium approximation becomes invalid, marking the
onset of diffusive photon transport through the random dielectric ensemble.

Chapter 3 examines THz electromagnetic wave propagation in random media
composed of densely packed, subwavelength sized metallic particles. In contrast to
dielectric particles, metallic particleé are individually opaque at THz frequencies.
However, it is shown that dense ensembles of opaque metallic particles can exhibit
surprisingly high THz electromagnetic transparency. The transparency of the metallic
particle collection arises from the excitation of localized particle plasmons on the
individual metallic particles. The close proximity of nearest neighbor particles leads to
strong ﬁear-ﬁeld, plasmonic coupling between particles. Such near-field coupling

transports THz electromagnetic energy across the extent of the ensemble, which can
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exceed the skin depth by several orders. The influences of particle size, particle shape,
and metal conductivity on the transmission phenomenon are studied. In further
ihvestigations of this phenomenon, it is shown that coating the metallic particles with
nano-scale layers of a different metal causes strong attenuation of the transmitted
radiation. The attenuation arises from interface resistance at the junction between the
dissimilar metals. This effect is applied to spatially probe the THz electromagnetic
charge induction within the surface of the metallic particles. Experimental results using
bimetallic multilayered particles show that particle plasmon formation on the individual
particles occurs within a skin depth of the particle surface.

In Chapter 4, THz time-domain spectroscopy is applied as a non-invasive,
spectroscopic probe of phase transition phenomena in metallic media composed of
subwavelength sized particles. The experimental results reveal marked phase modulation
of the THz electromagnetic wave transmission through the metallic medium at the
melting point temperature, indicating the onset of solid-liquid phase transformation.

Chapter 5 introduces methods to modulate the THz electromagnetic properties of
metallic particle ensembles via electron-spin-dependent phenomena. It is shown that
ferromagnetic particle ensembles can exhibit strong, tunable birefringence at THz
frequencies with the application of an external magnetic field. The birefringence is
caused by anisotropic magnetoresistance inherent to the ferromagnetic medium. Another
method to achieve magnetically tunable transmission is via electron-spin-dependent
phenomena in ferromagnetic/nonmagnetic composite media. It is demonstrated that an
ensemble of ferromagnetic particles coated with nonmagnetic nano-layers shows

enhanced magnetic attenuation, delay and pulse re-shaping of the transmission relative to
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an ensemble of uncoated ferromagnetic particles. The enhanced magnetic effect in the
coated particles is attributed to electromagnetically driven electron spin accumulation in
the nonmagnetic layer.

Electromagnetic interaction with a subwavelength sized particle that is
asymmetric, or chiral, may lead to an effect known as optical activity. To elucidate the
relationship between a subwavelength scale chiral structure and its optical activity,
Chapter 6 examines THz pulse propagation within subwavelength size helical structures
for both axial and transverse electromagnetic wave excitation. In the axial case, it is
shown that optical activity manifests as resonant polarization circularization due to
resonant propagation modes established along the helical axis. In contrast, for transverse
excitation of the helical conformation, non-resonant polarization rotation of the forward
scattered radiation is measured. Further investigations of the polarization rotation
associated with sub-helical structures in the transverse case reveal that polarization

rotation arises from single scattering from the helical structure.

1.3 Theoretical Background
This thesis explores light interaction with mesoscopic media in the context of
classical optics, electrodynamics theory, and solid state theory. The fundamental
concepts underlying these theories will be introduced in this section to equip the reader
with the necessary tools for the remainder of the thesis. Classical electrodynamics in
matter will be first discussed, followed by a brief treatment of solid state theory to
describe the résponse of homogeneous dielectrics and homogeneous metals to external

electromagnetic excitation. The physics underlying surface plasmon wave phenomena at
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the surface of metals is discussed, with particular emphasis on localized particle
plasmons on subwavelength sized metallic particles. The electromagnetic response of
heterogeneous media is often described via effective medium approximations, which will
also be introduced. For a comprehensive treatment of these fundamental theories, the
reader is referred to classical texts on electrodynamics by Jackson [11] and solid state

theory by Ashcroft and Mermim [12].

1.3.1 Electrodynamics in Matter

In the 19™ century, James Clerk Maxwell developed a set of equations that
describe the spatial and temporal evolution of electric and magnetic fields in matter.
Using these equations, Maxwell theoretically showed that light could propagate as a
transverse electromagnetic wave. By solving for the speed of the electromagnetic wave
and using known electric and magnetic properties of materials, Maxwell arrived at a
stunning conclusion: the propagation speed of the electromagnetic wave was equivalent
to the speed of light. This remarkable insight inextricably linked the fields of optics and
electromagnetism, and has since provided the backbone to classical understanding of
light-matter interaction.

At a given location r and time ¢, an electromagnetic wave exists as oscillating
electric, E(r,)) = E, ¢*™*, and magnetic, B(r,t) = B, e®ro)  fields, where o is the
frequency of oscillation, |k| = 27/ is the wavevector, and E, and B, are the vector electric
and magnetic field amplitudes. Upon interacting with a material, the external £ and B
fields induce polarization, P, and magnetization, M, responses in the material. The total

electromagnetic fields consist of both the externally applied fields associated with the
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electromagnetic wave and the induced fields arising from the polarization and
magnetization of the material. It is useful to define the displacement field, D, and the
magnetic flux density, H, by
D=¢,E+P (1.3.1.1)
H=Blu,-M (1.3.1.2)
where &, = 8.854 x 1072 Fm™' and g, = 47 x 1077 NA™ are the permittivity and

permeability of free-space, respectively. Maxwell’s equations can be subsequently

written as
V-D=pp (1.3.1.3)
V-B=0 (1.3.1.4)
VxE=—-0B/ot (1.3.1.5)
VxH=jr+ aD/3t (1.3.1.6)

where pr is the free charge and jr is the free current density. These equations describe
~ the spatial and temporal evolution of electromagnetic fields in matter. The response of
the material in the presence of electromagnetic fields is described by the constitutive
relations. For the case of a linear (independent of the fields), homogeneous (independent

of position), isotropic (independent of direction) medium, the constitutive relations are

given by
P=¢,x. E (1.3.1.7)
M=y, H (1.3.1.8)
such that
D=¢E (1.3.1.9)

H=Blu (1.3.1.10)
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where y. and y,, are the electric and magnetic susceptibilities, respectively, and ¢ = ¢,
(1+yx.) and p = u, (1+y,). Additionally, the free current density jr can be related to the
external electric field, E. The current density in most materials is proportional to the
force per umt charge that 1s described by the Lorentz equation
Jjr=0(E+vxB) (1.3.1.11)
where v 1s the velocity of the charge and ¢ is the conductivity of the medium. For the
common situation where v << the speed of light, ¢, the second term in Equation 1.3.1.11
can be ignored and the free current is given by
Jjr=0E (1.3.1.12).
Thus, the propagation of electromagnetic waves in materials is governed by three
parameters: the permittivity, ¢, the permeability, x4, and the conductivity, . These
parameters in general depend on the frequency of the electromagnetic wave, i.e. ¢ = &(w),
4 = w(w), and ¢ = o(w). It 1s noteworthy that for a linear, homogeneous, isotropic
medium that obeys Ohm’s law, the permittivity and conductivity are related via &(w)=
io(w)/w. To understand the frequency dependence of the three constitutive parameters,
consider a medium that is placed in a time-harmonic electric field. The electric field
induces an average dipole moment per unit volume in the medium. For a linear,
homogeneous, and isotropic medium, the direct relationship between E and P suggests
that y, describes the response of the material to the driving force E. If the response of y,
is compared to that of a mechanical system driven by a harmonic force, it can be seen by
analogy that y, depends on the frequency of the driving force. Because the constitutive
parameters are different for different frequencies of an electromagnetic wave, it is useful

to cast Maxwell’s equations in the frequency-domain. If harmonic time dependence is
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assumed for all the fields, the constitutive relations (1.3.1.9), (1.3.1.10), and (1.3.1.12)

are substituted into (1.3.1.3)-(1.3.1.6) to obtain .

V.D=pp (13.1.13)
V.-B=0 (1.3.1.14)
VxE=+iouw)H (13.1.15)
VxH =[o(0)— i o e(w) | E (1.3.1.16).

Maxwell’s equations, in addition to the constitutive relatibns and appropriate
boundary conditions for the fields, fully describe the spatial and temporal evolution of
electromagnetic fields in matter. The phenomenological parameters ¢, y, and ¢ describe
the macroscopic response of media to external electromagnetic excitation. Physically,
the permmttivity and conductivity describe the dipole moment per unit volume and free
current density, respectively, induced by the incident electric field E. The permeability
describes the magnetic dipole moment per unit volume induced by the magnetic flux
density, H. However, these parameters do not inherently explain the microscopic
interaction between an electromagnetic wave and ﬁatta, and must be extracted from
experimental data or solid state theory. Thus, a microscopic pictﬁre of matter is required

to fully appreciate the physical mechanisms of the interaction between light and matter.

1.3.2 Microscopic Picture: Dielectrics
The macroscopic electromagnetic properties of homogeneous dielectrics arise
from microscopic processes that can be separated into three regimes: electronic, dipolar,
or ionic. Electronic contributions originate from the displacement of the electron relative

to the nucleus, ionic contributions come from the displacement of a charged ion relative
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to the other ions, and dipolar contributions arise from the displacement of molecules with
permanent electric dipoles. Dipolar and ionic portions of the polarizability are relatively
small due to the relatively large inertia associated with ions and molecules. Rather, the
electromagnetic properties of dielectric media in the optical and infrared regimes are
largely due to the electronic polarizability of the constituent atoms. This section briefly
overviews the microscopic origins of the electronic contributions to the polarizability of
dielectrics.

In diel.ectric media, electrons are bound to the nucleus. Upon external
electromagnetic excitation at a frequency w, the electrons are driven by the external
electric field (magnetic field induced motion is ignored) via Lorentz force. The equation

describing the motion of a driven electron in one dimension is given by

o%x
o’

4

€+ %—Cf—+a)5xe=—e—*E el (1.3.2.1)
m

where x, is the electron displacement, (" describes damping force acting on the bound
electron due to collisions, w, is the resonance frequency of the electron which is bound to
the nucleus, and m* and e are the effective electron mass and charge, respectively. For

low excitation, the electron oscillates at the frequency of excitation
x,()=x,e7“ (13.2.2).
Inserting (1.3.2.2) into the equation of motion gives the frequency-dependent response of

a bound electron to external electromagnetic excitation

Xy (@)= ° E, (1.3.2.3).

m*(cog ~a? -ilw)

The dipole moment, p(f), associated with the electron is
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2
e

E e i (1.3.2.4).
m*(wﬁ—wz—ié'a)) ’

p(t)=e x(6)=
In general, a medium is composed of many electrons with different resonant

frequencies and damping coefficients. Assuming that there are N electrons per unit

volume, the macroscopic polarizability of the medium is

2 .
Ne* {2 -1 - E(w) (13.2.5)

Plw)=

j 05— ;@

m
where g; is the number of electrons having a resonant frequency of w; and a damping

force of ;. The relative permittivity of the dielectric, &gicecrid @) = €4 (), can therefore

be expressed as

Ne’ g;
ed(a)):1+ *Z > 2] -
€M™ j i —w —il; w

(1.3.2.6).

Therefore, the collective response of a bulk dielectric system to external electromagnetic
excitation arises from the collective damped harmonic motion of the bound electrons.
This simple picture also indicates how the permittivity of dielectrics inherently depends
on the frequency of the electromégnetic wave, especially at frequencies near the

resonance.

1.3.3 Microscopic Picture: Metals
In contrast to dielectrics, valence conduction electrons in a metal are not bound to
their parent ions; hence, metals have been classically viewed as a “sea of electrons”. In
1900, Drude developed a simple model to account for the electromagnetic properties of

metals based on kinetic gas theory [12]. This model is effective in describing the
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electromagnetic properties of many metals, especially in the lower frequencies of the far-
infrared.  One should keep in mind, however, that this model does not account for
absorption of light by interband electrons, which can become significant at higher
frequencies. Additionally, the Drude model assumes that the metal is an ideal electron
gas, neglects Coulomb interaction between conduction electron37 and also assumes there
is no retardation in the response of the electrons.

In the Drude model, a metal is composed of independent, point-like electrons of
mass m which are free to move under the influence of external fields. Upon
electromagnetic excitation, electrons undergo drift motion along the direction of the
electric field. These electrons randomly collide with other electrons, ions, and defects at
a characteristic rate of ' = 7', where 7 is the average time between collisions. The one-
dimensional equation describing the evolution of the position of a free electron, x,, in an

external electric field at a frequency w is given by

2
0% ;9% _Cp oiar (1.3.3.1).
o’ o0 m
For low excitation, the electrons respond at the frequency of excitation
Xo=x,€ Y (1.3.3.2).

Inserting (1.3.3.2) into (1.3.3.1) gives a velocity associated with one electron, v, = dx./0¢

=v, e of
v, (@) = ——— (1.3.3.3).

The current density for a collection of electrons with a density N is given by

Ne’E, e

Jr (@)= Neve(@)== e

(1.3.3.4).



Chapter 1: Introduction 20

Invoking Ohm’s law, the conductivity of a metal is therefore
olw)y=—— (1.3.3.5).

Assuming that the response of the metal arises from only free conduction

electrons, (1.3.1.16) can be written as.

2 2
VxH=| -7 __ioe, |E =-io|e,-—2" _|E  (133.6).
m(l—iwr) '

where one can define the relative frequency-dependent permittivity of the metal as

2 22 . 2
Ne“t w,T iw,T
Emeral () = 1— —=l-—t—+——% (1.3.3.7)
mae, (Wt +1i) (017 +1) X' T° +1)

Here, the plasma frequency, w), is the characteristic oscillation frequency of the sea of
electrons and is expressed as w, = Né/e;m. The plasma frequency of metals Au, Ag, Pt,

and Cu are shown in Table 1.1. For wz >> 1, then €..x(®@) 1s approximated as

Emetal (@) =1- (1.3.3.8).

It is interesting to note that the plasma frequency determines the nature of

electromagnetic wave propagation in a metal. Consider an electromagnetic wave inside a
metal described by E(r,f) = E, €* ), where k = 27.\[€,,,,,;(®) /A is the wavevector in the

metallic medium. For @ > w,, the real part of the metal permittivity is positive, which
implies that the wavevector is real. Thus, the electromagnetic wave in the metal is
oscillatory in nature and propagation through the metal is allowed. On the other hand, for
o < wp, the real part of the permittivity is negative, which implies that the wavevector is

imaginary. As a result, the electromagnetic wave in the metal is spatially attenuated and
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wave propagation is damped. Since w, typically lies in the ultraviolet range for most
metals, metals are opaque to electromagnetic radiation at frequencies in and below the

visible frequency range.

Au Ag Pt Cu

®,(s)  137x10° 1.37x 10" 7.82x 10" 1.12x 10"

I'(s) 4.05x 10" 2.73x 10" 1.25x 10" 1.38x 10"

Re[e(1THz)] 1.12x10° 2.39x10° 552x 10° 5.45 x 10°

Im[e(1THz)] 7.20x 10° 1.04x 10° 9.24 x 10° 1.20x 10°

Table 1.1. Plasma frequency and collision rate for selected metals. Also shown are the
real and imaginary parts of the permittivity for the selected metals at a frequency of 1
THz. The data is taken from Ref. [13].
1.3.4 Surface Plasmon Waves

The interaction of electromagnetic waves with the interface between a metallic
medium and a dielectric medium may lead to a rich array of electromagnetic phenomena.
In particular, the interface may support electromagnetically coupled charge oscillations
known as surface plasmon waves. Surface plasmons are generally categorized into
propagating surface plasmon polaritons (SPPs) and non-propagating particle plasmons.
The physics underlying both types of surface plasmon waves will be studied in this
section. A complete review of surface plasfnon waves and its applications is available in

Ref. [14].
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1.3.4.1 Surface Plasmon Polaritons

Surface plasmon polaritons (SPPS) are two-dimensional surface electromagnetic
waves that propagate on the interface between a metallic and dielectric medium and are
evanescently confined in the direction perpendicular to the interface. These waves are
coupled to charge oscillations at the metallic/dielectric interface. Consider the situation
shown in Figure 1.3. A SPP wave propagates along the x-direction and is confined to the
interface (defined by the plane z = 0) between semi-infinite dielectric (medium 1) and
metallic (medium 2) media. The dielectric and metallic media have permittivity values of

e4 (@) and &,..(w), respectively. The surface charge density associated with the electron

Figure 1.3. Electric field and charge configuration of a surface plasmon polariton wave
propagating in the x-direction at the interface between medium 1 (dielectric) and medium
2 (metal).
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plasma oscillation sets up macroscopic electric and magnetic fields in the two media with
x- and z-components. There is no y-component of the wave since it is assumed that no
charge oscillation exists along this direction. The waves have decaying components in
the z-directioh, confining the wave to the interface.

For an electron plasma wave propagating with frequency, o, and wavevéctor, ks,
the expression for the associated electric and magnetic flux density fields are given by

i(k gy x—wt) o7

E=E;e forz>0 (1.3.4.1.1)
H=H, ¢ " ez forz50 (13.4.1.2)
E=E, ¢ gz forz <0 (1.3.4.1.3)

H=H, & 2 emz  gr7<0 (1.3.4.1.4)

where ay,, and k,,,,, are the attenuation coefficients and wavevectors of the fields in
medium 1 and 2, and E = (E,, 0, E;) and H = (0, H,, 0).

From Maxwellian boundary conditions, the tangential components of E and H
must be continuous across the interface. This implies that the propagation vector of the
surface plasmon wave is equivalent in the two media, or

ki = ko= ky (1.3.4.1.5).

The electric field of the SPP wave gives rise to a finite current density at the

surface which is implicitly incorporated via the frequency-dependent permittivity e(w).

Assuming that there is no additional externally induced current density, jr = 0, the

magnetic and electric fields of the SPP wave are related via Maxwell’s equations
Vtze(a))%—If (1.3.4.1.6)

(—0H, 19z, 0, 0) = — i &(w) (Ex, 0, Ey) (1.3.4.1.7)
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0H, /0z = iwe(w) E; (1.3.4.1.8).
Evaluating Equation (1.3.4.1.8) for medium 1 (dielectric) and medium 2 (metallic), the
relations

—oy H, = iweg(w) Ex (1.3.4.1.9)

a H, = iw eperat (0) Ex (1.3.4.1.10)
are obtained. Equations (1.3.4.1.9) and (1.3.4.1.10) give the necessary condition for the
existence of a SPP wave

o _ __Refey(0)] (1.3.4.1.11).

@,  Re[eyen(@)]
Confinement of the SPP wave at the interface (a;, a; > 0) requires that the real
permittivity 6f the two media to have opposing signs. This condition is satisfied by an
interface consisting of a metal and dielectr?c (i.e. Re[emerar (0)] < 0, Ref[eg(w)] > 0).
Since the fields describe a propagating electromagnetic wave, they must obey the

general wave equation

VxE=£(§o)—az—f (1.3.4.1.12)
¢ ot
where c is the speed of light.
By inserting (1.3.4.1.1) and (1.3.4.1.3) into (1.3.4.1.12); the relations
~ k2 +of =e4(w)/ P o? (1.3.4.1.13)
— k2 +a? = et (@) E & | (1.3.4.1.14)

are obtained. Using relations (1.3.4.1.13) and (1.3.4.1.14), the dispersion relation of the

SPP wave is given by

k, :Q\/ 8d(a)) 8metal(a)) (13.4.1.15).

cVé&q (CO) T Eperal (CO)
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Equation (1.3.4.1.15) dictates the SPP modes that can be occupied for a given energy on
a metal/dielectric interface. Plots of the dispersion relations of an SPP mode on a
metal/air interface and a free-space electromagnetic wave are shown in Figure 1.4, where
it has been assumed that ¢, (w) = 1. As seen in the Figure, the dispersion relation for an
electromagnetic wave is linear for all frequencies. While the dispersion relation for the
SPP closely resembles that of the electromagnetic wave at low frequencies, at higher
frequencies the SPP and electromagnetic wave dispersion relations differ considerably.
Most importantly, for any given frequency, the dispersion relation for an SPP mode on a
metal/air interface is below the dispersion relation for an electromagnetic wave
propagating in air. This means that a free-space electromagnetic wave impinging on a
metal/air interface cannot excite SPPs because at all frequencies, coupling from an
electromagnetic wave to a SPP does not conserve momentum. Rather, free-space
radiation incident on the semi-infinite metallic/dielectric interface will simply scatter

and/or attenuate.

1.3.4.2 Coupling Electromagnetic Waves into Surface Plasmon Polaritons
A beam of radiation incident on the interface between a metal and a dielectric
cannot excite SPP waves due to momentum mismatch between the electromagnetic wave
and the SPP. Hence, special momentum matching techniques are required to enable
photon to SPP coupling. Common optical techniques include prism coupling and grating
coupling, which will be reviewed in this section.
Momentum matching between electromagnetic waves and SPPs can occur in a

three layer system consisting of a thin metallic layer sandwiched between two different
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electromagnetic wave in air  electromagnetic wave in a prism

SPP on a metal/air interface

Frequency

SPP on a metal/prism interface

\ 4

Wavevector

Figure 1.4. Dispersion relations for an electromagnetic wave in free-space, an
electromagnetic wave in a prism, a SPP at a metal/air interface, and a SPP at a
metal/prism interface. At the intersection of the dispersion relations for the
electromagnetic wave in a prism and the SPP on a metal/air interface, electromagnetic
wave coupling to SPPs is possible.
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dielectrics, one with a lower permittivity and one with a higher permittivity. Commonly,
the dielectric with the higher permittivity is in the form of a prism. An electromagnetic
wave incident on the prism is refracted toward the metallic film. A prism is ideal for
momentum matching because the momentum of the electromagnetic wave can be
continuously varied by simply changing the refraction angle. The electromagnetic wave
incident from the prism onto the metallic film has a momentum component along the

metal surface of

ky = k|Re[€ ;0 15in 0, (1.3.4.2.1)

where Refe,ism] is the real part of the permittivity of the prism (its frequency dependence
has been omitted here for simplicity) and 6, is the angle of incidence of the
electromagnetic wave onto the metallic film. When momentum matching is achieved, the
electromagnetic wave impinging on the metallic layer excites SPPs at the interface
between the metal and the dielectric with the lower permittivity.  This momentum

matching condition it expressed as

_ Q gd (w)gmetal ((0) — ] :
vkx = JRC[Ed(W)‘Fgmemz(a)):l k,/Re[gpnsm]sm 6, (1.3.4.2.2)

where &4 (®) is the permittivity of the lower real permittivity dielectric. As seen in Figure

1.4, the priém configuration allows for coupling between electromagnetic waves and
SPPs by lowering the dispersion relation for electromagnetic waves. When the
dispersion relations for the -electromagnetic wave and the SPP intersect, the
electromagnetic wave can couple directly into charge oscillations while conserving both
energy and momentum. There are two common realization of prism coupling shown in

Figure 1.5(a) and 1.5 (b): the Kretschmann [15] and Otto configurations [16].
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Figure 1.5. (a) The Kretschmann configuration and (b) the Otto configuration for prism
coupling from an electromagnetic wave to a SPP. Phase matching of electromagnetic
waves to SPPs can also be achieved via (c) the grating coupling configuration.
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- In the former, a metallic film is deposited directly on the prism. Electromagnetic waves
impinging on the metallic film at angles greater than the total internal reflection angle
tunnel through the film and excite SPP on the other side of the film at the air/metal
interface. In the Otto configuration, the metal film is separated from the prism by a small
air gap. An electromagnetic wave incident from the prism suffers total internal reflection
at the interface between the prism and air. Electromagnetic tunneling across the small air
gap excites SPPs at the metal/air interface.
The mismatch in the momentum between an incident electrorriagnetic wave and a
SPP wave can also be surmounted by a grating, as shown in Figure 1.5 (¢). In this
configuration, the metallic surface is patterned into a one-dimensional periodic grating
having a spatial periodicity of a,. An electromagnetic wave incident on the grating has a
momentum component along the grating surface of
ksin@, £mgV o1 (1.3.4.2.3)
where Vgruing = 2m/a, is the grating spatial frequency and my is the order (=1,2,3,...).
Therefore, the grating can provide incident electromagnetic waves with additional

momentum due to the spatial periodicity of the grating. Electromagnetic wave coupling

into SPPs occurs when the condition

(1.3.4.2.4)

X

._.,9_ \/ €4 (w)gmetal (w)

= = ksinep + mgv
c Y& (w) + Emetal (w)

grating

is fulfilled.
1.3.4.3 Particle Plasmons
Surface plasmons can manifest as propagating SPP waves or non-propagating

particle plasmons. It has been shown that the former consists of a two-dimensional,
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propagating surface wave coupled to the charge oscillations at a metal/dielectric
interface. Non-propagating particle plasmons, by contrast, are localized excitations of the
conduction electrons of a subwavelength metallic structure coupled to a surface
electromagnetic field. Due to the subwavelength size of the metallic medium, localized
particle plasmons can be generated via direct excitation of a subwavelength metallic
particle by an electromagnetic wave. When radiation impinges on the metallic particle,
conduction electrons driven by the incident field accumulate at the particle surface.
These charges in turn produce an electromagnetic field that is highly confined to the
interface between the particlé and dielectric ambient, as shown in the illustration in

Figure 1.6.

Figure 1.6. Conceptual illustration of a particle plasmon excited on a subwavelength
sized metallic particle.
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Figure 1.7. (a) Hlustration of a subwavelength sized metallic sphere in a surrounding
dielectric medium excited by an electric field, E(f). By invoking the electrostatic
approximation, (b) depicts the same subwavelength sized metallic sphere in a
surrounding dielectric medium excited by a static, homogeneous electric field E;. (c)
shows the induced electric field due to the charge density induced by the static,
homogeneous electric field E;.



Chapter I: Introduction 32

To understand the physics of particle plasmons, the interaction of an
electromagnetic wave with a subwavelength spherical metallic particle is examined.
Consider a homogeneous, isotropic, metallic sphere with permittivity &,...: (@) placed in a
dielectric medium with permittivity ¢4 (@) excited by an electromagnetic wave, E(¢), as
shown in Figure 1.7(a). For a particle having diameter, 4, much smaller than the
wavelength, the response of the particle can be described via the electrostatic
approximation where the incident electromagnetic wave is approximated as a static,
homogeneous electric field oriented along the z-direction, E;z [17]. To qualify this
assumption, consider a metallic sphere centred at z = 0 with a diameter of J illuminated
by a plane electromagnetic wave. At any instant in time, the electric field amplitude of
the wave illuminating the subwavelength sphere is E(z) = E, e®. If /A << 1, then ¢ **?
~ &*” which implies that E(—0/2) = E(5/2). The electric field is approximately uniform
over the region occupied by the sphere because the electromagnetic wave has not accrued
significant phase over the dimension of the sphere.  Hence, the oscillating
electromagnetic wave incident on the particle can be replaced by a static, homogeneous
electric field.

Using the electrostatic approximation as shown in Figure 1.7(b), the externally
applied static, homogeneous electric field, E;, induces positive and negative charges at
opposing sides on the surface of the metallic particle, and thus polarizing the particle.
These induced charges produce an electric field which modifies the total electric field in
the vicinity of the sphere. The total electric field consists of the electric field inside and

outside of the sphere, E; and E,, respectively, which satisfy the scalar potentials
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E =-V6 (1.3.4.3.1)

Ey,=-VO, (1.3.4.3.2).
At the boundary, the potentials must satisfy the condition
6,=6, (1.3.4.3.3).

Moreover, continuity of the normal component of the displacement vector across the
interface between the metallic sphere and the surrounding dielectric, D, = D,,, provides
the second boundary condition

20,

i)“Ql_gd(w) 5
,

_ r=6/2) (1.3.4.3.4)
or

Emetal (60)

where r 1s the radial distance from the origin. It has been assumed that the metallic
sphere is immersed in a static, homogeneous electric field E;Z. At far distances from the
sphere, the electric field contributions arising from the induced charges attenuate far
away, and the total electric field outside of the sphere only consists of the static,
homogeneous electric field. Therefore, the potential @, far away from the sphere is given
by

lim &, =—Egz (1.3.4.3.5).

F—yco
It has been shown in [17] that the scalar potentials satisfying these conditions are

3eq4 ()
Emetal (60) + 28(1 (w)

1=~ E rcos@ (1.3.4.3.6)

and

. 3 B
82 — —E_JCOSQ + _6_ Emetal (w) €4 (w) 0029
8 Emetal (w) + 28(1 (60) r

E =0y +0y,; (1343.7).



Chapter I: Introduction 34

where 0 is the angle from the z-axis. The potential outside of the sphere, ®,, consists of
two terms, @,y and @y;,4. The first term describes the potential associated with the
static, homogeneous electric field. On the other hand, the second term describes the
potential associated with the electric field produced by the negative and positive charges
induced on opposing sides of the metallic sphere. At far distances from the sphere, the
charge distribution of the polarized metallic sphere appears like that of a dipole having a
dipole moment p. Indeed, the potential @,;,; shares a similar functional form as the
potential for an ideal dipole having a dipole moment p placed at the origin

L (13.4.3.8).

dre, (a))r2
Comparing ;g to Oy, the potential of the polarized metallic sphere is that of a dipole

where the dipole moment is given by

3
p= 4758(1 (60)5— gmetal(w) — &4 (CO)
8 Emetal (CO) + 2gd (CO)

E, (1.3.4.3.9)

The dipole moment describes the response of a metallic sphere to the external excitation.

The polarizability of the sphere, x, is defined as

5_3 Emetal (CO) —&4 (CO)
8 €eia (@) +2€4(w)

K=4r

(1.3.4.3.10).

It is noted that the polarizability shares the same functional form as the Claussius-
Mossotti relation [11]. Thus, the far-field response of a subwavelength size metallic
sphere immersed in an electrostatic field is dipolar, which arises from the induction of
positive and negative charge on opposing sides of the sphere. The frequency dependence
of the particle plasmon response is implicitly incorporated through the frequency-

dependent permittivity of the metal [Equation (1.3.3.7)]. For example, for a
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subwavelength sized Au particle, the polarizability as a function of frequency is shown in
Figure 1.8, where the permittivity of Au is obtained from the Drude model using
experimentally measured parameters [18].  The particle plasmon response is
characterized by a sharp resonance in the visible frequency regime where the condition
Emeai(®) = —2 is satisfied [17]. At the lower frequencies of the far-infrared and THz, the
particle plasmon is non-resonant. In this regime, the electromagnetic response of the

particle to electromagnetic wave excitation is often referred to as a non-resonant particle

plasmon.
Au particle (- resonant
~ O << A\
=S
)
>
3
©
N
| S,
LY
[®)
o
: non-resonant
14
1012 1 013 1 014 1 015 1 016

Frequency (Hz)

Figure 1.8. Polarizability of a subwavelength sized Au particle versus frequency. The
resonant particle plasmon response for Au occurs in the visible frequency range.
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From the potentials @,,,, and ,;,,, the vector electric field distribution in the
vicinity of the metallic sphere can be determined. Using the relation E = — V@, the

static, homogeneous electric field can be expressed in spherical coordinates as

E,=-V&,,, = E,(cosf 7 —sin8 6) (1.3.43.11).

where 7 and 6 are radial and angular unit vectors in spherical coordinates, respectively.

Similarly, the electric field due to the induced charges on the sphere, E;,4, is given by

3 _ A
0" Crmetal (@)~ 24 (@) E,(2cos0 #+sind 0) (1.3.43.12).

Eng=-V0,, =
in 2ind 8r3 Smetal(w)+ 28d (w)

Assuming that the sphere is immersed in air, where &; (@) = 1, the induced electric field

is given by

63 Emetal ((l)) —1

87'3 Emetal (a)) +2

Epg=-— E (2cos@ 7+sin6 6) (1.3.4.3.13)

It is interesting to derive the vector electric field distribution in the vicinity of the sphere
for electromagnetic wave excitation at and below THz frequencies where metals are
considered to be perfect conductors. At THz frequencies, |emea(®)| >> 1, and the electric
field E;,; given in (1.3.4.3.13) is approximately

3

Ea =—%E5(2c0s9 7+sin@ 6) (1.3.4.3.14)
8r

At the surface of the metal sphere (» = /2), the tangential components of E;,; and E;
cancel (as expected for a perfect conductor) and the total electric field E; = Es + Ejyg 1S
simply given by

E. i =—E cosO 7 (1.3.4.3.15).
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Thus, for low frequency (THz and below) excitation of a subwavelength metallic particle
immersed in air where |¢,,...(@)] >> 1, the total electric field at the surface of the metallic
sphere is oriented normal to the particle surface. Although the metallic particle
depolarizes the local electric field at the surface, the net electric field distribution at the
metallic sphere surface is oriented along the external electric field orientation. That is,
E,,, 1s strongest along the direction of the e;(temal field (8 = 0°) and approaches zero in

the orthogonal direction (8= 90°).

1.3.4.4 Particle Plasmon Decay

The decay of particle plasmons can be understood by considering a classical
picture of electron motion during electromagnetic wave excitation as shown in Figure
1.9. "An electromagnetic wave incident on a subwavelength sized metallic particle
penetrates into the surface of the particle. The electric field inside the particle shifts the
conduction electrons with respect to the fixed positive charge of the lattice ions.
Electrons accumulate at one side of the particle resulting in the build-up of negative
charge. The attraction between this negative charge and the positive charge of the lattice
ions on the opposite side of the particle creates a restoring polarization force on the
electrons. Thus, the conduction electrons in the particle oscillate collectively under the
influence of an oscillating external excitation field and a background polarization
response of the particle. The amplitude of the collective electron oscillations is governed
by the damping, which can be either radiative or non-radiative [14, 19], as shown in
Figure 1.9 (b). Damping causes losses in the particle plasmon, which reduce the

amplitude of the electron oscillations. Radiative damping occurs when the conduction
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electrons emit electromagnetic radiation. Non-radiative damping arises from the
dephasing of the oscillation of individual electrons. Electron oscillation dephasing can
arise from 1) the eléctric field associated with the background polarization of the particle
or 2) electron scattering with phonons, lattice ions, and other conduction and core
electrons. These two distinctive dephasing mechanisms can be understood by

considering the general wave equation for an electric field E in a metallic medium [20]

£ = e@) 2 Et 0@ E 2 (1 @)+
V2E = g(w) — +0(w) oy [j (@) + jr ()] (1.3.4.4.1)

where g(w)is the permittivity, o(w) is the conductivity, j,; (w) = &(w) dE/0t is the electron
displacement current density arising from the polarization of the metallic medium, and
Jr(w)= o(w) E is the free conduction electron current density. The complex chductivity
is related to the complex permittivity through &(w)= io(w)/w. It is important to note that
(1.3.4.4.1) does not employ the Drude model for the permittivity of the metal, since the
Drude model implicitly incorporates the free conduction electron current induced by the
electric field. Rather, the current density on the right side of Equation (1.3.4.4.1) has
been explicitly divided into a displacement current density, j'd (w), originating from the
polarization of the particle and a conduction current density, jr (), originating from
Lorentz force acting on the free conduction electrons. The imaginary parts of the
displacement and free conduction electron current density in (1.3.4.4.1) describe the
damping of E in the metallic medium, which in turn, describe the damping of the

—iwt

oscillation of electrons. For a harmonic electric field of the form £ ~ ¢ ™, the imaginary

part of the currents in (1.3.4.4.1) are given by
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Figure 1.9. (a) Excitation of a subwavelength sized metallic particle by an
electromagnetic wave induces current density near the surface. (b) The current density
results in the accumulation of positive and negative charge at opposing sides of the
metallic particle, creating a particle plasmon. The particle plasmon decays via radiative
re-emission or non-radiative decay.
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Ja (0)= —iw Re[e(w)] E (1.3.4.4.2)

and
Jjr (0)= Re[o(w)] E = 0" Im[e(w)] E (1.3.4.4.3).
Since the permittivity of a medium is sensitive to the frequency of excitation, the
electron oscillation damping is also frequency-dependent. At frequencies in the visible
regime and higher, Re[gw)]| > |Im[&w)]| which implies that the dominant dephasing
mechanism is the background polarization of the medium. However, at THz frequencies
and lower where |Im[&®)]} > |Re[&w)]|, Ohmic current density is the dominant current
density term in Equation (1.3.4.4.1). In this low frequency regime, electron scattering
with phonons, lattice ions, and other conduction and core electrons is the dominant
electron dephasing mechanism. These dephasing mechanisms can be described via the

Drude model for the metal conductivity.

1.3.5 Effective Medium Approximation

In homogeneous media, the constitutive parameters (&, y, and ¢) do not vary in
space and are determined solely by microscopic mechanisms. Heterogeneous media, on
the other hand, are characterized by constitutive parameters that show a strong
dependence on spatial‘ position. When the spatial fluctuations of the constitutive
parameters are significantly less than the wavelength of the electromagnetic wave, the
heterogeneous medium (in certain cases) may be replaced by a fictitious macroscopically
homogeneous effective medium. Such an effective homogeneous medium possesses
effective constitutive parameters e U and oqp that describe the electromagnetic

properties of the heterogeneous medium. These effective parameters are derived from an
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average of the constitutive parameters of the heterogeneous medium’s constituents. This
section briefly overviews the concept and derivation of effective medium theory. For a
complete treatment of this topic, the reader 1s referred to [21, 22].

Consider the simplest case of a random medium consisting of two types of
subwavelength sized constituents composed of medium / and medium 2, with respective
permittivity values of £, and & and respective volume filling fractions of f; and f5. It is
assumed that the subwavelength sized constituents are immersed in a background
medium with permittivity e, If a sin‘gle subwavelength sized constituent composed of
medium / is approximated as having a spherical shape, then its interaction with a static

external electric field, E;, leads to a dipole moment, p, given by [17]

_aye, A g 13.5.1
p= eﬁ8]+2€ff P (1.3.5.1)
(4

where V is the volume of the sphere and E; is the amplitude of the static electric field far
from the sphere. It is interesting to note that when e = €, the dipole moment of the
single constituent of medium 1 vanishes because the heterogeneity has been erased, and
the medium becomes homogeneous.

In a static electric field, the polarization of the mixture can be described by the net
dipole moment, p,, defined as the average dipole moment of the two constituents,
weighted by their respective filling fractions. Assuming that the spheres of the two

constituents occupy identical volumes, the net dipole moment is expressed as

&€ & —€
p, =3 ﬁVgejf}_rz_g‘i E +3f,Ve,y g‘;z_f;E - (1352)
1 eff e



Chapter I: Introduction 42

Figure 1.10. A random medium consisting of two types of subwavelength sized
constituents composed of medium / and medium 2, with respective permittivity values of
¢1 and &. The random particles are immersed in a background medium having
permittivity e.p
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When the condition p, = 0 is fulfilled, Equation (1.3.5.2) can be written as

£ -€ &y—¢€
——2 2L g (13.5.3)
&1 +2£'eﬁr & "‘28@7

For &, satisfying Equation (1.3.5.3), the background effective medium exactly cancels
out the dipole moment contributions from the two constituents. Physically, this
corresponds to the situation where the mixture appears to have no dipole moment aﬁd is
effectively homogeneous with a permittivity e.,5. Thus, given the filling fraction and the
constitutive parameters of the constituents of a mixture, the effective constitutive
parameters of the mixture can be calculated from (1.3.5.3). The effective medium
approximation is of particular interest in the case where ¢; is finite and ¢; is infinite,
corresponding to the case of a dielectric and a perfectly conducting metal. In this
situation, the effective medium approximation possesses a singularity near f; = f, = 1/3,
often referred as the peréolation threshold [23]. Near percolation, the effective

permittivity is
1 -
e =5E2fp=SD) h<h (13.5.4)

Eoff =0 L>s (1.3.5.5).

In a three-dimensional sample consisting of spherical components, the percolation

threshold physically corresponds to the limit where there is a connected path of a
component extending throughout the sample.

Although the effective medium approximation was derived at zero frequency, the

description is valid when the dimensions of the constituents are much smaller than the

wavelength and the polarization within the constituents is uniform. These conditions are

commonly satisfied when the random medium consists of subwavelength, transparent
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dielectric constituents. In the situation where the dimensions of the constituents are much
smaller than the wavelength but the polarization in the constituents is non-uniform, the
effective medium approximation breaks down. In this case, the average dipole moment
of the mixture is not describable as an average dipole moment of the two constituents
weighted by their respective filling fractions. This situation commonly occurs, for
instance, when the mixture consists of metallic constituents having dimensions much

smaller than the wavelength yet larger than the skin depth of the radiation.

1.4 Terahertz Time-Domain Spectroscopy

This thesis investigates the interaction between mesoscopic dielectric and metallic
media with radiation in the THz frequency range. The THz frequency range lies between
the microwave and optical regimes. Historically, this frequency regime has been
inaccessible by electronic and optical generation methocis. While electronic sources
such as crystal oscillators have provided electromagnetic signal generation up to 100s
GHz, they are unable to generate signals beyond the gigahertz range. Alternatively,
optical laser sources have been successful in generating stable, high-frequency, narrow
bandwidth radiation. However, these optical methods are not able to generate broadband
signals in the THz frequency range. As a result, the development of THz sources has
lagged in comparison with microwave and optical ‘technologies. Coherent THz
generation was not demonstrated until the 1970s [24]. Since then, with the continued
development of femtosecond lasers and quantum electronics, several methods have been

developed both to generate and to detect coherent THz radiation [25].
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Contemporary THz sources generally rely on either emission from optoelectronic
methods, such as from a photoconductive (PC) emitter [25] or a bare semiconductor [26,
27], or from purely optical methods, such as optical rectification [28, 29].' Using the
latter technique, a THz pulse is emitted when a nonlinear material is photo-excited with a
femtosecond laser pulse. The generation mechanism is rooted in the mixing of optical
frequencies in the femtosecond laser pulse to‘produce a quasi-DC, THz field. Although
optical rectification has been demonstrated to produce free-space, wide bandwidth THz
pulses (up to 105 THz [30]), the spectral purity of the pulse is poor. Phonon absorption
bands of the electro-optic crystal significantly modulate the THz signal neér the
absorption frequencies. Moreover, the emitted power is relatively low compared to
generation from optoelectronic methods.

The most common optoelectronic configuration utilized for THz generation is a
PC emitter. Photoconductive emitters rely on the photo-excitation of free carriers in a
biased semiconductor gap by a femtosecond laser pulse. The acceleration of excited
electrons in the biased gap induces a time-varying dipole that emits free-space,
broadband THz radiation. Using this technique, an optical power to THz power
conversion efficiency of 0.02% has been achieved [31]. However, this technique is
limited in several regards. While high laser pump intensities and high extemal biasing
electric fields are known to increase the amplitude of the emitted radiation from PC THz
emitters, the dependence iof the THz power on both parameters is inherently limited.
Carrier and THz field screening mechanisms have been shown to result in THz power
saturation with increasing optical pump power [32]. Moreover, the dependence of the

THz power on the external biasing field is constrained by the high-voltage dielectric
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breakdown of the semiconductor that can lead to electron avalanche across the small
photoconductive gap, permanently damaging the THz PC emitter [33].

The optical excitation of bare semiconductor surfaces provides a compact source
of broadband THz radiation that circumvents electric field breakdown damage, does not
require micro-fabrication and can be easily integrated into large area emitters. In
contrast to the planar dipole in PC emitters, photoelectrons in surface emitters are
accelerated perpendicular to the surface by a depletion field, creating a time-dependent
dipole perpendicular to the semiconductor surface. Although semiconductor surface field
values can exceed 10° V/em [34], the THz emission power from surface emitters is
typically much weaker than from PC emitters. This is due to polarization-dependent THz
refraction at the semiconductor interface, which lowers the radiation efficiency of the
perpendicular dipole relative to the planar dipole in the PC arrangement. It has recently
been shown that this limitation can be overcome by using a magnetic field to tilt the
radiating dipole [35]. However, the mechanism behind the emission is still not fully
understood.  Several groups [34-36] have performed theoretical investigations of
semiconductor THz emitters to elucidate the magnetic enhancement mechanism.
Appendix A describes a novel drift-diffusion model of magnetic-field enhanced THz
emission from various semiconductor surfaces.

Along with the development of coherent, free-space, broadband THz sources, the
advent of femtosecond pulsed lasers has enabled the realization of techniques to measure
THz electromagnetic fields directly in the time-domain. The fundamental principle of
time-domain THz radiation detection is the use of a short femtosecond pulse as a near-

instantaneous sampling probe of the electric field of the THz radiation. By varying the
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relative delay of the femtosecond probe pulse and the THz radiation, if is possible to map
out the electric ﬁeld‘of the THz radiation. Coherent, time-domain measurement of THz
electric fields is generally achieved through either PC or nonlinear detection. In the
former, a femtosecond probe pulse injects free carriers in a semiconductor gap (having a
short carrier lifetime) between two metallic electrodes. Induction of the photo-excited
carriers by the THz electric field causes a current along the semiconductor gap that is
proportional to the instantaneous amplitude of the THz electric field. On the other hand,
nonlinear detectors rely on the nonlinear interaction between the sampling probe pulse
and the THz radiation in an electro-optic medium. In this scheme, the electric field
associated with the THz radiation modifies the index ellipsoid of the electro-optic
medium via the Pockels effect. When the probe pulse and THz radiation are collinear in
an electro-optic medium, the polarization of the probe pulse is modulated by the
refractive index change induced by the instantaneous electric field of the THz pulse. The
electric field of the THz radiation is mapped onto a polarization modulation of the probe
pulse.

The development of THz radiation detection schemes has enabled access to the
free-space, time-domain electric fields. Coupled with existing coherent, free-space,
broadband THz sources, dynamic, time-domain THz spectroscopic measurements are
achievable over a wide range of ffequencies. Terahertz spectroscopic techniques are
advantageous over conventional visible spectroscopy since THz detection enables direct
access to time-domain electric fields. Moreover, THz time-domain spectroscopy is not

confined to waveguide geometries typical in microwave experiments. Thus, time-domain
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THz spectroscopy offers a wide latitude with which to study electromagnetic wave

phenomena not otherwise achievable with visible and microwave technologies.
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2.1 Scattering of Electromagnetic Waves by Dielectric Particles

When an electromagnetic wave is incident on an interface of two dielectric media
with different permittivity values, a phenomenon known as scattering occurs. For the
case where the dimensions of the two dielectric media are much larger than the
wavelength, scattering occurs only at the single interface between the two media.
Reflection and transmission from the single interface are determined by the refracﬁve
indices of the media, the angle of incidence, the polarization of the electromagnetic wave,
and the geometry of the interface. As the number of constituents comprising the system
increases, there are an increasing number of dielectric interfaces, and the incident
electromagnetic wave undergoes an increasing number of scattering events. The situation
becomes more complex as the size of the constituents approaches the wavelength of the
electromagnetic wave. For an ensemble of subwavelength sized dielectric particles, its
interaction with an incident electromagnetic wave can be described by its scattering
strength.

There are two important length scales to quantify the scattering strength of a
heterogeneous ensemble of dielectric particles: the mean free path, A, and the wavelength
of the electromagnetic wave, . The mean free path is the average distance an
electromagnetic wave traverses between scattering events and can be calculated by A =
1/0,. N4, where oy is the scattering cross-section of an individual scattering event [1] and
Ny is the number density of scatterers. When the wave oscillates many times before
scattering, A >> A, the medium is weakly scattering and the medium locally appears
homogeneous. As a result, the electromagnetic properties of the heterogeneous medium

can be described as a homogeneous effective medium. In the case where A << A, the
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polarization, phase, and/or the propagation direction of the wave is randomized by many
scattering eventé occurring over a single spatial oscillation of the wave. In this regime,
the propagation of an electromagnetic wave through the medium is complex and simple
effective medium descriptions become limited. Commonly, descriptions of
electromagnetic wave transport through strongly scattering media are based on diffusive
photon propagation where the electromagnetic wave is modeled as a collection of
photons that exhibit a transport mean free path, /* = A (1-g)"}, where g is the average
cosine of the scattering angle and (1—g) ~' is the number of successive scattering events
required for isotropic scattering [2]. When /* is significantly less than the sample
thickness, L, incident coherent light is completely randomized, and the transmission
consists of photons that have undergone multiple scattering events.

Recently, electromagnetic wave propagation in strongly scattering dielectric
systems has received considerable attention [3]. The complex nature of electromagnetic
wave interaction in these structures makes them a platform for the observation of many
novel phenomena. For instance, in systems where the probability of scattering is
exceedingly high, a phenomenon called photon (or light) localization has been predicted
to occur [4], as shown in Figure 2.1. Localization occurs when an electromagnetic wave
undergoes many scattering events within the distance of a single wave oscillation such
that all propagation paths destructively interfere, and the wave is spatially localized. To
date, however, there has been no experimental evidence of this phenomenon due to the
difficulty in experimentally observing a localized wave [5, 6]. Nevertheless, studies of
electromagnetic wave propagation in strongly scattering media have revealed a host of

interesting phenomena. Researchers have shown that a suspension of polystyrene
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particles in water exhibit an effect known as the coherent backscattering effect [7]. In
this effect, eléctromagnetic radiation incident on the scattering medium preserves its
phase coherence in the opposite - direction to its incident direction, but not in other
directions. The coherent backscattering effect deviates from that expected of classical
wave diffusion in a strongly scattering medium, and has been interpreted as a precursor to
photon localization. In continued efforts to observe photon localization, researchers have
developed a strongly scattering system for visible light consisting of highly perforated
GaP [8]. These GaP systems possess both high index contrast and short length scales of
refractive index variation, leading to extremely efficient visible Vlight scattering.
Measurement of the backs(:attered radiation from these strongly scattering samples show
anomalous rounding of the angular distribution of the backscattered radiation, likely
marking the onset of photon llocalization [9]. To date, research continues on the

scattering of electromagnetic radiation in disordered, subwavelength scale media.

2.2 Terahertz Time-Domain Spectroscopic Investigation of Scattering Media

Here, THz time-domain spectroscopy is applied to explore electromagnetic wave
propagation through strongly scattering dielectric media. Terahertz time-domain
spectroscopy offers several advantages over other methods used to study multiple
scattering phenomena. First, the sample size relative to the wavelength can be well-
controlled. The broad bandwidth of THz spectroscopic measurements provides access to
mean free paths ranging over two orders of magnitude in a single measurement.
Furthermore, access to the time-domain electric fields enable access to dynamic, time-

dependent scattering effects in the THz waveform.
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localized photon

scatte(ed photon

ballistic photon

Figure 2.1. Transport of photons in a random dielectric medium consisting of dielectric
inclusions embedded in a uniform matrix. Photon transport through the medium may be

composed of localized photons, scattered photons, back-scattered photons, and ballistic
photons.
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The interaction of broadband THz radiation with heterogeneous dielectric media
has been first studied by Pearce and Mittleman [10-13]. In their experiments, the
scattering medium studied is composed of thin slabs of mono-disperse Teflon spheres
where the sample length, L, and transport mean free path, /*, satisfy L/I* < 40. By
studying the off-axis scattered THz pulses from the sample, the authors characterized the
electric field amplitude and phase statistics of waves diffusing through the sample.
Earlier, a study of on-axis THz transmission was also reported by the same authors [13].
In order to study the weakly scattering regime, L//* was selected to be less than 10. In
their experiment, it was found that the on-axis electromagnetic properties of the medium
can be approximately described by the effective medium approximation. In more
complex heterogeneous systems, however, both weak and strong scattering are present;
strong scattering, in particular, may lead to breakdown in effective medium descriptions
of heterogeneous dielectric media. In the context of on-axis, THz radiation transmission
through a random dielectric medium, this range of scattering remains unexplored.

" This section describes experimental and numerical results on the scattering effects
on THz electromagnetic wave propagation through dispersive and strongly scattering
random media composed of slabs of poly-dispersive sapphire spheres where L/[* can
exceed 300. In contrast to the weakly scattering regimg, where scattering-induced effects
only cause distortions of the spectral phase [13], significant temporal pulse re-shaping is
anticipated in a strongly scattering regime. Through examination of this effect, in
addition to transmitted THz pulse features such as group delay, pulse width, spectral
width, and the transmitted power, THz transmission through a strongly scattering

medium is fully characterized. The experimental measurements are compared with
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calculated results obtained from a Monte Carlo model based on time-dependent photon
transport through the strongly scattering medium. The results of this Chapter have been

published in Applied Physics Letters, vol. 85, 6284-6286 (2004).

2.2.1 Theoretical Background of Electromagnetic Wave Scattering in Strongly
Scattering Dielectric Media

Analytical descriptions of electromagnetic wave propagation in strongly
scattering dielectric systems are difficult due to the complex nature of wave interaction
with highly heterogeneous media. Here, a photon migration model (developed by Dr. S.
Mujumdar) is used to describe THz electromagnetic pulse propagation through a strongly
scattering medium composed of an ensemble of subwavelength spherical dielectric
particles. In the model, the incident THz electric field pulse is first modeled in the
frequency-domain as an ensemble of THz photons that mark the straight-line trajectories
of the radiation inside the sample. The amplitude spectrum of the incident pulse, E;,(w),
is decomposed into constituent frequencies with a resolution of 30 GHz, and the profile
of E;(®) is used to construct a cumulative probability distribution of the frequency of the
photons. The transport of each frequency is studied independéntly since there is no

energy transfer between the frequencies. The mean free path AMw) of the radiation in the

scattering medium is calculated using Mie theory [4].

Scattering is anisotropic over a considerable section of the THz pulse spectrum
and is highly sensitive to the particle dimension. For incident radiation at 1 THz, a
dielectric particle with diameter of 50 pm leads preferentially to backward scattering

[Figure 2.2 (a)], whereas a particle with a diameter of 100 pm preferentially scatters
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radiation in the forward direction [Figure 2.2 (b)]. In contrast, for a 150 um diameter
particle, incident radiation is preferentially scattered in the lateral directions [Figure
2.2(0)]. The anisotropy in the scattering profile is explicitly incorporated in the model by
calculating an anisotropy parameter g{(®) (which will be further discussed) using Mie
theory [4]. The permittivity of sapphire in the THz frequency range is determined from
experimental data in Ref. [14].

Essentially, the model emulates the rectilinear propagation of THz photons from
successive scattering sites. The sample boundaries are defined by the planes x = 0 mm,
x=50mm, y =0 mm, y =50 mm and z= 0 mm, z = L. A photon at a given frequency @
is launched at the centre of the front face of the sample located at (xy, ¥y, zg) = (25 mm,
25 mm, 0 mm) into the sample where it undergoes a three-dimensional random walk [15].
The longitudinal direction is assumed parallel to the z-axis. Accordingly, the polar and
azimuthal angular coordinates of the photon at the time of launch are chosen to be
(8s, @) = (0,0), so as to simulate an incident collimated beam. At the ith step of the
random walk, the photon undergoes a linear displacement p; and an angular displacement
(6:,¢,), giving a new position

(xi + pi sing, sing;, y; + p; snb, cose;, z; + p; cosG) (2.2.1.1).
The probability P(p;) of traveling a given path length p; is given by the Lambert Beer law,
P(p;) = exp(—p; /A) where A is the mean free path. Thus, the random paths between
scattering events are generated by p; = —A In } where ¥ is a variant uniformly

distributed over [0,1].
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Figure 2.2. Probability distribution of the angular coordinate of the scattered radiation at
1 THz from a sapphire sphere where the diameter is (a) 50 pm, (b) 100 pm, and (c) 150
pum. The forward direction is at 180° and the backward direction is at 0°.
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It is important to note that over the bandwidth of the pulse, the transport mean
free path, /*, varies from 3.7 m to 0.5 pm, as shown in Figure 2.3. Hence, a large portion
of the incident pulse propagates through the sample without scattering. That is, at the
lower frequencies of the pulse where /* >> L, the average linear displacement of a photon
is much greater than the sample thickness L. This means that the photon propagates
directly through the sample and does not undergo a scattering event. It is only at the
higher frequencies of the pulse where /* < L that the average linear displacement is
smaller than the sample thickness. In this regime, the photon must undergo several

scattering events in order to traverse across the sample thickness.

L. . §
S g o

—
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w

-
o
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T ¥ ¥
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Frequency (THz)

Transport Mean Free Path (m)
=

Figure 2.3. Calculated transport mean free path versus frequency for the sapphire particle
ensemble used in the experiments. Note that the transport mean free path varies over
nearly four orders of magnitude.

Each scattering event causes angular displacements of the incident photon
trajectory. Due to symmetry, the azimuthal angle ¢; is uniformly distributed whereas the

polar angle 6; is chosen from a Henyey-Greenstein distribution [16]
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P@)=(1- gz)/47z(1+ g’ —2gcos6,)y"? (2.2.1.2)
where the anisotropy parameter g = < cos @;> is the average cosine of the scattering angle
at a particular frequency and refractive index. This distribution gives the probability that
the scattered photon will deflect at a given polar angle 6. It should be noted that the
angles 6, and ¢; are calculated with respect to a local frame of reference. In this frame,
the longitudinal direction is taken as the direction of propagation prior to the scattering
event. Accordingly, after the scattering event, the photon position has to be recalculated
in the main frame of reference using the appropriate rotational and translational
transformations. The random walk of the photon is halted when the photon exits the
sample boundaries after undergoing N; scattering events. Hence, the simulation can be
visualized as follows: consider N; vectors from a set of vectors whose lengths are
exponentially distributed as P(p;) = exp(—p; /L), where P(p;) here is the probability of
drawing a vector of magnitude p;. The vectors are then placed head to tail at angles that
are dréwn from a set of angles distributed according to the Henyey-Greenstein function.
The resultant vector is the total displacement of the photons through the scattering
medium. The trajectories of 10° photons determine the transport of the pulse. The
number of transmitted photons as a function of frequency generates the transmitted
electric field spectral amplitude, E,(w). The spectral phase, @,{(w), is derived from the
average phase of all transmitted photons at frequency @. That is, for a group of photons

at a frequency @that have traverses an average distance <L,(w)> through the sample, the
phase at a frequency @is given by @, (w) = 1/.E‘eﬂ- k<L, (w)>. Again, it is important to

note that for the lower frequency components of the pulse where /* >> L, the average

distance that the photon traverses is <L, {(w)> = L. The phase of the individual
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transmitted photon is calculated from its optical path length using the two-component
Bruggeman effective medium approximation [17]. The Bruggeman effective medium

approximation gives the effective permittivity £, of a two-component system through

the following mixing rule

81—8617 + 82_8617 _

0 22.1.3
! £ +2£eﬁr 2 & +Zseff ( )

where f; and f; are the volume fractions of the two components, and &; and &, are their

respective dielectric constants. This effective medium approximation treats both the
materiais on an equal basis, without labelling them as inclusions and hosts. The
Bruggeman effective medium approximation is symmetric with respect to an interchange
of materials, and hence is particularly applicable in cases where the volume fractions are

comparable, as in the present situation of an ensemble of sapphire spheres.

2.2.2 Experimental Investigation of Terahertz Electromagnetic Wave Scattering in
Strongly Scattering Dielectric Media

To experimentally study the strongly scattering medium, a THz time-domain
spectroscopy setup is employed. A schematic of the experimental arrangement is
depicted in Figure 2.4. In this setup, a PC emitter THz source is employed consisting of a
semi-insulated GaAs PC emitter biased across a lithographically defined 100 um gap
between Au electrodes. The biasing field is a 20 V peak-to-peak square wave oscillating
at a frequency of 54.321 kHz supplied from a Wavetek 178 Programmable Waveform
Synthesizer. Biasing the THz emitter at a high frequency (rather than at a DC voltage)

facilitates lock-in detection. By performing lock-in detection at the biasing frequency,
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lower frequency acoustic noise and laser fluctuations are avoided, and the signal-to-noise
ratio of the measured signal is enhanced. Terahertz pulses are generated and detected
using < 20 fs, 800 nm, linearly polarized pulses supplied from a Ti:sapphire Kerr-lens
mode-locked laser (Femtosource Pro, Femtolasers Produktions GmbH) at a repetition rate
of 80 MHz. The beam from the Ti:sapphire laser is split into a weak 30 mW probe beam
(used for detection of the THz radiation) and a 250 mW pump beam (used for generation
of the THz radiation). The pump pulse photo-excites the THz PC emitter, generating
electron-hole pairs in the semiconductor gap between the electrodes. Acceleration of the
electron-hole pairs results in the free-space radiation of a single-cycle THz pulse. The
emitted THz pulse is collected and collimated by a 2 inch diémeter, off-axis, gold-coated
parabolic mirror having a focal length of 25.4 mm. To sample the THz waveform, both
the probe and THz beams must be spatially overlapped. This overlap is achieved by
using two different methods. In one method, the probe and THz beams are overlapped
using a 50:50, 2 inch diameter pellicle beam-splitter, which consists of a 2 pm thick
polymer membrane stretched over a flat metal frame. The pellicle beam-splitter is
employed since the thinness of the membrane eliminates multiple reflections associated
with thicker glass beam-splitters. Moreover, the pellicle is highly transparent to THz
radiation and does not introduce spurious distortions in the THz waveform. Another
method to achieve spatial overlap between the probe and THz beams is by directing the
probe beam through a 2 mm hole (aligned at the center of the parabolic mirror) drilled
through the back of a parabolic mirror. This method is advantageous because it precludes
lower frequency acoustic noise associated with the pellicle. The THz detection process is

based on the second-order nonlinearity in non-centrosymmetric materials. In particular,
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as the THz and probe beams co-propagate in an electro-optically active crystal, the
magnitude of the THz pulse can be mapped onto the polarization state of the probe pulse.
Thus, after the two beams are overlapped in space, the THz beam and visible probe beam
are co-focused in a ZnSe <111> electro-optic detector by another 2 inch diameter, off-
axis, gold-coated parabolic mirror with a focal length of 25.4mm. In the <111> ZnSe
crystal, the phase of the linearly polarized probe beam is modulated by the index change
caused by the THz pulse. The THz pulse-induced phase change of the probe is converted
into an intensity modulation by a quarter wave-plate and Wollaston prism, which split the
probe into two orthogonally polarized components. Here, the slow and fast axes of the
quarter wave-plate are aligned at 45° with respect to the incident probe polarization.
Hence, a linearly polarized wave incident on the wave-plate is converted into an
elliptically polarized wave. Subsequently, a Wollaston prism is employ to separate the
beam into two orthogonally polarized components. The ordinary and extraordinary
tranémission axes of the Wollaston prism are aligned parallel and perpendicular to the
incident polarization. In this way, the degree of polarization ellipticity of the probe
beam, which is measured in the difference of the intensities of the orthogonally polarized
beams from the Wollaston prism, is linearly proportional to the magnitude of the THz
electric field. The intensities of the two polarization components from the Wollaston
prism are then measured using two photo-detectors. The photo-currents from the two
photo-detectors are electronically differenced and then amplified. The THz signal is
frequency filtered using a Stanford Research Systems SR560 now-noise preamplifier and
a Stanford Research Systems SR830 DSP lock-in amplifier, and the signal is recorded by

a data acquisition program written in LabView.
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In these experiments, temporal overlap between the THz pulse and the probe
pulse is required to sample the THz waveform. To achieve this overlap, mechanical
delay lines are used to vary the time delay between the probe pulse and THz pulse. The
mechanical delay line consists of two delay-motors: a pico-motor delay line and a femto-
mofor delay line. The larger pico-motor translates in 12 um steps, corresponding to a
temporal step size of 80 fs. The finer femto-motor translates in 70 nm steps,
corresponding to a temporal step size of 0.463 fs. Thus, the pico-motor delay line and the
femto-motor delay line provide both coarse and fine temporal resolution to sample the
THz waveform. Shown in Figure 2.5 is a typical time-domain waveform of a THz pulse
propagated through free space. The THz pulse encompasses frequencies rangihg from

0.1 THz up to 1 THz, corresponding to a range of wavelengths from 3 mm to 300 um.

Pellicle
beam splitter

Gold coated parabolic mirror Gold coated parabolic mirror

Sl-GaAs

Biasing voltage
g 9 photoconductive switch

' <111> ZnSe Crystal

Microscope
objective

Wollaston

Femtosecond probe pulse
Femtosecond pump pulse

M4-plate

Figure 2.4. Schematic of the THz time-domain spectroscopic setup.
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Figure 2.5. Typical free-space THz waveform measured with the experimental setup.
The ringing after the initial bipolar waveform is due to resonant absorption and re-
emission by water vapour in the air. The two subsidiary signals are due to reflections
from the front and back faces of the ZnSe electro-optic crystal. The inset shows the noise
level prior to the arrival of the THz signal highlighted in the boxed region.

In the experiments, the collimated THz electric field pulse is directed towards a 5
cm diameter sample cell containing poly-disperse, subwavelength sized sapphire spheres
that have a mean diameter, = 100 pm and a fill fraction of 0.50. Shown in Figure 2.6 is
a microscope image of the sapphire particles. The transport mean free path for the
particle ensemble is estimated from the scattering cross-section and anisotropy parameter
of an individual sapphire particle obtained from Mie theory in conjunction with the
number density of scatterers. Using the estimated /* as shown in Figure 2.3, it is
calculated that variation of the sample cell width from 0 to 14 mm permits the

investigation of a wide range of scattering regimes where L//* ranges from 0.001 to 300.
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Figure 2.6. Microscopic image of the sapphire microparticles used in the experiments.

2.2.3 Results and Discussion

The data shown in Figure 2.7 (a) demonstrates the effect of increasing sample
thickness on the transmission spectrum. In contrast to the low frequency constituents,
which exhibit longer A, the high frequency components of the incident pulse decay
rapidly as the sample thickness increases. As a result, the bandwidth of the pulse
spectrum decreases markedly from 0.97 THz to 0.5 THz as the sample thickness
increases from 0 mm to 4 mm. As shown in Figure 2.7 (b), this spectral narrowing is
predicted by the photon migration model. For samples thicker than 4 mm, the higher
frequencies (1 THz) have already been scattered outside of the detection acceptance

angle, and only a gradual decrease in the spectral width is observed.
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Figure 2.7. (a) Experimental and (b) calculated amplitude spectra of the transmitted THz
pulse for various sample widths.

Over the entire scattering range, the measured and calculated spectral bandwidths
reasonably agree as shown in Figure 2.8(a). The agreement underlines the applicability
of the photon transport model to predict spectral quantities of on-axis field propagation
through strongly scattering media. Figure 2.8 (b) depicts the measured and calculated
normalized power transmitted through the scattering samples. Similar to the bandwidth
profile, a rapid fall (~ 60 %) in the THz transmission power is witnessed for 0 < L < 6
mm. The marked power decay in this thickness interval is due to selective scattering of -
the high frequency components. In this critical region, where the transmitted power is
most sensitive to the sample thickness, an excellent agreement in the calculated and

measured transmission power is observed. For sample thickness greater than 6 mm both
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the experimental and calculated transmission powers are weakly dependent upon the
sample width. A slight offset bétween the experiment and calculations in this region is
caused by the high polarization sensitivity of the experimental detection, which is non-
existent in the model. That is, the experimental setup does not permit the detection of
near-forward scattered de-polarized THz radiation. Overall, the model succeeds in
emulating the observed bandwidth and power of the THz transmission as a function of

sample thickness.
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Figure 2.8. Experimental and calculated (a) spectral bandwidth and (b) total integrated
power of the transmitted THz pulses as a function of sample thickness. Representative
error bars are shown which describe the variation in the measurement for various
realizations of the random medium.
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[x]

Figure 2.9. Experimental and calculated temporal THz waveforms transmitted through
sample thickness of (a) 1.68 mm and (b) 7.3 mm. The inset in (a) depicts the reference
pulse used in the experiment and simulation, and the inset in (b) plots the tail end of the
calculated pulse using ballistic and scattered photons (solid line) and ballistic photons
(dotted line).
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Figure 2.10. Transmitted THz pulse delay relative to the reference pulse versus sample
thickness. The delay is measured at the initial rise of the first pulse peak.

Figure 2.9 (a) and 2.9 (b) depict the calculated and experimentally measured THz
pulses through the random medium for sample thickness values of 1.68 and 7.3 mm,
respectively. Although the spectral bandwidth of the transmitted pulses is similar, the
pulse widths of the calculated and experimentally measured waveforms are substantially
different. In the calculated waveforms, a significant portion of the lower frequency
components are present prior to the arrival of the main pulse, as evidenced by the slowly
rising pulse feature prior to the first peak of the pulse. Since the main pulse in the
calculations primarily consists of higher frequency components, the pulse features appear
“sharper” and the pulse width appears to be substantially smaller than that measured in
the experiments. It will be shown that the disparity in the pulse widths obtained from the
experiments and calculations is due to the spectral phase, which governs the coherent
superposition of the frequency components of the pulse. While the pulse widths from the

experiment and theory differ, the group delays exhibit good quantitative agreement for
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thickness values up to 14 mm, as shown in Figure 2.10. Due to strong scattering, the
experimental pulse shape develops increasingly large subsidiary peaks following an
nitial bipolar pulse as the sample thickness increases. It is interesting to note that these
distinct pulse shape features are well described by the model. To investigate the origin of
this effect, Figure 2.9 (b) compares two calculated pulse profiles, where one is generated
from the ballistic photons and the other from the ballistic and the earliest arriving
scattered photons. Evidently, the trailing oscillations in the pulse are caused by the
scattered photons reaching the detector.

While the model and experiment agree in regards to group delay and scattering-
induced pulse distortion, spectral decay, and power attenuation, it should be noted that
this agreement is based on the phase insensitivity of the aforementioned pulse
characteristics. Clearly, the pulse width is highly sensitive to the effective dispersion of
the random medium and the relative phase accumulated during propagation.  Thus,
comparison of the calculated pulse widths with the experiment offers a good test into the
applicability of the effective medium approximation commonly used to describe
electromagnetic wave propagation through heterogeneous random media. By mapping
the random sample on an effective homogeneous medium described by the Bruggeman
effective medium approximation, it is found that the calculated pulse widths
underestimate the experimental pulse duration by a factor of ~2. This discrepancy
confirms the inadequacy of the classical effective medium approximation for spherical
scatterers with a size parameter above x = dn/4 ~ 1 [17].  Accordingly, for higher
frequencies of the THz pulse, phase modifications are required. As there exists no

effective medium approximation that yields accurate results for x > 1, the effective
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medium approximation is empirically modified by introducing a small second order
corrective phase factor. This was done as follows: the unmodified phase is expanded into

a series expansion in terms of @ yielding @,,.(w) =4 (@ + 0.01 «f) radians, where 4 is

the constant of proportionality. The coefficient of the second order term is iteratively

modified, while testing the agreement between the experimental and numerical pulses.

This is done until a good fit is obtained, from which a phase of @,,.(w)=A(w+ 0.09¢f)

radians is achieved. A plot of the modified and unmodified phases in the inset of Figure
2.11 illustrates the phase correction introduced by this method. The calculated pulse
shape using the modified phase maintains the pulse délay, and the pulse stretch now
agrees excellently with the experimental pulse. For strongly scattering media, the
Bruggeman effective medium approximation underestimates the phase accrued by the
higher frequency photons where x > 1. The physical origin of this additional phase
acquired by the higher frequency photons is unknown. One possible cause of this effect
could be surface wave phenomena on the surface of the dielectric particles. In previous
work [18], it was shown that terahertz radiation incident on a dielectric sphere (larger
than the wavelength) could partly travel around the surface of the sphere as a surface
wave. A similar effect in the subwavelength sapphire particles in the experiments would
account for the additional propagation distance (and hence, phase accumulation) of the
higher frequency components. Additional experiments are required to determine the

precise cause of the additional phase accumulation.
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Figure 2.11. The experimental (top) and calculated (bottom) temporal THz waveforms
transmitted through the sample for a thickness of 1.68 mm. The calculated THz

waveform is derived from a modified phase shown in the inset (solid line) along with the
unmodified phase (dashed line).

2.3 Conclusion
This Chapter reports on experimental and theoretical studies of THz
electromagnetic pulse propagation in highly scattering random dielectric media. Through
examination of the transmitted THz pulse features such as pulse shape, group delay, pulse
width, spectral width, and the transmitted power, THz electric field transmission through
a strongly scattering medium is fully characterized. The experimental results have been
compared to calculations based on a photon migration model. The calculated variations

of the THz pulse group propagation delay and scattering-induced effects, such as



Chapter 2 77

temporal pulse distortion, spectral decay, and power attenuation as a function of sample
thickness are in good agreement with the experimental data. For the strongly scattering
sample used, the high sensitivity of the experimental pulse width to the effective
dispersion of the medium provides ideal conditions for verifying the applicability of the
widely accepted effective medium approximation. It is found that for scattering size
parameter x =1, the effective medium approximation underestimates the accumulated
pulse phase acquired during pulse propagation. The breakdown of effective medium
approximations in this regime suggests the onset of diffusive photon transport through the
scattering medium. The insights provided by this work are vital to the application of THz

spectroscopy to image subwavelength sized, highly scattering structures [19-21].
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3.1. Background

The 6ptica1 properties of small, subwavelength metallic structures have interested
both artists and scientists for hundreds of years. The unique electromagnetic properties
of these structures arise from coupling between an incident electromagnetic wave and the
collective conduction electron oscillations of the metallic particle, referred to as a
localized particle plasmon excitation [1, 2]. Localized particle plasmons on
subwavelength metallic particles can give rise to electromagnetic properties that are
foreign to the bulk metal. Small nano-particles of gold or silver, for instance, can show a
diverse range of colors due to resonant absorption and scattering at frequencies near their
particle plasmon resonance. Historically, the stunning optical properties of these
particles have been used for the creation of stained glass windows and works of art such
as the Lycurgus cup [3]. It is remarkable that subwavelength metallic particles continue
to be an important element in a wide range of cbntemporary technological applications.

Subwavelength metallic particles possess several unique electromagnetic properties
which make them suitable for modern photonics applications. Electromagnetic excitation
of a subwavelength metallic particle results in highly confined surface fields, which
enhances the electromagnetic energy density near the particle surface relative to that of
the incident electromagnetic wave. The enhancement arises from two physical effects:
resonant excitation of the particle plasmon resonance discussed in Chapter 1 and the
lightning rod effect due to the crowding of electric field lines near the particle surface,
especially at sharp features [4-6]. The former is highly sensitive to the frequency of the
incident electromagnetic wave, while the latter is purely geometrical in origin. The

highly enhanced fields associated with particle plasmons are ideal for many applications
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requiring large, local electromagnetic fields such as luminescence [7] and nonlinear
processes [8, 9]. In particular, one of the most exciting applications of particle plasmons
is surface enhanced Raman scattering. Raman scattering describes inelastic scattering
between an electromagnetic wave and a molecule, mediated by a vibrational or rotational
mode of the molecule [7]. In this process, an incoming electromagnetic wave is shifted
in energy by the characteristic energy of the vibrational or rotational mode of the
molecule. The efficiency of the Raman scattering process is commonly described in
terms of a scattering cross section. Typically, Raman scattering cross sections range
between 10! cm*/molecule and 107 cm*/molecule. Surface enhanced Raman scattering
describes the use of metallic nanostructures in the vicinity of a Raman active molecule to
enhance the efficiency of Raman scattering. Using roughened Au or Ag nanostructures
with gaps on the order of a few nanometers, surface enhanced Raman scattering has
resulted in stunning increases in the Rar;lan scattering cross section by factors up to 10"
[10, 11].

Localized particle plasmons associated with subwavelength metallic particles have
also been widely employed for sensing applications. For a spherical particle with a
subwavelength diameter, the resonance frequency of the particle plasmon corresponds to
the condition where Re[emera(®)] = —2 €5 (w), where ¢; (@) is the permittivity of the
dielectric medium surrounding the particle. The localization of the particle plasmon
fields in the immediate vicinity of the particle surface means that the resonance frequency
is highly dependent on &4 () within the evanescent near-field surrounding the particle.
Hence, small changes in &4 (w) (for instance, via adsorption of molecules on the particle

surface) can be monitored by a change in the resonant particle plasmon frequency [12].
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One unique feature of particle plasmons is their ability to concentrate
electromagnetic energy over subwavelength extents. The volume over which a particle
plasmon confines electromagnetic energy is primarily governed by the size of the particle
with respect to the wavelength of the incident radiation. Hence, electromagnetic energy
incident on a su.bwavelength metallic particle is effectively squeezed into a
subwavelength volume. This property is highly useful in the continuing efforts to
miniaturize existing photonic information technology into the nano-scale to achieve
higher density devices [13]. Whereas the size and density of a photonic waveguide is
typically limited by the diffraction limit (on the order of the wavelength), metallic
nanostructures can strongly localize electromagnetic energy below the diffraction limit
via localized particle plasmons. Quinten et al. [14] initially proposed the idea of
plasmonic waveguides constructed from linear arrays of closely spaced, subwavelength
sized Ag particles.  Near-field coupling between adjacent particles transports
electromagnetic energy over the extent of the waveguide, with sub-diffractive
confinement. This principle was experimentally demonstrated by Maier et al. [15] using
a waveguide consisting of a chain of closely spaced Ag nanorods. In their experiment,
the entrance of the waveguide is locally illuminated with a near-field optical microscope
at a frequency corresponding to the particle plasmon resonance. Electromagnetic energy
is channelled from the entrance of the waveguide to the exit via near-field interaction
between particles. A fluorescent polymer bead placed at the end of the waveguide
radiates into the far-field when excitéd by electromagnetic energy. Using this method,
energy transport along the parﬁcle chain is detected in the far-field by the fluorescence at

the exit of the waveguide. Since the waveguide is excited at the particle plasmon
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resonance, there are high losses associated with resonant absorption. Hence, propagation
lengths using these waveguides are on the order of 1 pm or less. Research continues on
the development of methods to overcome the inherent losses of particle plasmon
waveguides. One promising technique involves imbedding the particles in a medium
with optical gain [16].

The study of particle plasmons has been primarily conducted in the visible regime
using metallic nano-particles. This is because the particle plasmon resonance for metals'
such as Au and Ag typically occurs at visible frequencies or higher. On the other hand,
the non-resonant particle plasmon response of subwavelength sized metallic particles at
the lower frequencies of the THz range has received relatively little research attention.
The physics underlying non-resonant particle plasmons at THz frequencies is
fundamentally different than resonant particle plasmons at visible frequencies. At THz
frequencies, the resonant particle plasmon response of subwavelength microparticles is
inaccessible since Re[&pem(®)] ~ —10°. This large permittivity also dictates that incident
THz electromagnetic radiation cannot infiltrate deeply into the metallic medium, since
the skin depth is on the order of 100s nm. Hence, non-resonant particle plasmons can be
excited on subwavelength sized particles having dimensions many orders of magnitude
larger than the skin depth (Figure 3.1). This contrasts with resonant particle plasmon at
visible frequencies, where the diameter of the nano-particle is less than both the
wavelength and the skin depth of the incident radiation. The dephasing mechanisms are
another fundamental difference between resonant and non-resonant particle plasmons.
As discussed in Chapter 1, the dominant dephasing mechanism for resonant particle

plasmon at visible frequencies is the background polarization of the particle. This
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dephasing mechanism arises when the electric field inside the particle shifts the
conduction electrons with respect to the fixed positive charge of the lattice ions.
Electrons accumulate at one side of the particle, leaving a positive charge of the lattice
1ons at the other side of the particle. The attraction between the negative charge and the
positive charge on opposing sides of the particle creates a restoring polarization force on
the electrons. This differs from non-resonant particle plasmons at THz frequencies,
whose dephasing mechanism is dependent on the resistivity of the particle near the
surface. Indeed, non-resonant particle plasmons excited at THz frequencies constitute a
novel, hitherto unexplored, regime of plasmonic interaction, distinctly different from

resonant particle plasmons at visible frequencies.

wavelength

| A ——

wavelength

Figure 3.1. (a) Illustration of visible electromagnetic wave excitation of a subwavelength
~ scale particle where the particle size is comparable to the skin depth. (b) Hlustration of
THz electromagnetic wave excitation of a subwavelength scale particle where the particle
size is significantly larger than the skin depth.
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In this Chapter, the interaction of THz electromagnetic waves with subwavelength
metallic media is studied. Non-resonant particle plasmon excitation of a single,
independent subwavelength metallic particle by a THz electromagnetic wave is explored
using finite difference time-domain (FDTD) calculations of Maxwell’s Equations. In
ensembles of subwavelength metallic particles excited by THz electromagnetic waves,
mutual interaction between particle plasmons plays a dominant role in the collective
electromagnetic properties of the énsemble. It is shown that a dense ensemble of
subwavelength sized metallic particles can show surprising transparency to THz
radiation. Interestingly, the enhanced THz electromagnetic wave transmission cannot be
described using effective medium approximations. The origin of the enhanced
transmission is resolved via FDTD calculations of THz electromagnetic wave interaction
with a collection of metallic particles. It is shown that THz electromagnetic wave
propagation through the ensemble of metallic particles is mediated by near-field particle
plasmon interaction between nearest neighbor particles. The inﬂuenceé of particle size,
particle shape, and metal conductivity on the effective THz electromagnetic properties of
particle - ensemble are experimentally and numerically studied. In continuing
investigation of THz particle plasmons, it is shéwn that collections of metallic particles
that have been coated with nano-layers of a different metal show diminished THz
transparency due to non-radiative particle plasmon losses at the interface between the two
dissimilar metals. This interface resistive effect is applied to probe the THz
electromagnetic sub-surface charge induction in bimetallic layered particles.  The
experimental results show that plasmonic  interaction between the incident THz

electromagnetic wave and the metallic particle occurs within a sub-surface distance
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comparable to the skin depth. This Chapter further explores the THz electromagnetic
properties of an amorphous metamaterial consisting of ensembles of dielectric and
metallic inclusions. It is shown that the effective electromagnetic properties of the
amorphous metamaterial show a nonlinear dependence on the relative volume fraction of
the metallic and dielectric inclusions. This behaviour is resolved by considering the
particle plasmon interactions between the metallic inclusions. The contents of this
Chapter have been published in Physical Review Letters, vol. 94, 173904 (2005),
Physical Review B, vol. 72, 075110 (2005); Physical Review B, vol. 73, 085419 (2006);

and Applied Physics Letters, vol. 90, 131114 (2007).

3.2. Terahertz Localized Particle Plasmon on a Single Metallic Particle

As discussed in Chapter 1, a THz electromagnetic wave incident on a
subwavelength metallic particle excites a localized non-resonant particle plasmon. The
formation of the THz particle plasmon is governed by two mechanisms: 1) the THz
electromagnetic wave incident on the particle surface penetrates hundreds of nanometers
into the metal where it induces charge motion (or current density), and 2) the dipolar
electric field is formed by the accumulation of negative and positive charge at opposite
sides of the particle’s surface. At the surface, the dipolar electric field associated with the
localized particle plasmon is oriented normal to the particle surface and has a net

orientation along the direction of the excitation electric field.
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electric field lines

Figure 3.2. Electric field lines near a metallic particle that has been immersed in a
homogenous electric field. The lightning rod effect results in a higher electric field
density near the particle surface.

Similar to particle plasmons at other frequencies, non-resonant particle plasmons
at THz frequencies possess two important features: high electromagnetic energy density
near the surface and subwavelength containment of electromagnetic energy. The latter
arises because the excitation of a particle plasmon converts some of the incident
electromagnetic energy into the conduction electron oscillations. of the particle. The
spatial extent of these electron oscillations is determined by the size of the particle with
respect to the wavelength of the electromagnetic wave. Hence, electromagnetic energy
can be confined into a subwavelength volume. Due to the lightning rod effect (or antenna
effect), the electric field near the surface has a higher electromagnetic energy density than
that of the incident electromagnetic wave. The lightning rod effect is a purely

geometrical effect that occurs at the surface of good conductors. As seen in Figure 3.2,
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this causes crowding of the field lines at the surface of the particle, enhancing the local
energy density. When a THz electromagnetic wave is incident on a subwavelength
metallic particle, the electric field lines terminate normal to the metallic surface. The
field lines terminate perpendicular to the surface because the conduction electrons of the
metal re}spond nearly instantaneously to a THz electric field [17]. That is, when a THz
electric field is applied to the vmetal, the conduction electrons shift so as set up a
depolarization field that precisely cancels the tangential component of the externally
applied electric field at the surface. This occurs if the metal is a good conductor, and the
conduction electrons of the metal respond to external excitation faster than the oscillation
period of the THz electromagnetic wave. The “goodness” of a conductor can be qualified
by considering a conductor that obeys Ohm’s law
jr=0c E (3.2.1).
where jr is the free current density, ¢ is the conductivity, and E is the electric field. The
current density flow must cause a change in the local charge density obeying charge
conservation, described by
V- jr=—0p/ot (32.2)
Inserting Equation (3.2.1) into Equation (3.2.2), the time evolution of free charge is
described by
dp/dt =—o (V-E)=—(ole,) p (3.2.3)
for a linear, homogeneous, isotropic medium. The solution to Equation (3.2.3) has the

form

—(ole,) t

p(®) =p(0) e (3.2.4)
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Thus, an initial free charge density p(0) dissipates over some characteristic time z; = &,/0.
The time constant #, relative to the oscillation period of an electromagnetic wave pfovides
a measure for the conductivity of a medium at a given frequency. For a perfect
conductor; 6 = o and z; = 0; the metal responds instantaneously to the introduction of free
charge and is a good conductor at all frequencies. At THz frequencies, z; for nearly all
conductors is much shorter than the oscillation period. For example, Cu has a measured
conductivity of 5 x 107 (Q m)™ in the GHz range [18], corresponding to t; = 0.2x107 '8,
which is significantly less than the THz oscillation period.

To visualize the electric fields associated with a THz non-resonant localized
particle plasmon, the THz electromagnetic properties of a single, isolated subwavelength
metallic microparticle are studied using Maxwell’s equations. Maxwell’s equations are
employed to describe the spatial and temporal distribution of the electric and magnetic

fields in the presence of the metallic microparticle

O ok (32.5)
or
9D _yxn (3.2.6).
ot

Here, H is the magnetic flux density, D is the displacement field, E ié the electric field,
and y, is the free space permeability. To solve Equations (3.2.5) and (3.26), many
numerical methods can be employed. One of the most widely used techniques is the
Finite Difference Time-Domain (FDTD) method (refer to Appendix C which describes
the algorithm employed). The FDTD method is advantageous due to its relative
simplicity and ease of use. In this method, the material properties of each grid point of

the simulation space can be independently specified, enabling electromagnetic modeling
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using a wide range of materials and material geometries. Since FDTD is a time-domain
technique, the response of the material to broadband electromagnetic pulse excitation
over a wide range of frequencies can be obtained with a single simulation. Moreover,
the FDTD solves the complete spatial and temporal electric and magnetic fields, which
permits animated displays of the electromagnetic field interaction and evolution within
the simulation space.

In the calculations, Equations (3.2.5) and (3.26) are discretized to yield finite
difference expressions for the electromagnetic field components. The electromagnetic
response of the metallic medium to the incident electromagnetic field is described by the
Drude model of &e(@). By re-casting the relation D = &,¢,(®) E, where D and E are
the displacement and electric fields, respectively, into the time-domain through Fourier

transformation, the supplementary equation is generated

2 2
]F—a—a—?-+%}g=wf,soE+Fso%ltg—+eoaan (3.2.7).

In combination with the Equations (3.2.5) and (3.26), the fields E, D, and H are solved
for all time and space in the simulation domain. The spatial resolution and the temporal
step size of the calculations are 5 um and 5 fs, respectively.

Shown in Figure 3.3 is a FDTD calculation of THz electromagnetic pulse
excitation of a single metallic (Cu) microparticle having a diameter of 75 pum immersed
in free space. In the calculations, the THz pulse propagates upward from the bottom of
the images and is polarized in the plane of the images (transverse magnetic or TM). The
spectral contents of the THz pulse are centred at 0.6 THz with a 1 THz bandwidth. The
images in Figure 3.3 (a) to 3.3 (d) correspond to snapshots of the THz electric ﬁeld.

magnitude at various times. Figure 3.3 (a) shows the single-cycle polarized THz pulse
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propagating at £ = 0.0 ps towards the subwavelength sized metallic particle. As the THz
pulse is i’nc'ident on the particle at 3.5 ps, corresponding to the image in Figure 3.3 (b), it
is evident that negligible THz electric field amplitude is present inside the particle. This
1s because the skin depth of the THz electromagnetic wave is significantly less than the
particle diameter. At 3.5 ps, the total electric field illustrated in Figure 3.3 (b) consists of
both the external THz field and the electric field arising from the induced charges at the
particle’s surface. In this frame of the calculation, it is not possible to separate the
external and induced-charge contributions to the total electric field. The electric field
arising from the induced charges, however, can be visualized after the passage of the THz
electric field pulse, at 8.5 ps. As shown in Figure 3.3 (c¢) and Figure 3.4 (a), after passage
of the THz electric field pulse, the electromagnetic fields around the particle are confined
to the surface and exhibit strong dipole-like signatures. Such a surface field is attributed
to the excitation of charge oscillations on the particle oriented along the polarization of
the THz electric field pulse. From V-D = pp, the charge density distribution associated
with the dipolar electric fields can be obtained. As shown in Figure 3.4 (b), the induced
charge density illustrates dipolar charge induction by the incident THz pulse, where
positive and negative charge density accumulate at opposing sides of the particle. The
induced charge densities are coupled to an electromagnetic field confined to the surface
of the particle. As shown in Figure 3.5, the dipolar electric field associated with the
induced charge density is strongest directly above the surface of the particle and decays
exponentially within a distance of 250 pum. This distance is less than the central
wavelength of the THz pulse, A = 500 pm, implying that the surface fields are confined to

the near-field region in the immediate vicinity of the particle.
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Figure 3.3. Images of a FDTD calculation of single-cycle THz pulse excitation of a 70
pm diameter Cu particle at (a) 0 ps, (b) 3.5 ps, (¢) 8.5 ps. Shown in (d) is a magnified
image of the particle at 8.5 ps.

Field Amplitude (V/m)
Charge Density (C/m’)

Figure 3.4. (a) Vector plot of the electric field in the vicinity of a 70 pm Cu microparticle
after excitation by a single-cycle THz pulse at 8.5 ps of the simulation shown in Figure
3.3. (b) illustrates the corresponding dipolar charge distribution at the surface of the
microparticle.
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Figure 3.5. Calculated amplitude of the electric field outside the surface of a 70 um Cu

microparticle after excitation by a single-cycle THz pulse versus the distance from the
particle surface.

3.3. Terahertz Electromagnetic Properties of an Ensemble of Metallic Particles

In ensembles of subwavelength metallic particles, shown in Figure 3.6,
electromagnetic interaction between the particles plays an important role in the overall
electromagnetic properties of the ensemble. Since the particles are electromagnetically
coupled, each particle is excited by the external electric field in addition to the field
scattered from all the other particles. Depending on the separation betwéen the particles,
two regimes of interaction exist: far-field interaction and near-field interaction. To
illustrate, consider an ensemble of particles having diameters much smaller than the
wavelength of the electromagnetic wave. The incident electromagnetic wave excites
oscillations of the conduction electrons at the surface of individual metallic particles,

which, to a first order, can be described as a collection of oscillating dipoles, p(#). The
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electric field, E,(r,f), associated with a single dipole, consists of quasi-static (o< 1/7),

near-field (< 1//* ) and far-field (o< 1/7) terms and is expressed as [19]

1 s P0, 1 3’ p()
3

Are, | r rZc ot %y ot

Ey(r,t)= (3.3.1).

In a random ensemble of subwavelength size metallic particles, the mutual interaction
between particles is strongly influenced by the inter-particle separation, s, and the
evanescent decay distance of the particle plasmon, d. For s/d > 1, the interaction between
particles is governed by far-field dipolar absorption and re-radiation exhibiting an r
dependence. However, for closely-spaced subwavelength metallic particles such that s/d

<< 1, the inter-particle interaction via the near-field of the dipolar field (exhibiting an r

dependence) strongly couples the particles.

metallic
particle
ensemble

Figure 3.6. (top) THz electromagnetic wave excitation of a single metallic particle and
(bottom) THz electromagnetic wave excitation of an ensemble of metallic particles.
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The complex interactions between metallic particles make it difficult to
analytically describe the electromagnetic properties of the ensemble. One common
technique to determine the electromagnetic properties of subwavelength metallic particle
collections is via effective medium approximations [1, 20]. The effective medium
approximation replaces an inhomogeneous medium with a fictitious homogeneous
effective medium which expresses the linear response of the whole inhomogeneous
sample to an external electric field. Thus, rather than laboriously describing the
microscopic interactions between the constituents, the entire heterogeneous medium is
described by a single effective parameter. For a review of various effective medium
approximations used to describe heterogeneous metallic media, the reader is referred to
‘ Kreibig and Vollmer [1].

Effective medium approximations have been commonly employed to describe the
optical properties of nano-scale metallic clusters at visible frequencies [1, 2.,.21].
However, effective medium approximations often fail for heterogeneous metallic media
at THz frequencies. The validity of effective medium approximations is governed by the
quasi-static limitation. In the quasi-static limitation, the electric andldisplacement fields
throughout the heterogeneous medium must be approximately uniform. To illustrate,
consider a subwavelength metallic sphere having a diameter of 6. The sphere is centred
at z = 0 and illuminated by a plane wave. For the field amplitude within the pafticle to

be uniform, there must be minimal absorption over the particle dimension, or

x Im[ /&, (@) ] << 1 3.3.2)
where Im[ /€, (@) ] is the imaginary part of the metal refractive index and x = 75/A is

the size parameter. Similarly, there must be minimal spatial variation of the
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electromagnetic wave in the sphere, which implies that the wavelength inside the sphere

is much greater than the particle size, or

X Re[ v/ Epmerat (@) ] << 1 ; (3.3.3)

where Re[ +/€,,01a1(®) ] is the real part of the metal refractive index. Combining these

two inequalities gives the condition for the quasi-static limitation

X |V€metal(a)) |<<1 (3.3.4).

Micron-scale heterogeneous metallic media typically do not obey the quasi-static
limitation at THz frequencies. To qualify this, the inequality (3.3.4) is determined for a 1
pm diameter Au particle having a permittivity at 1 THz of g4,(1 THz) = — 0.7 x 10* + i
1.8 x 10° excited by an electromagnetic wave with a wavelength of 300 pm

(corresponding to a frequency of 1 THz):

X | [ Emetar (@) | =432 /300 = 4.5 > 1 (3.3.5)

Thus, for metallic particles with micron scale diameters, the effective medium
approximation is not valid at THz frequencies. Therefore, THz electromagnetic wave
excitation of ensembles of subwavelength sized metallic particles with micron-scale
dimensions constitutes an intriguing regime of light-matter interaction. A THz
electromagnetic wave incident on the particles is expected to excite non-resonant
localized particle plasmons on the individual particles. Due to the highly heterogeneous
THz electric field distribution in the particle ensemble, however, the mutual interactions
between particles that give rise to its global electromagnetic properties are not
describable by averaging methods such as the effective medium approximation.

Therefore, the exploration of the interaction of THz electromagnetic waves with
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ensembles of subwavelength sized metallic particles constitutes a regime of plasmonic

interaction that has yet to be fully explored.

3.4. Enhanced Terahertz Transmission through Metallic Particle Ensembles

Metals are nearly perfect reflectors at THz frequencies. The high reflectivity of
metals at THz frequencies is due to their large permittivity values. Cr, for instance,
possesses a real permittivity of Re[&q, (1 THz)] ~ -10* [22] and a corresponding skin
depth of a, (1 THz) ~ 100 nm. Therefore, THz radiation incident upon a bulk Cr sample
that is thicker than the skin depth is nearly totally reflected, and no THz radiation
transmits. This effect is illustrated in Figure 3.7 showing THz pulses with a 1 THz
bandwidth transmitted through nano-scale Cr films evaporated on Pyrex microscope
slides. As seen in the Figure, there is minimal THz transmission through the 70 nm thick
Cr film deposited on a microscope slide of 1 mm thickness, and as the Cr film thickness

increases to 300 nm, there is nearly no measurable THz transmission.
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Figure 3.7. THz pulse transmitted through a 1 mm thick microscope slide and 1 mm thick
microscope slides that have been coated with a 70 nm and 300 nm thick Cr film.



Chapter 3 99

Figure 3.8. Scanning electron microscope image of the Cr particles used in the
experiments.

In this section, the THz electromagnetic properties of an ensemble of
subwavelength sized Cr particles are studied using THz time-domain spectroscopy. The
metallic particle ensemble consists of 99.3 % pure Cr particles that are randomly shaped
and poly-dispersed, with a mean dimension ¢ = 150 um and a volume packing fraction,
for = 0.52. The particle are immersed in air. A scanning electron microscope image of
the particles is shown in Figure 3.8. The THz spectroscopic experiments are performed
with a similar setup as described in Chapter 2. As shown in Figure 3.9, single-cycle,
linearly polarized THz pulses centred at 0.6 THz with a 1 THz bandwidth are generated
from a GaAs PC switch excited with focused < 20 fs, 800 nm laser pulses. The
collimated beam is directed towards a 6 cm diameter polystyrene sample cell housing the
Cr particles. The time-domain electric field transmission in addition to its polarization
coherence is measured to characterize electromagnetic wave transport through the
medium. The on-axis THz electric field pulse transmitted through the ensemble, E,(?), is

coherently detected via an optically gated 500 pm thick <111> ZnSe electro-optic crystal
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[23], and time-resolved information is obtained by varying the delay between the THz

pulse and a sampling probe pulse.

Sample cell
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Figure 3.9. Schematic of the free-space THz generation and electro-optic detection setup
used to characterize the THz electric field transmission through the metallic particle
ensembles.

Intuitively, given that the particle size and average inter-particle spacing are both
smaller than the wavelengths encompassed by the THz pulse, the ensemble of Cr
“particles is expected to show nearly no THz transmission. However, significant electric
field transmission for sample thickness, L, up to 7.0 mm (five orders of magnitude larger
than o) is observed. Figure 3.10 (a) depicts the THz transmission for 0.6 mm <L <7.0
mm referenced to the transmission through an empty sample cell corresponding to L = 0
mm. In general, the time-resolved signals are characterized by several broad oscillations,
which are relatively delayed as L increases. The reference pulse is localized in time

(within ~ 1 ps); upon impulsive excitation of the sample, it requires a finite time for
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energy to propagate through the sample. To estimate the energy propagation velocity
through the sample, the delay of the transmitted field is measured. Here, the delay
corresponds to the time difference between the peak intensity of the reference pulse and
the peak intensity of the transmitted pulse (refer to Appendix D for a discussion of the
analysis techniques). This delay estimates the time is takes for electromagnetic energy to
propagate from one end to the sample to the other en(i. Shown in Figure 3.11 is the
relative pulse delay as a function of sample thickness, referenced to an equivalent air
path. The measured delay translates to an electromagnetic energy velocity of 0.60 + 0.03
¢ or an effective macroscopic real permittivity of Re[g] ~ 2.8 + 0.2. It should be noted
that the effective macroscopic permittivity reported here describes the overall response of
the metallic particle ensemble to THz electromagnetic wave excitation, but is not derived
from the effective medium approximation. As shown previously, the effective medium
approximation is not valid for metallic particles with micron scale dimensions in the THz
frequency range. As L increases from 0.6 to 7.0 mm, the durations of the transmitted
electric field pulses are broadened to 6 and 10 ps, respectively. The pulse broadening is
attributed to strong dispersive effects magnified for increasing L. Due to the absence of
significant intrinsic material resonances for bulk Cr at THz frequencies (i.e. 1 THz <<
wp), this dispersion must originate from the extrinsic structural characteristics of the
randém metallic medium.

Figure 3.11 illustrates the percentage far-field transmitted power as a function of L.
From L = 0.6 mm to L = 7.0 mm, the total integrated transmission power, [| E,.(¢) |2 dr,

decreases from 3.0 to 0.4 %. The power decay versus sample thickness is fitted to a fit-

line with a functional form 1/(1+gL), where g is a fitting parameter. As shown in the
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Figure 3.10. (a) The far-field transmission through the Cr medium for L =0.6 mmto L =
7.0 mm. The data has been filtered to remove delayed reflection signals in the ZnSe
crystal. (b) depicts the transmitted pulses for L = 0 mm, 0.6 mm, and 7.0 mm on
expanded time and amplitude scales. The inset in (b) shows the normalized transmission
spectrum for L = 0.6 mm and 7.0 mm.
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Figure, the line of fit corresponds to a fitting parameter, q= 0.06 mm~'. The power
decay profile contrasts to the exponential decay dependence due to absorption in a
homogeneous effective medium [20]. This further suggests that the THZ electromagnetic
properties of the mesoscopic metallic particle ensemble cannot be described by effective

medium approximations.
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Figure 3.11. The measured percentage total power transmission (circles) and relative
pulse delay (squares) as a function of L. Best-fit curves for the transmission power and
pulse delay show 1/(1+qL) and linear dependences, respectively, where g = 0.06 mm .

The polarization purity of the transmitted field provides further insights into the
nature of the enhanced THz transmission phenomenon. Comparison of the transmitted
polarization with the linear polarization of the incident pulse directly maps the degree of

| coherence of the energy transport mechanism onto a polarization change. Electric field
dephasing due to incoherent random scattering destroys the incident pulse polarization
state, whereas coherent electromagnetic propagation preserves the incident polarization.

The transmitted electric field polarization is measured by varying the angular orientation



Chapter 3 . | 104

of the optical axis of the <111> ZnSe crystal relative to the probe polarization, .. For
the incident linearly polarized THz pulse, the crystallographic axes of <111> ZnSe
dictate that the electro-optic response exhibits 3-fold symmetry (120°) about &0, (refer
to Appendix B). This symmetry vanishes for an unpolarized THz pulse. As shown in
Figurev3.12, the dependence of the electric field amplitude on 8,44 for the transmission
through a 1 mm thick Cr particle ensemble is in excellent agreement with measurements
for the free-space linearly polarized THz electric field pulse. The close agreement
indicates that, despite the inherent opacity of the ﬁetallic particles and the random nature
of the particle collection, the transmission through the Cr particle ensemble preserves the

incident polarization state.
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Figure 3.12. The normalized peak-to-peak THz transmission through a 1 mm thick Cr
sample versus Oppe of the <111> ZnSe electro-optic crystal axis. The peak-to-peak
electric field amplitudes for a free-space THz pulse and for the transmitted pulse through
the Cr medium both illustrate the 3-fold symmetry characteristic of a linearly polarized
field.
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Figure 3.13. Parallel and perpendicular electric field components transmitted through
free-space and a 1 mm thick sample of Cr microparticles.

The polarization purity of the transmission can be quantified by measuring the

parallel and perpendicular electric field components of the transmitted electric field,

E, @) and E, (¢f) respectively. Orthogonal polarization components of the

transmission are obtained by measuring the transmitted THz electric field at two angles
of the <111> ZnSe orientation, &, rotated by 30° with respect to each other. As
representatively shown for a 1 mm thick sample of Cr particles in Figure 3.13, high
polarization purity is evident from the relatively small amplitude of the THz electric field
component measured in the perpendicular direction relative to the parallel direction.

Based on the electric field amplitudes of the parallel and perpendicular components, a
polarization purity of [| E, (@) = Eq 1 (D11 ] E,r’”(t) | =0.70 = 0.01 is measured. This
is less than the polarization purity of 0.993 + 0.005 measured for the reference THz pulse
propagating through air (Figure 3.13). Nevertheless, the polarization purity of the

transmitted electric fields though the metallic particle ensemble suggests that the electric
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field transmission is polarized and that electromagnetic energy propagates coherently

through the metallic medium.
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Figure 3.14. THz signal transmitted through (a) a 2.0 mm thick and (b) a 7.7 mm thick
sample of Cu microparticles. The black and gray lines correspond to the transmitted
signal polarized parallel and perpendicular to the incident polarization, respectively.

To further understand the polarization preservation of the transmitted THz pulse

through the metallic ensembles, the influence of sample length on the transmitted THz

electric field polarization is investigated. Figure 3.14 plots the Ey (@) and E, | (?)

transmitted pulses through 2.0 mm thick and 7.7 mm thick ensembles of Cu
microparticles. The Cu microparticles have a mean diameter of 71 + 20 um and a
packing fraction of 0.51 + 0.05. For the L = 2.0 mm thick sample, Figure 3.14 (a)
illustrates that the electric field transmitted through the 2.0 mm thick Cu microparticle

collection preserves the incident linear polarization with a polarization purity of 0.95 =
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0.01. This indicates that the 2.0 mm sample thickness is less than the dephésing scale
length of the electromagnetic energy transport mechanism. However, when the sample
thickness is greater than the dephasing scale length, the polarization is expected to be
randomized. Indeed, as the sample thickness increases to 7.7 mm, the electric field

amplitudes of E.\(r) and E, | (#) are comparable, indicating that the transmission is

nearly unpolarized. For the 7.7 mm thick sample, the polarization purity is 0.40 + 0.01.
For increasing L, the electromagnetic pulse propagated through the sample undergoes an
increasing number of scattering events, which randomizes the transmitted polarization
and impairs the overall coherence of electromagnetic energy transport. From the data, it
is inferred that the depolarization length of the electromagnetic transport through the Cu

microparticles is on the order of several millimetres.

3.5 Calculations of Terahertz Transmission through Metallic Particle Ensembles

To further explore the enhanced, polarized THz transmission phenomenon, FDTD
calculations of THz pulse propagation through an ensemble of subwavelength size metal
particles are performed. Due to the subwavelength size of the particles, to a good
approximation, the metallic paﬁicles can be viewed as a collection of circular particles
that extend infinitely in the third dimension. It should be noted that a three-dimensional
model would enable a more complete picture of the experiments as the particle plasmon
associated with the particles depends on the dimensionality. In three dimensions, the
particle plasmon fields are effectively confined to a smaller surface area, which would
appear as an enhancement in the local fields. However, full three-dimensional FDTD

calculations over the length scales of the sample require enormous computational effort



Chapter 3 _ 108

in comparison to the current model and are not currently feasible. The two-dimensional
calculations are adequate in illustrating' the underlying physics of the phenomenon, and
the conclusions of the calculations can be employed to interpret the experimental results.
The structure used in the calculations is a randomly generated ensemble of metallic (Cr)
particles with a ciréular cross section having d = 150 um and a sample packing fraction of
0.56. The single-cycle THz pulse incident on the ensemble is centred at 0.6 THz with a
1 THz bandwidth, matching the THz pulses used in the experiments. The average
transmission is measured by integrating the total electric field incident upon a line
detector emulating the experimental detection. At each L, the transmission is evaluated

for numerous random sample configurations.
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Figure 3.15. The calculated percentage power transmission (filled circles) and relative
pulse delay (filled squares) versus L. The experimental transmission power (open circles)
and relative pulse delay (open squares) are also depicted.

As shown in Figure 3.15, the FDTD-calculated transmission characteristics
demonstrate agreement with experimental observations. It should be noted that the
packing fraction of the sample in the calculations (0.56) is larger than the experimentally
measured packing fraction of the sample used in the experiments (0.51), which is

required to obtain quantitative agreement between the experiment and calculations.
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Nevertheless, it is remarkable that the percentage power of the enhanced THz electric
field transmission and the 1/(1+gL) power versus the sample length are accurately
predicted. The slightly higher packing fraction used in the calculations is required to
describe the electromagnetic properties of the three-dimensional ensembles.
Augmenting the packing fraction in the two-dimensional system effectively increases the
surface area of the particles, which more accurately accounts for non-radiative losses
occurring at the surface of the three-dimensional particles used in the experiments. As
seen in Figure 3.15, the numerical and experimental relative pulse delays are in good
agreement from 0 < L < 4 mm. For L > 4 mm, the calculations underestimate the
experimentally measured pulse delays. This is attributed to the poly-disperse distribution
of particle sizes and the irregular shapes of the Cr particles, both of which cause
increased particle surface area and are not incorporated in the numerical model. In
particular, it will be later shown in this Chapter that particle irregularity can cause
significant pulse delay.

Further examination of the internal electric field dynamics from the calculations
suggests that the physical origin of the enhanced THz transmission is due to near-field
interaction between particles. In particular, the calculations show that electromagnetic
energy is confined into the subwavelength spaces between metallic particles. Figure 3.16
(a) to 3.16 (d) depicts snapshots of the spatio-temporal evolution of the THz pulse fields |
for L = 5 mm at representative times, . At ¢ = 1.25 ps, the incident polarized THz pulse
couples into particle plasmons on the individual particles, evidenced by the high electric
fields near the particles’ surféces. The snapshot at time ¢ = 8.5 ps shows that

electromagnetic energy is squeezed in the free space gaps between the particles. An
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initial electromagnetic wave-front appears as a large amplitude band progressing through
the random metallic medium, as shown at ¢ = 19.0 ps [Figure 3.16 (c)]. By tracking the
wave-front as it advances through the system, an electromagnetic energy velocity of 0.65
c 1s measured, in excellent agreement with experimentally measured values of 0.63 ¢. At
t =26 ps, this leadi‘ng wave-front approaches the boundary (L = 5 mm) and radiates into
free-space. Hence, this initial wave-front coherently propagated through the metallic
particle sample corresponds to the measured far-field transmission. The wave-front in
Figure 3.16 (d) appears straight relative to the wave-front in Figures 3.16 (b) and (c). At
the back of the sample, the wave-front appears straight since the pulse spreads out as it
propagates through the random medium. Even after the passage of the initial wave-front,
significant electromagnetic energy is still trapped at various random locations. A spatial
distribution map of the time-integrated electromagnetic field within the random medium
[Figure 3.16 (e)] clearly illustrates the existence of highly localized electric field
hotspots. At these locations, electromagnetic energy is stored via near-field
electromagnetic re-circulation between metal particles [24]. The frequency spectrum at
isolated hotspots shown in Figure 3.16 (f) demonstrates distinct resonant modes between
0.1 THz and 1.6 THz. Due the random phases of the electric field localized within these
hotspots, the collective radiation leakage from these locations into the far-field interferes
destructively and can only be detected locally. Hence, a prevailing challenge is to realize

the near-field, time-domain visualization of these hotspots in random metallic media.
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Figure 3.16. Snapshots of the THz field magnitude within a random 5 mm x 5 mm Cr
medium at times (a) 1.25 ps, (b) 8.5 ps, (c) 19.0 ps, and (d) 26.0 ps. In (), the spatial
field distribution map of a 1.6 mm x 1.8 mm region of the Cr medium [corresponding to
the boxed region in (d)] shows that a significant amount of the electromagnetic field is
trapped within hotspots. The power spectra at six randomly selected hotspots shown in
(f) demonstrate the existence of resonant modes.
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Additional FDTD calculations of THz pulse excitation of an ensemble of metallic
particles shows that inter-particle interaction within the ensemble is mediated by near-
field coupling between particles. Figure 3.17 demonstrates images from an FDTD
calculation of single-cycle, 1 ps wide THz pulse illumination of an L = 4.0 mm sample of
randomly placed 150 pm Cr particles. The circular particles have an exact diameter of
150 pm and a 0.50 packing fraction. The time evolution of the electric field magnitude
from ¢ = 0 ps to £ = 1.0 ps in a small region of the medium is shown in the right panels of
Figure 3.17. At t = 0 ps, particle plasmon excitation is evident from the high electric
fields near the particles’ surfaces. At later times, ¢ > O ps, the images clearly illustrate
electromagnetic energy propagation via near-field particle plasmon coupling. Over the 1
ps interval, the surface fields on the particles propagate via nearest neighbor coupling
from particle to particle across the metallic medium over a distance of ~ 600 um. Thus,
through such near-field particle-to-particle coupling, the THz electromagnetic field is
transported across subwavelength size metallic particle ensembles over distances several

orders of magnitude larger than the metal’s skin depth.
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Figure 3.17. (left) Calculation structure used in the FDTD calculations consisting of an
ensemble of 150 um circular particles. The panels to the right depict magnified images
of the boxed region and show the propagation sequence of the THz field magnitude over
a 1 ps duration. The sequence of images illustrates that electromagnetic energy transport
through the metallic particle ensemble is governed by nearest neighbor coupling. (b)
Calculated transmitted THz electric field through the L = 4 mm sample of 150 pym Cr
particles along with a reference pulse transmitted through an air path.
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The calculated pulse shape transmitted through the particles also shows similarities
to the experimentally measured transmission. As shown in Figure 3.17 (b), the FDTD
calculation accurately predicts the general characteristics of the pulse shape propagated
through the metallic particle ensemble. The calculated transmitted electric field through
the L =4 mm sample of 150 um Cr particles is delayed and broadened with respect to the
THz pulse transmitted through an air path, and the ~ 1.4’ % transmitted electric field
amplitude is on the same order of magnitude as the ~0.4 % transmitted electric field
amplitude measured in the experiments. Discrepancies in the experimental and
calculated transmitted electric field amplitude are attributed to the lower packing fraction

(0.50) used in this FDTD calculation relative to previous calculations of Figure 3.15.

3.6. Terahertz Transmission through Different Metallic Particle Ensémbles

The enhanced THz transmission through dense metallic particle collections is not
specific to any particular metal type or particle size and has been observed through a
wide variety of metallic media with varying subwavelength particle sizes. To highlight
this universality, Figure 3.18 depicts experimental transmitted THz pulses through L =
1.2 mm thick samples of densely packéd Cu, Cr, and Al particles having mean
dimensions of 71 + 20 um, 150 + 50 pum, and 400 + 100 pm, respectively. The
transmitted pulses depicted in Figure 3.18 are polarized along the incident polarization
direction. The time-resolved signals are characterized by temporally delayed and
broadened field oscillations relative to the reference pulse transmitted through an empty
cell. When compared to an air path, the relative delays introduced by the L=12mm Cu,

Cr, and Al particle ensembles are 2.6 + 0.1 ps, 4.8 + 0.1 ps, and 3.0 + 0.1 ps, respectively.
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The transmitted electric fields have drastically disparate amplitudes. Compared to the
reference THz pulse, the field amplitude through the Cu ensemble is 20.7 %, while the
relative electric fields transmitted through the Cr and Al ensembles are only 3.4 % and
1.0 %, respectively. The large variation in the amplitude and the arrival time of the
transmitted THz pulses through the different metallic media reveals a rich dependence of
the transmission phenomenon on particle shape, size and metal type. These variables will

be explored further in this Chapter.
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Figure 3.18. Free-space transmitted THz electric field measured through an empty cell
and through 1.2 mm thick samples of irregularly shaped Cu, Cr, and Al particles having
mean dimensions of 71 pum, 150 pm, and 400 pm, respectively. The transmitted fields
are polarized parallel to the incident THz polarization.

3.7 From the Mesoscopic Regime to the Bulk Regime
The metallic particle size relative to the radiation wavelength is an important
parameter governing the THz electric field transmission through an ensemble of metallic
particles. When the metallic particle size is in a mesoscopic regime (particle size

between the wavelength and atomic scales), incident electromagnetic radiation polarizes
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the individual particles, and near-field coupling between particles transports
electromagnetic energy across an ensemble. The heterogeneity scale of the particles
relative to the wavelength dictates the degree of the polarizability of the particles.
Breaking the metallic particle size down to the nano- and atomic scales such that § < a
will recover the bulk optical properties of the metal. This is because for a collection of
metallic particles having ¢ < a and J < 4, the electromagnetic properties of the ensemble
can be described by the effective medium approximation. As the metallic particle
volume fraction of the ensemble increases to 100 %, the effective electromagnetic
properties of the ensemble are equivalent to that of a bulk metal. On the other hand, if
the particle size increases well beyond the size of the wavelength, geometrical optics
takes over. That is, the incident electromagnetic wave cannot polaﬁze the particle, and 1s
totally reflected from the metallic surface.

Here, the influence of the particle size on the enhanced THz electric field
transmission through metallic particle ensembles is studied as the particle size increases
from the subwavelength regime into the bulk regime. Terahertz time-domain
spectroscopy is employed to characterize the THz electric field transmission through Cu
particle ensembles where the average particle diameters are 194 = 9 ym, 250 £ 10 um,
283 + 8 um, 372+ 17 um, 462 £ 17 um, 560 + 15 um, and 670 pm = 30. In reporting the
particle sizes, the nominal size corresponds to the average particle diameter and the error

represents one standard deviation. Scanning electron microscope images of the particles

are shown in Figure 3.19.
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Figure 3.19. Scanning electron microscope images of Cu particle ensembles of sizes (a)
194 pm, (b) 251 um, (c) 283 pm, (d) 372 pum, (e) 462 pm, (f) 560 pm, and (g) 665 um.
Shown in Figure 3.20 are the time-domain waveforms and the associated Fourier
spectra of THz pulses transmitted through Cu particle ensembles where the particle sizes
range from 194 £ 9 pm to 670 = 30 um. The thickness of the ensemble is kept constant at
3.0 mm. As the average particle size increases from 194 pm to 372 um, the THz electric
field transmission amplitude is dramatically reduced by a factor of greater than 3.
Associated with this attenuation is a shift in the central frequency of the transmission
from 1.0 THz to 0.8 THz, indicating a preferential attenuation of the higher frequency
components of the THz pulse. As the size of the particles increases, the shorter

wavelength componehts of the incident THz pulse cannot efficiently polarize the
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particles. As a result, these higher frequency components do not couple across the
medium and are not radiated into the far-field. There is nearly no transmission when the
particle size exceeds 462 pm, since over the bandwidth of the incident THz pulse, 0.2 <
8/A < 2.3 and the wavelengths encompassed by the THz pulse cannot polarize the

individual particles.
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Figure 3.20. (a) Time-domain transmission through 3 mm thick ensembles of Cu
microspheres where the diameter varies from 194 pm to 665 pum. (b) Power spectra of
the transmission through ensembles of Cu spheres having diameters ranging from 194

pm to 372 pm.
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As discussed in Chapter 1, an electromagnetic wave incident on a subwavelength
sized metallic sphere embedded in free-space induces a dipole moment, p(w), that is

given by

p(w)= 7:‘5_35@_@1(0’)_-1

3.7.1H)
2 Eppa(@)+2

S

where J is the particle diameter. At THz frequencies, where |emei(®@)| >> 1, the dipole
moment of the particle is approximately
53
P =7Z'—2—Es (372)

which corresponds to a polarizability given by

K=m— 3.7.3
5 (3.7.3)

Thus, the polarizability of a subwavelength sphere excited by an incident THz
electromagnetic wave is independent of the metal permittivity and is purely geometrical.
The frequency dependence of the non-resonant particle plasmon response is implicit in
the assumption that the particle size is smaller than the electromagnetic wavelength.
Coupling of an incident electromagnetic wave into é non-resonant particle plasmon only
occurs when the particle size is less than the wavelength. As the particle size increases
beyond the wavelength scale, the incident electromagnetic wave cannot polarize the
particle. Figure 3.21 (a) plots the peak transmitted wavelength versus the average
particle size. With increasing particle size, it is shown that the peak transmitted
wavelength increases linearly. This direct proportionality indicates that the THz particle

plasmon response scales directly with wavelength, which is consistent with the picture



Chapter 3 120

that coupling of an incident THz electromagnetic wave into a particle plasmon is a

geometrical effect determined by the particle size with respect to the wavelength.
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Figure 3.21. (a) Plot of the peak transmission wavelength through the 3 mm thick Cu
particle ensembles versus the average particle size. The line is a linear line of best-fit to
the data. (b) The transmitted power normalized to the free-space reference at a frequency
of 0.09 THz versus the average particle cross-sectional area. The illustration below
depicts a THz electromagnetic wave incident on a particle with a smaller cross-sectional
area and a particle with a larger cross-sectional area.
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When a THz electromagnetic wave is incident on a subwavelength sized particle,
not all the incident energy is coupled into the localized particle plasmon, but a large
portion is scattered by the particle. Intuitively, the amount of electromagnetic energy
“lost” to scattering from the metallic particle should be inversely proportional to the cross
sectional area of the particle. As the particle cross sectional area increases, a larger
portion of the incident electromagnetic energy is reflected and less electromagnetic
energy is coupled into the localized particle plasmon at the surface of the particle. In the
limit where the cross-sectional area of the particle is infinite, the incident electromagnetic
wave is completely reflected. Figure 3.21 (b) shows the experimentally measured
transmitted power (through the 3 mm thick Cu particle collections) normalized to the free
space transmitted power at a frequency of 0.09 THz plotted versus the average particle
cross sectional area. It should be noted that a frequency of 0.09 THz corresponds to a
wavelength of 3.3 mm, which is much greater than the average particle sizes in the
experiments. As shown in Figure 3.21 (b), the normalized transmitted power at 0.09 THz
decreases as the average particle cross sectional area of the particle increases via an
inverse proportionality. This effect can be physically understood by considering that the
incident THz electromagnetic wave interacts with only the conduction electrons at the
surface of the metallic particles. Due to the larger surface area to volume ratio of the
smaller metallic particles relative to the larger particles, a greater percentage of
conduction electrons can participate in localized particle plasmon excitation.

The effect of the particle size on the polarizability of a single particle is illustrated
via FDTD calculations of pulsed THz electromagnetic excitation of two isolated metallic

particles having dimensions of 70 pm and 200 um. The excitation pulse is a single-cycle
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THz transient with a 1 THz bandwidth and centred at 0.6 THz. In the calculations, a
single-cycle THz pulse propagates upward toward the metallic particle. To map out the
charge density induced by the external THz electric field pulse, the induced charge
density distribution is calculated by taking the divergence of the vector displacement field
distribution. Figure 3.22 illustrates the instantaneous induced charge density distribution
at the surface of the two particles after THz pulse excitation taken at the same time. For
the 70 pm diameter particle, the THz electric field pulse induces a dipolar charge density
distribution where conduction electrons at the surface of the two halves of the particle
oscillate anti-parallel. As the particle size increases to 200 pm, the predominant
polarization mode induced by the THz electric field pulse is quadrupolar. The magnitude
of the charge density distribution for the larger particle is significantly weaker than the
dipolar charge density distribution of the smaller particle. The peak charge density of the
quadrupolar distribution is reduced to ~ 60 % relative to the peak charge density of the
dipolar distribution. The larger metallic particle is not efficiently polarized by the
incident THz pulse, since a significant portion of the incident pulse is reflected by the
larger particle and only the lower frequency components of the pulse can polarize the

particle.
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Figure 3.22. FDTD calculation of the induced charge density distribution of a (a) 70 um
diameter particle and (b) 200 um diameter particle excited by a single-cycle THz pulse.

3.8 Further Investigations of Plasmonic-Enhanced Terahertz Transmission

To further study the plasmonic-enhanced THz transmission through subwavelength
metallic particles, the dependences of the THz electric field transmission on the particle
dimension, particle shape, and metallic conductivity are investigated.

The THz electric field transmission through the mesoscopic metallic particle
ensemble is inherently dependent on the size of the particles. It was shown in Section 3.7
that the electromagnetic properties of the particle ensemble approach those of bulk metal
as the particle size exceeds the wavelength. Here, the effect of mesoscopic particle size
on the enhanced THz electric field transmission is explored. Comparative transmission
measurements are performed using two Cr particle ensembles with mean subwavelength
dimensions of 150 + 50 um and 40 + 20 pm and similar volume packing fractions of 0.5.
By comparing the THz electric field transmission through the two samples shown in
Figure 3.23, it is evident that the transmitted electric field through the 150 pm Cr

particles exhibits temporally broader oscillations and a lower bandwidth than the
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transmitted electric field through the 40 um particles. For a representative sample length

of 0.6 mm, the 40 um and 150 pum particle ensembles show transmission bandwidths of
0.35 THz and 0.23 THz, respectively. As illustrated in Figure 3.23 (e), the higher
frequencies (> 0.4 THz) of the transmitted electric field are preferentially extinguished as
the particles’ size is increased from 40 pum to 150 pm. Such a bandwidth reduction with
increasing particle size occurs in conjunction with a central frequency shift from 0.24
THz to 0.20 THz as the particle size increases from 40 pm to 150 um. The change in the
central transmission frequency is attributed to a change in polarizability of the individual
particles as the size increases.

As evident from Figure 3.23 (c) and 3.23 (d), the THz electric field pulse shape and
arrival time of the pulse is also dependent on the particle size. The relative delay of the
transmission through the 40 pum Cr particles indicates slowed particle plasmon
propagation through the smaller particles. By measuring the arrival times of the first
peak of the transmitted THz pulses as a function of L, propagation velocities .of 047 £
0.01 ¢ and 0.50 £ 0.01 ¢ are measured through the 40 pm and 150 um particle ensembles,
respectively. Intuitively, this can be understood as arising from the increased metal
surface area in the smaller Cr particles, which augments the electromagnetic energy
propagation distance. This interpretation will be further supported by FDTD

calculations in later discussions within this section.
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Figure 3.23. Scanning electron microscope images of Cr particles having dimensions of
(a) 150 + 50 pm and (b) 40 £ 20 um. (c) and (d) depict the experimental transmitted THz
electric field through the 150 um and 40 um size Cr particles, respectively, for various
sample thicknesses, in addition to the reference THz pulse transmitted through an empty
cell. (e) shows the power spectrum of the experimental transmission through the empty
cell, a L = 0.6 mm sample of the 150 pm Cr particles and a L = 0.6 mm sample of the 40
pm Cr particles. Illustrated in (f) are the experimentally measured effective refractive
indices across the transmission bandwidths for the two Cr particle ensembles.
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To analyze the dispersion characteristics of the two Cr ensembles, their effective
frequency-dependent refractive indices, nef(@) are determined (refer to Appendix D).
Here, the effective refractive index describes the global response of particles to the
incident electromagnetic wave and is not derived from the effective medium
approximation. Shown in Figure 3.23(f) are the effective refractive indices of the 40 pm
and 150 um particle ensembles obtained by averaging six independent measurements for
each particle collection. Reducing the granular dimensions increases the effective
refractive index of the metallic particle ensembles. The refractive indices for the 40 pm
and 150 pm Cr samples are approximately 2.15 + 0.05 and 2.05 + 0.05, respectively, over
their electric field transmission bandwidths. Interestingly, the refractive indices of these
Cr samples are characterized by large dispersion across the bandwidth of the transmitted
electric field, which, in addition to the frequency-dependent attenuation, causes pulse
width broadening for increasing sample length [25].

To further investigate the effect of particle size, the experimental results are
compared with FDTD calculations. The calculated THz electric field transmission
through 4 mm thick ensembles of Cr particles with mean dimensions of 40 pm and 150
pm are shown in Figure 3.24. The calculated transmitted electric field through the
smaller particles is spectrally wider [Figure 3.24 (a)] and temporally delayed [Figure 3.24
(b)] with respect to the transmitted electric field through the larger particles. Such
behavior is in accordance with previous experimental observations. To visualize the
origin of this delay, snapshots of the electromagnetic wave progression through the two
Cr particle ensembles are shown in Figure 3.24 (c) to 3.24 (f). Atz = 7.5 ps, the free-

space THz pulse incident on the ensemble couples into particle plasmon oscillations of
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the metallic particles. From ¢ = 7.5 ps to 20 ps, electromagnetic energy propagates as a
high intensity wave-front explicitly highlighted in Figure 3.24 (c¢) to 3.24 (f).
Examination of the images at ¢ = 20 ps [Figure 3.24 (e) and 3.24 (f)] clearly show that the
wave-front progresses slower through the 40 um Cr particles relative to the 150 um Cr
particles. By tracking the wave-front progression through the metallic media,
propagation velocities of 0.62 + 0.01 ¢ and 0.66 + 0.01 ¢ are measured through the 40 um
and 150 um particle’ensembles, respectively. The trend in the propagation velocity
versus the particle size fs similar to the experiments.

The FDTD calculations enable interpretation of slower wave propagation in
ensembles of smaller particles. Due to the random nature of the medium, there is
inherent directionality scramble of the electromagnetic wave with each nearest neighbor
interaction. By increasing the number of particles across a given sample length (i.e. by
decreasing the particle size), increased directionality scramble augments the effective
energy propagation distance, causing a delay of the transmitted THz radiation. To
demonstrate that the origin of this delay is due to directionality scramble, FDTD
calculations are performed where directionality scramble is absent. Here, the THz pulse
is confined to propagate along 12 mm long chains of randomly positioned particles with
sizes of 50 pm, 100 um, and 150 um, as shown in Figure 3.25 (a), 3.25 (b), and 3.25 (c).
In such configurations, lateral confinement results in unidirectional near-field particle

plasmon coupling.
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Figure 3.24. (a) FDTD calculations of the temporal THz transmitted electric fields
through L = 4 mm ensembles of Cr particles with mean dimensions of 40 um and 150
um. Note that the transmitted pulse through the smaller Cr particles arrives at a later
time. (b) The power spectra of the calculated transmission through the two particle
ensembles. (c) and (d) illustrate the THz field magnitude in the 150 um and 40 um Cr
particle ensembles, respectively, at # = 7.5 ps. THz field magnitudes at = 20.0 ps in the
150 um and 40 um Cr particle ensembles are shown in (e) and (f), respectively. The
packing fraction in the simulations is 0.50.
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As shown in Figure 3.25 (d), 3.25 (e), and 3.25 (f), snapshots of the electric field
magnitudes at a particular time show that the THz pulses propagate at similar velocities
through the different particle chains. Accordingly, the transmitted electric field pulse
through the three particle chains all arrive at the same time, as evident in Figure 3.26 (a).
Particle plasmon coupling in the three particle chains can only occur along the forward
direction. The absence of directionality scramble implies that the electromagnetic pulses
along the three chains propagate over equivalent distances. While the size of the particles
does not affect the electromagnetic propagation speed, it does influence the spectral
contents of the electric field transmission. As shown in Figure 3.26 (a), the transmitted

field associated with the chain of 50 um size particles consists of higher frequency

oscillations than that associated with the 100 um and 150 um particle chains. The
spectral contents of the transmitted electric field pulses are explicitly shown in Figure
3.26 (b). The Figure illustrates that the electric field transmission through the 50 um, 100
pum, and 150 um particle chains exhibit bandwidths of 0.36 THz, 0.25 THz, and 0.15
THz, respectively. Thus, the increasing bandwidth with decreasing particle size is
accompanied by a shift of the central frequency toward higher frequencies, consistent
with the previous experimental trend shown in Figure 3.23 (e). Differences in the
transmission spectra for the 50 um, 100 wm, and 150 um particle chains arise from the
frequency-dependent polarizability of the individual particles. As the particle size
increases, the higher frequency components of the incident THz pulse cannot couple into
the particle plasmon oscillations of the particles and are removed from the transmission

spectra.
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Figure 3.25. (a), (b) and (c) depict the 50 pm, 100 um, and 150 um Cr particle chains
used in the FDTD calculations, respectively. The chain lengths are 12 mm. (d), (¢) and
(f) depict the THz field magnitudes in the 50 pm, 100 pm, and 150 um Cr particle chains,
respectively, at an identical time after excitation with a 1 ps wide THz pulse. Note that
all the THz wave-fronts progress at the same velocity for the three particle chains.
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Figure 3.26. FDTD calculations of (a) the temporal THz transmitted electric field and (b)
the spectral power transmission through the 12 mm long Cr particle chains consisting of
50 um, 100 pm, and 150 pm size particles.

Due to inherent surface sensitivity of particle plasmon phenomena, particle shape is
a key parameter in the interaction of electromagnetic waves with subwavelength metallic
particles [26-28].  To qualitatively investigate the effect of particle shape on the

plasmonic-enhanced THz electric field transmission, two separate Cu samples are
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employed consisting of spherical and irregularly shaped particles. Figures 3.27 (a) and
3.27 (b) depict scanning electron microscope images of the irregularly shaped and
spherical samples having mean particle dimensions of 83 = 15 um and 71 + 20 pm,
respectively. Since the size difference between the particles is 2.4% of the central THz
pulse wavelength of 500 pum, to a good approximation, the effect of particle size in the
comparative measurements is insignificant. As illustrated in time-domain THz signals in
Figure 3.27 (c), particle shape does not strongly influence the transmitted temporal pulse
shape. Similarly, the transmission bandwidth does not vary between the irregular and
spherical Cu particles [Figure 3.27 (d)], indicating that the polarizability associated with
the individual Cu particles do not strongly depend on the exact particle shape so long as
the size of the particles is in a subwavelength regime.  However, the THz pulse
transmitted through the spherical Cu particles arrives earlier than the transmitted electric
field through the irregular particles. For the representative sample length of 2.1 mm, the
transmitted eléctric field through the spherical Cu particles arrives 1.2 + 0.1 ps earlier
than that through the irregularly shaped Cu particles. Such a delay suggests that particle
irregularity causes slowed plasmonic propagation through the metallic particles. The
origin of the delay is understood as follows: since the transmission is mediated by
plasmonic fields propagating along the particles’ surfaces, increasing the particle surface
area effectively increases the plasmonic propagation distance, which manifests as a delay
in the transmitted electric fields. As evident in Figure 3.27, particle irregularity also
slightly diminishes the transmission amplitude through the metallic media. For a sample
length of 2.1 mm, the transmitted electric field through the irregularly-shaped Cu

particles is 8 + 2% less than the electric field transmission through the spherical Cu
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particles. The diminished electric field amplitude transmitted through the irregularly
shaped particles is attributed to the enhanced non-radiative losses at the particle surface.
Since the irregular particles have a much greater surface area than the spherical particles,

the particle plasmon non-radiative losses are greater for the irregularly shaped particles.
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Figure 3.27. Scanning electron microscope images of (a) irregular and (b) spherical Cu
particles of mean dimensions 71 + 20 um and 83 + 15 pm, respectively. (c) depicts the
experimental temporal THz transmitted electric field through L = 2.1 mm samples of the
irregular and spherical Cu particles, and (d) shows their corresponding power spectra.

In addition to particle size and shape, the electromagnetic properties of the metallic
ensembles are dependent on the conductivity of the metal. In high conductivity metals,

electrons exhibit a long mean free path, which minimizes resistive loss associated with

electron scattering. To study the effect of metal conductivity on the enhanced THz
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electric field transmission, comparative measurements of the transmission through Cu
and CugsSns alloy particles are performed. These samples have been selected due to their
identical physical sizes and shapes, since both samples consist of 83 £ 15 um diameter
spheres, as illustrated in Figure 3.28. However, due to the lower conductivity of the
CuysSns alloy particles as compared to pure Cu, it is anticipated that the electric field
transmission through the Cu will exhibit less attenuation. Indeed, as shown in Figure
3.28, the THz electric field transmission through the L = 2.1 mm Cu sample is dissimilar
from the transmission through the L = 2.1 mm CugsSns sample. The peak-to-peak
amplitude of the Cu THz electric field tfansmission is 1.3 times larger than the
transmission through CugsSns, directly indicating decreased attenuation. Moreover, the
transmitted electric field through the Cu particles arrives slightly earlier (0.2 + 0.1 ps)
than that through the CuosSns particles. Despite discrepancies in the amplitudes and
arrival times of the transmitted pulses, the pulse shape and frequency spectra of the
transmission through the granular Cu and Cug¢sSns do not differ within experimental
error, as evident in Figure 3.28. The congruent transmission spectra are attributed to the
similar microscopic structural features and particle sizes of the two metallic samples.

To further illustrate this effect, FDTD calculations of THz transmission through
two identical particle ensembles composed of dissimilar metals having significantly
different conductivities in the far-infrared regime are performed. Here, W and Cu metals
have been chosen since the Drude parameters for the permittivity of both metals are
known [29]. Figure 3.28 (e) shows the calculated time domain transmission through 2
mm thick samples of W and Cu particles having diameters of 80 pm. In accordance with

experimental observations, the transmission pulse shape does not change by altering the
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conductivity. However, the THz electric field transmission amplitude through Cu is
slightly larger relative to the transmission through W due to decreased resistive loss.
Finite difference time-domain calculations qualitatively confirm that the metal

conductivity directly affects the losses.
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Figure 3.28. Scanning electron microscope images of (a) CugsSns and (b) Cu particles,
both having mean dimensions 83 + 15 um. (c) depicts the experimental temporal THz
transmitted electric field through L = 2.1 mm samples of CugsSns and Cu particles, and
(d) illustrates their corresponding power spectra. Shown in (e) are FDTD calculations of
the THz transmitted electric fields through identical L = 2 mm thick samples of 80 pm
diameter W and Cu particles.
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3.9 Influence of Contact Resistance on Terahertz Particle Piasmons on Bimetallic
Microparticles

To date, investigations of surface plasmon waves at THz frequencies have been
restricted to studies of surface plasmon polaritons on monometallic surfaces such as
films, wires, and hole arrays [30-33] and studies of particle plasmons on monometallic
particles [25, 34]. In this section, a novel class of THz plasmonic material is introduced
that is composed of two types of metallic species. It is shown that the THz plasmonic
response of the bimetallic material can be controllably tuned by varying the relative
composition of the metallic species.

Bimetallic media show unique and diverse electromagnetic properties dependent
on the relative composition and distribution of the metallic species. When a medium is
composed of two metals, the metals méy be completely intermixed, forming an alloy, or
remain segregated, forrniﬁg a heterogeneous mixture. Alloyed bimetallic media can be
modelled by an average dielectric function between those of the parent metal species [35-
37]. Heterogeneous bimetallic mixtures, on the other hand, typically have
electromagnetic properties that differ substantially from those of the constituents and
cannot be described as a superposition of the dielectric functions of the parent metals [1,
38-42].

Bimetallic heterogeneous mixtures are unique due to the contact or interface
resistance that develops between the two dissimilar metals in intimate contact. The origin
of the contact resistance between two metals can be understood by considering the
classical free electron ideal gas model. Metals can be viewed as an ideal gas of free

electrons subject to the Pauli Exclusion Principle. According to the Pauli Exclusion
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Principle, no two electrons can have identical quantum numbers describing their
wavefunctions. If a metal is composed of N, electrons, then each of the N, electrons
must have its own unique wavefunction. At ground state (temperature of the system is at
absolute zero), electrons in a metal will occupy electron states with the lowest energy
levels and continue occupying states with higher energy levels until all the N, electrons
are accommodated. The energy of the topmost filled energy level is defined as the Fermi
energy, Er. As the temperature of the system, 7, is increased from absolute zero,
electrons may vacate previously occupied energy levels and fill previously unoccupied
energy levels. The probability that a wavefunction at energy E' will be occupied in an
ideal electron gas at a given temperature 7" at equilibrium is given by the Fermi-Dirac

Distribution

, 1
EH= ~
S = Tt

(3.9.1)

which is depicted in Figure 3.28 for 7= 0 and 7"> 0. The quantity kz is the Boltzmann

constant and y, is the chemical potential. The chemical potential is the energy at which
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Figure 3.29. Fermi-Dirac Distribution for an ideal gas of free electrons at 7= 0 and 7> 0.
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At the surface of the metal, the electrons of the metal are bound by the energy
difference between an electron at rest in vacuum just outside the metal and an electron at
the Fermi level. This energy difference is defined by the work function of the metal, e@,

given by
e¢p=FE,— Ef (3.9.2)

where E, is the energy of the electrons at the bottom of the conduction band relative to
the vacuum energy, E,... Suppose there are two metals, metal 1 and metal 2, that are
connected in a manner that allows electrons to flow from one to another. If the two
metals have different work functions, as shown in Figure 3.30 (a), metal 1 has many
unoccupied levels of energies that are lower than many of the occupied ones of metal 2.
When the metals are in contact, electrons that are occupying levels near the Fermi energy
of metal 2 will leave metal 2 into metal 1. Metal 2 thus becomes positively charged and
all the electrons in metal 2 will noW have a lower potential energy. Simultaneously, the
electrons in metal 1 will have a higher potential energy. Electrons will flow from metal 2
to metal 1 until the chemical potential of the two metals are equivalent. The electrostatic
charge buildup at the interface creates a potential difference, e@; — e¢,, which opposes
further charge flow. This potential difference effectively gives rise to an interface
resistance [43-45]. The spatial extent of the region of charge buildup at the interface is

on the order of the Thomas Fermi screening length, which is typically several Angstroms.
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Figure 3.30. Development of a contact potential difference. (a) Band diagram of the
metals before they are in contact. (b) Equilibrium band diagram of the metals after they
are in contact.

Here, a bimetallic THz plasmonic medium consisting of a dense collection of Cu
microparticles layered with Au nano-layers is studied. The work functions of Cu and Au
are 4.4 eV and 4.3 eV, respectively [43]; when the two metals are in contact, a contact
resistance develops between them. The Cu particles used in the experiments have a

spherical shape and a diameter, J, that ranges from 68 to 98 um. The Cu-core/Au-layer

microparticles are fabricated by sputter depositing a 40 nm thick Au layer on dispersed
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spherical Cu particles (refer to Appendix D for a description of the sputtering processes).
The Au coverage, or equivalently, Au/Cu contact area, is varied by systematically re-
orienting the Cu particles during the Au deposition process, which exposes uncoated Cu
surface area for Au coverage. The THz electromagnetic properties of the sample are

examined using THz time-domain spectroscopy as previously described.

Incident THz

Transmitted THz electric field pulse

electric field pulse

Figure 3.31. Cartoon illustrating the transport of a THz electromagnetic pulse through an
ensemble of bimetallic Cu/Au microparticles. A contact resistance develops at the
interface between the Cu and Au metals.

Since electromagnetic charge induction occurs on the outer surface of the
bimetallic composite, it is essential to characterize the atomic composition directly at the
particles’ surface. The surface of the microparticles may consist of pure Au or a Cu/Au

-alloy due to miscibility and inter-diffusion of Cu into Au. Thus, x-ray photoelectron
spectroscopy (XPS) is performed to determine the exact composition of the microparticle

surface. The XPS spectra are collected by AXIS 162 (Kratos) spectrometer using mono-
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chromated Al Ko (1486.6 €V) radiation in fixed analyzer transmission mode. The XPS
spectra of two samples of Cu particles that have relative high aﬂd relatively low
percentage Au surface coverage are shown in Figure 3.32 (a), with the characteristic Cu
2p and Au 4f lines labelled. The Au 4f emission lines from the sample with the higher
Au percentage coverage have a significantly higher intensity than the lines from the
sample with lower Au percentage coverage. Shifts in the characteristic Au 4f emission
lines relative to that of a pure Au sample reveal whether alloying between Au @d Cu has
occurred on the particle. As seen in Figure 3.32 (b), the characteristic Au 4f spectral
lines of the two bimetallic samples show no shift of the Au 4f energy levels relative to the
4f energy levels in a pure Au sample (highlighted by the dashed line), indicating the
absence of Cu/Au alloying directly at the surface of the bimetallic particles. Within the
sampling depth of the XPS spectra, it can be concluded that the surface of the particles is
heterogeneous, consisting of a Cu particle covered with a pure Au layer. The percent Au
coverage is quantified by the relative magnitudes of the Au and Cu peaks in the XPS
spectra; samples with higher Au coverage exhibit larger Au peaks and, correspondingly
smaller Cu peaks. On five bi-metallic samples, XPS analysis reveals that the percentage

Au surface coverage of the particles is F = 17 %, 24 %, 32 %, 44 %, and 47 %.
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Figure 3.32. (a) XPS spectra of two Cu/Au microparticle samples with percentage Au
coverage of 45 % and 17 %. The characteristic Au 4f and Cu 2p emission lines are
labeled in the plot. (b) XPS spectra of the two bimetallic particle samples near the Au 4f
emission lines. The dashed lines indicate the positions of the Au 4f lines for pure Au.
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The interface resistance at the boundary between the Cu-core and Au-shell nano-
layer augments the effective resistivity of the particle. For independent electron

scattering processes, P can be described by Matthiessen’s rule [46]

. m*
peﬁ” = Pau t Pcu + Paw/Cu =—2— (393)
Ne ’Z'eﬁr

where p4., c, 1s the resistivity contribution from Au (Cu), p4uc, is the intrinsic interface
resistivity between the metals, 74 is the effective electron scattering time, and m* is the
effective electron mass. Since the thickness of the Au layer is less than the THz skin
depth, the influence of the thin interfacial laye; on the non-radiative decay of particle
plasmons can be examined from the THz electromagnetic properties of the bimetallic
particle ensemble.

Figure 3.33 (a) illustrates FE,(f) transmitted through the five, 2 mm thick
bimetallic Cu-core/Au-layer samples having the same packing fractions ~ 0.50, along
with the reference free-space pulse. The transmitted pulse shape evolves from a multi-
lobe, oscillatory pulse for the pure Cu particles to a single lobe followed by a slowly
rising tail for =47 %. This is reflected in the frequency-domain, where the transmission
spectrum peaks at 0.32 £+ 0.05 THz for the uncoated Cu particles and as F increases to 47
%, shifts toward 0.10 = 0.05 THz [Figure 3.33 (b)]. The most striking feature is the THz
electric field transmission amplitude reduction with increasing F.  Remarkably,
increasing F from 17 to 47 % dramatically attenuates E,(f) by 88 + 3 %, as shown in
Figure 3.33. The linear decrease in the electric field amplitude with increasing surface
coverage reflects the direct proportionality between the interface area and the interface

resistance. The large attenuation in the Cu-core/Au-layer particles is surprising since Cu
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and Au have similar dielectric functions (g4,(1 THz)= —1.12 x 10° + 7.20 x10° i, &¢, =
—5‘.45 x 10°+1.20 x 10% [29]) and thus, their optical responses at THz frequencies are
expected to bé alike. Since h << ¢, the attenuation cannot be ascribed to infinitesimal
(8H*18° = 10_9) volume difference between the Cu and Cu-core/Au-layer particles. Rather,
the amplitude attenuation with increasing F arises from resistance at the bimetallic

interface between the Cu and Au.

A » a b
2 4 6 8 10 F=0% {
S
- lF=0%
S — ./v
o —~ '
@ 3
(4]
“5 17 % - 24 % |
'_E [0
: :
0 24 % | a 32% |
- _
I 32 %
= | 44 %
__ﬁ:/‘_’./'\/__,_____‘
47 %
— 47 %

10 12 14 16 18 20 0.0 0.2 0.4 0.6 0.8
Time (ps) . Frequency (THz)

Figure 3.33. Experimental a) time-domain signal and b) power spectra of the transmitted
THz pulses through 2 mm thick Cu-core/Au-layer microparticle samples for varying Au
surface coverage, F. The inset depicts the reference THz pulse propagated through free-
space.
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Figure 3.34. Peak-to-peak transmitted THz electric field amplitude versus Au surface
coverage, F. The electric field amplitudes are normalized to the transmission through
uncoated Cu particles.

One can obtain a simple physical understanding of the phenomenon by
considering a semi-quantitative one-dimensional damped harmonic oscillator model of
the plasmon oscillations driven by the THz electric field, E;,(¢f). For low amplitude THz
electric field amplitude such that electron motion follows the THz electric field linearly,
the use of the harmonic approach is adequate for the discussion to follow. This model
enables the deduction of the amplitude reduction and temporal behaviour of the plasmon-
mediated THz transmission. The collective polarization, P(f), of the particle enserﬁble is

modeled by

92 P(1) L2 9P()

PR + w2y P(t) < Ein (1) (3.9.4)
€,
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N eﬂez

*
g,m

where cofff = is the effective plasma frequency of the particle composite and N5

1s the density of active electrons participating in the plasmon oscillations. It should be
noted that since the metal particles fill a volume fraction /= 0.50 and the THz pulse

interacts only with the electrons within ¢ of the surface, the effective electron density can
_6fNa . _ 1028 -3 *
be calculated through N g = s [47,48]. Given N = 10 m °, f=0.5,m* ~ 1.49m,

a =100 nm, and J = 84 um, the effective plasma frequency of the particle composite is

W =10" rad/s.  Shown in Figure 3.35 (a) are plots of the calculated far-field

transmitted electric field E,(f)e< 82P(t)/ or? in response to single cycle THz pulse

excitation for 7, varying from 25 fs (derived from a Cu room temperature resistivity
Pdc,cu=1.7 u€ cm) to 0.1 fs.

The model results show reasonable agreement with the experimental data.
Interestingly, as 7, decreases, the calculated E,(f) is attenuated by 90 %, and the
frequency spectra red-shifts from 0.32 + 0.02 THz to 0.21 + 0.02 THz. Furthermore, the
E.(?) pulse shape evolves from a multi-lobe pulse to a single-lobe pulse with decreasing
.5, in agreement with the experimentally observed trend. From the model in conjunction
with the experimental data, the 88 + 3 % electric field attenuation as F increases from 0%
to 47 % represents a reduction in 7,7 by two orders of magnitude (corresponding to a two
order of magnitude increase in p.;). Thus, the damped harmonic oscillator model
succeeds in providing a simple, physical interpretation of the observed phenomenon.
However, further theoretical work, which incorporates near-field electromagnetic

interaction between bimetallic particles, is required.
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Figure 3.35. The calculated a) time-domain signal and b) frequency spectra of the
transmitted THz pulses in response to single-cycle THz pulse excitation for varying 74

To further explore the origin of the interface resistance effect on the plasmon-
mediated THz electric field transmission, control experiments are performed with
monometallic Cu-core/Cu-layer particles. Due to the absence of both a potential barrier
and alloying at the interface between the Cu core and the Cu layer, the only source of
interface resistance for the monometallic samples is electron scattering from the rough
interface topography. The samples are composed of 40 nm Cu layers which are sputter
deposited onto pure Cu particles (identical to those used to fabricate the Cu/Au samples).
These Cw/Cu monometallic particles have a Cu surface coverage of 24 %. In contrast to
the bimetallic Cu-core/Au-layer particles, however, the monometallic Cu-core/Cu-layer
particles exhibit no measurable attenuation and show no electric field pulse reshaping, as

shown in Figure 3.36. This supports the fact that electric field pﬁlse reshaping in the Cu-
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core/Au-layer bimetallic samples arises from electronic dissimilarities between core-layer

metallic species.
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Figure 3.36. Transmitted THz pulses through 2 mm thick samples of uncoated Cu
particles (circles) and Cu-core/Cu-layer particles (line).

The phase characteristics and temporal evolution of the experimental E,(?)
provide further insight into the attenuation phenomenon. In particular, the E,(f) phase
reveals that the effect of the interface resistance is not purely resistive. Shown in Figure
3.37 is the differential phase, A®(@) = P(W) — DA @), where D(w) is the phase of E,(2),
and @, @) is the phase of the reference transmitted pulse through the uncoated Cu. The
transmission is characterized by significant dispersion; at frequencies below 0.2 THz,
E,(t) acquires ~ 1 radian as F increases from 17 % to 47 %. The additional phase arises
from the phase lag between the electric field and the induced currents in the skin layer,
which is determined by thé microparticles’ reactance. That is, increased Au C(;verage
results in a slower polarization response to the driving THz electric field, manifesting as a

phase accumulation in E,(f). In the temporal domain [Figure 3.33 (a)], the drastic
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attenuation of the subsidiary lobes of the pulse as F increases further shows that
increasing I not only augments the Joule loss, but also increases the reactance. It is
believed that the physical origin of the reactive response can be ascribed to dynamical
screening at the bimetallic interface [49, 50]. Charge screening de-phases collective
electron motion such that electrons in the particle are no longer synchronous with the
driving THz field. Since screening becomes prominent only after the initial rise of the
pulse [Figure 3.33 (a)], it is infered that screening dynamics occurs on the order of a
picosecond. This time-scale, however, is significantly longer than typical electron
screening processes in metals, which occur on the order of femtoseconds. Hence, further

investigations are required to resolve the physical mechanisms of this screening process.
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Figure 3.37. Differential phase of the transmission through the Cu-core/Cu-layer sample
and through the F = 44 %, 32 %, and 17 % Cu-core/Au-layer microparticle samples. The
transmission through the Cu-core/Cu-layer sample shows no significant phase
accumulation across the transmission bandwidth.
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3.10 Subsurface Probing of Terahertz Particle Plasmons

The excitation of localized non-resonant particle plasmons at THz frequencies is
governed by the interaction of THz electromagnetic waves with the electrons near the
surface of the particle. Within a finite distance into the particle, & @), the formation of
the THz particle plasmon is governed by two méchanisms: 1) the THz electromagnetic
wave incident on the particle surface penetrates hundreds of nanometers into the metal
where it induces charge motion, and 2) the dipolar electric field is formed by charge
accumulation at the particle’s surface [34]. Notably, it remains a challenge to
experimentally probe these mechanisms within the nano-scale region below the metallic
surface, especially for non-planar geometries. The development of sensitive experiments
to access the electromagnetic interactions beneath the surface of metals would not only
provide insights into the nature of THz electromagnetic wave penetration in
subwavelength structures, but also offer additional clues into the mechanism of THz
particle plasmon formation and their associated non-radiative losses. The'pursuit of these
objectives is important for the continued development of research into low-frequency
plasmonic behaviour.

Here, the THz electromagnetically induced charge motion within a depth & @) is
investigated by exploiting the localized potential barrier that develops at the interface
between dissimilar metals in intimate contact. By overlaying subwavelength particles
with spatially-varying series of alternating metallic nano-layers, the interfacial potential
barriers between the layers locally augment the non-radiative losses of
electromagnetically induced current, as shown in Figure 3.38. The interfaces, therefore,

provide extremely spatially localized probes of charge induction. The scale length of THz
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induced charge motion within the microparticles is extracted by varying the number of

nano-layers, M, and their thicknesses, 4, over nano-scale distances from the surface.

metl 1 metal 2 |

Figure 3.38. (top) Image of a metallic microparticle (metal 1) coated with alternating
layers of metal 2 and metal 1 that is excited with a THz electromagnetic wave. (bottom)
Nlustration of THz electromagnetic charge induction at the surface of the multi-layered
microparticle. The interfaces between the different metal layers each create contact
resistances that impede charge flow across the interface.

The sample used in the experiments consists of ensembles of subwavelength Cu
microspheres having a radius ranging from 34 to 49 um, which are coated with

alternating layers of Au and Cu films. The microparticle ensembles are 2.3 + 0.1 mm
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thick and are packed in a polystyrene cell to a filling fraction of ~ 0.5. The THz
electromagnetic properties of the ensembles are investigated using THz time-domain

spectroscopy.
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Figure 3.39. (a) Diagram depicting the sputter deposition method used to fabricate Cu
particles coated with multi-layers. (b) Illustration of a single Cu microparticle coated
with 4 alternating Au and Cu layers. The alternating layers produce a spatially
modulated potential beneath the microparticle surface, which augments the non-radiative
losses at the particle surface.

As illustrated schematically in a diagram in Figure 3.39 (a), multi-layered
microparticle samples are fabricated by sputter-coating Cu microspheres with alternating

nano-layers (up to 5 layers) of Au and Cu. The nominal Au and Cu layer thicknesses are

h4w = 15 nm and Ao, = 43 nm respectively. The Au and Cu nano-layers produce a
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spatially modulated conduction band potential beneath the particle surface [Figure 3.39
(b)], augmenting the non-radiative losses near the surface at the coated regions. It is
carefully ensured that the various particle samples have identical metallic coverage
deposited on their surfaces within + 1%. To achieve precise control of the coverage of
the particles during the sputter deposition, the particle samples are masked by a wire
mesh having 40 pum % 40 pm rectangular openings. The Cu particles exposed through the
wire mesh openings are coated with ~ 40 pum X 40 um square patches of alternating
metallic layers covering 7% of the total particle surface area.

Figure 3.40 (a) shows typical time-domain THz pulses transmitted | through
particle collections with varying M. The transmitted waveforms originate from coherent
far-field re-radiation of the excited particle ensemble. As seen in the Figure, coating the
Cu particles with a 15 nm thick Au nano-layer results in a significant 41 + 1 % amplitude
reduction of the transmitted THz electric field pulses. Surprisingly, the addition of a 43
nm thick Cu layer on top of a 15 nm thick Au layer gives rise to 20 + 1 % less attenuation
relative to particles coated with only a 15 nm thick Au layer. Evidently, there is reduced
loss in the bi-layered particles despite the presence of an additional interfacial Au/Cu
contact potential. Overall, the time-domain waveforms show that the transmitted THz
pulse amplitude is strongly dependent on the exterior layer of the multi-layers. While
multi-layer films with an exterior Au layer (e.g. Au, Au/Cu/Au, and Au/Cu/Au/Cu/Au)
show attenuation up to 64 £ 1 %, multi-layers with an exterior Cu layer (e.g.
Cu/Auw/Cu/Au and Cu/Au) exhibit much lower attenuation of only 21 + 1 %.
Interestingly, the addition of more interfaces near the particle surface does not directly

correlate with increased attenuation. Rather, the attenuation exhibits an alternating trend
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with the addition of successive layers. This behaviour can be understood by considering
the relative effect of the metallic layer thicknesses on the magnitude of the attenuation
arising from the interfaces. Since the penetrating THz electric field and its associated
current density decay abruptly into the medium, interfaces that are closer to the surface
will make significantly larger contributions to the transmission attenuation. Thus,
particles coated with multi-layers that have a 15 nm exterior Au layer show greater
attenuation than those that have a 43 nm Cu exterior layer since the interface potential
barrier in the former case is closer to the surface where the majority of the induced
current density resides. Further examination of the waveforms for the M = 1, 3, and 5
samples (all having an exterior Au layer but varying numbers of layers beneath this
exterior Au layer) illustrates a weak dependence of the transmission attenuation for M > 3
[Figure 3.40 (b)]. This indicates that contact potential barriers lying > 73 nm from the
surface (corresponding to the total thickness of the M = 3 multi-layers) do not contribute

to the THz electric field attenuation.
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Figure 3.40. (a) Time-domain waveforms of the THz pulses transmitted through Cu
microparticles with alternating nano-layers. (b) Magnified image of the time-domain
THz waveforms transmitted through particle ensembles where the number of layers is 1,
3, and 5. These samples are coated with a 15 nm thick exterior Au layer.

The time-domain waveforms reveal pulse re-shaping with increasing M, where
the pulse shape evolves from quadrupolar (M = 0), to tri-polar (M = 1), to quadrupolar
(M = 2), to bi-polar (M = 3), to quadrupolar (M = 4), and finally to bi-polar (M = 5).
This pulse re-shaping suggests frequency-dependent attenuation arising from the multi-
layers. To study this frequency dependence, the configurationally-averaged, relative
spectral transmission amplitude DPum(@w) = <Em(@)>/<E,(@w)> is determined, where

<Em(w)> is the average spectral amplitude of the transmission through samples with M
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(=1,2,3,4,5) layers and <E,(w)> is the average spectral amplitude of the nominal
transmission through uncoated Cu particles. @u(@) is obtained by averaging the
transmission for multiple (> 10) random realizations of the ensemble, where the packing
fraction and sample thickness are kept constant. The spectral amplitudes are calculated
over the transmission bandwidth from 0.2 THz to 0.4 THz. As shown in Figure 3.41 (a),
the relative transmission amplitude for M = 1 varies from 0.89 at 0.2 THz down to 0.68 at
0.4 THz. Adding a 43 nm Cu layer over top of the Au-layered particles enhances the
transmissivity of the mono-layered particles. Over the same frequency range, @x(w) is
larger than @;(®) aﬁd shows less attenuation at higher frequencies. For M = 3, @3(w)
decreases significantly from 0.2 THz to 0.4 THz and is as low as 0.25 at the higher
frequency end of the spectrum. *Interestingly, these results suggest that non-radiative
losses arising from the interface are frequency-dependent, where the higher frequency
components of the pulse are more attenuated than the lower frequency components.
Moreover, it is shown that the spectral amplitude @y(w) alternates from high to low with
the successive addition of layers, similar to the observed trends in the time-domain
waveforms. The similarities between Py(@) and Ds(w) with D(w) and Di(w),
respectively, point out that interfaces lying below the first several layers from the surface

contribute minimally to the attenuation.
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Figure 3.41. (a) Experimental and (b) calculated relative spectral transmission amplitude
for samples with varying number of layers normalized with respect to the spectral
transmission amplitude through uncoated particles.

To describe the sub-surface THz particle plasmon dynamics, a model is developed
accounting for non-radiative losses at each interface. Initially the case for an uncoated
particle is examined. When E;(r,) is incident on a metallic particle, 1) charge induction
creates a transient current density, j(r,@) = j(®) e 5(“’), where j,(@) is the current density
at the surface and r is the distance from the surface, and 2) surface charge accumulation

results in a depolarization field Egqp0(r,). The non-radiative decay within the particle is
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described through ¥(w) o< [ j(r,w) -E(r,0) dv, where E(r,w) = Ei(r,0) + Egepo(r,w) is the
total electric field and dv is the volume element of the particle. Since the current density
is related to the total field via E(r,w) = p(w) j(r,w), the total non-radiative decay is ¥(w)
o< [p(w) jz(r,w) dv. However, the situation is different for coated microparticles, where
the interfaces introduce additional sources of dissipation. For a series of » identical
interfaces located at distances Ay, A, .... , h,, below the surface, non-radiétive decay
includes the bulk dissipation ¥(w) in addition to localized losses at each interface. The

total non-radiative loss for the coated particles can be described via

V(@) o W(0) + 3P4 cu@) S=hy) j2(r@) dv

~W() +F3.0 4ucu(@) (i) (3.10.1)

where pa/cu(®) is the interface resistivity between the Cu and Au layers and F describes

the average fractional surface coverage of the particles and accounts for the partial
coverage of the particles. Thus, the normalized spectral transmission amplitude relative

to uncoated particles, can be expressed as

n _Z}y
F pawci(@) jj(@) Xe /5@

¥y (w)=1- (3.10.2)

Y(w)
where 4 (=F p 4,/ cu(®) jg (w) ‘P_l((o)) > 0 is a dimensionless ratio describing the
fractional non-radiative losses due to the interface relative to the bulk dissipation. It
should be noted that the parameter 4 incorporates the degree of surface coverage of the

particles, F, and can be estimated from the experimental data. In order to implement the

above model to determine 4 and & w), the distances Ay, h;, .... , hy, are obtained from
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measured values of A4, and A¢,. As seen in Figure 3.41 (b), there is excellent agreement
between the calculated @y(w) obtained from Equation (3.10.2) and the experimental
data. Most notably, the model concurrently describes, with great accuracy, the
preferential attenuation of the higher frequency components, the oscillating behaviour of
Dv( w) with the addition of successive Au/Cu nano-layers, in addition to the similarities
in @4 @) and @s(w) with D;(w) and P3(w), respectively.

An important outcome of the model is the direct characterization of the effective
penetration distance of the sub-surface charge induction, & @). As shown in Figure 3.42,
K w) shows a notable frequency dependency, where it varies from 100 nm at 0.2 THz to

60 nm at 0.4 THz. For a planar geometry, the region of induced charge oscillation
precisely corresponds to the skin depth, (@) = /2/owu ) [17]. Plotted in Figure 3.42 is

the classical planar skin depth values for Cu, oc.(@), and for Au, oy (@), from 0.1 THz to
0.5 THz, based on experimental data from Ref. [S1]. Interestingly, at higher frequencies,

X w) approaches 72 nm at 0.42 THz, similar to that of ac,(@). At lower frequencies (<

0.25 THz), & o) slightly deviates from the 1/ Jo dependency of the classical skin depth,
suggesting that the validity of the plane wave approximation used to derive the
electromagnetic skin depth on a planar surface [17] becomes questionable. It should also
be noted that contributions from the anomalous skin effect [52] may further account for
the discrepancies between & @) and o{@). When the electromagnetic field driving the
electrons suffers appreciable damping over the distance the electron traverses between
collisions, the electron velocity becomes dependent on the field at prior positions along
the electron mean free path. This anomaloﬁs skin effect results in a decreased skin depth

relative to that predicted by the classical Drude model.
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Figure 3.42. Calculated subsurface penetration distance of THz particle plasmon into the
Cu multilayered microparticles. Also shown by the solid lines are the experimental skin
depth values for Au and Cu.

3.11 An Amorphous Metamaterial at Terahertz Frequencies

The concept that the electromagnetic response of a material can be tailored via
periodic variations in its structure has been the motivation for some of the greatest
discoveries in modern photonics. One example is photonic crystals [53], which consist of
dielectric media possessing a periodic modulation of their refractive indices. This
variation is achieved by inserting periodic scattering elements of a different dielectric
constant into a host medium. The scattering elements collectively inhibit reflection or
transmission of electromagnetic waves over a frequency range (called the “photonic band
gap”) that is correlated to the spatial periodicity of the scatterers. Typically, the size and
periodicity of the scattering elements are on the order of the wavelength.

Metamaterials represent another profound discovery based on the premise that the

response of a material can be controlled via periodic structural variation. In contrast to
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photonic crystals, metamaterials consist of ordered scattering elements where the size and
order of the scatterers are much smaller than the wavelength of the electromagnetic wave.
In this situation, the scattering elements are the microscopic “building blocks” of the
artificial material, analogous to atoms in conventional matter. The metamaterial can be
characterized by an effective permittivity. Akin to the permittivity of naturally occurring
media, the effective permittivity of the artificial material can be altered by changing the
size, shape, and properties of the microscopic constituents comprising the metamaterial.
Metamaterials operating in the THz and microwave frequency regime have
provided entirely new possibilities in the manipulation and control of low frequency
electromagnetic waves. Pendry et al. [47] demonstrated that a three-dimensional lattice
of micron-scale metallic wires can be viewed as an effective medium with an electron
density determined by the volume fraction of the wires. In another report, Wu et al. [48]
have shown that the collective electromagnetic response of a sub-wavelength, two-
dimensional lattice of metallic wires can exhibit a reduced plasma frequency, thus
behaving like a high-pass ﬁltef in the THz frequency regime. Interestingly, an artificial
magnetic response at THz frequencies has been shown to arise from metamaterials
constructed from subwavelength scale split-ring resonators composed of nonmagnetic
metals [54]. These split ring resonators consist of two planar concentric rings that both
have a small gap, as shown in Figure 3.43. Electric field incident on the material drives
current in the split-rings producing :subwavelength sized magnetic dipoles that
collectively generate an artificial magnetic response. Fuﬁher, using a prism-shaped
material consisting of an array of split ring resonators in conjunction with a wire array,

Shelby et al. [55] demonstrated that microwaves propagated through the material refract
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at angles on the “wrong” side of the normal, i.e. at negative angles. Thus, unlike almost
all naturally occurring materials, this artificial material exhibits a negative refractive

index.

Figure 3.43. Planar split-ring resonator consisting of two concentric rings each with a
small gap.

To date, all studies of metamaterials at THz frequencies have employed a periodic
or ordered array of subwavelength sized scattering elements. On the other hand, random
media lacking spatial order or periodicity are the antipode of periodic structures and
constitute the most general class of photonic systems. While subwavelength periodic
structures can be considered the metamaterial analog of naturally occurring crystalline
materials, random media, by the same justification, can be viewed as the metamaterial
analog of naturally occurring amorphous materials. Similar to its periodic counterpart,
the effective electromagnetic properties of amorphous metamaterials can be altered by
changing the size, shape, and properties of the microscopic constituents. With this
motivation, this sections explores an entirely new class of amorphous THz metamaterial
consisting of a random ensemble of subwavelength sized scatterers composed of
dielectric and metallic media, as shown in Figure 3.44. The effective permittivity of the

amorphous artificial material is altered by changing the relative volume fractions of the
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metallic and dielectric constituents. Surprisingly, the effective permittivity shows a
nonlinear dependence on the relative volume fraction of the constituents. This behaviour
is resolved by considering non-resonant particle plasmon interactions between metallic

constituents.

dielectric particle

. metallic particle

low VF intermediate VF high VF

Figure 3.44. Illustration of an amorphous metamaterial consisting of random ensembles
of dielectric and metallic particles with varying metallic particle volume fraction, V'F.

The amorphous metamaterial employed in the studies consists of a 4.5 mm thick
mixture of semi-spheriéal Co metallic microparticles having a mean dimension of 74 +
23 um and spherical sapphire dielectric microparticles having a mean dimension of 100 +
12 ym. In reporting the size of the particles, the error describes the distribution of the
particle sizes within one standard deviation from the mean value. Co metallic particles
are employed since they can be easily separated from the dielectric particles by a magnet.
Moreover, the dielectric properties of sapphire and Co are well-known in the THz

frequency range. Using THz time-domain spectroscopy, the THz electric field
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transmission through the amorphous metamaterial is studied as a function of the metallic
particle volume fraction, VF, ranging ﬂbm 0% to 100%.

Shown in Figure 3.45 are representative time-domain THz waveforms transmitted
through metallic/dielectric particle ensembles where the volume fraction Co, VF, ranges
from 0.0 % up to 100 %. The plot illustrates the transmitted waveforms polarized
parallel to the incident polarization. As the metallic particle volume fraction increases,
there are three distinctive regimes in the time-domain waveforms: 1) for low VF (0.0 % <
VF < 7.2 %), the addition of metallic particles minimally affects the arrival delay of the
THz pulse, 2) for intermediate VF (15.0 % < VF < 63.2 %), the THz pulse is significantly
delayed relative to VF = 0 %, and 3) for high VF (81.9 % < VF < 100.0 %), the addition
of the metallic particles causes marked advancement of the transmitted pulse. The
relative effective refractive index of the ensemble is extracted from the time-domain
waveforms referenced to VF =‘0 %. The plot in Figure 3.46 of the relative effective
refractive index (at a central frequency of 0.23 THz) versus VF illustrates the
aforementioned trends observed in the time-domain plots. For low VF, there is minimal
change in the relative effective refractive index, which is constant at ~ 0.03. There is a
marked increase of in the effective refractive index to ~ 0.10 for intermediate VF (15.0 %
| < VF < 63.2 %). As VF increases from 81.9 % to 100 %, the relative effective refractive

index decreases to —0.12.
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Figure 3.45. (a) Time-domain waveforms transmitted through an empty sample cell
(reference) and 4.5 mm thick Co/sapphire particle mixtures for percentage volume Co
varying from 0.0 % to 15.0 %. (b) Time-domain waveforms transmitted through 4.5 mm
thick Co/sapphire particle mixtures for percentage volume Co varying from 31.2% to
100%.
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Figure 3.46. Relative effective refractive index of the metallic/dielectric ensemble
measured at a frequency of 0.23 THz versus the Co volume fraction. The plot highlights
_the three regimes low VF, intermediate VF, and high VF.

Representative transmission power specfra for Co/sapphire ensembles having VF
ranging from 0.0 % to 81.9 % are shown in Figure 3.47. The main features of this graph
are the frequency-dependent attenuation for low VF and the frequency-independent
attenuation for high VF. The transmission through the dielectric ensemble (VF = 0 %)
contains measurable frequency components from 0.1 THz to 0.8‘ THz. As VF increases
to 15.0 %, nearly all the frequency components above 0.4 THz are extinguished.
Preferential attenuation of the higher frequency components is ascribed to the frequency-
dependent scattering cross section of the subwavelength metallic particles. The scattering
cross section, Cy, of a particle is defined by the energy of the incident wave incident on
an area C,. that is equivalent to the total energy scattered in all directions by the particle.

According to Rayleigh scattering, a single subwavelength scattering element embedded
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in a homogeneous medium has a scattering cross section proportional to A™*. Hence, a
metallic particle preferentially scatters the higher frequency components of the incident
electromagnetic pulse relative to the lower frequency components, which causes the
observed frequency-dependent attenuation. It should be noted, however, that Rayleigh
scattering assumes a single, independent spherical particle embedded in a homogeneous
medium. Since the surrounding medium in the vicinity of the particles contains other
scatterers, exact A dependence is not observed in the spectral dependence of the
attenuation. As VF increases from 46.0 % to 81.9 %, the transmitted power is reduced by
approximately 50%. In contrast to the trends observed for low VF, however, an increase
in VF from 46.0 % to 81.9 % causes nearly frequency-independent attenuation across the
transmission bandwidth. In this regime, Rayleigh scattering from the individual metallic

particles does not fully account for the attenuation.

Power (a.u.)

0.0 0.2 0.4 0.6 0.8 1.0
Frequency (THz)

Figure 3.47. Frequency spectra of the transmission through mixtures of Co and sapphire
particles for varying Co particle concentration.
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To gain greater insight into the nature of electromagnetic wave propagation through
the sample, Figure 3.48 plots the time-dependent intensity profiles of the transmission
components polarized parallel (black lines) and perpendicular (gray lines) to the incident
polarization. For VF = 1.3 %, the transmitted THz pulse is polarized along the incident
polarization. The relatively weak pulse component measured in the perpendicular
direction is attributed to small angle scattering from the dielectric constituents. For VF =
60 %, the commensurate intensity of the parallel and perpendicular pulse components
indicates that the transmitted electromagnetic wave is unpolarized. Moreover, the
significant delay relative to VF = 0 % suggests that the THz pulse effectively propagates
a longef distance in the VF = 60 % sample than in the VF' = 0 % sample. For VF = 60 %,
both the unpolarized transmission and the delay can be attributed to increased
polarization-randomizing scattering. As seen in Figure 3.48, the transmitted pulse
through the VF = 100% sample arrives earlier and is polarized along the incident

polarization, indicative of particle plasmon coupling.
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Figure 3.48. Time-dependent intensity of the transmitted pulses through 4.5 mm thick
ensembles with various VF values. The black and gray lines correspond to the
transmitted component polarized parallel and perpendicular to the incident polarization,

respectively.

Electromagnetic wave interaction with the amorphous metamaterial is strongly

dependent on the separation distance between metallic particles. Based on the metallic

particle volume fraction, the average inter-particle separation between metallic particles,

s, can be estimated. Approximating the Co particles as spheres, the average volume

occupied by a single Co particle is

3
i=42(2)
312

Based on the total volume of Co in the metamaterial,
VCo = mCo/ Uco
where uc, is the density of Co, the number of Co particles is

Neo = Ve Vi

(3.11.1).

(.11.2)

(3.11.3).
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The total volume occupied by the metamaterial, ¥V,,4;, is approximated by
Vioat = (Vo Vsapphire)lf ~ (3.11.4)
where Vigppnire 1s the total volume of sapphire in the metamaterial and f (~0.50) is the
packing fraction of the metallic and dielectric particles. The average volume of space
occupied by a single Co particle is
Vave= Viotal! Nco (3.11.5).
As shown in Figure 3.49, for a collection of Co particles that have been isotropically
distributed throughout the mixture, the radius of the volume of space occupied by a single
Co particle is
Fave = (3Vavel4m)" (3.11.6).
Therefore, the average separation between nearest neighbor metallic particles measured
from the surface of the particles is
Save =2 Fave = 0 (3.11.7)
The optical inter-particle separation accounts for the effective refractive index of the
medium surrounding the metallic particles, n;. The effective index of the surrounding
medium is sensitive to VF because the addition of metallic particles displaces a volume
otherwise occupied by dielectric particles. For VF = 0 %, for instance, n, is averaged
between the refractive indices of air (n,; = 1) and sapphire, nppnire.  As metallic particles
are added to the ensemble, there is decreasing volume fraction of sapphire particles and
the medium surrounding the metallic particles is, to a greater extent, composed of air. In
the limit where VF = 100 %, the metallic particles have completely displaced the sapphire

particles and are only surrounded by air, such that n, = 1. The effective refractive index
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surrounding the metallic particles can be estimated using a Beer effective medium

description [1],

n .V : 14 ;
n = [ Msapphire¥ sapphire N l_f_ﬁf.’!ap_’"ze_ (3.11.7).
Vtotal Vtotal

Therefore, the average optical inter-particle separation is

(3.11.8).

Save,opt = Save s

Thus, the presence of dielectric particles between the metallic particles effectively

increases the separation distance between particles.
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Figure 3.49. Illustration of the relationship between V., J, and 7,y,.
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Figure 3.50. The optical and physical interparticle separation between metallic particles
as a function of the Co volume fraction. (b) Effective relative refractive index versus the
average optical separation between metallic particles at frequencies of 0.22 THz, 0.17
THz, and 0.12 THz. The diagrams inset in (b) illustrate the relative volume fraction of
the metallic and dielectric particles for low, intermediate, and high VF.
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Electromagnetic wave interaction with the amorphous metamaterial can be
interpreted by considering the influence of s,,. and s 0, On the interaction between
metallic particles. Figure 3.50 (a) depicts S,y and sayeope versus the Co volume fraction.
For all values of VF, Sage < Saveom. Over the range 10 % < VF < 80 %, the optical
interparticle separation is approximately twice the physical interparticle separation. As
VF approaches 100 %, both s, and Saye op approach 19 pm.

Figure 3.50 (b) shows the relative effgctive refractive index of the ensemble versus
Save opt at frequencies 0.22 THz, 0.17 THz, and 0.12 THz. For VF ranging from 0.0 % to
7.2 %, the addition of metallic particles does not appreciably affect the transmission,
since the effective refractive index of the ensemble remains constant at ~ 0.02. In this
regime, the metallic particles are separated by 496 um < S0 < 968 pm. This
corresponds to an average physical separation between particles of 216 pm < s,,, < 448
pm. Hence, the metallic particles are; on average, physically separated by distances
several times greater than the diameter of the dieleétric particles. This implies that the
spacing between metallic particles is occupied by several dielectric particles. Mutual
interaction between metallic particles is negligible, and the metallic particles act like
independent scatterers, removing electromagnetic energy from the incident beam via
Rayleigh scattering.  Since the transmission in this regime is polarized, the
electromagnetic transmission through the amorphous metamaterial arises from
electromagnetic waves propagating directly through the sapphire particles, which
constitute the ballistic transmission, and electromagnetic waves that have been scattered

by small angles, which constitute the scattered transmission [Figure 3.51 (a)].
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Figure 3.51. Ray diagram depicting the interaction of an incident THz electromagnetic
wave with the metallic/dielectric ensemble for low VF and intermediate VF. At low VF,
the transmission consists of ballistic and small-angle scattered electromagnetic waves.
As the metallic volume fraction increases, a greater portion of the incident
electromagnetic wave is scattered. For high VF, the incident wave excites particle
plasmons, which cannot be accurately represented in the ray diagrams.

For intermediate VF (15.0 % < VF < 63.2 %), the metallic particles are separated,
on average, by 128 pm < Sgeon < 356 pm, corresponding to an average physical
separation between 53 um < s;, < 149 pm. In this regime, there are a comparable
number of metallic and dielectric particles, since the spacing between metallic particles
contains, on average, approximately one dielectric particle. Henée, electromagnetic wave
interactions with both the metallic and dielectric constituents must be considered. As
shown in Figure 3.50 (b), the effective refractive index shows two trends for intermediate
VF: the effective refractive index peaks at 0.10 for sy 0p ~ 200 pm and subsequently

decreases to 0.01 as Sgyeqp approaches 128 pym. The former is attributed to augmented
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scattering by the metallic and dielectric inclusions, while the latter is éaﬁsed by the onset
of particle plasmon coupling. As the volume fraction of opaque metallic particles
increases beyond VF = 15.0 %, the amount of ballistic electromagnetic waves propagated
directly through the dielectric particles decreases. A greater portion of the transmitted
pulse is mediated by scattered electromagnetic waves that must propagate in the gaps
between the opaque metallic particles. This results in an increased propagation path-
length for the transmitted electromagnetic pulse, which manifest as an increase in the
effective refractive index. At sgy0p,~ 200 + 10 um, the effective refractive index begins
to decrease, marking the onset of near-field particle plasmon interaction between metallic
particles. It is interesting to note that sgyeop ~ 200 £ 10 pm corresponds to a physical
separation distance between particles of 54, ~ 80 um, which is slightly less than the
diameter of one dielectric particle. At this value of say. ., near-field interaction between
metallic particles, occurring over subwavelength extents, begins to governs the
propagation of electromagnetic energy across the ensemble. As s, 0, decreases from
200 pm to 53 pum, there is a further decrease in the index of the ensemble from ~ 0.10 +
0.02 to ~ 0.01 + 0.02, indicating particle plasmon-mediated transmission.

For high VF (81.9 % < VF < 100 %), the effective refractive index decreases
from 0.01 to —0.10 due to particle plasmon coupling. In this range, the metallic particles
are separated by 19 um < s4e,, < 68 pm, corresponding to an average physical
separation ranging 19 pm < s4,, < 33 um. The average spacing between metallié particles
is significantly less than the diameter of the dielectric particles. The absence of straight-

line trajectories through dielectric particles precludes ballistic electromagnetic wave
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propagation, and nearly all the transmission is mediated by near-field particle plasmon

interaction between metallic particles.

3.12 Conclusion

In conclusion, the findings of this Chapter shed insight into the nature of THz
electromagnetic wave interaction with single subwavelength metallic microparticles,
ensembles of subwavelength metallic microparticles, and mixtures of subwavelength
dielectric and metallic microparticles. A THz electromagnetic wave incident on a single
subwavelength metallic particle is shown to excite non-resonant localized particle
plasmons, consisting of oscillations of the conduction electrons near the surface of a
subwavelength metallic structure coupled to an electrbmagnetic field confined to the
near-field region of the partiéle surface. In an ensemble of subwavelength metallic
particles, electromagnetic coupling between the particles plays an important role in the
ensemble’s effective electromagnetic properties. Surprisingly, it is shown that a dense
ensemble of subwavelength sized metallic particles can show enhanced, polarized THz
electric field transmission. Finite difference time-domain calculations reveal that the
origin of the enhanced transmission is due to near-field particle plasmon coupling
between nearest neighbor particles. The influences of particle size, particle shape, and
metal conductivity on the plasmonic-enhanced THz electric field transmission are
explored. In further investigations, it is shown that collections of metallic particles that
have been coated with nano-layers of a different metal show strong attenuation of the
THz electric field transmission due to non-radiative particle plasmon decay at the

interface between the two dissimilar metals. This phenomenon is applied to a unique
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non-invasive method to probe the sub-surface charge motion of THz particle plasmons
excited on metallic subwavelength particles. Furthermore, this Chapter explores an
entirely novel class of amorphous THz metamaterial consisting of random ensembles of
subwavelength sized dielectric and metallic constituents. It is shown that the effective
permittivity of the amorphous metamaterial exhibits a nonlinear dependence on the
relative volume fraction of the constituents. .This behaviour is resolved by considering

non-resonant particle plasmon interactions between metallic constituents.
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4.1 Background

With the recent emergence of THz time-domain spectroscopy (TDS) as a
powerful tool for investigating far-infrared optical properties of materials, THz TDS
continues to find novel applicability in a wide range of areas. THz TDS is advantageous
in comparison to intensity-based far-infrared spectroscopic techniques since THz TDS
accesses both the electric field amplitude and its phase; thus it reveals richer information
on the optical properties of materials than intensity-based measurements. Several
investigations [1-4] have utilized THz electric field transmission measurements to obtain
the optical properties of transparent media such as dielectrics and superconductors
Alternatively, reflection-based THz time-domain spectroscopy has been applied to
characterize a variety of semiconductors such as InSb [5] and highly doped Si [6, 7].
Extending these techniques to perform spectroscopic investigations of highly opaque

media such as metal remains a challenge. The relative permittivity of bulk metals at a
frequency @ is given approximately by €,,p1(@)=1— colz, 1T w— coz). Since

Re[gnera W)] ~ ;105 for all metals at THz frequencies, bulk metals are highly reflective
and cannot be pfobed using transmission- and reflection- based THz time-domain
spectroscopy arrangements.

A phenomenon that can be exploited to overcome the inherent metallic opacity is
to alter the subwavelength scale metallic microstfucture to modify its effective THz
electromagnetic transparency. In such mesoscopic metallic media, the effective
permittivity becomes a function of both the intrinsic metallic properties and the extrinsic
microstructure. In particular, when the heterogeneity scale is much less than or

comparable to the THz radiation wavelength, the material can appear as an effective
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dielectric and exhibit significant on-axis THz transmission. Since THz electromagnetic
interaction with ‘a heterogeneous metallic medium is a surface-mediated phenomena
resulting from the induction of induced surface charges, the amplitude, the arrival delay,
the phase, and the polarization of the transmitted electric field are highly sensitive to the
particle’s size, conductivity, and shape. This transmission sensitivity facilitates
transmission-based THz time-domain spectroscopy as a broadband spectroscopic probe

of metallic media.

4.2 Terahertz Spectroscopic Investigation of Metallic Phase Transition

Terahertz time-domain spectroscopy is applied to study intrinsic, temperature-
dependent phase transitions in a metallic particle ensemble. A phase transitions is
defined as a transformation of a thermodynamic system from one phase to another. A
distinguishing feature of phase transitions is an abrupt change in one or more physical
properties of the material with a small change in a thermodynamic quantity such as
temperature. For instance, when the specific energy of a metal is raised to the latent heat
of fusion, the metal changes from the solid phase to the liquid phase. The microscopic
mechanism for melting can be understood by considering the motions of ions in the solid
and liquid states. Prior to melting, the ions that constitute the metal remain relatively
fixed in the vicinity of their equilibrium positions. As the metal is heated above the
melting temperature, the ions acquire enough energy leave their equilibrium positions and
wander relatively large distances, resulting in a liquid state. This microscopic picture is
depicted in Figure 4.1. Melting of solid metal is a typical example of a first order phase

transition. First order phase transitions are those in which the substance releases or
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absorbs heat energy during the phase change. Since the energy cannot be absorbed or
released instantaneously by the substance at the phase transition temperature, first order
phase transitions are characterized by a mixed phase regime in which different phases of

the medium coexist.

Figure 4.1. Illustration of the ionic motion when a metal is (a) below the melting
temperature and (b) above the melting temperature.

To date, metallic phase transitions are widely investigated using calorimetry

techniques, such as AC-calorimetry [8]. A disadvantage of this method is that an
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invasive physical contact is required to accurately measure heat flow through the metallic
sample. To overcome this constraint, several groups [9-11] have employed the photo-
acoustic effect to non-invasively probe metallic phase transformations. In such
experiments, phase transition modulates the acoustic signal generated at the surface of a
sample when a surrounding ambient gas has been heated by a periodicaily modulated
light beam. However, such mechanism requires a gas that is highly absorbing to the
illuminating light, and interpretation of fhe acoustic signal is restricted by the complex
nature of heat transfer between the solid metallic sample and surrounding gas [11]. Here,
THz time-domain spectroscopy is applied as a non-invasive, direct probe of phase and
structural transitions in metallic media. The results of this Chapter have been published
in Applied Physics Letters, vol. 90, 041920 (2007).

Gallium is a unique metallic element existing at room temperature as solid o-Ga
consisting of a mixture of stable molecular and metallic phases. Solid a-Ga is a complex
phase described as a metallic molecular crystal with strong Ga, bonds and weaker
intermolecular forces, whereas liquid Ga is more free-electron like [12]. At a frequency
of 1.55 pum, the permittivity of liquid Ga has been estimated to be approximately 7 times
larger than the permittivity of a-Ga [13]. Gallium possesses one of the lowest melting
points of all metals (T, = 29.8 C°), which provides an ideal platform to study metallic
solid-liquid phase transformation behaviour via THz time-domain spectroscopy. Gallium
microparticles are prepared by cooling bulk 99.99% Ga pellets to 77 K and mechanically
grinding the Ga pellets to achieve a powder having an average particle size of 109 + 10
pum and a packing fraction of ~ 0.4 + 0.1. In order to probe the phase transition of the Ga

microparticles, a THz TDS setup is employed similar to that described in Chapter 2. The
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THz radiation is focused onto a polystyrene sample cell housing an L = 2.3 mm thick
collection of the random Ga microparticles to a spot size of ~ 1 mm* To examine the
temperature-dependent THz transmissivity of the particles, the Ga particles are
homogeneously heated, at a rate of 0.08 C°min, from room temperature up to a
temperature, T, of 38.2 C° (> Ty). Because the time over which the temperature
increases 1s much longer than the heat diffusion time across the thin sample (< 1 s), it is
ensured that the sample temperature is at equilibrium during the transmission
measurements. The microparticles ensemble temperature is monitored (within + 0.1 C°)
via a thermocouple inserted into the particle collection édj acent to the THz beam probing
spot. During the measurements, both the beam spot size and location are kept fixed, thus
ensuring that the THz radiation interacts with the same random realization of the particle

ensemble throughout the temperature variation.

Melting is a thermal effect, and the temporal duration over which melting occurs
is determined by the time over which heat can diffuse and equilibrate throughout the
sample. The experiments are carefully designed and performed at an extremely slow
heating rate (0.08 C*/min) in order to ensure that equilibrium conditions are established
through the measurements. To quantify this condition, the heat diffusion times are
estimated for both Ga metal (a lower bound) and air (an upper bound) through a distancc
of 2.3 mm corresponding to the sample thickness. Gallium has a thermal conductivity,
Hy=40 Wm 'K}, a density, u = 5.91 g/em®, and a heat capacity, C = 25.86 J mol "KL,
For air, Hy = 0.02 Wm 'K!, u = 1251 g/m® and C = 29.12 J mol'K™!. From these
quantities, the thermal diffusivity, Dy, is given by

Dy =Hyu 'C! 4.2.1).
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Based on Equation 4.2.1, the thermal diffusivity of Ga is 19 x 10 m?%s . Likewise, the
thermal diffusivity of air is 9 x 107® m?%s. The characteristic diffusion tir_ne over a
distance L is estimated by ts7= L*/Dy, giving tz7= 0.6 s and f45= 0.28 s assuming that
the sample is completely filled with air and gallium, respectively. The sample used in the
experiments is a mixture of air and gallium, and the characteristic heat diffusion time for
the sample will lie between those bounds. To obtain an upper bound of time lagged
thermal effécts, assume that it requires 0.6 s for heat to diffuse from one end of the
sample to another. Over this time interval, a time-lagged temperature increase of 0.08
C’min x 0.6 s = 0.0008 C° (<< error in the temperature measurement) may develop
across the sample. Since the time over which the temperature of the sample increases is
much slower than the heat diffusion time across the sample thickness, it can be
confidently concluded that the samples have reached thermal equilibrium as the THz
TDS measurements are taken.

Figure 4.2 (a) illustrates the time-domain THz electric field waveforms, E,(f),
transmitted through Ga particle collections measured at various temperatures. Notably,
for temperatures below the melting point (T < Ty,), the bipolar pulses transmitted through
the particle collection all have an initial peak at a time # = 3.1 ps. The fact that the arrival
delay, the amplitude, and the pulse shape of the transmitted pulses do not change
throughout the temperature range 22.4 C° < T < 29.7 C° suggests an absence of phase
transformation or any changes to the Ga metallic properties. However, once the
temperature reaches the melting temperature of 29.9 C° a temporal advancement (or
early arrival) of the pulse peak by 0.3 ps provides evidence of the onset of a significant

transformation in the electronic properties of the Ga particles. Although the pulse
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corresponding to T = Ty, = 29.9 C° is temporally advanced, interestingly, the pulse shape
remains unaltered at Tp,. Further heating of the Ga microparticles from 29.9 C°to 38.2 C°
induces striking pulse shape transformation where the pulse is attenuated and broadened

in time,
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Figure 4.2. (a) Experimental time-domain signals of THz pulses transmitted through 2.3
mm thick random Ga microparticle ensembles measured at various temperatures. The
dashed line indicates the arrival time of the peak of the THz pulse. Shown in (b) are the
effective real refractive index change and (c) effective imaginary refractive index change
versus temperature and frequency. The refractive indices are measured relative to the
reference pulse transmitted through the sample at 21.2 C°.

Accompanying the temporal pulse shape trend with increasing temperature is a
marked progressive delay and attenuation of £, (f). The pulse temporal shape, delay and
amplitude trends for T > Ty, suggest conglomeration between adjacent, near-touching Ga
particles. Because the THz transmission through the particle collections is mediated by

nearest neighbor coupling between particles, conglomeration of the nearest neighbor
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particles quenches radiation propagation mechanism. As the particles coalesce, the
particles become larger and begin to exhibit metallic bulk-like electromagnetic
" properties, resulting in reduced transmission amplitude. Similarly, particle
conglomeration results in a higher metal filling fraction, which increases the effective
index of the particle ensemble and manifests as a temporal delay of the transmitted pulse.

To further explore the temperature-dependent evolution of the waveforms, the
frequency-dependent relative effective refractive index of the transmitted THz electric
fields is analyzed. The effective real refractive index change, An,= [D(®) — D, A@)] / kL,
and the effective imaginary refractive index change, An; = log[E(@)/E,.A®)] / kL, are
obtained as a function of temperature, T. In these relations, @(w), @A @), E(w), and
E, () are the phase of the transmitted pulse, the phase of the reference pulse transmitted
through the sample at Tyr = 21.2 C°, the amplitude of the transmitted pulse, and the
amplitude of the reference pulse, respectively. Shown in Figure 4.2 (b) and 4.2 (c) are
An, and An; versus T over a frequency range between 0.1 THz and 0.2 THz
(corresponding to the bandwidth of the transmitted pulse). As shown in the plot, there is
negligible refractive index change between the temperature range 21.2 C°< T < T,,. At
Tm = 299 C° An, decreases abruptly. As shown in Figure 4.2 (b), this sharp
discontinuity in An, preéiscly at Tp, is consistent over the entire transmission bandwidth.
The abrupt, frequency-independent change in An; suggests that the intrinsic electronic
properties of Ga have been altered at T,, and is strongly indicative of metallic phase
transformation. Interestingly, the onset of phase transition eludes detection in An;, as An;
reﬁlains approximately zero up to T ~ 30.5 C° [Figure 4.2 (c)]. With further increase in

the sample temperature above 30.5 C° both An, and An; show large increases over the
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transmission bandwidth as a function of T. These significant increases in the complex
effective refractive indices of the ensemble show that the particle ensemble becomes less
transparent to the THz pulse for T > T, due to coalescing of nearest neighbor particles.
The strikingly different effective refractive index features for the range T < Ty, T = T,
and T > 30.5 C° highlight three distinctive regimes where 1) the particles have not melted
(constant An,; and An;), 2) the particles ha;/e melted but remain granular (discontinuity in
An,, but constant An;), and 3) the particles have melted and are coalesced (large increases
in both An; and An;).

The temperature-dependent An, and An; trends at two frequencies, @y = 0.1 THz
and a» = 0.2 THz are charted in Figure 4.3 (a) and 4.3 (b). As shown in Figure 4.3 (a),
for 21.2 C° < T < 29.9 C° An, is nearly zero. Upon reaching Ty, the real part of the
relative effective index exhibits a notably large, discontinuous jump of —0.06, indicative
of an abrupt change in the intrinsic properties of Ga associated with metallic solid-liquid
phase transformation. Above the melting temperature, An, is strongly affected by
conglomeration of the particles, which changes the underlying extrinsic microstructure of
the ensemble. This extrinsic effect influences the effective index of the ensemble in a
fundamentally different way than the intrinsic metallic phase transition at Ty,. For T >
Tm, An; increases from —0.06 to ~0.3 between 29.9 C° and 33.0 C° and beyond T > 33.0
C°, is constant at ~0.3. Particle conglomeration occurring at T > T,, increases the
effective real refractive index of the ensemble, causing the arrival delay of the transmitted
pulses. An; exhibits similar overall trends as An,. Below the melting temperature, An;
shows negligible temperature dependence and is approximately zero.  As shown in

Figure 4.3 (b), Ani(a») increases linearly for T > T, and saturates at 0.2 for T > 33.0 C°.
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Such an increase in the imaginary effective refractive index reveals increased absorption
or scattering losses within the ensemble due to particle melting and subsequent
coalescing. In contrast to Ani(ay»), An;(@y) does not significantly increase from zero until
the temperature exceeds 30.5 C°> Ty,. The slightly different trends observed for Any(@y)
and Anj( @) suggest that the higher frequency components of the pulse are more sensitive
to .particle conglomeration than the lower frequency components. Overall, the real and
imaginary parts of the complex effective index of the sample exhibit high sensitivity to
the solid-liquid phase transition of the Ga microparticles and subsequent melting and

coalescing dynamics beyond Ty,.
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Figure 4.3. Experimental effective (a) real refractive index change and (b) imaginary
refractive index change for 0.1 THz (empty circles) and 0.2 THz (filled circles) at various
temperatures. Striking discontinuity in the effective real refractive index occurs at the Ga
melting temperature, 29.8 C°.
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The refractive index behaviour for T > T, shows interesting particle
conglomeration behaviour of the Ga particles, where the microparticles begin to form
interconnected networks. The experimentai results show that coalescing does not occur
concurrently with particle melting. To quantify the temperature where the particles begin
to coalesce, the correlation function, C(t) = < E(t+1)) E,[f) > is calculated, where
E,(t+71,) is the sample pulse (at a given temperature T) shifted by a time T, and E, A¢) is
the reference pulse transmitted at reference temperature T,r. It is noted that referencing
the correlation function to the transmitted signal at T, cancels out the effect of setup’s
inherent spectral response since the spectral response of the system is fixed throughout
the temperature variation. Because the only experimental variable is the sample
temperature, changes in C(7) as a function of T arise directly from temperature-dependent
changes in the transmissivity of the Ga sample. As highlighted in the plot of the
maximum correlation amplitude versus T [Figure 4.4 (b)], the transmitted pulse remains
highly correlated even for T = 30.5 C° > T,,. Thus, at temperatures exceeding the melting
transition, the extrinsic microstructure of the particle ensemble has not changed.
‘However, at a coalescing temperature, T, = 30.5 C°, there is a significant decrease in
C(1), marking the onset of particle conglomeration and transmission quenching. Because
the particles must overcome their surface energy prior to liquefying, T is slightly higher
than the bulk melting temperature. As shown in Figure 4.4 (b), C(t) decreases to 0.35 at
33.0 C° and for T > 33.0 C°, the maximum correlation amplitude saturates and remains
fixed. The experimental results reveal a narrow temperature range, Ty, < T < T, where
the individual particles have melted, yet the nearest neighbor particles do not

conglomerate.
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Figure 4.4. (a) Size distribution of the Ga microparticles before melting (light bars) and
after melting (dark bars). (b) shows the maximum correlation amplitude of transmitted
pulses at various temperatures relative to the reference pulse at 21.2 C°. Insets are
scanning electron microscope images of (i) the Ga microparticles prior to the heating
cycle and (ii) the solidified particles after the heating cycle.

The Ga particle collection undergoes significant structural transformation over
the heating cycle. After heating the particles above Ty, and cooling back to room
temperature, the nearest neighbor particles have coalesced at small regions conjoining the
particles, but overall, the ensemble retains a granular appearance and structure with no
significant decrease in the total volume. The individual particles shapes are slightly

distorted by the heating. As shown in the scanning electron microscope images in the



Chapter 4 197

insets of Figure 4.4 (b), the particles prior to heating are characterized by sharp edges and
flat faces. After cycling the temperature, the particles are rounded and have a rougher
surface. Although heating induces shape change in the particles and coalescing between
nearest neighbour particles, the overall size distribution of the ensemble after heating is
not significantly affected. As shown in Figure 4.4 (a), the size distribution of the
particles is nearly identical before and after heating. This further confirms that over the
heating cycle, the particles do not fully conglomerate to form particles with augmented
sizes. Rather, nearest neighbour particles join at small sections of the particles that are in

direct contact with each other, as shown in Figure 4.5.

T=Tm T>Te

Figure 4.5. Ga particle ensemble below the melting temperature, at the melting
temperature, and above the coalescing temperature.

4.3 Conclusion
In conclusion, THz TDS has been employed to study the solid-liquid phase
transition of Ga. While THz spectroscopic measurements of metals are not typically
achievable with bulk metallic samples, the enhanced THz transmission through metallic
microparticles is exploited to probe the intrinsic electronic properties of Ga as a function

of temperature. It is shown that the Ga microparticles individually melt at Ty, but do not
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coalesce until T, > T, This work represents the first non-invasive spectroscopic
investigation of melting dynamics of microparticles and provides a novel technique for

the study of phase transitions in metallic powders.
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5.1 Background

Electrons are one of the elementary building blocks of matter. ~ The
electromagnetic properties of an electron are derived from its two fundamental features:
charge and spin angular momentum (Figure 5.1). These two basic properties enable the
manipulation of electrons for technological applications. The goal of electronics is the
manipulation of the transport of electrons via the charge of an electron. This is achieved
by applying external electric or magnetic fields, which move a single ‘electron or
ensembles of electrons via Lorentz force. The electron transport can also be manipulated
~ by the inherent spin associated with electrons [1]. Spin can refer to the angular
momentum of a single electron, which is detected by its magnetic moment, or the average
angular momentum of an ensemble of electrons manifested by a macroscopic
magnetization. The control of spin involves the manipulation of a single spin or few spin
system, or the control of the population and/or the phase of the average spin of an
ensemble of electrons. The latter requires a material that is spin-polarized; that is, the
material contains an unequal number.of spin-up and spin-down electrons. Ferromagnetic
(F) media are a key ingredient in spintronics devices since these materials inherently
possess non-equilibrium spin population, and hence their electron population is spin-
polarized. To understand the underpinnings of spintronic devices, therefore, one must

appreciate the fundamental physics of ferromagnetic solid state materials.
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Figure 5.1. Ilustration of an electron possessing charge and spin angular momentum.

5.2 Ferromagnetic Metals

Ferromagnetic media are unique since they exhibit spontaneous magnetism
arising from the alignment of their magnetic dipole moments. The magnetic dipole
moments are oriented parallel to each other by a mutual interaction called ferromagnetic
coupling [2]. The origin of ferromagnetic coupling‘in ferromagnetic transition metals Fe,
Co, and Ni can be understood by considering the band diagram of the 3d electrons.
Figure 5.2 shows the typical form of the density of states, DOS(E"), of the 3d and 4s
electron bands as a function of energy, E’. It is noteworthy that the electron shells that
are closer to the nucleus than the 3d shell are filled and thus do not contribute to the
magnetic dipole moment.

There are two distinctive features in Figure 5.2: 1) the 3d and 4s bands overlap

over an energy interval where they are both filled with electrons and 2) the width of the
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3d band is very narrow with respect to the width of the 4s band. The narrowness of the
3d band means that the kinetic energy of the 3d electrons is less than that of the 4s
electrons. The narrow density of states diagram for the 3d electrons more closely
resembles the sharp distinctive states of a free atom than the density of states diagram for
the 4s electrons. Hence, it can be physically interpreted that the 3d electrons are closer to
their parent nucleus than the 4s electrons, enabling interaction between the 3d electrons
of neighboring atoms. This interaction is known as ferromagnetic coupling.

The 3d electron band can be considered as the superposition of two sub-bands,
3d" and 3d", corresponding to the parallel and anti-parallel alignment of the spin angular
momentum of the electrons. In nonmagnetic (N) metals such as Cu, Au, and Ag, the 3d
band is completely filled. The disparity between the 3d" and 3d~ sub-bands disappears,
which means that it is not possible to induce a spin polarization. However, since the 3d
band in ferromagnetic transition metals is not completely filled, the 3d" and 3d™ sub-
bands are not equally populated. It is therefore possible for ferromagnetic transition

metals to exhibit magnetism.

DOS(E")

4s

Er E’

‘Figure 5.2. Diagram of typical density of states of the 3d and 4s electron bands for a
ferromagnetic transition metal.
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As seen in Figure 5.2, the narrow width of the 3d band also suggests that the
electron density of states is very high. If the Fermi level lies within this band, a very
small shift in the energy levels of the 3d" and 3d™ sub-bands can create a considerable
difference between the populations of the two spin sub-bands. In particular,
ferromagnetic coupling between neighboring 3d electrons can produce a relative shift in
the energies of the 3d" and 3d” sub-bands. The imbalance of the populations of the two
spin sub-bands induces a spontaneous spin polarization, which results in a magnetization.
The spontaneous magnetization arising from ferromagnetic coupling vanishes when the
temperature of the medium exceeds the Curie temperature. Above this temperature, there
is no energy shift between the 3d" and 3d” sub-bands. The two sub-bands are equally

populated, and the F metal exhibits no net magnetization.

DOS'(E)1

DOS (E)

Figure 5.3. Density of states diagram and the occupation of two spin sub-bands 3d" and
3d below the Curie temperature. '
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In a large, macroscopic F sample below the Curie temperature, the F metal is
composed of many magnetic domains. These are regions in the sample in which the
alignment of magnetic dipole moments are along the same direction. For the sample as a
whole, the magnetic domains are randomly oriented such that the magnetizations due to
the individual domains largely cancel. When the F sample is immersed in an external
magnetic field, the domains preferentially align along the magnetic field direction, and
the sample exhibits a net magnetization. The increase in the gross magnetic moment of
an F medium in an applied magnetic field takes place by two processes. - In a weak
magnetic field the volume of domains oriented along the magnetic field increases at the
expense unaligned domains. In strong magnetic fields the domain magnetization rotates

toward the direction of the magnetic field [2].

magnetic domain
with magnetization A

no magnetic field

large magnetic field

Figure 5.4. (left) Ferromagnetic metal with no applied magnetic field composed of many
magnetic domains with randomly oriented magnetizations. (right) Ferromagnetic metal
immersed in a large magnetic field. The magnetic domains boundaries have been erased
and the magnetization of the sample points along the direction of the applied field.

Another unique feature of F metals is their anisotropic resistivity when immersed

in a magnetic field. The anisotropic magnetoresistance (AMR) effect in F media is a
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technologically vital phenomenon and forms the backbone of advanced technologies such
as magnetic sensors, recptding heads and memories [3-6]. Anisotropic
magnetoresistance in F metals arises due to spin orbit coupling between 3d electrons. To
understand the origin of this effect, consider a current flowing in a F metal that has been
immersed in a magnetic field, as shown in Figure 5.5. Both 4s and 3d electrons can
contribute to the conduction current; however, the conduction current is primarily
composed of 4s electrons since the 3d electrons are more localized near their parent
nucleus. The resistivity of the metal is largely governed by conduction electron
scattering from other electrons. Since the densities of states of the 3d electrons are much
greater than the density of states for the 4s elections, the conduction electrons scatter
more significantly from the 3d electrons. The scattering cross-section of the 3d electrons
is determined by their spin angular momentum. As the magnetization direction rotates in
response to an applied magnetic field, the 3d electron cloud deforms, which changes the
amount of conduction electron scattering. This is depicted in Figure 5.5. When the
magnetization direction is perpendicular to the current direction, the scatteﬁng Cross-
section of the 3d electrons is reduced compared to the zero field case. However, when
the magnetization direction is parallel to the current direction, the scattering cross-section
is increased. Thus, the resistivity of the ferromagnetic metal depends onlthe relative
‘orientation of the current direction and the external magnetic field. It has been shown

that this anisotropic magnetoresistivity effect exhibits a form of [7]
Paur(0)= pu +(py—py) cos’6 (5.2.1)
where p, and p, are the resistivities when the magnetization is perpendicular and parallel

to the current direction, respectively, and & is the angular separation between the current -
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direction and the external magnetic field. This anisotropic magnetoresistance effect
differs from the magnetoresistance inherent to all metals that arises from Lorentz force
acting on the conduction electrons. For Lorentz magnetoresistance, the resistance is high

(low) when the magnetic field is perpendicular (parallel) to the current direction.

(a)
J

>

B

(b)

Figure 5.5. Conceptual illustration of the origin of anisotropic magnetoresistance in
ferromagnetic metals. When a magnetic field is aligned perpendicular to the current
direction (a), the spin-orbits of the 3d electrons have minimal electron scattering cross-
section. In the parallel case (b), the spin-orbits of the 3d electrons have maximal electron
scattering cross-section.

5.3 Spintronic Devices
Ferromagnetic metals are one of the key building blocks of spintronic devices.

Spintronic devices are commonly composed of an F metal which acts as a source of spins
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in conjunction wifh a N medium that acts as a collector of spins. One of the simplest
spintronic structures is an F metal placed in direct contact with a nonmagnetic (N) metal,
as depicted in Figure 5.6. There are two cases that can occur: 1) the F metal can be fully
magnetized such that the magnetization is uniform and 2) the F metal is completely
demagnetized, consisting of many domains with random orientation. For case 1), the
transport between the F and N metals can be represented by density of states diagrams,
which represent the 3d-4s band of the transition metals such as Ni, Fe, or Co. Here, the F
metal is represented using an electron band model where the one of the 3d spin sub-bands
is entirely below the Fermi level. The N metal is modeled as an ideal gas of free
electrons obeying the Pauli Exclusion Principle. When there is no voltage applied across
the interface, the Fermi levels of the two metals align, as shown in Figure 5.6.

When a voltage is applied across the F/N interface, there is electric current driven
from the F metal into the N metal. As shown in Figure 5.7, the down-spin electron sub-
band is below the Fermi level, so only the up-spin electron sub-band is available to carry
curreﬁt. Since the electrons that constitute the current carry charge and spin angular
momentum, the electric current, /,, can also be viewed as a current carrying magnetic
dipoles. Effectively, there is a current of magnetization, I,, transported from F to N
which is represented by

L,=QpBnlLl/e (5.3.1)
where 5, is the Bohr magnetron and Q = (f° —j )/(j* +/) is a parameter which describes
the efficiency of the spin transport process. Here, j represent the current densities of
the two spin sub-bands. In the simple model depicted by Figure 5.7, O = 1, but in

general, O <1 due to contributions to the conduction current by other spin sub-bands.
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Figure 5.6. Hlustration of a ferromagnetic metal in contact with a nonmagnetic metal.
The density of states diagram for the 3d electron bands of the nonmagnetic and
ferromagnetic metal are shown below.
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DOS(E) DOS(E)

Figure 5.7. Illustration of a ferromagnetic metal in contact with a nonmagnetic metal with
a voltage applied across the interface. The density of states diagram for the 3d electron
bands of the nonmagnetic and ferromagnetic metal are shown below. A spin-polarized
current, 7, is driven from the ferromagnetic metal into the nonmagnetic metal.

Near the F/N interface at steady state, spin polarized electrons are added to N at a
rate of I,,, and the spin polarization is lost due to random scattering at a rate 1/7,, where
T, is the spin relaxation time. A non-equilibrium population of electron spin builds up in
N, given approximately by

Mpin=1n T2/ (Vipin) (5.3.2)
where Vi, is the volume in which the non-equilibrium population of electron spins

occupy the N metal. As the spin-polarized electrons accumulate in the N metal, the
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chemical potential of F must rise so that the Fermi level of its up-spin sub-band (as
shown in Figure 5.7) aligns with the Fermi level of N. This creates a potential difference
across the interface that acts to impede the entrance of spins into the N metal. The
mechanism can be pictured as a “spin bottleneck™, in which the buildup of spins acts to
impede the continued flow of spins across the F/N interface.  This spin-dependent

resistance arising from the spin bottleneck is known as the spin accumulation effect [8-

10].

5.4 Active Plasmdnics

Plasmonics is-a field whose central theme involves the study of electromagnetic
surface waves confined to a metallic-dielectric interface. One of the key features of
surface plasmons is the ability to confine electromagnetic energy over subwavelength
scale volumes. The ability of surface plasmons to confine electromagnetic energy over
subwavelength extents is one of the central motivations behind the development of
photonic devices based on surface plasmons. Currently, a key challenge facing the field
of plasmonics is the development of active surface plasmon-based devices, which can be
switched or modulated via an external stimulus [11].

Fundamentally, a surface plasmon wave is confined between the interface of a
metal and a dielectric, characterized by permittivities of &,e.(@) and e4w), respectively.
Because the surface plasmon wave exists in both media, it can be modulated by actively
changing the permittivity of the dielectric or the permittivity of the metal. For instance,
manipulation _‘of the SPP signal propagated on a thin silver film was recently

demonstrated [12]. The active component of the device consisted of the two polymer
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layers sandwiching the thin silver film, where one layer contains donor chromophore
molecules and the other contains acceptor fluorophore molecules. The SPP wave on the
silver film provides efficient energy transfer from the donor molecules on one side of the
film to the fluorophore molecules on the other side of the film. The results provide
demonstration of the control of surface plasmon waves by manipulating the flow of
electromagnetic energy across thin metallic films via radiative transfer between donor
and acceptor molecules placed near fhe metallic surface. Moreover, there are continuing
research efforts to develop active surface plasmon devices where the permittivity of the
surrounding dielectric medium can be changed via electro-optic, all-optical, and
piezoelectric modulation [13]. A more direct way to manipulate surface plasmon waves
is to actively change the electromagnetic properties of the metal, &,..,{@). For instance,
in a metal-on-dielectric waveguide containing a section composed of gallium metal that is
several microns long, the SPP signal can controlled by switching the structural phase of
gallium [14]. The signal modulation depth can exceed 80%, and switching time scales
| are expected to be on the picosecond scale.

Another method to actively modulate the propagation of surface plasmon waves is
to affect the density of states of the metal. While this is difficult to achieve with N metals
such as Cu, Au, and Ag, the density of states of F metals can be strongly affected with the
application of relatively weak external magnetic fields. Surface plasmon waves on F
metals, therefore, are a potential candidate for the development of active plasmonic
media. Several investigations have explored SPP wave propagation on ferromagnetic
surfaces. In the work by Newman et al. [15], it was shown that the transport properties of

SPP waves on F media is sensitive to the magnetization of the surface on which they
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traveled. Their results showed that the far-field re-radiation from SPPs on a F surface is
linearly dependent on the sample magnetization when an applied magnetic field drives
the magnetization perpendicular to the SPP propagation direction. In similar work,
Duchs et al. [16] demonstrated that SPPs propagated on continuous silver films decorated
with 60 nm diameter Co scatterers showed anisotropic SPP scattered when a magnetic
field was applied normal to the surface of the film. While SPP wave interaction with F
surfaces has been studied, localized particle plasmon interaction with F particles has yet
to be explored. Since the surface field associated with particle plasmons interacts with a
greater metallic surface area to volume ratio than the surface field associated with SPPs,
particle plasmon interaction with F particles is expected to give rise to more pronounced
magnetically dependent phenomena.

Using a rudimentary plasmonic circuit, namely, a dense ensemble of
microparticles, this Chapter demonstrates that the THz particle-plasmon mediated
conduction across the particles can be actively modulated via electron-spin-dependent
phenomena. Two unique manifestations of electron-spin-dependent effects are observed
using samples of F particles and F/N composite particles. In samples of F particles
immersed in an external magnetic field, the THz electric field transmission through the
particles shows anisotropic amplitude and delay dependent on the relative orientation of
the magnetic field and the THz polarization. This magnetically anisotropic THz electric
field transmission phenomenon is shown to arise from the AMR effect inherent to the F
medium. The dependence of the THz electric field transmission anisotropy on the
ferromagnetic particle morphology is explored in Section 5.6. Comparative studies of

highly porous and smooth ferromagnetic particles immersed in a magnetic field show that
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the particle morphology can give rise to strikingly disparate THz electromagnetic
responses. It is further shown that THz electric field transmission through F particles that
have been coated with thin N nano-layers exhibits large, magnetically dependent
attenuation present neither in pure N particles nor in pure F particles. The enhanced
magnetic attenuation associated with the thin N nano-layer is modeled as non-equilibrium,
spin-dependent interface resistance that inhibits THz charge density fluctuations at the F/N
interface. A quantitative measurement of the dependence of the THz electric field
attenuation on the thickness of the nonmagnetic layer is in very good agreement with the
spin diffusion length predicted by the spin accumulation model, as well as with other
experimental measurements of this length. The results of this Chapter have been
published in the manuscripts Physical Review Letters, vol. 96, 033903 (2006); Applied
Physics Letters, vol. 90, 121122 (2007); and Physical Review Letters, vol. 98, 133901

(2007).

5.5 Magnetically Anisotropic Terahertz Particle-Plasmon-Mediated Transmission

Anisotropy is the quality of being directionally dependent. Electromagnetic
anisotropy is characterized by a dependence of the properties of a medium on the
polarization direction of an incident electromagnetic wave. A common example is a
birefringent crystal, such as calcite (Figure 5.8). This medium is anisotropic, or
birefringent, because depending on the directionality of the wave polarization with
respect to the optical axis, the wave propagates with two distinctive velocities. Another
fundamental form of anisotropy is the AMR inherent to F metals, such as Co, Ni, and Fe.

These metals exhibit anisotropic resistance depending on the directioﬁality of an applied
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magnetic field, B, with respect to the current direction. When B is aligned perpendicular
(parallel) to the current direction, the spin-orbits that constitute the magnetization of the
metal have a relatively small (large) electron scattering cross section, giving rise to a
relative small (large) magnetoresistance.

When a THz electromagnetic wave is coupled into non-resonant particle plasmons
on ferromagnetic particles, the non-radiative decay of the particle plasmons can be
influenced via the magnetoresistance of the particles. As was shown in Chapter 1, the
non-radiative decay of the THz non-resonant particle plasmons is governed by t‘he
effective resistivity of the particles at the surface. For ferromagnetic Co particles, the

effective resistivity is given by
peﬂ(B79)=pa +pLarentz(B79)+pAMR(B’9) (551)
where p, is the nonmagnetic background resistivity, p; ....(B,60) is the

magnetoresistivity arising from Lorentz force, p ,,x(B,0) is the magnetoresistivity due
to the AMR effect, and 6 is the angle between the current and the magnetization
direction. In all metals, p;,,.,..(B,0) is present as a small magnetoresistivity modulation
proportional to the Lorentz force, —evx B, where v is the electron velocity. In
ferromagnetic metals, p,,,x(B,0) is a significantly larger magnetoresistivity effect
where the resistivity is maximum (minimum) when the electron velocity is parallel
(perpendicular) to the magnetization. The dependence of p ., (B,8)on 8 is given by
P amr(0) o< cos’@ [7]. Since the non-radiative decay is largely governed by the AMR

effect in the F medium [17-19], THz particle plasmons on F particles are inherently

magnetically anisotropic.
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Figure 5.8. Image seen through a calcite crystal. The inherent birefringence of calcite
causes the double image of the text seen through the crystal.

~ To study the magnetic anisotropy associated with non-resonant particle plasmons
on F particles, the THz electromagnetic properties of F particle ensembles immersed in a
magnetic field is examined. In particular, THz time-domain spectroséopy (with a setup
similar to that described in Chapter 2) is used to measure the THz electric field
transmission through a ferromagnetic particle sample consisting of > 99.7% pure Co.
The particles are randomly shaped and poly-disperse, with a mean dimension of § = 74 +
5 um and a measured volume packing fraction of 0.51 + 0.02. The THz electric field
transmission through the particles is studied as a function of the strength and orientation
of an applied magnetic field B, which magnetizes the particles. The biasing B field is
supplied from permanent magnets.

By magnetically varying the resistivity of the Co particles, THz electromagnetic
transmission through the ensembles is influenced through p, .....(B,8), p 4(B,8), or
both. As shown in Figure 5.9, the time-domain characteristics of the experimental THz
electric field transmission through the Co sample reveal several magnetically dependent
effects. The most remarkable observation is that the THz electric field pulse arrival time,

. T4, (measured at the first peak of the transmitted pulse) depends on the orientation of the



Chapter 5 218

biasing B field (B = 0.18 T) relative to the incident pulse polarization. When B is aligned
perpendicular (parallel) to the incident THz electric field polarization, there is minimal
(maximal) delay with respect to the transmission in the absence of B. This observation is
accompanied by simultaneous transmission attenuation exhibiting a similar B-orientation
dependence. Evidently, the THz electromagnetic properties of the Co sample are highly
dependent on 6. The increased temporal delay and attenuation when a Bj, field is applied
indicate increased non-radiative decay, which can be equivalently interpreted as an

increase in p 4,z (B, 8) of the medium. In contrast, the insignificant attenuation and delay

observedina B, field show that p, ,...(B,6) arising from Lorentz force is negligible.

B=0T

\B=OT

THz Electric Field Signal (a.u.)

S} 10 15
Time (ps)

o

Figure 5.9. Time-domain THz pulses (gray traces) transmitted through a 2 mm thick
ensemble of Co particles when a 0.18 T magnetic field is applied perpendicular (top) and
parallel (bottom) to the incident THz polarization. Also shown is the transmitted pulse in
the absence of a magnetic field (black traces).
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The attenuation and delay of the transmitted THz electric field pulses have a
similar B-orientation dependence as AMR inherent to bulk felromagnetic metals [19].
Shown in Figure 5.10 is a plot of the transmission amplitude (normalized to the
transmission amplitude for B = 0) as a function of the relative orientation between the
biasing field and the incident polarization for a biasing field of 180 mT. Remarkably, the
THz electric field transmission amplitude for the Co ensemble shows a cos®6
dependence, matching the cos’d dependence of AMR. The results provide strong
evidence that the F particle ensemble’s THz electric field transmission anisotropy is a

direct manifestation of AMR inherent to the F medium.
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Figure 5.10. Normalized transmission amplitude through 3 mm thick Co particle samples
versus the B orientation relative to the incident polarization where |B| = 160 mT. The
transmission amplitudes have been normalized to the zero-field transmission values. The
data have been fitted to cos’d functions shown by the solid line.
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Figure 5.11. (a) Relative arrival delay (between the parallel and perpendicular magnetic
field configurations) of the transmitted pulse through a 2 mm thick Co particle ensemble
versus magnetic field strength. (b) depicts magnetization measurements of the Co
particles versus magnetic field strength. The arrival delay is plotted in (c) versus sample
thickness for an applied magnetic field of 0.18 T and 0 T. The relative arrival delay
(between the parallel and perpendicular magnetic field configurations) in (d) is shown
versus sample length for an applied magnetic field of 0.18 T.

To further investigate this phenomenon, the B and L dependences of the effect are
studied. By varying the By field from 0 T to 0.15 T, the magnetically-induced delay for a
L = 3 mm sample grows linearly from 0 to 1.2 ps, and in the range of 0.15 T to 0.25 T,
the delay begins to saturate [Figure 5.11 (a)]. This behaviour accords with independent
measurements of the magnetization response of the Co particles. As seen in Figure 5.11

(b), the magnetization of the Co particles increases linearly for [B| < 0.20 T, and for |B| >
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0.20 T, begins to saturate. Employing B) = 0.18 T (corresponding to the onset of delay
saturation), it is shown in Figure 5.11 (c) that the arrival delay of the transmitted pulse
increases linearly with respect to L. Figure 5.11 (d) plots the relative arrival delay of the
transmission between the perpendicular and parallel B configurations, AT4. As seen in
the Figure, AT increases linearly with L with a retardation coefficient of A T, /L = 0.57
0.01 ps/mm, indicating that the anisotropic delay accrued by the transmission is a
cumulative effect proportional to the number of Co particles across the sample.

To ensure that the magnetically anisotropic THz electric field transmission does
not arising from a deflection of the transmitted THz beam, the spatial distribution of the
transmitted THz beam is characterized with and without the applied B. The electric field
distribution of the THz wave-front in the plane perpendicular to the B direction is
measured by a knife-edge technique, where the THz field is sampled as an opaque
metallic edge is scanned across the wave-front. As shown in Figure 5.12 (a), the
application of the magnetic field does not alter the spatial distribution of the on-axis
transmitted wave. Based on this experimental evidence, it is concluded that magnetically
induced deflection of the transmitted THz beam through the Co particles is negligible.
Further evidence of the magnetic origin of this effect is drawn from comparative
transmission measurements through an ensemble of ~ 70 um Cu particles with the
applicatioh of By = 0.18 T. As Cu is non-magnetic, the relatively weak spin-orbit

coupling results in no measurable magnetically dependent delay, evident in Figure 5.12

(b).
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Figure 5.12. (a) The integrated spatial profile of the THz transmission (along the
direction perpendicular to the applied magnetic field) through a 2 mm thick Co sample
for a field of 0 T, +0.18 T, and —0.18 T. The curves have been off-set for clarity; the
offsets are shown by the dashed lines. Time-domain transmission measured through a 3
mm thick sample of Cu particles is illustrated in (b) for a magnetic field of 0 T and 0.18 T

applied parallel to the THz polarization.

(c) shows the time-domain transmission

measured through a 2 mm thick Co/wax ensemble for a magnetic field of 0 T and 0.18 T
applied parallel to the THz polarization. '
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Another factor which may affect the transmissivity of the F particle ensemble is
spurious mechanical motion and rearrangement of the particles in an external B. To
stuciy the influence of mechanical motion, additional experiments are performed using Co
particles immersed in a solidified wax matrix. Shown in Figure 5.12 (c¢) are experimental
results where the on-axis transmission is measured through 3 mm thick Co/wax
ensembles without and with an applied B = 0.18 T. As seen in the Figure, the
application of B) results in attenuation and delay of the transmitted THz waveform.
Since mechanical ‘motion of the particles is precluded in the Co/wax composite, the
magnetically induced attenuation and delay must arise directly from the Co particles. It
is also interesting to note that the transmitted waveforms through the Co/wax composite
are significantly attenuated relative to that transmitted through the Co/air composites.
Due to the higher index of refraction of wax (~1.5 at 1 THz) relative to air, the
electromagnetic interparticle separation is increased by a factor ,Of ~ 1.5. As a result,
near-field interaction, which is governed by near fields exhibiting a » -3 dependence, is
reduced by a factor of 1.5% =~ 3.4.

Anisotropic transmission modulation in the metallic particles arises directly from
the @ -dependent magnetoresistivity of the F metal. This can be understood by describing
the vector plasmonic response of a single Co particle. As the size scale of the particles’
roughness (~1 pm) relative to the central wavelength obey Rayleigh’s criterion for
smooth surfaces, the particle is approximated to be a smooth sphere [20]. For § << 4,
the incident THz pulse can be described as a homogeneous electric field oriented along
the z-axis. It has been shown in Chapter 1 that the vector electric fields associated with

the THz particle plasmon are given by
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Ey=E;+E;;=Ejcos 6, 7 (5.5.2)
where 6, is the angular coordinate from the z-axis, E,,,; is the total electric field, E; is the
electric field of the incident THz pulse, and Ej,; is the electric field associated with the
dipolar induced charge on the particle. Due to cancellation of the tangential electric field
components at the particle surface, the total electric field is oriented normal to the particle
surface. Note that E,,,y is strongest along the direction of the incident field (€, = 0°) and
approaches zero in the orthogonal direction (8, = 90°). Accordingly, current density

driven by the total electric field,

jp _ Etotal — ES COSQZ 2 (553)

o (B,O) pus(B.0)
is also polaﬁzed along the incident field direction. Polarization of the mediating surface
currents along the incident field gives rise to the observed anisotropy, as conceptually
illustrated in Figure 5.13. The characteristic p ;(B,6)of the ferromagnetic particles
depends strongly on the angle between the incident field polarization (coinciding with the
orientation of the surface currents) relative to the magnetic field direction. Attenuation of
Jo Viap e (B,6) >> p, .. (B,0) directly results in transmission amplitude reduction
and delay in a By field relative to a B, field. Since Cu exhibits negligible

magnetoresistivity, no magnetically-induced transmission modulation is observed in the

Cu particles.
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B B

Figure 5.13. Cartoon illustrating the physical origin of THz plasmonic magnetoresistance.
The incident THz pulse polarizes the individual particles by inducing finite charge
motion at the surface of the particles. The resistivity at the particle surface depends on
the orientation of the magnetic field relative to the polarization direction of the incident
THz pulse. The particle plasmon losses are determined by the magnetoresistivity of the
particles, which is sensitive to the B orientation. For high resistivity, the re-radiated THz
pulse is attenuated and delayed.

Polarization characterization of the experimental THz electric field transmission
enables further understanding of the magnetic anisotropy associated with the THz particle
plasmon response of the F particles. Figure 5.14 maps the experimentally measured
electric field trajectory of the transmitted electric field (through a 3 mm thick sample) as
a function of the angle of the applied magnetic field with respect to the incident THz
pulse polarization. For B = 0, coherent coupling across the F particle collection preserves

the incident linear polarization. When the applied magnetic field is aligned 0°, 90°, and



Chapter 5 226

180° with respect to the incident polarization, the transmitted electric field also preserves
the incident polarization state. However, when B is aligned at 6 = 30°, 60°, 120° and
150°, the transmitted ‘electric field polarization no longer preserves the incident
polarization but is rather elliptically polarized. Hence, the experiments show that the
magnetized ferromagnetic medium effectively behaves like a birefringent crystal where
the principal axes are when the incident polarization is aligned parallel and perpendicular

to the magnetic field orientation.

(]

Figure 5.14. (top) Illustration of the relative orientations of the external magnetic field
and the polarization of a THz electric field incident on a Co particle. The incident
electric field induces current density components parallel and perpendicular to the
magnetic field orientation. (bottom) Electric field trajectory of the transmitted THz
pulses through 2 mm thick ensemble of magnetized Co particles. The trajectories are
shown as the orientation of the magnetic field (0.18 T) is varied over 180°. The relative
orientation of the incident THz polarization and the magnetic field are shown above the
electric field trajectory plots.
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The polarization response of the F particle ensemble in a magnetic field can be
understood by considering the nature of THz wave propagation through the medium.

When B) and B, are applied (Figure 5.14), the THz electromagnetic wave propagates

isotropically (via nearest neighbor coupling) at velocities Vg and vg | = vg,

respectively. However, when a B field oriented at 0° < |f] < 90° is applied, the incident
THz electric field pulse simultaneously excites charge density oscillations on the
individual particles oriented both parallel and perpendicular the applied B, as shown in
Figure 5.14. The parallel and perpendicular particle plasmon oscillations propagate

across the sample at velocities of v, = 0.51 ¢ and v, , = 0.55 ¢, respectively. The

electromagnetic fields associated with the parallel and perpendicular particle plasmons
accrue a phase difference as they propagate across the ensemble. The superposition of
the two orthogonal electric field components at the exit face of the sample causes the
observed polarization ellipticity. Hence, due to ferromagnetic anisotropy inherent to the
F medium, the magnetized F particle ensemble is magnetically birefringent at THz

frequencies.

5.6 Isotropic Magnetoresistance Signatures in the Terahertz Transmission through
Porous Ferromagnetic Particles

As shown in the previous section, the inher‘ent anisotropic cos># magnetic field

dependence associated with AMR can be observed in the THz electric field transmission

through subwavelength ferromagnetic microparticle ensembles [21]. In this manner,

AMR is mapped onto an effective magnetic birefringence of the metallic particle

medium. However, unlike conventional AMR present in the electrical transport in
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ferromagnetic metal, the THz transmission counterpart is a more pronounced effect
exhibiting greater sensitivity to extrinsic parameters such as the morphology and the size
of the constituent ferromagnetic particles. This section investigates unique AMR
signatures in the THz electric field transmission through highly porous, “cauliflower”
shaped ferromagnetic, Ni particles. The sample consists of 99.8 % pure, highly porous
spheroid particles having a nominal dimension of ¢ = 320 um. The morphology of the
particles is characterized by large, randomly distributed columnar pillars with a typical
height = &3 and a subwavelength width. Interestingly, the overall particle shape
resembles a cauliflower structure [Figure 5.15 (a) and 5.15 (b)]. Large inter-columnar
voids, characterized by a mean aspect ratio of 11.3 £ 4.6, account for an overall ensemble
volume packing fraction of only 0.39 + 0.02. The THz beam is focused onto a
polystyrene sample cell housing a 1.9 mm thick collection of particles. To examine the
magnetically dependent THz ﬁmsmissivity of the particles, the ensemble is immersed in
an external biasing B tunable from 0 mT to 120 mT where the beam samples the same

random configuration of the particle ensemble.

The dominant polarization mode of a metallic particle excited by THz
electromagnetic radiation is strongly dependent on the particle size relative to A.
Whereas particles having 6 < A show dipolar polarizability, particles having 6~ A exhibit
polarizability of higher orders [22] as illustrated in Figure 5.15 (c) and 5.15 (d). As
discussed in Chapter 1, non-resonant particle plasmons at THz frequencies decay via
non-radiative losses governed by the metal resistivity (i.e. Ohmic losses) [23]. In

ferromagnetic metals, such non-radiative losses are strongly dependent on the magnitude

and orientation of the external magnetic field via a magnetoresistivity given by p(B, 6) =
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-po + pLorentz(Ba 0) + pAMR(Ba 0) Generall)’, pAMR(B; 0) >> pLorentz(By 0) [19]> and P(B, 0)

o< cos’f. Resistive losses from Pamr(B, 6) result in THz electric field attenuation and

propagation strongly dependent on the magnetic field strength and direction.
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Figure 5.15. (a) Scanning electron microscope image of a collection of porous Ni
particles of nominal size J. (b) A magnified image of a typical Ni particle highlighting an
overall spheroid shape and subwavelength columnar microstructure. (c) A conceptual
illustration of the excitation of a THz particle plasmon on a metallic microsphere. The
incident electric field induces a surface current density, which polarizes the microparticle.
The dominant polarization mode for the particle (6 ~ 1) is a quadrupolar mode. (d) After
excitation, the particle plasmon decays via radiation re-emission or non-radiative decay in
the metallic sphere. The non-radiative losses are dictated by the resistivity of the sphere
within a skin depth of the surface.
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Shown in Figure 5.16 (a) and 5.16 (b) are the on-axis THz electromagnetic
transmission through the porous Ni particle ensemble with B applied parallel (B)) and
perpendicular (B,) to the incident polarization. The broad (~15 ps) pulses, for identical
By and B, magnitudes, display similar electric field amplitude attenuation. A detailed
study of this B-dependence reveals a striking near-identical power, <E|, E,,*>, decrease of
50% for the two B orientations throughout the entire range 0 mT < B < 120 mT [Figure
5.16 (c)]. Thus, the results show that the non-radiative losses in the porous particle
ensemble are independent of the B orientation. This isotropic behaviour is contrary to the
anisotropic characteristics of ferromagnetic materials, observed using solid ferromagnetic
particles.

While magnetic anisotropy eludes detection in the power measurements, its
signature can be exposed via the pulse arrival delay [Figure 5.16 (a) and 5.16 (b)]. Here,
the arrival delay is defined as the time that corresponds to the arrival of the pulse energy
centroid. As the resistivity of the particle increases (decreases), the radiation propagation
velocity decreases (increases). Referring to Figure 5.16 (d), as Byjis varied from 0 mT to
60 mT, there is a strong non-linear dependence of the arrival delay on B, reaching
maximum value of 0.8 ps. Above Bj= 60 mT, the arrival delay linearly increases at 2.7 +
0.4 fs/mT. On the contrary, over the entire range of 0 mT to 120 mT an equivalent 3.0 +
0.2 fs/mT linear trend in the arrival delay is observed for the B, configuration. Overall,
the arrival delay results suggest increased particle resistivity in a By field relative to a B,
field. The anisotropy in the arrival delay is consistent with AMR characteristic of the

ferromagnetic medium.
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Figure 5.16. Time-domain transmitted THz electric field waveforms through porous Ni
particles for various B field magnitudes, with B (a) parallel and (b) perpendicular to the
incident THz polarization. The inset in (a) portrays the reference waveform transmitted
through an empty polystyrene sample cell. (c) Power and (d) arrival delay of the
transmitted THz pulse versus applied external magnetic field strength for the parallel and
perpendicular configurations. (¢) Power and (f) arrival delay of the transmitted pulse
through solid Ni spheroids versus applied external magnetic field strength for the parallel
and perpendicular configurations.

To explore whether morphological irregularities cause the isotropic B-dependent
transmission attenuation, control experiments are performed using solid Ni spheroids that
lack the columnar structures featured in the porous Ni particles [inset Figure 5.16 (e)].
Interestingly, by varying B and B, over the range between 0 to 120 mT and measuring

the transmitted power, there is large anisotropy (~ 20%) as illustrated in Figure 5.16 (¢).
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Moreover, as shown in Figure 5.16 (f), the time-domain behaviour of the transmitted
electric field also shows an anisotropic B dependence. Since the solid Ni particles exhibit
anisotropic signatures in both the attenuation and arrival delay, it is evident that the
isotropic attenuation must be artificially induced by the morphology of the porous
particles.

The experimental results suggest that the unique B-dependent THz properties of
the porous particles arise from their surface morphology. When the THz electric field is
incident on the porous, “cauliflower” shaped particle, plasmonic surface currents are
excited throughout the particle surface area. To elucidate the origins of the isotropic
power attenuation in the porous particles, the plasmon oscillationé on the exterior particle
surface (exterior surface plasmons) are distinguished from those on the interior surface
within the particle voids (interior surface plasmons). These two contributions to the total
surface current influence the B-dependent properties of the particle in different manners.
Since the surface area within the voids is significantly greater than the surface area of the
particle exterior, overall Ohmic losses (causing amplitude attenuation of the re-emitted
fields from the particle) are largely determined by losses associated with the interior
plasmonic currents. These currents are driven by the near-field electric field within the
voids. It should be noted that for a good conductor, the THz electric field lines meet
normal to the metal surface. Due to the morphology of the particle voids, the interior
electric fields (and their associated plasmonic currents) are randomly oriented and have
no preferred directionality with respect to the applied B field. Thus, the cauliflower-
shaped particles exhibit, on average, B-induced attenuation independent of 8, giving rise

to isotropic photonic magnetoresistance.
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The B-dependent transmission arrival delay exhibits a different morphological
sensitivity than the attenuation. The THz radiation propagates through the particle
ensembles via near-field coupling of the radiative field associated with the polarized
particle. On the individual porous particles, interior plasmons within the voids are highly
confined (since the inter-columnar spacing < A) and cannot radiate efficiently. Therefore,
radiation propagation is predominantly mediated by the radiative field originating from
surface plasmons on the particle’s exterior. Unlike the randomly oriented interior
plasmons, eXterior plasmons retain an overall directionality along the incident
polarization. As a result, exterior plasmonic currents are more sensitive to p (B, 0) o<
cos’@. This sensitivity is mapped onto the experimentally observed anisotropic B-

dependent arrival delay (or propagation velocity).
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Figure 5.17. The top panels illustrate the solid (left) and porous (right) structures
employed in three-dimensional FDTD, which use spatial and temporal resolutions of 5
um and S fs, respectively. A quadrant of the particles is removed for illustrative purposes
to highlight the internal structures. Electric field amplitude images of single-cycle THz
pulse excitation of (a) a solid Ni spheroid and (b) a porous Ni spheroid 2 ps after the
arrival of the THz pulse. Corresponding charge density images for a solid Ni spheroid
[(c),(e),(2)] and a porous Ni spheroid [(d),(f),(h)] at various times. The arrows depict the
polarization orientation of the incident electric field.
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To further explore the effect of particle morphology and to visualize the interior
surface plasmons within the porous particles, comparative three-dimensional FDTD
analyses are performed of the THz electromagnetic responses of a solid and a porous
spherical particle having morphology and size matching those used in the experiments.
Figure 5.17 (a) and 5.17 (b) show the electric field amplitude spatial distribution for both
Ni particles taken 2 ps after 1 ps wide THz pulse excitation. For the spherical particle,
the electric field near the outer surface is weak and symmetrically distributed. In
contrast, the porous particle shows spatial field confinement at the voids. To map and to
visualize the spatial distribution of the surface currents on both particles, the
electromagnetically induced surface charge is plotted. For representative illustration, the
surface charge distribution is shown along the mid-plane of the particles parallel to the
incident field polarization. It should be noted that due to the large volume of simulation
data, the plots in Figure 5.17 are based on electric field data from every second point, and
hence have a minimum resolution of 10 pm. Since the charge distribution is obtained
from the spatial derivative of the field data, the resolution of the charge distribution maps
is 20 um. As shown in Figure 5.17 (¢) and 5.17 (d), the incident pulse at time ¢ = 0 ps
induces similar bipolar charge distributions at the surfaces of both solid and porous
particles. Later, at time ¢ = 1 ps, [Figure 5.17 (e) and 5.17 (f)] a quadrupole charge
distribution is evident in the particles where two halves of the outer particle surfaces
oscillate at opposite polarity. The frames at ¢ = 2 ps [Figure 5.17 (g) and 5.17 (h)] clearly
illustrate high surface charge accumulation within the columnar structures of the porous
particle. Over the excitation interval, the porous spheroid exhibits similar quadrupolar

exterior charge accumulation as the solid spheroid, albeit with additional isotropically
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distributed interior charge accumulation. Thus, whereas the THz electric field interacts
with only the exterior of the solid particle, the porous particle exhibits significant charge
accumulation and electric field confinement within the particle voids. These simulations
provide evidence of the existence of electromagnetically induced charge motion within
the particle voids (giving rise to interior surface plasmons), which has beeﬁ
experimentally and phenomenologically shown to be the origin of the observed isotropic

photonic magnetoresistance effect in the porous particles.

5.7 Electron-Spin-Dependent Terahertz Particle-Plasmon-Mediated Transmission

A composite medium consisting of F/N metallic nano-layers may show enhanced
magnetoresistance relative to a purely F medium. The enhancement arises due to the
transport of spin-polarized electrons from the F metal into the N metal, giving rise to a
spin-dependent interface resistance. This can be most easily accomplished by simply
applying a voltage across an F/N interface, as shown in Figure 5.18 (a). Another method
to drive conduction electron current across an F/N interface is by an electromagnetic
wave. Consider an F/N composite particle with dimensions much smaller than the
incident electromagnetic wavelength. When the electromagnetic wave impinges on the
particle, the electric field associated with the wave can coherently induce conduction
electron current flow from the F medium to the N medium, as shown in Figure 5.18 (b).
Spin-polarized electrons will accumulate in the N medium over the duration of a half-
cycle of the electromagnetic wave, and spin polarization is lost due to random scattering
at arate 1/7,. So long as the spin-polarized charge driven by the incident electromagnetic

field across an F/N interface occurs over time scales comparable to 77, non-equilibrium
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accumulation of spins will give rise to a spin-dependent interface resistance analogous to
the DC case. As spin relaxation times are typically on the order of picoseconds [1, 9, 10],
observation of this electromagnetically driven spin accumulation effect requires
electromagnetic wave excitation of a subwavelength F/N structure at THz frequencies or
below.

To observe electromagnetically driven spin accumulation, subwavelength F/N
spinplasmonic structures are fabricated consisting of Co microparticles partially coated
with several Au nano-layers, as shown in Figure 5.19. The 45 + 2 nm thick Au layers are
sputter deposited on Co particles ensembles having dimensions ranging from 40 pum to
140 um and an average dimension of 74 + 23 um. A Single deposition coats the exposed
regions of the Co particles with a thin Au layer. The distributed Au coverage is increased
by re-orienting the particle collections after each deposition to expose fresh, uncovered
Co particles and re-depositing another 45 + 2 nm thick Au layer. This procedure is
repeated to achieve the desired Au coverage of the particle ensemble. X-ray
photoelectron spectroscopy analysis reveals that the percentage Au surface compositions

of the three samples are 35+ 2 %, 42+ 2 % and 77 £ 2 %.
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DOS(E")

Figure 5.18. (a) Illustration of a ferromagnetic metal in contact with a nonmagnetic metal
with a voltage applied across the interface. (b) Illustration of a ferromagnetic metal in

contact with a nonmagnetic metal where spin-polarized current is driven by an incident
electromagnetic wave.
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Magnetic field

Figure 5.19. Illustration of a subwavelength spinplasmonic structure consisting of a Co
particle coated with Au nano-layers excited with a THz electromagnetic field pulse. The
spintronic structure is immersed in a magnetic field so as to align the magnetic domains
of the Co particle. The incident electromagnetic pulse induces spin-polarized current
from the Co particle to the Au layer, creating a spin-dependent interface resistance.
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Figure 5.20. Illustration of near-field particle plasmon coupled transport across a
collection of Co/Au bimetallic particles. Spin accumulation at the F/N bimetallic
interfaces gives rise to a magnetically modulated interface resistance. The insets depict
scanning electron microscope images of the Co particles used in the experiments.

The experimental configuration is introduced in the conceptual illustration in
Figure 5.20. A single-cycle 1 ps THz pulse that is incident on a collection of
subwavelength sized spinplasmonic Co/Au particles is transported across a length of 3
mm because of near-field dipole-dipole coupling. Electron spin accumulation effects in
the Co/Au particles are manifest in the dynamic, temporal characteristics of the
transmitted electric field, which are accessed using time-domain spectroscopy (as
described in Chapter 2). A 3 mm thick polystyrene sample cell houses the randomly
oriented Co/Au particles. The particles are packed into the sample cell to achieve a
filling fraction of 0.50  0.05. A plunger lightly depresses on the particle collection in
the sample cell to ensure that the fill fraction remains constant during the experimentation

period. As shown in Figure 5.19 and Figure 5.20, the spinplasmonic Co/Au structures are
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immersed in a biasing magnetic field, which is aligned at an angle § with respect to the
incident THz polarization. Since a single Co particle consists of many magﬁetic
domains, an externally applied magnetic field is required to align the magnetic domains
to enable non-equilibrium spin effects. When no magnetic field ié applied, the
magnetizations of the magnetic domains are randomly aligned and the electrons in the Co
metal are not spin-polarized. However, when an external magnetic field is applied to the
spintronié structure, the magnetic domains, and thus the electron spins, in the Co particle
become aligned. In this case, the incident THz electromagnetic wave induces spin-
polarized current from the Co particle into the Au layer which causes a spin-dependent
interface resistance.

The interface resistance arising from electron‘spin accumulation directly influences
the THz electric field transmission through the ensemble of F/N particles. The current
density associated with the THz non-resonant particle plasmon on an individual particle
crosses the F/N interface of area 4; and responds to the total resistance within a volume
~aA; via Ohm’s law j(f) o< Ei(t) / [Ret(B) A;], where Ri(B) is the sum of several
contributions:

Riot (B) = Rau + Reo (B) + Ri + Rypin (B) (5.7.1)
where Ry, is the resistance of Au, R¢o (B) is the resistance of Co incorporating the
magnetic field dependent resistance due to AMR, R; is the intrinsic nonmagnetic interface
resistance between the metals, and Rgpin (B) is the spin-dependent interface resistance. By
means of near-field dipole-dipole coupling, resistivity changes within the skin depth of
the particle surface influence the THz electromagnetic field propagation through the

sample.



Chapter 5 242

> Co

L

S

2

L

Q ColAu 35%

©

o

1T Col/Au 42%

N M\—\/a\\\___/

I

— ColAu 77%
"me

0 5 10 15

Time (ps)

Figure 5.21. Time-domain THz transmission signals through 3 mm thick particle
ensembles having varying Au coverage, in zero field.

The role of the bimetallic F/N interface on the transmission through the Co/Au
particles in zero field is examined. The field E,(¢) transmitted 'through Co particle
samples having 0 %, 35 %, 42 % and 77 % Au surface coverages (Figure 5.21) indicates
that the Au layer causes drastic reduction of the transmissivity independent of magnetic
field or electron-spin effects. As Au coverage increases from 0 to 77 %, the amplitude is
attenuated by 91 = 3 %. The attenuation cannot arise from the inherent resistivity of the
Au layer, which is much less than that of Co. The marked attenuation that increases with
increasing Au coverage is attributed instead to the introduction of an interface resistance
at the Co/Au boundary, R;, which is proportional to the coverage area [24]. This effect
has been previously observed and studied in Section 3.9.

The effects of B on the THz waveforms transmitted through the composite F/N

particles are examined next. Analogous to electrically-driven current in multilayer F/N
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systems, the electromagnetically driven surface charge on the F/N particles exist in a
medium where the resistivity is magnetically influenced via AMR through R¢, (B), spin
accumulation effects through Rg,in (B), or both. These contributions can be discriminated
by varying the orientation of B. Figure 5.22 (a) and 5.22 (b) show that the transmission
through the Co (0% Au) sample exhibits attenuation and delay due to AMR. In a field

B, perpendicular to the electric field polarization [Figure 5.22 (a)] negligible attenuation

and negligible pulse re-shaping are observed whereas both substantial amplitude
reduction and pulse re-shaping are observed in a parallel field By [Figure 5.22 (b)].

The THz pulse transmission is studied through Co and Co/Au particles in By
where both AMR and spin accumulation effects may occur. Figure 5.22 (d) and 5.22(f)
show E, (f) in the presence of a dc magnetic field By = 150 mT (yellow traces) in
comparison with E, (f) in the absence of a magnetic field (blue traces). Pulses
transmitted through the Co/Au 35% sample, depicted in Figure 5.22 (d), show increased
magnetically induced attenuation and delay relative to the Co (0% Au) sample [Figure
5.22 (b)] when By is applied. Similar behaviour with greater magnetically induced
attenuation and delay is seen in the data for the Co/Au 42% sample [Figure 5.22 (f)].
These B-dependent trends of transmission amplitude and delay for By are quantified in
Figure 5.23 (a) and 5.23 (b). Referring to Figure 5.23 (a), for an increase in B) from 0
mT to 150 mT, |E,, (¢)| decreases by 28 + 3 %, 54 + ‘3%, and 73 + 3% for the Co (0% Au),
Co/Au 35%, and Co/Au 42% samples, respectively. The B-dependent electric field
attenuation in the Co/Au 42 % sample is about 3 times greater than that in uncoated Co
particles or, equivalently, the intensity attenuation is about an order of magnitude greater.

Such marked attenuations are accompanied by large temporal delays (relative to their
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zero-field transmissions) as shown in Figure 5.23 (b). Remarkably, magnetically induced
attenuation and delay increase with greater nonmagnetic Au coverage of the Co particles.

These eftects are caused by enhanced magnetoresistance in the Co / Au particles.
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Figure 5.22. Time-domain THz transmission through (a) Co (0 % Au) (perpendicular),
(b) Co (0 % Au) (parallel), (c) Co/Au 35 % (perpendicular), (d) Co/Au 35 % (parallel),
(e) Co/Au 42 % (perpendicular) and (f) Co/Au 42 % (parallel) particle ensembles for |B|
=0 T (blue traces) and |B| = 150 mT (yellow traces). The diagrams depict the orientation
of the B field (arrow) relative to the electric field polarization. (g) Normalized
transmission amplitude through 3 mm thick Co (filled circle) and Co/Au (empty circle)
particle samples versus the field angle relative to the incident polarization, where |B| =
160 mT. The transmission amplitudes for both samples have been normalized to their
respective zero-field amplitudes, and the data have been fitted with cos®d functions
shown by the solid lines. Filled squares represent the offset between the curves for the
Co and Co/Au samples. Within error, the offset is independent of the B orientation.
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Spin accumulation occurs in the F/N microparticles when the surface domains of
the Co particles are much larger than the spin diffusion length in the Au film. This
requires the magnetization to be uniform in any direction and is therefore isotropic with
respect to field angle. To demonstrate this property of the Co/Au samples, Figure 5.22
(g) shows the transmission amplitude for 3 mm thick Co and Co/Au samples versus the
field angle, 6, with respect to the electric field polarization. Both curves have been

normalized to their B = 0 mT amplitudes, respectively. As seen in Figure 5.22 (g), the

transmission amplitude for the Co ensemble exhibits acos? 0 dependence, providing

direct evidence that the magnetically induced attenuation in the Co ensemble is a direct

manifestation of AMR. The curve for the Co/Au sample also shows acos’ @ dependence
but is offset from the curve for the Co sample by a constant amount that is independent of
0 within experimental error. This offset indicates isotropically enhanced B-dependent
losses in the Co/Au particles and corresponds to the 8- independent spin contribution to
the magnetic attenuation in the coated particles. It is noteworthy that at 8 = 90°, the
normalized transmission through the Co sample is nearly unity, since AMR is negligible.
Thus, spin accumulation effects in the Co/Au samples can be studied with minimal AMR
effects by simply re-orienting B to 90° with respect to the electric field polarization
vector. As shown in Figure 5.22 (a), the field E,, (¢) transmitted through Co (0% Au)
particles in B | shows insignificant attenuation (< 2 %). In comparison, E,, (f) transmitted
through the Co/Au 35 % and Co/Au 42 % samples [Figure 5.22 (c) and 5.22 (e)] exhibit
large magnetically-induced attenuation in a B, field. This behaviour is shown
quantitatively in Figure 5.23 (c). As illustrated in this plot, |E, (¢)| is substanﬁally

attenuated by 25 + 3 % and 52 + 3 % for the Co/Au 35 % and Co/Au 42 % samples,
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respectively, at a field By = 150 mT. Furthermore, in contrast with the temporal
behaviour of E,, (f) in a By field, E, (f) in a B field is characterized by a much shorter
magnetically induced temporal delay. This is evidence that the origiﬂ of the B-dependent
pulse attenuation, and therefore of the magnetoresistance, in a B; field is different from
the B-dependent effects observed in By, which include bofh spin accumulation and AMR
mechanisms.

An essential characteristic of spin-dependent effects in spintronic devices is the
hysteretic behaviour of the magnetoresistance under magnetic field cycling. As shown in
Figure 5.23 (d) and 5.23 (e), by cycling B from zero to 250 mT and then back to zero,
there is magnetoresistance hysteresis and remanence in the Co/Au samples. At the returﬁ
of the B cycle, the zero field amplitudes are reduced by 25 + 3% and 45 + 3% for the
Co/Au 35 % and Co/Au 42 % samples, respectively. The hysteresis and remanence of the
THz transmission is consistent with magnetization measurements of the Co particles
shown in the inset of Figure 5.23 (e) that indicate an inflection point in the magnetization

at 300 mT, saturation at ~ 1 T, and hysteresis upon magnetic field cycling.
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Figure 5.23. (a) THz electric field amplitude transmitted through Co (0% Au)
(diamonds), Co/Au 35 % (circles) and Co/Au 42 % (squares) particle ensembles versus
magnetic field strength in the parallel configuration. (b) Delay of the transmitted THz
pulse through Co (0% Au) (diamonds), Co/Au 35 % (circles) and Co/Au 42 % (squares)
particle ensembles versus magnetic field strength for the parallel configuration. (c) THz
electric field amplitude transmitted through Co (0% Au) (diamonds), Co/Au 35 %
(circles) and Co/Au 42 % (squares) particle ensembles versus magnetic field strength in
the perpendicular configuration. The transmitted electric field amplitude versus the
magnetic field strength for the Co/Au 35 % and Co/Au 42 % particle ensembles are
shown in (d) and (e), respectively. The inset in (¢) shows magnetization measurements of
the Co particles up to £1.0 T. (f) Normalized, time-averaged electric field amplitude (in
an applied field of B = 160 mT) transmitted through 3 mm thick samples of Co/Au
particles versus the Au film thickness in the perpendicular configuration.
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Figure 5.24. The upper image depicts an illustration of spin accumulation in the Au layer.
The lower image shows the measured resistivity of the Au layer versus the film thickness.

The resistivities are measured using a four-point probe technique on witness Au films
deposited on glass slides.

A fundamental quantitative parameter that governs spin accumulation in Au is the
spin diffusion length, A,, (Figure 5.24) which determines the spatial extent of non-
equilibrium spin injection into the nonmagnet [1]. To support the model and to
investigate the relationship between the Au film thickness, h4,, and A, additional
experiments are performed in a field B with thirteen Co/Au samples having identical
Au surface coverages but variable Au layer thicknesses ranging from 0 to 160 nm. In
discussing the semi-quantitative model, the single-cycle THz pulse drives spin-polarized
conduction electrons across the F/N interface for a time ~ 1 ps. Effects that arise from

dynamics on a time scale > 1 ps can have no effect on the attenuation of the transient

pulse. The diffusion length for the limiting time of 7, =1 psis 4; = 1/Deri = 85 nm,



Chapter 5 249

where D, is the electron diffusivity and is deduced using an Einstein relation and the
resistivity p4, of the Au film (refer to inset of Figure 5.24 and note that py,, is
approximately constant for s, > 40 nm). In this transient experiment, the interface
resistance from spin accumulation is not expected to change for samples with Ay, > A;

because diffusing carriers cannot reach portions of any film thicker than A;. The diffusive
spin accumulation model is not valid for 44, comparable with the electron mean free path,
on the order of tens of nm. The resistivity, mean scattering time and spin relaxation time
are all very sensitive to film morphology, and data in this range of 4,4, do not merit a

rigorous fit. However, a valid prediction of the model is that the interface resistance will
be determined by spin accumulation within a spin depth A = \D.Ts , where 7 is the spin

relaxation time in the Au film, fbr any sample with A4, > A; [25]. The spin-dependent
interface resistance is

Repin (hau > A5 )= O pau As | 4; (5.7.2)
where Q is the fractional spin polarization of electrons crossing the interface.

As shown in Figure 5.23 (f), the normalized, time-averaged, field dependent
transmission, G = < E, (160 mT) >/ < E,. (0 mT) >, is very sensitive to small values of
hy, but changes little for A4, > 75 nm. These data are consistent with our prediction that
Repin should not change for A4, > A;. The asymptotic approach to a constant value also
permits us to identify a lower bound for {he spin diffusion length, A, =75 nm.

Using this Value of A;, a measured value p,, = 5.5 x 107® © m, and a typical value
of Q in the range 20 % to 40 %, an estimate of the interface resistance contribution
arising from spin accumulation from Equation (5.7.2) is found to be in the range Ryyin 4;

=2x10% Qm’to7 x 10 Q m>. As discussed above, the nonmagnetic, spin-
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independent attenuation effécts that are reported are believed to be entirely dominated by
interface resistance. For Q in the range between 20 % to 40 %, the calculated
contribution to interface resistance from spin accumulation is between 8 % to 29 % of the
field independent contribution from interface resistance, which has been estimated to be
Ri A; =24 x 107 Q m® [26]. There is reasonable agreement, given the limitations of
the semi-quantitative model, between the calculation and the 30% attenuation observed in
Figure 5.23 (f) for iy, > 75 nm.

A lower bound for the spin relaxation time 75 that corresponds with A; = 75 nm is
T,=1= ﬂsz / D, = 1 ps. Using a Drude scattering time of 7= 12 fs (derived from py, =
5.5 x 107 Q m), a spin flip probability of a = 7/ T, = 1 x 107 is obtained, as an upper
bound. This is in good agreement with a previously measured value for Ag films of a =

4.0+0.5% 107 [27].

5.8 Conclusion

In this Chapter, two manifestations of electron-spin-dependent phenomena have
been demonstrated in the THz particle plasmon mediated transmission through ensembles
of F particles and F/N composite particles. Using ensembles of subwavelength size F
particles, it has been experimentally shown that the amplitude and arrival time of the THz
electromagnetic wave transmission are strongly dependent on the orientation of an
externally applied magnetic field. The B orientation dependence of the transmission has
the same magnetic field orientation dependence as the electrical AMR inherent to bulk F
metals. Thus, the experiments demonstrate a THz plasmonic manifestation of the AMR

effect, a phenomenon conventionally associated with electronic transport. Moreover, the
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dependence of the THz electric field transmission anisotropy on the ferromagnetic
particle morphology is explored. Comparative studies of highly porous and smooth
ferromagnetic particles immersed in a magnetic field show that the porous particle
geometry can effectively erase the magnetic anisotropy in the THz electric field
transmission amplitude. The discovery of a plasmonic AMR effect paves the way for the
-development of THz plasmonic magnetoresistive devices where modulation is achieved
via an externally applied magnetic field.

Furthermore, using ensembles of subwavelength size bimetallic F/N microparticles,
it has been shown that the electron spin accumulation effect can influence the THz
electric field transmission through the particles. Ferromagnetic particles coated with N
metal nano-layers exhibit an enhanced magnetic field sensitive attenuation of the THz
electromagnetic field propagated through the sample. The magnetic effect for the coated
F particles differs because the dependence on the magnetic field angle is unique and the
magnitude of the THz electric ﬁeld attenuation is an order of magnitude larger. The
mechanism in the F/N particles is related to dynamic, electromagnetically induced spin
accumulation in the N medium. The experimental results, presented with a semi-
quantitative model of non-equilibrium spin accumulation in the N layer, represent a
unique manifestation of electron-spin-dependent phenomena in the THz electromagnetic
interaction with metallic microparticles. Now that a spinplasmonic transport phenomenon
has been shown, a novel avenue has been opened in both the fields of spintronics and
plasmonics. The ability to magnetically manipulate near-field mediated light transport
through metallic particles via electron spin promises another degree of freedom in the

development of light-based information devices.
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6.1 Background

Throughout this thesis, it has been shown that structures with subwavelength scale
features can possess electromagnetic properties departing from those of the constituent
material. An additional, important class of such materials is chiral media. In the most
general sense, a medium is chiral if its structure is mirror-asymmetric. A common
example of a chiral medium is a human hand, as shown in Figure 6.1. A human hand is
mirror-asymmetric since a left hand cannot be superimposed on a right hand without
taking it out of plane. Moreover, since the mirror image of a left hand is a right hand, left
and right hands are enantiomers of each other. In the case when a structure’s
subwavelength micro-, nano-, or atomic-scale molecular arrangement is chiral,
electromagnetic interaction with the structure may lead to a unique phenomenon known
as optical activity. Optical activity occurs when a medium preferentially interacts with
either the left- or right- circularly polarized electromagnetic wave components, causing a
polarization circularization and/or polarization rotation of the interacting radiation. In
this manner, a medium’s subwavelength scale structural chirality is mapped onto a

polarization transformation of incident electromagnetic waves.

mirror plane

Figure 6.1. A human hand is a common example of a chiral medium.
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The study of chiral media and its associated optical activity has had a long history
in science. Since Arago’s first observation of light polarization rotation in a chiral quartz
crystal in 1811, the study of chiral light-matter interaction has been an impetus for
progress in chemistry [1], biology [2], optics [3], and the study of fundamental
symmetries in particle physics [4, 5]. This wide influence is due to the sheer diversity of
chiral manifestations. At different levels, seashells; bacteria, amino-acids, and even
elementary particle interactions all show different propdrtions of left- and right- handed
occurrences. Of the many manifestations of chirality, the helical conformation is widely
considered the most universally significant. The significance of the helical shape in
affecting light polarization was demonstrated over a century ago [6, 7] in experiments
showing polarization rotation of radiation transmitted through helices, which qualitatively
established the structural similarities between macroscopic helices and microscopic
optically active molecules [8, 9]. Since then, extensive theoretical and experimental work
has been performed on the electromagnetic properties of helices. Theoretical frequency-
domain calculations [10-18] and experimental work in the visible and microwave range
[19-25] have revealed that the optical activity of helices fundamentally arises from the |
anisotropic scattering of left- and right- circularly polarized light from the geometrical
shape of the helix. Owing to the inherent complexity of the helical geometry, analytical
descriptions of light scattering in helices have proven to be formidable [26], and to date,
all theoretical models have employed simplifying approximations. In some
approximations light interaction with a helix is described by multiple-scattering theory
[27] where the helix is modeled as a collection of point-polarizable scatterers arranged

along a helical path. Bustamante et al. [10] described the radiation scattered from a helix
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using the Born approximation, which neglects the retarded interaction between point
scatterers on the helix. Furthermore, Jaggard et al. [8] proposed a quasi-static
approximation wherein scattering from a helical element is modeled by re-radiation from
coupled magnetic and electric dipoles. In this particular formalism, a single helix turn is
decomposed into an effective loop and stem [28], and electromagnetically induced
current in the loop and the stem gives rise to inter-coupled magnetic and electric dipoles,
respectively.  'While these theoretical works have greatly contributed to current
understanding of radiation scattering from a he]ix, they do not capture the full complexity
of the phenomenon.

Indeed, physical insights into the optical activity associated with a helix may
require new experimental methods both to probe and to comprehend polarization rotation
in helical structures. To date, experimental investigations of helices have been restricted
to irradiance-based experiments where the helix is excited by continuous electromagnetic
radiation [19-25]. While such continuous wave experiments have enabled the extraction
of the complex material parameters of helices (see, for instance, Ref. [25]), they do not
permit investigation of the transient scattering mechanism which gives rise to optical
rotation and polarization circularization. An alternative method to study optical activity
from a helix is to excite the structure with an ultrashort electromagnetic pulse and
examine the time-domain scattering response. Such time-domain, transient investigations
permit a more direct study of optical activity since scattering mechanisms within the
helix can be ascertained from the arrival time and the instantaneous polarization state of
the scattered radiation. Moreover, transmitted waveforms can be parsed to separate the

complex interactions occurring in the helix.
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This chapter explores the THz optical activity of a helical structure by studying its
time-domain response to THz electromagnetic pulse excitation. By dynamically
accessing the THz electric fields scattered from a helix, optical activity signatures are
correlated with the arrival time and polarization state of the scattered radiation. To fully
characterize the properties of the helix, the helix is studied in two unique configurations
where the THz electromagnetic wave is incident 1) parallel to the helical axis and 2)
transverse to the helical axis, as shown in Figure 6.2. In Section 6.2, it is shown that for
axial THz electromagnetic wave propagation, polarization circularization of the
transmission arises from multiply scattered electromagnetic waves forming resonant,
helical propagation modes. In contrast, for transverse illumination of the helix, it is
demonstrated in Section 6.3 that polarization rotation of the forward scattered
transmission results from non-resonant, singly scattered electromagnetic waves from the
helical structure. The work in this Chapter has been published in Optics Express, vol.

15, 3557-3567 (2007).
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THz electric field pulse

axial configuration

transverse configuration

Figure 6.2. THz electromagnetic wave interaction with a helical element in the (top) axial
configuration and (bottom) transverse configuration. In these experiments, the THz pulse
is focused onto the helix is maximize the amount of electromagnetic signal that interacts
with the structure.

6.2 Axial Terahertz Electromagnetic Wave Propagation in a Helical Structure

This section reports on the time-resolved experimental and numerical
investigations of few-cycle THz pulse propagation along the axis of a subwavelength size
helix. For the measurements, broadband THz electric field excitation (with wavelengths
ranging from 3 mm to 200 pm) is employed together with synchronized, polarization-
sensitive detection. The model chiral structure studied is an Au-coated Cu helix
consisting of m right-handed circular revolutions having a pitch K =120 & 10 um, a wire
diameter b = 60 + 2 um and a helical centre-to-centre diameter d; = 295 £ 10 pm, as

shown in Figure 6.3. The helix is fabricated by carefully winding the thin Cu wire into
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helical conformation. In this work, a metallic structure is studied (as opposed to a
dielectric structure) because optical activity signatures in the metallic structure must arise
from scattering (reflection) from the helix. At THz frequencies, metals are perfectly
opaque to the radiation due to their large negative permittivity. Thus, THz
electromagnetic waves incident on metallic structures are almost completely reflected.
The situation is more complicated in a dielectric helical structure, where light can 1) pass
directly through the structure, 2) be absorbed within the dielectric, and/or 3) scatter from
the surface of the structure. Moreover, broadband excitation is ideal for probing the
electromagnetic response of the helix in regimes where 7 6, > 4, 7 J; ~ 4, and 7 J; < 4; in
particular, the helix diameter is chosen such that over the wavelength range 0.32 < 7d;, /4
<4.79 and K < A. As shown in Figure 6.4, the THz pulse and the femtosecond probe
pulse are co-focused by a 2.5 cm focal length gold-coated parabolic mirror along the axis
of the helix. To preclude THz radiation leakage around the helical structure, a 300 pm
diameter metallic aperture is placed directly in front of the helix entrance. Since the
aperture size is comparable to the wavelength, the aperture strongly diffracts the incident
radiation (in Figure 6.4, the THz beam is shown to propagate directly through the helix
for illustrative purposes only). That is, the THz radiation will spread out at large angles
into the region beyond the aperture, and the aperture effectively behaves like a point
source of THz radiation. In our experiments, this “point source” is located in the
immediate vicinity of the helix, centred on the helical axis. It should be noted that near-
field coupling between the aperture and the exterior of the helix may influence the
measured transmission. It will be shown in simulations, however, that this effect is

negligible.
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wire diameter, b

Figure 6.3. Diagram depicting a helical conformation that is characterized by a wire
diameter, pitch, and helix diameter.

<111> ZnSe
s Zn

s Se T
. ftransmitted probe pulse  mcident probe pulse

metallic
aperture

transmitted THz pulse
incident THz pulse

Figure 6.4. A diagram of the setup used to characterize the THz on-axis transmission
through a subwavelength helix.

Optical activity in bulk media manifests as polarization rotation (tilt in the
polarization plane) and/or polarization circularization (transformation from linear

polarization to elliptical polarization) of the scattered light. In the experiments, the

scattering mechanisms responsible for optical activity are probed by measuring the
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temporal THz electric field pulse transmitted via axial propagation along helices having
various numbers of turns, m. In the experiments, the co-polarized, Ej(f) (parallel to
incident polarization), and cross-polarized, E () (perpendicular to incident polarization),
components of the pulses are measured emerging from helical structures having lengths,
L, ranging from 0.50 = 0.05 mm (m = 4) to 1.52 + 0.05 mm (m = 12). To explore the
optical activity associated with the helix, the transmitted electric field vector is
decomposed into orthogonal left-handed (LH) and right-handed (RH) circularly polarized
components. The LH [i.e. E?)] and RH [i.e. E(¢)] circular components are determined

from the linearly polarized field components via the relations E;(r)=1/~2 [Ey()+iE ) (1)]
and E, (t)=1/~/5[Eu(t)—iEL ()] Here, Ey(?) and E1(¢) are aligned with respect to the x-

and y-axes, respectively. When facing the direction of wave propagation, right- (left-)
circularly polarized radiation rotates in the clock-wise (counter-clockwise) direction. In
Figure 6.5, the time-domain left- and right- circular electric field pulses are shown after
they emerge from the helical structure. Optical activity manifests as a difference in the
propagation time and/or the transmitted amplitude of the left- and right- circularly
polarized fields. The transmitted pulse through the aperture does not show optical
activity, since the left- and right- circular pulses arrive at similar times and with identical
amplitudes. The circularly polarized components of the electric field pulse transmitted
through the helices, however, show markedly different behaviour. For helices with m =
4 up to m = 15, there is distinctive, preferential transmission of E(¢) relative to Eff). The
difference in the amplitudes of the RH and LH circularly polarized pulses increases as the
helix length increases, showing that this effect is cumulative over the length of the helix.

Due to the greater transparency of the helix to RH light relative to LH light, the electric
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field vector, E,(f) = Ei(t) + E (f), transmitted through the helix shows significant
polarization circularization, as shown in Figure 6.6. In addition to the preferential
attenuation of Eff) relative to E(¢), the ﬁelical structure also introduces significant
temporal dispersion in both the Eff) and E,(f) waveforms. As m increases, the Ei(t) and
E(?) waveform durations are progressively broadened, and the waveforms acquire more
subsidiary oscillations. Such pronounced, resonating waveforms indicate a geometrically

enhanced frequency selectivity of the structure with increasing length.

THz electric field signal (a.u.)

0 2 4 6 8 10
Time (ps)

Figure 6.5. The measured right circular E,(f) (solid line) and left circular E(¢), (empty
circles) electric field pulses through helices of various lengths, along with a reference
pulse transmitted through the screening aperture.
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aperture m=4 6

Figure 6.6. Trajectories of the tip of the electric field vector for the transmission through
the aperture and helices having m =4, 6, 8, 10, and 12.

In contrast to irradiance polarization-state measurements, experimental access to
the time-domain response of the helix enables direct characterization of the helix’s
transient optical activity. The helix’s transient optical activity is quantified by calculating
the instantaneous degree of polarization circularization, J¢) = [I(¢) — L()] / [I(¢) + L(9)],

where I, (f) = E. 1(DE,;(v) are the instantaneous intensities of the RH and LH circularly

polarized components. Shown in Figure 6.7 (a) is [(¢) for various helix lengths (m = 4, 6,
8, and 12) allohg with [((¢) for the bare circular aperture. As expected for the aperture
transmission, f(f) = 0 over the duration of the transmitted pulse. There is a small offset
in (t) from O due to the slight ellipticity of the pulse emitted from the THz photo-
conductive source. By inserting a 4-turn helical structure into the THz beam path, |5(?)]
increases dramatically from ~ O up to 0.5 over the pulse duration, indicating that the
helical conformation introduces significant polarization transformation. Interestingly, the
magnitude of the degree of polarization circularization, |5(f)|, is not constant, but

increases approximately linearly with time over the pulse duration. This suggests that
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manifestations of optical activity in the transient scattered field are not instantaneous, but
rather build up over several electric field cycles. The degree of circularization for m = 6
shows similar behaviour as that observed for m = 4. The parameter |(f)| linearly
increases over the duration of the pulse and peaks at a value of 0.6 at 3.5 ps. As shown in
Figure 6.7 (a), polarization circularization for the 8- and 12-turn helices reveals
interesting dynamics for temporal durations exceeding ¢ = 3.5 ps. For both m = 8 and m

=12, |B(¢)| increases linearly from O to ~ 0.8 between ¢ = 0 and ¢ = 3.7 ps, consistent with
the observed trends for m = 4 and m = 6. However, for ¢+ > 3.7 ps, the degree of
polarization circularization reaches steady state values and remains approximately
constant. Based on this data, 7, = 3.7 ps is identified as the time required for sustained
polarization circularization to develop in the transmission through the}subwavelength
helical structure. This result shows that the transient optical activity of a helix involves
two regimes; an initial regime where polarization circularization increases over several
electric field cycles and a latter regime of sustained polarization circularization.

To correlate the spectral selectivity of the helical structure to the temporal
evolution of polarization circularization, the time-dependent spectral contents of the pulse
are determined via time-partitioned Fourier transform of E.(f). Here, the Fourier
transform is taken of the time-domain pulse aﬂér it has been multiplied by a square
window with a width of 3.2 ps. The window is time-shifted to obtain the time-dependent
frequency contents of the transmitted electric field pulse. As shown in Figure 6.7 (b), the
scattered pulse arriving before 7, is centered at approximately 1.4 £ 0.1 THz. In contrast,
the spectral components of the pulse arriving at ¢ > 7, are narrowband and centered about

v; = 0.85 £ 0.07 THz. To quantify the frequency-dependent optically active response of
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the helix in these two regimes, the effective imagiﬁary refractive index difference
between the LH and RH circular pulses propagated through the helix (i.e. circular index
difference), A(w) = In[E(w) / E{w)] / kL [23], is calculated. It should be noted that the
refractive index generally applies to continuous, linear, and homogeneous media.
However, the optical‘properties of media having subwavelength scale heterogeneity can
"Often be described by an effective medium that is continuous, linear, and homogeneous,
but possesses an effective refractive index which accounts for the electromagnetic
response of the heterogeneous structure. As shown in Figure 6.7 (¢), A(@) for anm = 12
helix is determined from the scattered electric field pulse arriving at 0 < ¢ < 7, (labelled
“transient”) and at ¢ > 1, (labelled “steady state). As seen in Figure 6.7 (c), the effective
index difference calculated from the initial portion of the transmitted pulse varies from
—0.03 to —0.01 over spectral range from 0.9 THz up to 1.6 THz. The magnitude of A(w)
increases with decreasing frequency due to stronger scattering of the lower frequency
pulse components where nd/A approaches unity. The effective refractive index
difference calculated from the scattered field arriving at 1 > 7, shows significantly greater
optical activity. Over the spectral range of the later arriving fields, A(w) is between the
range of —0.05 to —0.07. The scattered fields arriving at times ¢ > 7, show nearly double
the optical activity relative to the initial portion of ‘the scattefed waveform where
polarization circularization begins to develop. Interestingly, Figure 6.7 (c) reveals that
over a frequency range from 0.9 THz to 1.1 THz, the effective index difference of the
helix abruptly changes from approximately —0.03 to approximately —0.06. This “gap”
reflects different scattering mechanisms operating within the helical structure in the

transient and steady state regimes.
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Figure 6.7. (a) Degree of polarization circularization for the transmitted pulse through the
aperture and helices having m = 4, 6, 8, and 12. (b) depicts the normalized time-
partitioned Fourier spectra of the right-circularly polarized transmission through the 12
turn helix, using a Fourier window of 3.2 ps. The experimental transmission spectra
show a cut off frequency at 0.74 £ 0.05 THz. This cut off behaviour can be understood
by considering the guided modes in the helix. Approximating the helix as an infinite
cylindrical waveguide, the helix has a cut off frequency of 0.75 THz, in excellent
agreement with the experimental data. (c) The frequency-dependent imaginary refractive
index difference between the RH and LH fields propagated through the helix calculated
over the transient regime and over the steady state regime.
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A three-dimensional FDTD technique is employed to model the propagation of a
linearly polarized, 1 ps THz pulse through the helical structure. The Cu helix used in the
calculations physically matches that employed in the experiments. For the simulations,
the THz response of the Cu metal is described by the Drude model where the plasma and
collision frequencies are given by w, = 1.2 x 10" s and T = 1.38 x 10 7,
respectively, and the surrounding medium is vacuum. A 300 um metallic aperture is
placed in front of the helix to emulate the experimental conditions. Figure 6.8 shows
snapshots of the calculated vector electric field at the centre of the helix at various times
ranging from ¢ = 0 ps to 20 ps. As the electric field pulse is guided along the helical axis,
it develops rotational sense evident by the cycling electric field vector and emerges with a
right-handed sense of rotation matching that of the helix.

To confirm that the calculations offer a true representation of the electric field and
polarization dynamics, the simulated time-domain behaviour of the transmitted fields is
compared with the experiments. As depicted in Figure 6.9 (a), the three-dimensional
FDTD model determines that the helical structure introduces a group delay of 0.38 + 0.05
ps/revolution, which is in good agreement with the measured value of 0.30 £ 0.05
ps/revolution. The calculated time-domain electric field pulse transmitted through an m =
12 helix is shown in Figure 6.9 (b), along with the experimentally measured pulse. In
accord with the experiments, the calculations show that E(¢) is preferentially transmitted
through the helix relative to Ef¢). In addition, E(?) and E,(¢) consist of several temporal
electric field oscillations. Polarization circularization is evident in the calculated time-

domain evolution of the electric field vector [inset of Figure 6.9 (c)], which demonstrates
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polarization transformation of the pulse transmitted through a 12 turn helix that is

strikingly similar to the experimental plot for m = 12 in Figure 6.6.

X2 %8

Figure 6.8. A vector plot of the three-dimensional FDTD-calculated electric field vector
along the helical axis at times O ps, 4 ps, 7 ps, 14 ps, and 20 ps. The images include a
cross-sectional view of the 15 turn helical structure employed in the simulation. The size
parameters of the helix used in the simulations physically match those of the helix used in
the experiments. The arrow indicates the direction of propagation of the incident THz
electric field pulse.
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Figure 6.9. (a) The experimental and FDTD-calculated group delay is plotted versus m.
(b) displays the experimental and calculated right-circular and left-circular electric field
pulses transmitted through an m = 12 helix. (c) The experimentally measured and three-
dimensional FDTD-calculated transmission power spectra for m = 12 are compared. The
inset in (c) shows the calculated trajectory of the tip of the electric field vector for m =
12. (d) Calculated and experimental degree of polarization circularization for an m = 12
helix.

The model also predicts the experimentally observed spectral response of the
helix associated the pulse components arriving at ¢ > 17,. The calculated peak at Vicac =
0.85 THz agrees well with the sharp spectral peak experimentally measured at v; = 0.86 +

0.07 THz for an m = 12 helical structure. In addition, the calculation results show cutoff

behaviour for v < 0.75 THz similar to the experiments. Figure 6.9 (d) charts the
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parameter (¢) over the pulse duration of the experimental and calculated pulses shown in
Figure 6.9 (b). The calculated f(¢) shows similar trends as the experiment; the magnitude
of the degreé of polarization circularization increases rapidly for the first ~ 3 ps of the
pulse arrival. Afterward, B(f) saturates and remains approximately constant over the
pulse duration. Thus, the three-dimensional FDTD model concurrently predicts, with
accuracy, the group delays, the resonance frequency, the cut off behaviour (v. = 0.74 =
0.05 THZ), and the transient polarization circularization of the measured pulses.

To visualize the dynamical fields within the helical structure, a snapshot of the
electric field intensity within the helical structure is shown after the passage of the initial
pulse wave-front (corresponding to the regime of sustained p(l)larizationbcircularization)
in Figure 6.10. The most pronounced effect evident in Figure 6.10 is the spiralling
behaviour of the electric field intensity along the helical structure. Over four helical turns
(m = 8 to m = 11), the electric field vector progressively re-orients and completes a single
electric field rotation. The representative Poynting vector distribution (yellow arrows)
shown at the 12™ turn reveals that the field has acquired a non-zero Poynting vector
component perpendicular to the propagation axis. In contrast to purely circularly
polarized light that has a Poynting vector parallel to the propagation direction, the
electromagnetic field emerging through a macroscopic helix not only carries intrinsic
spin momentum (circular polarization), but also carries extrinsic orbital angular
momentum evident by the gyrating Poynting vector. This trend is further illustrated in
Figure 6.11 depicting Poynting vector distributions perpendicular to the propagation axis
over four helical turns (m = 8 to m = 11). At the helix centre located at (300 um, 300

um), there is minimal electromagnetic energy flow within the plane perpendicular to the
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propagation direction. Near the inner walls of the helical structure, the Poynting vector
distributions are characterized by circuitous pattern with a right-handed sense matching
the handedness of the helix. The calculation results suggest that electromagnetic energy
does not propagate in a straight-line path through the helical structure. Rather,
electromagnetic energy is scattered and re-directed between points in the helix. It is also
noteworthy that there is negligible energy outside of the helix, suggesting that

electromagnetic coupling between the aperture and the outside of the helical structure is

insignificant.

0.0 0.5 1.0
Field Intensity (a.u.)

Figure 6.10. A plot of the electric field intensity at = 14 ps along planes cutting through
turn number 8, 9, 10, 11, and 12. The white arrows superimposed on the intensity plots
indicate the orientation of the electric field vector on a plane. A representative plot of the
Poynting vector at the plane cutting through turn number 12 shows the cycling behaviour
of the electromagnetic energy flow in the helix.
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Figure 6.11. The calculated Poynting vector distributions within four planes
perpendicular to the helical axis intersecting turns (a) 8, (b) 9, (c) 10, and (d) 11 of the
helix at time ¢ = 8.6 ps.. The helix is centred at (300 um, 300 pm). The distributions are
depicted from a viewpoint of an observer facing the wave propagation direction.

Although the three-dimensional FDTD calculations provide good agreement with
experiments, it is our premise that a description of polarization circularization based on
the electromagnetic energy flow in the subwavelength helix can give a more physical
picture of optical activity. A graphical illustration in Figure 6.12 (a) shows the Poynting
vector evolution spanning m = 1 to m = 7 captured at a time ¢ = 10.6 ps, after the passage

of the initial pulse wave-front. As seen in the Figure 6.12 (a), the Poynting vector
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streamlines, which describe the spatial orientation of the instantaneous energy flow, show
that electromagnetic energy is erratically scattered near the helix entrance and most of the
electromagnetic energy escapes from the helix. When viewed along the axis [Figure 6.12
(b)], the Poynting vectors show random scattering of the electromagnetic energy from the
inner helix walls where the electromagnetic energy flow abruptly changes direction. In
comparison, four representative Poynting vector streamlines spanning m = 8 to m = 12
are captured at a similar time of t = 10.6 ps. The calculated Poynting vectors near the exit
end of the helix show that most of the electromagnetic wave gyrates through the helical
structure via successive scattering from the inner helix walls. The intricate scattering
patterns in Figure 6.12 (c) show complex energy flow where the Poynting vector
streamlines interweave along the helical axis. Physically, these streamlines represent the
propagation path of the delayed, resonant pulse component characterized by sustained
polarization circularization. Interestingly, when viewed along the helical axis as shown
in Figure 6.12 (d), the streamlines show a well-defined right-handed helical pattern.
These streamlines describe a distinctive propagation mode where a significant portion of
the electromagnetic energy is confined in and propagates along the helical structure via
successive scattering from the inner helical walls. The enantiometric LH helical pattern
is not supported in the RH helix and cannot propagate, which is the origin of the
polarization circularization arising from the helix. From the calculated Poynting vector
streamlines, a three-dimensional propagation mode is constructed consisting of three
points A, B, and C defining the locations where the Poynting vector associated with the
mode is scattered [the blue streamline in Figure 6.12 (c)] and changes direction [Figure

6.12 (¢)]. A, B, and C are extracted from the Poynting vector representations and
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correspond to spatial loéations where the Poynting vector streamlines form apexes of the
helical pattern. Geometrically, A, B, and C are displaced along the helical axis by 1.33
turns and azimuthally translated relative to each other by approximately 120°, forming
the triangular pattern. Given point D, which corresponds to point A displaced 4 turns
away, ABCD defines the fundamental propagation mode of the helix and has an optical
path length, 77 =760 pm. Interestingly, for the criterion 77 = gA, where q is an integer, the
electromagnetic wave completes an integer number of oscillations upon propagating via
ABCD =1n. To .ascertain the geometrical interpretation of this eigenmode, the resonance
frequencies are compared to those observed in the experiment (v; = 0.86 £ 0.07 THz) and
calculations (V;cq = 0.85 THz) with the criterion v=gc¢/n. Given =760 pm and g =
2, it is found that v = 0.8 THz, reasonably agreeing with both the experimental and three-
dimensional FDTD-calculated values. It should be noted that the ¢ = 1 mode is not
present since it is below the cut-off of the helical structure, while higher order ¢ > 2
modes are above the bandwidth of the experimental pulse. Furthermore, the geometrical
interpretation of the optically active mode in the structure is valid for only a

subwavelength helix.
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a b head-on view

AB=BC=CD

Figure 6.12. (a) Several representative Poynting vector streamlines spanning m = 1 to m
= 7 captured at an arbitrary time ¢ = 10.6 ps calculated from the three-dimensional FDTD
simulations. Nearly all of the streamlines are scattered outside the helix. The width of
the streamlines is proportional to the time rate of change of the energy density. The
streamlines are depicted with a cross sectional view of the helical structure employed in
the simulations. (b) A head-on perspective of the same vector streamlines shown in (a).
(c) shows four representative Poynting vector streamlines spanning m = 8 to m = 12
captured at = 10.6 ps calculated from the three-dimensional FDTD simulations. The
yellow and red Poynting vector streamlines are scattered outside the helix after the third
turn, while the green and blue streamlines are confined within the helix throughout the 4
turns. (d) shows a head-on perspective of the same vector streamlines shown in (¢). (e)
Based on the spatial locations where energy flow abruptly changes direction, the
fundamental mode consisting of four points A, B, C, and D is constructed, coinciding
with the locations where the Poynting vector changes direction.
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6.3 Transverse Terahertz Electromagnetic Wave Propagation in a Helical
Structure

Optical activity associated with the helical conformation is inherently sensitive to
the configuration of electromagnetic wave excitation. In the axial case, electromagnetic
waves are guided along the axis of the helix and scattering from the inner helical walls
establishes resonant propagation modes that cause polarization circularization of the
transmitted electromagnetic wave. In contrast, for transverse electromagnetic wave
excitation, radiation is not confined by the helix and the interaction distance is limited to
the helical diameter. Hence, it is expected that optical activity arising from the helix in
the transverse configuration show different signatures than for the axial case.

In this section, THz optical activity of a sub-wavelength helix is studied using
transverse electromagnetic wave excitation. Optical activity signatures in the forward
scattered electric fields are directly measured in the time-domain using THz time-domain
spectroscopy. The chiral element used in the experiments is a Cu wire helix consisting of
m right-handed circular revolutions having a pitch X = 120 £ 10 um, a wire diameter b =
60 * 2 um and a helical centre-to-centre diameter 6, = 295 + 10 pm. The helix is
mounted in a photopolymer adhesive (Norland Optical Adhesive 68), which is
transparent to THz radiation. The helix is excited by a 1 ps single-cycle pulse, and
polarization transformation is captured in the forward-scattered radiation. Electric field
components parallel, Ey(f), and perpendicular, E,(¢), to the incident polarization are
measured to characterize the total vector electric fields transmitted through the helix. To

isolate optical activity signatures from native anisotropic absorption associated with the
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structure, the THz electric field transmission is measured as a function of the angle, 6,
between the helical axis and the incident THz pulse polarization.

The ratio K/A strongly influences the scattering characteristics of the helical
structure. For K > A, the structure interacts with electromagnetic waves like a periodic
three-dimensional diffraction grating, which introduces spurious depolarisation
independent of electromagnetic activity. However, since the pitch distance, K, of our
experimental geometry lies in the range 0.04 < K/A < 0.5, far-field depolarizing
diffraction effects are negligible.

From the Ey(f) and E.(f) components of the measured THz pulses, the left-

circularly polarized, E(f), and right-circularly polarized, E(¢), electric field components
are obtained via E;(f)=1 /«/E[E”(t) +iE, (1)] and E,. ()= 1/«/2'[En(t)—iEJ_(t)],

respectively. Here, Ey(f) and E.(f) are aligned with respect to the x- and y-axes,
respectively. Shown in Figure 6.13 are representative time-domain E(f) signals
transmitted through the helix for 8 = 0° and 8 = 90°, corresponding to the configurations
where the incident THz polarization is aligned parallel and perpendicular to the helical
axis, respectively. Similar to the reference pulse (shown in the inset of Figure 6.13), the
pulses scattered from the helix for the two configurations consist of bipolar waveforms
with temporal durations of ~2.5 ps. The radiation scattered from the helical element
shows negligible dispersion relative to the reference pulse. To extract the dynamic
polarization rotation from the forward scattered temporal waveforms, the time-dependent
phase difference, A®(f) = @(f) — D(f) accrued between the left- and right- circularly
polarized components of the pulse is calculated, where @, (f) is the temporal phase of the

right and left-circularly polarized pulse components, respectively. As shown in Figure
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6.13, the reference pulse transmitted through the photopolymer matrix shows A® () = 0
over the pulse duration, indicating an absence of polarization rotation effects.
Interestingly, the electric field pulses forwérd scattered from the single helical element
show marked, positive phase difference between the right- and left-circularly polarized
pulse components for both the § = 0° and 8 = 90° configurations. This phase difference
suggests that the right-circularly polarized pulse component scattered from the single
helical element is effectively delayed relative to its left-circularly polarized counterpart.
The magnitude of AD(¢) in the two configurations is commensurate, although in the later
regime of the pulse duration (¢ > 2.5 ps), AD(¥) is approximately ~0.08 radians larger for
6 = 0° relative to § = 90°. Differences in the dynamic magnitudes of A@(¢) for § = 0° and
6 = 90° may arise from the inherent linear anisotropy of the helical element and will be

discussed further.
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Figure 6.13. (left axis) The time-dependent phase difference between the right-circularly
polarized and left-circularly polarized pulse components transmitted through the
reference (blue), the helix in the parallel configuration (yellow), and the helix in the
perpendicular configuration (green). (right axis) The temporal right-circularly polarized
waveforms transmitted through the helix are shown for the parallel and perpendicular
configurations. = The inset shows the reference pulse transmitted through the
photopolymer matrix without a helix.

The time-domain behaviour of A®(f) provides insight into the underlying
mechanisms responsible for the polarization rotation in the single helical element for
transverse electromagnetic wave excitation. As seen in Figure 6.13, polarization rotation
effects are first observed in the scattered pulse within 300 fs of the pulse arrival time at ¢
= 1.7 ps (the pulse arrival time is characterized by the time where the signal to noise ratio
exceeds 10:1), indicating that polarization rotation within the helix arises from near-

instantaneous scattering occurring over time scales < 300 fs.
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To elucidate the relationship between the chiral vgeometry of the helix and its
associated optical activity, the polarization transformation imparted by sub-helical
structures is examined. These sub-helical structures are parametrically identical to the
full helix (having the same pitch, radius of curvature, and handedness), but portions of
the structure have been selectively removed, as shown in Figure 6.14. Using this
methodology, the helix’s effective chirality can be arbitrarily reduced by decreasing its
interaction length, ¢nabling systematic characterization the influence of the helical

geometry (chirality) on its inherent electromagnetic activity.

sub-helical
structure

polymer

Figure 6.14. Illustration of the sub-helical structures used in the experiments. The sub-
helical structures are characterized by a wire length per revolution.
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Sub-helical structures are fabricated by mounting a full helix in a photopolymer
matrix. The mounted helix is then mechanically ground along a plane parallel to the
helical axis to selectively remove sections of the helical structure (see Figure 6.14). The
resulting sub-helical structures consist of an array of disconnected, partially complete
helical revolutions spaced by the pitch distance, K. Seven sub-helical structures are
fabricated where the wire length per revolution, W, ranges from 189 pm to 739 pm.

Figure 6.15 (a) illustrates the Fourier spectra of the E(f) waveforms transmitted
through the helical structure (W = 739 um) and sub-helical structures (W = 189 pm and
408 pm). As seen in the Figure, the partial, sub-helical structures show enhanced
transmission power relative to the full helix; however, the sub-helical and helical
structures exhibit the similar transmission bandwidth and spectral content. To further
examine the electromagnetic properties of the helical and sub-helical elements, the
polarization rotation in the forward scattered pulses is analyzed versus the relative angle
between the helical axis and the incident THz polarization, 6. Polarization rotation in the
sfructures can independently arise from optical activity or linear dichroism associated
with native anisotropic absorption. The latter arises from differential absorption by the
helix depending on the relative orientation of the incident THz electric field vector with
respect to the helical axis. When the incident electric field vector is perpendicular to the
helical axis, there is maxiﬁmm absorption since a large portion of the electric field vector
is aligned along the wire surface. However, when the incident electric field vector is
parallel to the helical axis, there is minimum absorption. Optical activity and anisotropic
absorption can be distinguished by examining the polarization rotation as a function of

the relative orientation of the incident polarization and the helical axis. Shown in Figure
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6.15 (b) is the effective circular birefringence versus 6 for helical and sub-helical
inclusions having W = 739 pm, 408 pm, and 189 um. The effective circular
birefringence of the helical and sub-helical elements is obtained using the relation Ang;,. =
Pright — Mgy = | PA@) — PAw)/kL, where nygn: 1es; are the effective refractive indiceé for the
right and left circular components, @, () is the frequency-dependent phase of the right-
and left- circularly polarized pulse components, and L is the thickness of the helical/sub-
helical inclusion. Polarization rotation due to native anisotropic absorption gives rise to
the cosf dependence in An;,, since anisotropic absorption by the helix is dependent on
the projection of the incident electric field vector onto the helical wire. Chirality-induced
polarization rotation, on the other hand, is not dependent on the relative orientation of the
incident electric field vector and the helical axis and manifests as a constant offset in
Ang;y. from zero.

As seen in Figure 6.15 (b), the chirality-induced Ang;,. offset of ~ 0.6 for the full
helix corresponds to a specific rotation of 16°/mm at the central frequency of 0.45 THz.
Interestingly, the sub-helical sﬁuctures show increased anisotropy relaﬁve to the full
helix, evident by the larger oscillations in An;. versus @. This increased anisotropy
arises because the sub-helical structures are geometrically similar to an array of parallel
wires, and exhibit anisotropic transmission properties akin to a wire grid polarizer.
Along with increased anisotropy, the chirality-induced polarization rotation for the sub-
helical elements is reduced relative to that for the full helix. For the sub-helical structure

where W = 408 pm, the chirality-induced offset in An is reduced by 45% relative to that
for the full helix. The sub-helical element having W = 189 um is strongly anisotropic

and shows almost no optical activity (no offset). Thus, as W of the helical/sub-helical
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structure is reduced, the effective chirality of the structure is also reduced, resulting in

diminished polarization rotation of the transmitted pulse.
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Figure 6.15. (a) Fourier spectra of the right-circularly polarized pulse transmitted through
the helix and sub-helical structures where the wire length/revolution is 408 um and 189
um. (b) shows the circular birefringence (the difference in the effective left and right
refractive indices) for the helical and sub-helical structures. (c) depicts the frequency-
dependent chirality-induced optical path length difference between the right-circularly
polarized and left-circularly polarized pulse components for the helical and sub-helical
structures. (d) charts the chirality-induced optical path length difference at a central
frequency of 0.45 THz versus the wire length/revolution. :

Broadband excitation of the structures enables . further examination of the
frequency-dependent chirality-induced polarization rotation associated with the helical
and sub-helical elements. Chirality causes optical activity, which is characterized by an
optical path length difference for the left- and right-circularly polarized electric fields

interacted with the chiral structure. The chirality-induced optical path length difference,
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Na = <Angye L>g = <[@P{w) — P{w))k>p, for the helical and sub-helical elements is
measured. Here, 1, is configurationally averaged over all 8 to eliminate f-dependent
polarization rotation effects due to anisotropic absorption in the chiral structures. Figure
6.15 (c) plots 1, for the helical and sub-helical structures where W = 739 um, 408 um,
and 189 um. Over the transmission bandwidth from 0.30 THz to 0.55 THz, the chirality-
induced polarization rotation for the three structures show negligible frequency
dependence, suggesting an absence of resonant electromagnetic phenomenon in the
transverse configuration (refer to Appendix E for supplementary data). This contrasts
with the axial caée, where resonant polarization was shown in Section 6.2. The full helix
shows the largest chirality-induced optical path length difference, where the right-
circularly polarized pulse component propagates a distance between 15.6 pm to 17.1 pym
greater than the left-circularly polarized counterpart over the frequency range from 0.30
THz to 0.55 THz. The sub-helical element having W = 408 pm show significantly
decreased 14 due to the decreased interaction distance. The chirality-induced optical path
length difference for the W = 189 pm sub-helical element is nearly zero, indicating that
the two circularly polarized components of the scattered pulse propagate nearly identical
distances. To further examine the influence of the sub-helical geometry on its
electromagnetic activity, Figure 6.15 (d) shows 74 as a function of the wire
length/revolution measured at a central fréequency of 0.4 THz. Interestingly, the results
show that chirality-induced polarization rotation in the helical and sub-helical structures
accrues linearly over the wire length/revolution, and in the limit where W approaches
zero, the chirality-induced polarization rotation also approaches zero. The linear

relationship between the chirality-induced polarization rotation and W also shows that the
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electromagnetic activity of a helix is directly proportional to its chirality (geometrical
parameters), and is not significantly affected by the continuity of the structure or
electromagnetic interaction between points of a helix. This further suggests that in the
experimental regime, the Born approximation is an adequate approximation in describing
radiation interaction with the helix in the transverse configuration, since mutual

interaction between points of the helix can be ignored.

6.4 Conclusion

In summary, the THz electromagnetic properties of a subwavelength size helix
have been studied in two configurations where the THz electromagnetic wave is incident
parallel to the helical axis and transverse to the helical axis. These two configurations
give rise to strikingly different optical activity phenomena. For axial electromagnetic
wave propagation, it is shown that dynamic optical activity signatures in the transmitted
THz electric field are not instantaneous; rather, circularization of the transmitted electric
field polarization gradually increases over several picoseconds until reaching sustained
values. A three-dimensional FDTD model is employed to visualize the internal electric
field and Poynting vector dynamics that lead to the steady state polarization
circularization of light exiting from the helix. In particular, it is shown that steady state
polarization circulation is associated with the formation of helical propagation modes
within the helical structure. The results not only affirm the established picture that
optical abtivity arises from multiple scattering in the helix, but also show that this process

requires several electric field cycles to fully establish.
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In contrast, the optical activity signatures of a subwavelength helix for
electromagnetic wave excitation transverse to the helical axis are non-resonant and nearly
instantaneous. Systematic measurements of THz electric field pulses transmitted through
helical and sub-helical elements shows that polarization rotation accumulates linearly
within the chiral structure, revealing a direct relationship between optical activity of a
helix and its geometrical chirality. The results are important for the development of
theoretical descriptions of electromagnetic wave interaction with helices and may find

applicability in the design and characterization of chiral artificial materials.



Chapter 6 289

Chapter 6 References

(1 L. D. Barron, Molecular Light Scattering and Optical Activity. Cambridge:
Cambridge University Press, 1982.

2] S. F. Mason, Molecular Optical Activity and the Chiral Discriminations
Cambridge: Cambridge University Press, 1982.

3] M. Born and E. Wolf, Principles of Optics, 5th ed. Oxford: Pergamon Press,
1975.

[4] M. Bouchiat and L. Pottier, "Optical experiments and weak interactions,”" Science,
vol. 234, pp. 1203-1210, 1986.

[5] R. A. Hegstrom, J. P. Chamberlain, K. Seto, and R. G. Watson, "Mapping the
weak chirality in atoms," American Journal of Physics, vol. 56, pp. 1086-1092,
1988.

[6] J. C. Bose, "On the rotation of plane of polarisation of electric waves by a twisted
structure,” Proceedings of the Royal Society of London A, vol. 63, pp. 146-152,
1898.

(7] K. F. Lindman, "Uber eine durch ein isotropes System von spiralformigen
Resonatoren erzeugte Rotationspolarization der elektromagnetische Wellen,"
Annalen der Physik, vol. 63, pp. 621-644, 1920.

[8] D. L. Jaggard, A. R. Mickelson, and C. H. Papas, "On Electromagnetic Waves in
Chiral Media," Applied Physics, vol. 18, pp. 211-216, 1979.

[9] S. F. Mason, "Optical Activity and Molecular Dissymmetry," Contemporary
Physics, vol. 9, pp. 239-256, 1968.

[10] C. Bustamante, M. F. Maestre, and 1. Tinoco Jr., "Circular intensity differential
scattering of light by helical structures. I. Theory," Journal of Chemical Physics,
vol. 73, pp. 4273-4281, 1980.

[11] C. Bustamante, M. F. Maestre, and 1. Tinoco Jr., "Circular intensity differential

scattering of light by helical structures. II. Applications," Journal of Chemical
Physics, vol. 73, pp. 6046-6055, 1980.



Chapter 6 290

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

C. Bustamante, I. Tinoco Jr., and M. F. Maestre, "Circular intensity differential
scattering of light by helical structures. III. A general polarizability tensor and
anomalous scattering," Journal of Chemical Physics, vol. 74, pp. 4839-4850,
1981.

P. Chiappetta and B. Torresani, "Electromagnetic scattering from a dielectric
helix," Applied Optics, vol. 27, pp. 4856-4860, 1988.

F. Guerin, P. Bannelier, and M. Labeyrie, "Scattering of electromagnetic waves
by helices and application of the modelling of chiral composites. I: simple
effective-medium theories," Journal of Physics D, vol. 28, pp. 623-642, 1995.

F. Guerin, P. Bannelier, M. Labeyrie, J.-P. Ganne, and P. Guillon, "Scattering of
electromagnetic waves by helices and applications to the modelling of chiral
composites. II. Maxwell Garnett treatment,”" Journal of Physics D, vol. 28, pp.
643-656, 1995.

W. M. McClain, J. A. Schauerte, and R. A. Harris, "Model calculations of
intramolecular interference effects in Rayleigh scattering from solutions - of
macromolecules," Journal of Chemical Physics, vol. 80, pp. 606-616, 1984.

F. Perrin, "Polarization of Light Scattered by Isotropic Opalescent Media,"
Journal of Chemical Physics, vol. 10, pp. 415-427, 1942.

P. G. Zablocky and N. Engheta, "Transients in chiral media with single-resonance
dispersion," Journal of the Optical Society of America A, vol. 10, pp. 740-758,
1993.

A. G. Cha, "Wave Propagation on Helical Antennas," IEEE Transactions on
Antennas and Propagation, vol. 20, pp. 556-560, 1972.

1. D. Kraus, Antennas, 2nd ed. New York: McGraw-Hill, 1988.

M. Kuwata-Gonokami, N. Saito, Y. Ino, M. Kauranen, K. Jefimovs, T. Vallius, J.
Turunen, and Y. Svirko, "Giant Optical Activity in Quasi-Two-Dimensional
Planar Nanostructures,” Physical Review Letters, vol. 95, pp. 227401, 2005.



Chapter 6 | 291

[22]

[23]

[24]

[25]

[26]

[27]

(28]

A. Papkostas, A. Potts, D. M. Bagnall, S. L. Prosvirnin, H. J. Coles, and N. L
Zheludev, "Optical Manifestations of Planar Chirality,” Physical Review Letters,
vol. 90, pp. 107404, 2003.

I. Tinoco Jr. and M. P. Freeman, "The optical activity of oriented copper helices.
1. Experimental,” Journal of Physical Chemistry, vol. 61, pp. 1196-1200, 1957.

T. Vallius, K. Jefimovs, J. Turunen, P. Vahimaa, and Y. Svirko, "Optical activity
in subwavelength-period arrays of chiral metallic particles," Applied Physics
Letters, vol. 83, pp. 234-236, 2003.

V. V. Varadan, R. Ro, and V. K. Varadan, "Measurement of the electromagnetic
properties of chiral composite materials in the 8-40 GHz range," Radio Science,
vol. 29, pp. 9-22, 1994.

I. V. Lindell, A. H. Sihvola, S. A. Tretyakov, and A. J. Viitanen, Electromagnetic
Waves in Chiral and Bi-Isotropic Media. Boston: Artech House, 1994.

V. V. Varadan, A. Lakhtakia, and V. K. Varadan, "Equivalent dipole moments of
helical arrangements of small, isotropic point-polarizable scatters: Application to
chiral polymer design," Journal of Applied Physics, vol. 63, pp. 280-284, 1988.

S. A. Tretyakov, F. Mariotte, C. R. Simovski, T. G. Kharina, and J.-P. Heliot,
"Analytical Antenna Model for Chiral Scatterers: Comparison with Numerical

and Experimental Data," IEEE Transactions on Antennas and Propagation, vol.
44, pp. 1006-1014, 1996.



Chapter 7:

Conclusions and Outlook



Chapter 7. Conclusions and Outlook 293

7.1 Summary

Subwavelength scale heterogeneous media constitute a rich regime of light-
matter interaction because the subwavelength structure of the medium can lead to
electromagnetic propertiesy not inherent to the constituent medium. In this thesis, it has
been shown using several types of mesoscopic systems that this simple principle opens
the door to the exploration of a wide range of interesting electromagnetic phenomena.

In Chapter 2, THz electromagnetic wave propagation in a strongly scattering
system composed of subwavelength dielectric particles was explored. In the regime
where the heterogeneity scale of the dielectric medium was less than the wavelength, it
was found that the effective medium approximation became invalid, indicating the onset
of diffusive THz photon transport through the sample.

Unlike dielectric media, metallic media are nearly opaque at THz frequencies.
However, it was shown in Chapter 3 that for a dense ensemble of metallic particles
individually smaller than the radiation wavelength, the ensemble can exhibit surprisingly
large amplitude, polarized THz electric field transmission. The enhanc;ed, polarized THz
transmission arises from coherent near-field particle plasmon coupling between nearest
neighbor particles. Further investigations of the transmission phenomenon showed a
striking sensitivity of the transmitted THz electric field waveform on the particle size,
shape, and conductivity of the metallic medium. Moreover, it was demonstrated that a
marked attenuation of the transmitted THz waveform can be achieved by simply coating
the metallic particles with a nano-scale layer of a different metal. This attenuation
- originates from Ohmic losses associated with interface resistance at the junction of the

two dissimilar metals. Exploiting the interface resistance effect in multilayered particles,



Chapter 7: Conclusions and Outlook 294

the THz charge induction distance within the surface of the metallic particles was
mapped. Experimental evidence demonstrated that THz particle plasmon formation
within the particles occurs within a skin depth of the particle surface. In further
investigations, a novel amorphous metamaterial at THz frequencies was proposed
consisting of ensembles of subwavelength sized dielectric and metallic particles. It was
shown that the effective electromagnetic properties of the amorphous metamaterial
exhibit a nonlinear dependence on the relative volume fraction of the metallic and
dielectric inclusions. This behaviour was resolved by considering the particle-plasmon
interactions between the metallic inclusions.

The enhanced THz transmission through metallic particle ensembles opened the
door to novel THz spectroscopic investigations of metallic media. In Chapter 4, a phase
transition phenomenon was studied in ensembles of Ga particles when the ensemble
~ temperature is raised above the melting temperature. The results showed frequency-
independent phase modulation of the THz electric field transmission at the melting point
temperature, and frequency-dependent phase and amplitude modulation as the
temperature exceeded the melting temperature.

In Chapter 4, two novel manifestations of electron spin-dependent phenomena
were demonstrated in the THz particle plasmon mediated transmission through ensembles
of F particles and F/N composite particles. In one manifestation, magnetized
ferromagnetic particle ensembles were shown to exhibit an effective THz birefringence
due to AMR inherent to the ferromagnetic medium. In another manifestation, an
ensemble of ferromagnetic particles coated with nonmagnetic nano-layers was

demonstrated to exhibit enhanced magnetic attenuation, delay and pulse-re-shaping of the
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transmitted THz waveform relative to an ensemble of uncoated ferromagnetic particles.
The enhanced magnetic effect in the particles that were coated with a nonmagnetic layer
is attributed to electron spin accumulation from the ferromagnetic particle into the
nonmagnetic layer. The findings of Chapter 5 represent a unique marriage of plasmonic
and spintronic phenomena and open a novel avenue of research. The ability to
magnetically manipulate near-field mediated light transport through metallic particles via
electron spin promises another degree of freedom in the development of light-based
information devices.

Electromagnetic wave interaction with a subwavelength sized particle that is
asymmetric, or chiral, may lead to an electromagnetic effect known as optical activity.
To explore the connection between chirality and optical activity, Chapter 6 examined the
THz electromagnetic properties of a subwavelength size helix. For radiation incident
along the helical axis, it was shown that the transmitted radiation exhibits polarization
circularization due to resonant propagation modes established along the helical axis. On
the other hand, in the configuration where radiation is incident transverse to the helical
axis, non-resonant polarization rotation of the forward scattered radiation was observed.
In contrast to the axial configuration, polarization rotation in the transverse.case arises
from singly scattered radiation from the helical structure. The detailed investigation of
the dynamic electromagnetic response of a subwavelength helix provided insights into
the interrelationship between chirality and optical activity and a framework for the

investigation of other chiral manifestations.
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7.2 Future Outlook
This thesis has presented a range of exciting findings of THz electromagnetic
wave interaction with mesoscopic media which may pave the way for further
éxplorations of interesting electromagnetic phenomena. Here, a brief overview is
provided of open research questions arising from this thesis and future directions that this

work may motivate.

Multiple Scattering in Random Dielectric Media

In Chapter 2, on-axis THz transmission through strongly scatteﬁng dielectric
media was studied in the time-domain, revealing ballistic and singly scattered
components of the transmission. An important property of strongly scattering dielectric
media is their ability to trap electromagnetic energy via multiple scattering. The most
direct method to characterize the multiple scattering in a disordered system is by
measuring the backscattered radiation from the sample. Hence, future studies of multiple
scattering in a strongly scattering sample may include the examination of the time-
resolved backscattered THz radiation from the sample. Measurement of the time-domain
backscattered THz electromagnetic waves will reveal the temporal dynamics of the
electromagnetic waves escaping from the scattering medium and also enable a direct

measurement of the photon dwell time in the medium.

Electromagnetic Properties of Metallic Nano-particle Ensembles
The experimental and numerical work on THz electromagnetic wave interaction

with subwavelength size metallic media provided a plethora of insight into the
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microscopic mechanisms of non-resonant THz particle plasmon formation and coupling
between neighboring particles. Of inﬁmediate interest would be the miniaturization of
these three-dimensional particle systems into the nano-scale regime, where the resonant
particle plasmon response of the individual metallic particles is accessible via optical
excitation. Ensembles of nano-scale metallic particles resonantly excited with optical
radiation would exhibit a much stronger electromagnetic response than their micro-scale
counterpart excited with THz radiation. Much like microparticles at THz frequencies,
ensembles of nano-particles could transport visible electromagnetic energy via particle
plasmon excitation and nearest neighbor coupling. Hence, ensembles of metallic nano-
particles may hold promise for the development of nano-photonic optical information

devices.

Spinplasmonics

Perhaps one of the most exciting outcomes of this work is the observations of
electron-spin dependent phenomena in the THz plasmonic transmission through
ferromagnetic and ferromagnetic/nonmagnetic particles. By applying relatively weak
magnetic fields to the particle ensembles, large modulation of the plasmonic-mediated
THz electric field transmission was observed. These finding, therefore, represent a
marriage of spintronic and plasmonic technologies and a significant step forward in the
development of active plasmonic devices. Future work into this exciting research avenue
would include further study of electron spin-dependent effects using different plasmonic
geometries (such as metallic wire waveguides, films, or particle chains) composed of

ferromagnetic and ferromagnetic/nonmagnetic composite media. Moreover, it would be
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of immediate interest to explore THz plasmonic manifestations of other spintronic, or
electron-spin-dependent effects. For instance, systems composed of alternating
ferromagnetic/homnagﬁetic nano-layers show a pronounced spin-dependent effect known
as the “spin valve effect”, in which the scattering of spin-polarized electrons is controlled
by varying the magnetization orientation of adjacent ferromagnetic layers. These spin
valve structures could be grown on the surface of the metallic microparticles; by varying
the relative magnetization orientation of adjacent ferromagnetic layers, the THz
electromagnetic properties of the particles can be modulated with relatively weak

magnetic fields.

Optical Activity Arising from Other Chiral Manifestations
The exploration of transient optical activity associated with the helical structure in
Chapter 6 provided a glimpse of the interrelationship between chiral structure and
electromagnetic activity. The studies presented in this thesis, howéver, were limited to
the case of a helical structure. Future» work in this area of research may include the
investigation of transient optical activity associated with other chiral manifestations, such
as spirals and gammadions. These investigations will provide a more complete picture of

the general interrelationship between chirality and optical activity.

7.3 Conclusion

Interesting physics occurs when the size scale of a medium is less than the
wavelength of an electromagnetic wave. In this mesoscopic regime, the medium’s

electromagnetic properties depart from their bulk values and acquire a strong extrinsic
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dependence on the subwavelength scale structure of the medium. Throughout this thesis,
it has been shown using several mesoscopic systems that this simple fact opens the door
to the exploration of electromagnetic phenomena not otherwise present in the constituent
medium. Using THz time-domain spectroscopy, THz electromagnetic interactions have
been studied in dielectric, metallic, ferromagnetic, and chiral media where the relevant
dimensions of the media are on a subwavelength regime. Equally important to the
discovery of these THz electromagnetic effects is the understanding of their microscopic
origins. Rooted in classical electromagnetics and solid state theory, this thesis provides
simple and intuitive discussions of the origins of THz electromagnetic phenomena in
mesoscopic media. ~ With the thorough and comprehensive study of mesoscopic
electromagnetic phenomenon as the goal of this thesis, it is envisioned that the work will
spawn future studies of mesoscale phenomena in other frequen;:y regimes (in particular
the visible regime) and find applicability in the development of light-based information

devices.
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Appendix A: Model of Magnetic Field Enhanced Terahertz Emission

from Semiconductor Surfaces

The generation of ultrashort high power free space THz radiation pulses has
become increasingly important for spectroscopic [1] and imaging applications [2]. The
optical excitation of bare semiconductor surfaces provides a compact source of THz
radiation that does not require micro-fabrication and can be easily integrated into large
area emitters. Experimental studies have demonstrated that the THz emission power
from photo-excited semiconductor surfaces can be enhanced by applying an external
magnetic field. Investigations by Corchia et al. [3] into THz emission from femtosecond
irradiated n-type GaAs surfaces have shown that emission strength increases with
magnetic field to a plateau at 6 T. In undoped InAs samples, McLaughlin et al. [4] have
reported a quadratic dependence of THz emission on the magnetic field up to 3 T.
Beyond 3 T, Ohtake et. al. [5] have demonstrated that the radiated THz power saturates at
4 T, decreases to a minimum at 6 T, and increases again at 14 T. Experimental works
have also studied enhancement in InAs for various excitation regimes and doping levels.
Heyman et al. [6] have reported a lower emission power from n-doped InAs as opposed
to undoped InAs, but no explanation of the bbserved phenomenon was reported. When a
magnetic field of 3 T was applied, the emission power from doped InAs was
approximately half of that from the undoped sample. In studies by H. Takahashi et al.
[7], the THz emission enhancement factor from undoped InAs was observed to decrease

rapidly as the excitation fluence is increased above 0.06 uJ/cmZ. For excitations fluences

exceeding 0.2 pJ/cm?, the THz power enhancement saturates completely.
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Understanding enhancement mechanisms and their dependence on excitation
fluence, doping, and magnetic field are crucial to the development of highly efficient
THz emitters. To describe magnetic field enhanced emission from InAs and n-GaAs
surfaces several models, based on a semi-classical prescription, have been used. Shan et
al. [8] attributed enhancement to increased out-coupling of THz radiation from the air-
semiconductor interface. Their single particle model, however, does not provide insight
into complicated photo-vDember mechanisms and space charge screening effects that are
important in high mobility semiconductors such as InAs. To explain THz emission from
InAs surfaces, Heyman et al. [6] described the THz emission in terms of classical
dynamics of both the electrons accumulated at the surface and in the bulk of the
semiconductor. Their picture of electron motion in InAs provides a physical
understanding of the enhancement mechanism for a narrow range of magnetic fields
below 1.0 T; however, their model breaks down for magnetic field values >{1.0 T|. More
recently, Johnston et al. have developed a three-dimensional Monte Carlo model [9] of
THz emission enhancement based on semi-classical electron motion. The model
describes emission from GaAs, but for InAs their treatment does not explain the
anomalous decrease in THz emission strength near 3 T and fails to predict the
dependence of emission on doping concentrations. Moreover, the simulations are
computationally intensive and require the accurate input of a large number of parameters
related to band structure and scattering rates that are not well known at high magnetic
fields.

This appendix presents a two-dimensional drift-diffusion model to describe THz

emission from n-GaAs and InAs surfaces in a magnetic field. Carrier transport is
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described in two dimensions to accommodate acceleration induced by the magnetic field.
In contrast to single particle semi-classical descriptions, the study provides a consolidated
picture of collective carrier behavior during optical excitation, and includes the effects of
extrinsic and photo-generated carriers, charge screening effects, and photo-Dember
mechanisms. The effects of optical excitation intensity, magnetic field orientation, and
magnetic field strength on the far field THz emission are accurately reproduced and in

accordance with previously reported experimental observations.

optical pulse x=0  THz pulse

Figure A.1. Configuration of the laser pulse and THz emission with respect to the
semiconductor surface.

The geometrical layout of the surface THz emitter used in the analysis is depicted
in Figure A.1. An optical pulse is incident on the semiconductor surface at § = 45° and
the THz emission is detected at ¢ = 45°. The magnetic field is oriented along the y-axis.
Such a configuration has been shown to produce the optimum THz power [10].

In order to accurately describe the carrier dynamics, one must consider the fields

existing at the surface of GaAs and InAs prior to photo-excitation. Electron trapping at
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boundary states near the GaAs surface causes a surface depletion layer whose electric
field, E,,Az), acts on photo-excited carriers. Here, a Schottky model is used to describe
such unperturbed surface field. In this formalism, the electric field is taken to be
maximum at the surface (z = 0) and decreases linearly away from the surface to zero

within the depletion length w. The electric field at the surface E ,,,r (z) and the depletion

width w are given by
1/2
Esu,f(z)z(z—e]v—d&-) -3y for0<z<w (A1)
8082 w
and
26,0, ) |
w=| —°Z2" b (A.2)
eN,

where Ny is the doping density, e is the electron charge, & is the relative permittivity of
the semiconductor, &, is the pemittivity of free space, and @, is the band bending at the
surface. In contrast, the origin of the surface field in InAs is due to a different
mechanism. In InAs; donor-like surface states and Fermi pinning to the conduction band
at the surface results in the accumulation of electrons near the surface [11]. As there is
no depletion field to drive the photo-excited electrons, diffusion processes govern the
dynamics of photo-excited electrons. The spatial distribution of the steady state carrier
density, n,, beneath the interface is estimated from experimental data using n, = noe“ﬂz
where = 30 nm and n, is the equilibrium electron concentration [12, 13].

In semiconductors at high carrier densities (> 10'> cm™) and in tﬁe time scales of
interest (~100 fs) where carrier-carrier, carrier-phonon, and carrier-impurity scattering

rates are high, the Boltzmann transport picture describes photo-excited carrier motion
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accurately. In this formalism, the holes are taken to be stationary and electron
acceleration is governed by an electrostatic potential, {{x,z,£). This electrostatic potential
incorporates the potential due to the surface field and the potential due to space charge
separation. The current density, ;,(x,z,t) , 1s obtained from the momentum conservation

equations under relaxation

Yzt e
ot m*

eD,

(en(x,z, l')%ﬁ{(x,z, 1)+ ?(x, Z,H)XB+ %ﬁn(x, z,1))— —J—LJ—C;_Z—’Q (A.3)

where B is the static magnetic field, D, is the electron diffusion coefficient, u is the
electron mobility, and 7 is the steady state momentum relaxation time due to carrier
collisions.

To satisfy conservation of charge flux, the current density is related to the carrier

density through the continuity equations

1-R (0]
on(x,2,1) _Z (1-R) I(x;z,t)+lV-JG'S(X,ZJ)—_——n(x’Z’t) (A.4)
ot nw e _
and
1-R
8p(x,z,l‘)=a ( ) I(x,Z,t)"p(x’Z,t) (A.S)
ot nw |4

where p(x,z, 1) is the hole density, nis Planck’s constant, and @ is the frequency of the
laser pulse, R is the reflectivity of the semiconductor, y is the carrier lifetime, and a is the
semiconductor absorption depth. The time dependent intensity, /(x,z,?), of the excitation

pulse is given by

(xcos6; —ZsinGI)2

2
Op

I(x,z,t)=I(t)exp(— ~(xsin@; +zcosb)x) (A.6)
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where I(¢) is the Gaussian temporal envelope of the pulse intensity, ; is the angle of
incidence of the laser pulse with respect to the surface, and g, is the effective pulse spot

diameter. Through the application of Poisson’s equation,

sz(x,z,t)= ¢ (n(x,z,t)—-p(x,z,t)+Nd) (A7)
&8,

charge separation effects induced by carrier transport are coupled self-consistently to the
electrostatic potential.

The system of coupled partial differential Equations (A.3) to (A.5) and (A.7) are
solved for all time using a predictor corrector method where at each step, n(x,z?) is
determined. An over-relaxed Gauss-Sidel method is utilized to evaluate {{(x,z,¢) and solve
self-consistently for }P(x,z,t). - At z = 0, Neumann boundary conditions are imposed on
ﬁx, z,t)and at |x| > |o| and z > o, })'U(x, z,t) is set to zero. The emitted THz electric
field components originating from the focal volume is given by

tez(@)0p 5 d . Jx . (X,20)
Ame,e,ct At |Lg—7r'|

E, ()= av (A-3)

where L, is the distance of the detector from the origin, c is the speed of light, o, is the
pulse spot size in the y-direction, and ,,(@) incorporates the transmission coefficient
due to refraction at the air-semiconductor interface. The transmission coefficients for the
THz field components parallel £, (¢) and perpendicular E, (¢) to the surface are expressed

as [8]

(g, —sin® )'"?

(e, cos9+(g; — sin? )

(@)= ZEN (A.9)

and
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()= e
£,cos@+ (€, —sin” @)

— (A.10)

respectively.

The th-dimensional drift-diffusion model is then used to investigate the carrier
dynamics in n-doped GaAs and undoped InAs for varying magnetic field strengths and
excitation regimes. The results are compared with previously reported experimental data.

The parameters used in the simulation are listed in Table A.1.

GaAs InAs
€, 12.8 14.6
o _ 500nm 143nm
. 200 cm’/s 1000 cm’/s
m* 0.067m, 0.023m,
H 4600 cm’/Vs 25000 cm’/Vs
-t 1000 fs 1000 fs
T 50 fs 150 fs
R, 0.3 0.3
n, 1x10"°cm™ 1x10°cm”

Table A.1. List of parameters used in the numerical simulations.

To explain the complex carrier dynamics, both the current density and
electrostatic potential must be considered simultaneously. Figure A.2 depicts the
sequence of events of the spatio-temporal evolution of the current density, ﬁx, z,t), inn-
GaAs for B=0 T at times ¢ = —100 fs, 300 fs, and 700 fs after photo excitation with a 100

fs, 800 nm laser pulse. The corresponding electric potential is plotted in Figure A.3.
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Prior to the arrival of the pulse at # = —100 fs, the steady state carrier dynamics govern the
potential distribution. The equilibrated steady state carrier populatioﬁ sets up a depletion
field extending 500 nm into the n-GaAs surface with a peak value of 7.6 kV/cm. Att=0
fs a high density of carriers within the depletion region has been photo-excited by the
laser pulse. At ¢ = 300 fs, the depletion field within 100 nm of the surface has been
almost entirely écreened by the photo-generated carriers as evidenced by the zero
gradient of the electrostatic potential in Figure A.3. Coupled drift and diffusion forces
govern the dynamics of photo-generated carriers. As a result, electron diffusion from the
high carrier concentration region causes a small current density component parallel to the
surface, j,(x,z,f). Meanwhile, the current density component perpendicular to the surface
J=(x,z,1) is driven by the strong surface depletion field and exceeds j(x,z,¢) by a factor of
12, as shown in Figure A.2. Evidently, diffusion currents play a minor role in the current
density evolution in n-GaAs. This prediction is consistent with observations by Johnston
et al. [9]. At longer times, ¢ = 700 fs, carrier scattering and carrier recombination reduce
current densities to equilibrium values.

When the magnetic field is non-zero, the carrier dynamics are significantly
modified. Figure A.4 illustrates the evolution of the current density in n-GaAs when a
magnetic field of B =6 T is applied. In contrast to the B = 0 T case, when a magnetic
field is applied j,(x,z,f) does not exhibit a bipolar distribution at ¢ = 300 fs. Instead,
carriers that are initially driven perpendicular to the surface by the depletion field are
accelerated into the parallel direction by the magnetic field, enhancing the current density
component parallel to the surface. In this situation, the current density perpendicular to

the surface, j,(x,z,1), is only a factor of 2 larger than j(x,z,f). As j.(xz1?) is enhanced, the
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coupling efficiency of the THz emission increases due to polarization sensitive refraction

at the semiconductor-air interface.

jz(‘x’Z’t) . jx(x;Z;t) (X 108A/m2)
X100 t=-100fs JEd X 1000 t=-100fs

t=700fs

x (um)
Figure A.2. Spatio-temporal evolution of the perpendicular (left) and parallel (right)

current densities within n-GaAs at different times for B = 0 T. Note that the laser is
illuminating the semiconductor surface at z = 0 from below at an angle of 45°.
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Figure A.3. Electrostatic potential as a function of depth in n-GaAs at various times for B
=0T.
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jz(.x,Z, t) ‘].x(.x,Z, t) (X 108A/m2)
x 100  t=-100fs)m x 150 t=-100fs

t=300fs

t=700fs

x (Lm)
Figure A.4. Spatio-temporal evolution of the perpendicular (left) and parallel (right)

current densities within n-GaAs at different times for B = 6 T. Note that the laser is
illuminating the semiconductor surface at z = 0 from below at an angle of 45°.
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On the other hand, carrier dynamics are drastically different in InAs due to the
higher electron diffusivity and the absence of a surface depletion field. Again, to
illustrate the carrier dynamics, both the current density and electrostatic potential are
considered. Figure A.5 depicts the spatial dependence of the electrostatic potential
beneath the InAs surface at various times for B = 0 T. Prior to excitation at ¢ = —100 fs,
the constant potential within the semiconductor describes the absence of a surface field.
Upon the photo-excitation of electron-hole pairs at ¢t = 0 fs, diffusion of high mobility
electrons will cause charge separation and the establishment of a built in photo-Dember
field (2 kV/cm). This can be illustrated later at £ = 300 fs, where a large photo-Dember
potential is established within 50 nm of the surface. At ¢ = 700 fs, the photo-Dember field
penetrates a maximum depth of ~100 nm into the InAs surface. The photo-Dember field
vanishes for times greater than the carrier lifetime. While the photo-Dember field is
established, ultrafast electron diffusion drives large currents within the semiconductor.
Figure A.6 depicts the current density components in undoped InAs at times ¢ = —100 fs,
300 fs, and 700 fs for a zero magnetic field strength. At ¢ = —100 fs, few carriers are
excited by the weak wing of the Gaussian pulse, resulting in insignificant, but finite,
current densities in both the x- and z- directions. At the peak of the pulse, ¢ = 0 fs, large
carrier populations have been created by the absorption of the laser pulse within 143 nm
of the InAs sur‘face. As shown for ¢ = 300 fs in Figure A.6, carrier diffusion, which is
proportional to the carrier density gradient in the photoexcited region, results in the
unipolar and bipolar spatial distributions of j,(x,z,£) and j(x,z,f), respectively. At a later
time at ¢ = 700 fs, carrier scattering and recombination drive the current densities to

equilibrium values.
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Figure A.5. Electrostatic potential versus depth in InAs at various times for B=0 T.
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Figure A.6. Spatio-temporal evolution of the perpendicular (left) and parallel (right)

current densities within InAs at different times for B = 0 T. Note that the laser is
illuminating the semiconductor surface at z = 0 from below at an angle of 45°.
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When a high magnetié field is applied, the Lorentz force alters the carrier
trajectories and thus the spatial distribution of the current densities. This is illustrated in
Figure A.7 by following the current density spatio-temporal evolution for B = 3T.In
contrast to the B =0 T case, at ¢ = 300 fs, the application of the magnetic field has altered
the current density distributions such that j.(x,z¢) is now bipolar whereas j,(x,z¢) is
unipolar. This is equivalent to the reorientation of the electrical dipole by 90°. When
compared to n-GaAs, the magnitude of j,(x,z ¢) relative to j,(x,z,t) in InAs has not been
significantly enhanced with the application of a magnetic field. Instead, the
experimentally observed THz radiation emission enhancement in InAs can be attributed
to the modified current density spatial distributions. That is, for B = 0 T, the bi-
directional nature of j(xz¢t) results in far field cancellation of the THz emission
component parallel to the surface. However, when B = 3 T, j(x,zf) is uni-directional,
resulting in the coherent addition of the emitted THz radiation in the far-field. This
suggests that the observed THz radiation enhancement in InAs is primarily ascribed to

the spatial re-orientation of the current densities.
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Figure A.7. Spatio-temporal evolution of the perpendicular (left) and parallel (right)

current densities within InAs at different times for B = 3 T. Note that the laser is
illuminating the semiconductor surface at z = 0 from below at an angle of 45°.

The THz radiation emission from the surface of n-GaAs is shown in Figure A.8
for various magnetic field strengths. For B = 0 T, the THz pulse component polarized
along the x-axis is lower by a factor of ~250 and is relatively broader than the z-polarized
field component. This is due to the fact that j.(x,z,£) is driven by slow diffusion processes
while j,(x,z,#) originates from rapid carrier acceleration by the surface field. When the
applied magnetic field is increased, the amplitude of E(¢) increases significantly while
E(¢) slightly decreases. This results in an overall enhancement of the THz emission

amplitude. In addition, it is observed that the electric field components, Ex(f) and E/(?),
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evolve from a predominantly unipolar pulse envelope at low magnetic field into a
pronounced bi-polar pulse shape as the field increases. In the spectral domain, this
behaviour manifests itself through spectral broadening and shifting. The emission spectra
at B=3 T and B =6 T are depicted in Figure A.9 (a). At B =3 T, the spectrum consists
of a single broad peak centred at 0.6 THz. As the magnetic‘ field reaches 6 T, the
spectrum broadens and the spectral peak shifts towards 1 THz. This behaviour is in
~excellent agreement with experimental results demonstrated by Corchia et al. [3] for n-
GaAs‘ using similar experimental parameters. In their experiment, similar spectral

broadening and shifting is observed as the magnetic field is increased from 2 T to 4 T.
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Figure A.8. The z-polarized (top) and x-polarized (bottom) temporal waveforms of THz
emission from n-GaAs at various magnetic field strengths.
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Figure A.9. (a) Normalized THz emission spectra from n-GaAs at B=3 Tand B=6 T.
(b) Normalized THz emission spectra from InAs at B=3 Tand B=12T.

The temporal and spectral behaviour of the THz emission from InAs are also
analyzed as a function of the applied magnetic field. The components E(f) and E.(¢)
from undoped InAs are presented in Figure A.10 for varying magnetic fields. At B=0T,
both x- and z-polarized components have broad, bipolar pulse shapes due to diffusion-
driven current densities. As the magnetic field is increased to 3 T, the THz pulse exhibits
temporal narrowing and significant post-peak oscillations following photo-excitation.
Further increase in the magnetic field up to 12 T results in overdamped emission with
reduced amplitude. Interestingly, these temporal characteristics are similar to what was

experimentally observed by McLaughlin et al. [4]. The emission spectra at B=3 T and B
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=12Tare illustrated in Figure A.9 (b). At B =3 T, the spectrum is broad and centred at
3.25 THz. When the magnetic field is increased to 12 T, the spectrum shifts toward
lower frequencies and peaks at approximately 0.75 THz. Although the locations of the
peaks reported in [5] occur at lower frequencies, the overall predicted behaviour agrees
with the experimental emfssion spectra. In their work, a marked shift in the THz

spectrum toward lower frequencies is observed as the field is increased from 3 T to 14 T.
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Figure A.10. The z-polarized (top) and x-polarized (bottom) temporal waveforms of THz
emission from InAs at various magnetic field strengths.

An important prediction from the model is the THz radiation power dependence
on the applied magnetic field. Figure A.11 illustrates the power of the THz emission from

n-doped GaAs as a function of the magnetic field strength at a fluence of 0.22 pJ/cm?.
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Interestingly, the magnetic field dependence of the THz emission power is asymmetric
about 0 T with a minimum THz power emission occurring at approximately 03 T.
Experimentally, Heyman et al. [6] have measured a similar trend where an offset in the
minimum THz power was observed at 0.9 T. The discrepancy between the experiment
and the model are likely due to small differences in the optical pulse fluence and the
doping concentrations of the sample. From our model, the offset in the minimum is
attributed to off-normal illumination of the surface. As there are significant diffusion
currents along the x-direction at B = 0 T, the minimum THz emission does not occur at B
= (0 T. Instead, when a slight magnetic field of 0.3 T is applied, re-direction of a small
amount of j,(x,z1) to the x-direction results in minimum THz radiation power due to
cancellation of the emission along +x. Beyond a magnetic field magnitude of |1 T|, the
THz emission increases linearly and then saturates at ~ |5.5 T|.  Such a behavior is also

in accordance with experimental studies reported by Heyman et al. [6].
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Figure A.11. THz emission power for a) n-GaAs and b) InAs as a function of the
magnetic field strength.

The magnetic field dependence of the THz emission power from n-InAs at a
fluence of 0.04 pJ/cm” is illustrated in Figure A.11. The emission power increases
rapidly from O T and peaks at approximately 3 T. The peak power at +3 T exceeds that at
-3 T, consistent with several experimental studies [5, 6, 14]. The asymmetric power
dependence on the magnetic field can again be explained from our model by considering
the effect of off-normal photo-excitation. In such a configuration, the diffusion forces
adjacent to the photo-excited region are not symmetric. As a result, the amount of dipole
rotation induced by the magnetic field will depend on the directioﬁ of rotation and
consequently, the direction of the magnetic field.  Unlike previous Monte-Carlo
simulations, our analysis accurately models the decrease in the emission power beyond 3
T in InAs. However, the model is unable to reproduce the recovery in the THz emission

reported above B=6 T [5].
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The optical excitation fluence is a crucial factor in the magnetic field-induced
enhancement of THz \emission. Figure A.12 (a) illustrates the THz emission power
versus excitation fluence up to 2.2 wJ/cm?. For fluences from 40 nJ/cm? to 0.5 w/em?,
the power enhancement is approximately 25. This enhancement value predicted in the
model agrees well the reported experimental enhancement factors (10 to 35) using n-
GaAs [6, 15]. This behaviour is in accordance with studies by Corchia et al. [3], where
the enhancement is nearly constant for fluences from 10 to 200 nJ/cm?. Interestingly, as
the fluence is increased above 0.5 pJ/cm?, carrier screening of the surface field results in
a decrease in the emission enhancement factor. The screening, which is directly
proportional to the energy fluence, causes a linear decrease in the THz emission power as
the energy fluence increases. Figure A.12 (b) depicts the enhancement factor in InAs
versus optical excitation fluence. For a fluence of 0.25 pJ/cm?, an enhancement factor of
84 is predicted. This is in good agreement with the enhancement factor of 74 measured
in experiments by Heyman et al. [6], where 60 nJ/cm® pulses and an identical geometry
are used. As the excitation fluence increases above 0.5 pJ/cm’ the maximum power
enhancement decreases markedly, saturating above 0.9 wW/cm®.  The decreased
enhancement with increasing ﬂuence is attributed to charge screening of the photo-
Dember field, limiting the dipole rotation induced by the magnetic field. A much sharper
decrease is observed in InAs as opposed to n-GaAs since diffusion and photo-Dember
effects more responsive to the carrier densities than drift effects. The predicted fluence
dependence is found to be in excellent agreement with experimental data by Takahashi et
al. [7] plotted as an inset of Figure A.12 (b). To study the effects of doping on THz

emission from InAS, doped InAs is modeled by simply increasing the background
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concentration of electrons in InAs while keeping all other parameters constant. For the
doped sample (n, = 1x10'® cm™), the maximum THz emission power is predicted to
decrease by a factor of 1.4. This value is in good agreement with [6] where the emission
from the doped InAs sample (n, = 7.5%10'® cm™) was 2 times weaker than the nominally
undoped InAs (n, = 1.8x10'"® cm™). The decreased emission power from the doped
sample is attributed to the increased charge screening due to the increased steady state

electron accumulation layer.
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Figure A.12. Enhancement factor for (a) n-GaAs and (b) InAs as a function of the optical
fluence. For n-GaAs, the enhancement is the ratio between the THz emission power at 6
T and 0 T. The enhancement for InAs is the ratio of the THz power at 3 T and 0 T. The
inset in (b) is taken from Ref. [7].
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In conclusion, THz emission for n-GaAs and InAs surfaces based on drift-
diffusion transport model has been investigated. Unlike previous semi-classical and
Monte Carlo simulations, the current analysis provides a complete two-dimensional
picture of current densities and carrier population evolution and includes charge
screening, photo-Dember, and THz refraction effects. The work clearly demonstrates
that diffusion and photo-Dember driven current densities are responsible for THz
emission from InAs whereas drift currents dominate in n-GaAs. Terahertz power
enhancement and spectra for n-GaAs are well described for magnetic fields up to 10 T.
Anomalous decrease in the THz emission power from InAs surfaces above 3 T is
accurately reproduced. In addition, experimentally observed asymmetric power
dependences on the magnetic field in InAs and n-GaAs have been explained and in both
cases, are ascribed to off-normal surface illumination. For fluences up to 2.2 pJ/cmz, the
enhancement as a function of fluence for n-GaAs and InAs is in excellent agreement with
previously reported ‘experimental data. The analysis provides a physical picture and a
novel theoretical undersfanding of enhancement of THz emission from semiconductor
surfaces. The application of this model will certainly be used in the design and

optimization of THz surface emitters.
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Appendix B: Nonlinear Response of <111> ZnSe

Electro-optic detection of the THz pulse is achieved in a <111> ZnSe crystal. The
scheme for this detection is shown in Figure B.1. In this configuration, both the probe
and the THz pulse co-propagate into the crystal along the [111] direction. The probe and
the THz pulse are polarized at angles 6,05, and Oy, from the z, basis vector of the

laboratory coordinate system (x,, Vo, 2,). The incoming probe can be expressed as

w

E probe = E probe sin eprobe b otE probe €08 eprobe 20 (B.1).
It can be shown that a coordinate transformation of y, = y, cos Oy, /2 — 25 sinOpyy, /2

and Z, = y,sin@ry, /2+ 2, cosOpy, /2 is required to eliminate the cross terms in the

index ellipsoid. This transformation corresponds to a rotation of @7/2 about the x, axis.
Applying this transformation, the probe pulse expressed in the coordinate system (x;, y,

Zg) 1s

E probe = E probe [(5in6prope 0807y, / 2+ €080 p,0p, sinbry, /2)3 +
i . . (B.2).
(c0s O pyope OS8Oy, /2= SN0 0p, SiNOpp, /12)2) )

Including the spatio-temporal dependence of the probe pulse, the electric field that exits
the electro-optic crystal is expressed as

(0 i(at—knyoL)
Y9

E probe = E probe Sin(eprobe + 07y, / 2)e +

(B.3)

i(wt—=kn,L)»
E probe COS(eprobe + 07,/ 2)e ( 22 )22

where L is the thickness of the electro-optic crystal, k is the wavevector, ny; is the
refractive index along y, and n;; is the refractive index along Z,. The phase retardation

introduced by THz pulse is experimentally resolved using a quarter wave-plate and

Wollaston prism. For maximum phase retardation, the slow and fast axes of the quarter



Appendices 326

wave-plate are aligned as 45° with respect to the probe polarization. To account for this

effect, a coordinate transformation is applied where

Yy =cos(30ry, /2— 7/ 4) Y3 +sin(30ry, /12— 7w/ 4)zZ3 (B.4)
and

2y =—sin(307y, /2 -7/ 4)y3+cos(3Ory, /2 -1/ 4)z3 (B.5)
to Equation B.3 and introducing a n/2 phase shift, the probe electric field exiting the

electro-optic crystal is

w

E probe —

Ep’robe [sin(@pyope + Orm, /2)cos(30ry, /12— 7/ 4)ei(“”—"”y2L+7r 14)

c0S(@prope + Orer; /2)sin(30pyy, /2 — 1/ 4)e (@2 lATI D15, 4 (B.6).

E probe [SI0(0 pyope + Oppz 1 2)sin(30y, 12— 1/ 4)e & F2LH Y

c08( prope + Orprz /2) cos(30py, /2 — m/ 4 @Iz LT 4 1z,

The Wollaston prism splits the probe beam into two components that are parallel to the
incident probe polarization and perpendicular to the incident probe polarization. The

electric field components are

w

E probe 1= E probe /2

i(ax— /
[Sin(eprobe + 60711, 1 2) cos(307py, /12— 7'L'/4)el(at Iy Ltmi4)

0SB prope + Orpz 1 2)sin(30pyy, /2~ 1w/ ) A2 LATIY) (B.7)

Sin(0 prope + Orprz 1 2)sin(307yy, 12— 1/ 4)e AT

COS(mebe + 0]712 /2) COS(30]HZ [2—71/ 4)ei(at"kn22L"7”4)]

and



Appendices 327

w

Eprobe 2= Eprobe /\/EX

[Sin(epmbe + 07y, /2)cos(30y, /12 —7 /4)ei(at_kny2L+”/4) -

cos(0 + 07y, /2)sin(307y, 127/ 4 GH—knzpLim/4) B3).
probe THz THz

sin(@ probe + Orgz / 2) sin(30rgy, /2 — 70/ 4)" (@ Fny2 Lo i4)

Cos(eprobe + 07, /2)cos(30ry, /12—7/ 4)ei(at—knz2L_”/4)]
The power difference between the two probe components produces a differential signal

proportional to the THz electric field given by
AP = Py ope sin[k(ny o —n,p)L]sin(26 ,0pe + O1p1) (B.9).

The electro-optic response of the <111> ZnSe crystal enables the independent
measurement of orthogonal THz pulse components. For orthogonal THz pulse
components aligned along 07y, = Opr0p. and Oz, = Gprope + 907, the electro-optic responses

of the <111> ZnSe crystal to the two THz pulse components are

AF, OTHz =0probe = Sin(?’eprobe) (B.10)

and

OTF =0probe+90° ©05(30prove) (B.11).

The 120° rotational symmetry of the ZnSe crystal along the [111] direction causes
the three-fold symmetric electro-optic response as a function of the crystal orientation,
Oprobe- Since perpendicular THz pulse components produce mutually orthogonal electro-
optic responses, the two components of the THz pulse can be measured by simply re-

orienting the electro-optic crystal by 30° in the laboratory frame.
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Figure B.1. (a) The THz electric field and probe electric field are shown in the laboratory
coordinate system (x,, y,, Z,) and the rotated coordinate system (x;, y, z;). The laboratory
coordinate system is aligned with the [—1,—1,2], [-1,1,0], and [1,1,1] directions. (b) The
rotated coordinate system (x;, y,, z;) is shown with the quarter wave-plate coordinate
system (x3, ¥3, z3). (c) The coordinate systems for the quarter wave-plate (x3, y3, z3) and
Wollaston prism polarizers (x4, y4, z4) are shown.
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Appendix C: Finite Difference Time-Domain Calculations

To describe electromagnetic wave interaction with dielectric and metallic media,
Maxwell’s equations are employed to describe the spatial and temporal distribution of the

electric and magnetic fields in the presence of (unmagnetized) matter.

JOH_ 1ok (C.1)
ot u,
D _vun (C.2)
ot

where H is the magnetic flux density, D is the displacement field, E is the electric field,
and y, is the free space permeability. To solve these equations, many numerical methods
can be employed. One of the most widely used techniques is the Finite Difference Time-
Domain (FDTD) method. The FDTD method is advantageous due to its relative
simplicity and ease of use.  Because the material properties of each pixel of the
simulation space can be specified, many linear and nonlinear materials can be modeled in
a wide range of geometries. The time-domain nature of the FDTD technique implied that
the response of a system to broadband electromagnetic pulse excitation over a wide range
of frequencies can be obtained with a single simulation. Moreover, the FDTD solves the
complete spatial and temporal electric and magnetic fields, which permits animated
displays of the electromagnetic field progression through a system.

In the two-dimensional simulations used in this thesis, transverse magnetic (TM)
polarized THz electromagnetic pulse excitation is employed. Equations (C.1) and (C.2)
can be written in terms of the field components E;, E,, Dy, D,, and H, to yield

—90H,/0t =(0E;/0y — o0E,/9x)u, (C.3)

aD./3t = dH,/dy (C.4)
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oDy/ot =—0H,/dx (C.5).
These equations, in conjunction with the constitutive relation, D = ¢FE, where ¢ is the
permittivity, are employed to describe electromagnetic wave interaction with media. To

numerically solve these equations, Equations (C.3)-(C.5) are discretized to yield

n+l n n+1/2 n+1/2 n+1/2 n+1/2
Hzli,j _HZL'J _ 1 xli,j+1/2 "Exli,j—l/z _Exli+1/2,j _Exli-—l/Z,j (C.6)
At U, Ay Ax
n+1/2 n-1/2 n n

Dx|i,j - x‘i,j _Hzli,j+1/2—_Hz i,j-1/2 .7)

At Ay '

D n+1/2_ |n—1/2 I In _y ln

Vi, j Yij o Tzliv1/2,) zli-1/2,j (C.8)

At Ax '

where Ax and Ay are the spatial step size along the x- and y- directions and At is the
temporal step size. The index » describes the temporal step number, while the indices ¢
and j describe the spatial step number in the x- and y-directions. In these simulations, the
maximum grid size is approximately one-tenth the extent of the spatial variation of the
fields.  For simulations where the fields interact with a mesoscopic structure, the
maximum grid size corresponds to one-tenth of the minimum feature size of the structure.
As the grid size decreases further, the FDTD algorithm provides a more accurate
representation of the spatial distribution of the fields. Once the grid size is selected, the

temporal step size must satisfy the condition

1/2
Ar<e! [(Ax)‘2 + (Ay)_2T (C.9)
to ensure stability of the FDTD algorithm. To solve Equations (C.6)-(C.9), the equations
are re-afranged such that the most forward time step is equated to an expression

containing elements from previous time steps


file:///n-XI2
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E |n+1/2 _E n+1/2 E n+1/2 n+i/2 ‘
n+l o AL TXl je1/2 7 Xl j-1/2 *li+1/2,;  Txli-1/2,
H,.. = Z{. L+ - (C.10)
L,J L,Jj ﬂo Ay Ax
H .., —H, .
n+l/2 . n=1/2 zli, j+1/2 zlj, j-1/2
DT =D+ A % (C.11)
n n
n+l/2 n-1/2 HZ|i+1/2,j _HZli-l/2,j
B N " (C.12)
L,J iLJj Ax

Given initial conditions for the field components at previous times, the field components
at the time step » + 1 can be determined. By this process, the entire spatial and temporal
evolution of electromagnetic interaction can be calculated.

To model metallic media, the FDTD algorithm employed a Drude model. The
permittivity of the metal is incorporated into the FDTD method via the auxiliary

differential equation, which related E and D via

oD *D , . JE JE
'———=w'e E+le —+& —— C.13
at 8t2 p 0 (4] at ] 8t2 ( )

where &, is the permittivity of free space, w, and I' are the plasma and damping

frequencies of the material, respectively. Equation (C.13) can be discretized and re-

arranged to yield:
ni1 (TAt=2)D"1 4 4D" —(TAt+2)D" !
EXT = . IO (C.14)
80(—2+FAt—wp(At) )
TAt—2)D"* +4D" —(TAt+2)D7 !
EnH _ it y ¢ Ly (C.15)

2 2
£ol- 2+ TAr - 2 (Ar)?)
Thus, the Equations (C.10)-(C.12) can be solved numerically for the components of the

E, D, and H vector fields. The material response at each point in the simulation space is
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determined by the permittivity value at that location. When the point is a dielectric, the D
and E fields are related via D = ¢E. When the point is a metal, E and D are related via
Equations (C.14) and (C.15).

The computer program used to implement the FDTD algorithm is divided into 4 main
parts: 1) the main program (main.h and main.cpp), 2) a program to input and output
bitmap files (bitmap.h and bitmap.cpp), 3) a program to calculate the dielectric response
of the materials (material.h and material.cpp), and 4) a program to numerically solve
Maxwell’s equations given the material response (two dim.h and two_dim.cpp). The
computer program used in the simulations was written largely by Graeme Dice with
contributions from Kenneth Chau. A simplified version of the program which solves for
the case of the electric field in the plane is shown below:

i

// 2D FDTD Simulations /!
// //
// Graeme Dice and Kenneth Chau //
// Ultrafast Photonics and Nano-Optics Laboratory /!
// Electrical and Computer Engineering Department 1
// University of Alberta /!
// //
i Solves Maxwell’s equations using a central differencing scheme. Assumes /!
// that the third dimension is infinite. The following is a simplified version //
/! which solves for only TM polarization (electric field in the plane) /!
il s
/l //
// main.h : defines the constants used in the main program /!
// /

it
#ifndef MAIN H

#define MAIN_H

#include "util.h"

#include <limits.h>

const float cnaught = 3e8; /1 speed of light in m/s
const float enaught = 8.85e-12; - // permittivity of free space
const float pi=3.14159265359; /1 pi

const float munaught = 4*pi*le-7; // permeability of free space

const float grid_size = 5e-6; // feature_size/10 in m;
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const float delta_time = Se-15;

const int time_steps = 8000;

const int x_size = 1000;

const inty size = 1000;

const int PML_width = 20;

const int PML cond = 1000;

const bool single cycle = true;

const bool gaussian = true;

const float beam FWHM = 0.3e-3;

const bool pulsed = false;

const float pulse FWHM = .7e-12;

const float pulse_start = 1.5*pulse FWHM;
const bool load geometry = true;

const bool bitmap_output = true;

const bool text_output = false;

const float wavelength = Se-4;

const int file spacing = 200;

const int source x = x_size/2;

const int source_y = 25;

const int first_line y = source_y+PML_width;

/1 grid_size/(2*cnaught) in s;

// number of time steps

// number of space steps in x

// number of space steps iny

// boundary width

// conductivity of outside layer

// true for THz pulse

// Gaussian profile

// beam FWHM in m

// true for optical

// parameter to get THz pulse from Gauusian
// location of centre of pulse, 1.5 for THz
// load file called geom.bmp

// output bitmap files

// output text files

// central wavelength of radiation in m

// spacing of the output files

// horizontal centre of the beam

/[ vertical beam position > boundary layer
// where to measure first output

const int second line y =y size-2*¥PML_width;// where to measure second output

const float bitmap max = 0.5;
const float epsilon_medium = 1;
#endif

// related to color scale of bitmap output
// relative permittivity of medium

333

il

//
// main.cpp : main program
//

il

#include <math.h>
#include <iostream.h>
#include "main h"
#include "two_dim.h"
#include <stdio.h>
#include "util.h"

int main(int argc, char * argv)
{
two_dim solver;
solver.TM_solve();
return 0;

} | ‘
i

//

// bitmap.h

// -Implements a bitmap reader and writer for output of data and input of

// geometry information

/! -Implements the text file output for data so that it can be moved out of the

// FDTD section

1/
//
/1
//
//
//

I T T T
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#ifndef BITMAP H

#define BITMAP H

#include "material.h"

#define Bitmap_File Header BITMAPFILEHEADER
#define Bitmap Info Header BITMAPINFOHEADER
class bitmap

{
public:

static int write(char * filename, float ** field data, float max);

static int output_geometry(char * filename, material ** media_data);

static int read_geometry(char * filename, material ** media_data);

static int read_data(char * filename, float ** field data);

static int read_old_geometry(char * filename, material ** media_data);
35 :
#endif
T T T T
/1 /
-// bitmap.cpp 1
1" -Reads the geometries in the bitmaps and outputs the FDTD calculations 1
1/ onto bitmap files /!
1 - writes the FDTD calculations onto a bitmap file with appropriate color scale //

T T T T
#include "bitmap.h"
#include <windows.h>
#include <stdio.h>
#include "main.h"
#include <math.h>
int bitmap::write(char * filename, float ** field data, float max)
{
Bitmap Info Header bih;
Bitmap File Header bfh;
char textfilename[512], BMP_filename[512];
FILE * textfile, * BMP _file;
int err = (;
bth.bfType = 19778;
bfh.bfReservedl = 0;
bfh.bfReserved2 = 0;
bfh.bfOffBits = sizeof(bfh) + sizeof(bih);
bth.bfSize = bth.bfOffBits + x_size*y size*3;
bih.biSize = sizeof(bih);
bih.biWidth = x_size;
bih.biHeight =y size;
bih.biPlanes = 1;
bih.biBitCount = 24;
bih.biCompression = BI RGB;
bih.biSizelmage = x_size*y_size*3;
bih.biXPelsPerMeter = bih.biYPelsPerMeter = 0;
bih.biClrUsed = 0;
bih.biClrlmportant = 0;
sprintffBMP _filename, "%s.bmp", filename);
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BMP _file = fopen(BMP_filename, "wb");
fwrite(&bfh,sizeof(bth),1 BMP _file);
fwrite(&bih,sizeof(bih),1,BMP_file);

float min = 0;

for (intj=0; j <y_size; j++)

for (int 1 = 0; i <x_size; i++)

{

else

unsigned char bgr[3];
int colorRange = (5*256);

double percent = (fabs(min) + field datafi][j]) / (fabs(max) +

fabs(min));

int color = (int)(percent*colorRange);

if (color < 256)

{ bgr[0] = color;
else’ if (color <= 2*256)
{ bgr[0] = 255;

else if (color < 3*256)
{

}
{
}

if (color < 256)
{

bgr[0] = 3*256-color;

bgr[0] = 0;

bgr[1]=0;

else if (color < 2*256)

{
bgr[1] = color-256;

else if (color <= 3*256)

{
bgr[1] = 255;

else if (color < 4*256)

else

{
}
{

bgr[1] = 4*256-color;

bgr[1] = 0;

}
if (color < 3%256/2)

335
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ber[2] =0;

else if (color < 5*256/2)

{
bgr[2] = color-3*256/2;

else

{

}
fwrite(bgr,sizeof(unsigned char),3,BMP _file);

bgr{2] = 255;

}
if(1% 4 1=0)

{
unsigned char space = 0;
intn=0;
for( n=0; n<i%4 ; n ++)
fwrite(&space,sizeof(unsigned char),1,BMP_file);
}

)
if( BMP _file !=NULL)
fclose(BMP _file);

return err;
}
T T T T
// Outputs the bitmap files //

T T T T
int bitmap::output_geometry(char * filename, material ** media_data)
{ .
Bitmap Info Header bih;
Bitmap_File Header bfh;
char textfilename[512], BMP_filename[512];
FILE * textfile, * BMP_file;
int err = 0;
bth.bfType = 19778;
bth.bfReservedl = 0;
bfh.bfReserved2 = 0;
bth.bfOffBits = sizeof(bfh) + sizeof(bih);
bth.bfSize = bth.bfOfIBits + x_size*y_size*3;
bih.biSize = sizeof(bih);
bih.biWidth = x_size;
bih.biHeight = y_size;
bih.biPlanes = 1;
bih.biBitCount = 24;
bih.biCompression = Bl RGB;
bih.biSizelmage = x_size*y_size*3;
bih.biXPelsPerMeter = bih.biYPelsPerMeter = 0;
bih.biClrUsed = 0;
bih.biClrImportant = 0;
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sprintf(BMP_filename, "%s.bmp", filename);
BMP _file = fopen(BMP_filename, "wb");

int 1,j;

fwrite(&bth,sizeof(bth),1,BMP _file);
fwrite(&bih,sizeof(bih),1,BMP _file);
for (j =0;j <y_size; j++)

{

for 1=0;1<x_size; i++)

{

}

unsigned char bgr[3];
int colorRange = (5*256);
bgr[0] = 0;
bgr[1] =0;
bgr[2] = 0;
if (media_data[i][j].get permittivity() >=2.5 &&
media_data[i][j].get permittivity() <= 2.6)
{
bgr[0] = 0;
bgr[1]=0;
bgr[2] = 255;

}
if (media_data[i][j].is_metal())
{

bgr[0] = 0;
bgr[1] = 255;
bgr[2] = 255;

}

if (j = source y)

{
bgr[0] =0;
bgr[1] = 255;
begr[2] = 0;

}

if G <PML_width || j <PML_width || i >=x_size-PML_width ||
>=vy size-PML_width)

{
bgr[0] = 255;
bgr[1] = 255;
bgr[2] = 255;
¥

fwrite(bgr,sizeof(unsigned char),3,BMP_file);

if(i % 4 1=0)

{

unsigned char space = 0;
intn=0;
for( n=0; n<i%4 ; n ++)
fwrite(&space,sizeof(unsigned char),1,BMP_file);
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}

i

if( BMP_file !'=NULL )
fclose(BMP_file);

return err;

/I Correlating the color of the pixels in the bitmap file with material parameters

I T g

int bitmap::read_geometry(char * filename, material ** media_data)

{

Bitmap Info Header bih;
Bitmap File Header bth;
char BMP_filename[512];
FILE * BMP _file;

int err = 0;

sprintf(BMP_filename, "%s.bmp", filename);
BMP _file = fopen(BMP_filename, "rb");
fread(&bth,sizeof(bth),1, BMP _file);
fread(&bih,sizeof(bih),1,BMP_file);

for (intj = 0; j <y_size; j++)

for (int i=0; 1 <x_size; i++)

unsigned char bgr[3];

fread(bgr,sizeof(unsigned char),3,BMP _file);

if (bgr[0] == 0 && bgr[1] == 255 && bgr[2] == 255) //(blue &&
green && red) yellow=green + red

{

//Copper material parameters below

media_data[i][j].set_material(1,1,0,0,true,
true,0,0,0,0,0,0,1.91E15,8.34E12);
}

else

{

//Free space material parameters below

media_data[i][j].set_material(epsilon_medium,
1,0,0,false,false,0,0,0,0,0,0,0,0);
}

if(i% 4 1= 0)

{
{
}
{
}
}

unsigned char space = 0;
intn=0;
for( n=0; n<i%4 ; n ++)
fread(&space,sizeof(unsigned char),1,BMP_file);

if( BMP _file I= NULL )

fclose(BMP _file);

return err;
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i

/! /!
// material.h : /!
/! -Defines constants and functions used to determine the dielectric /!
/! response of the materials used in the simulations /

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////
#ifndef MATERIAL H
#define MATERIAL H
#include "main.h"
class material
{
public:
material(float permittivity, float permeability, float conductivity, float mag_cond,
' bool dispersive, bool metallic, float reson_1, float reson 2, float reson_3,
float B1, float B2, float B3, float freq plasma, float freq_scatter);
material();
inline void set_material(float permittivity, float permeability, float conductivity,
float mag_cond, bool dispersive, bool metallic, float B1, float B2, float
B3, float reson_1, float reson_2, float reson_3, float freq plasma, float
freq scatter)

epsilon = permittivity;

mu = permeability;

e_cond = conductivity;

h cond =mag_cond;

dispersion = dispersive;

metal = metallic;

omegal =reson_1 == 0 ? 0:2*pi*cnaught/reson _1;
omega2 = reson_2 == ( ? 0:2*pi*cnaught/reson_2;
omega3 = reson_3 == 0 ? 0:2*pi*cnaught/reson_3;
bl =Bl;

b2 =B2;

b3 =B3;

plasma_freq = freq plasma;

scatter_freq = freq_scatter;

// Recalculates the constants to be used for the polarization dependent dispersion
al =2 + omegal *omegal *delta_time*delta_time*(1+bl);
a2 =2 + omega2*omega2*delta_time*delta_time*(1+b2);
a3 =2 + omega3*omega3*delta_time*delta_time*(1+b3);
cl = omegal *omegal *bl *delta_time*delta_time;
c2 = omega2*omega2*b2*delta_time*delta_time;
c3 = omega3*omega3*b3*delta_| tlme*delta time;
gl =-2 - omegal *omegal *delta time*delta_ time*(1+b1);
g2 = -2 - omega2*omega2*delta_time*delta_time*(1+b2);
g3 = -2 - omega3*omega3*delta_time*delta_time*(1+b3);
ml =2 + scatter_freq*delta_time;
m2 =2 - scatter_freq*delta_time;
m3 = plasma_freq*plasma_freq*enaught*delta_time*delta_time
- scatter_freq*enaught*epsilon*delta_time + 2*enaught*epsilon;
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m4 = plasma_freq*plasma_freq*enaught*delta time*delta_time

+ scatter_freq*enaught*epsilon*delta_time + 2*en§ught*epsilon;

}

inline float H Hcoeff()

{
return (1-h_cond*delta_time/(2*mu*munaught))/
(1+h_cond*delta_time/(2*mu*munaught));

}

inline float H Ecoeff()

{
return (delta_time/(mu*munaught*grid_size))/
(1+h_cond*delta_time/(2*mu*munaught));

}

inline float E_Ecoeff()

{
return (1-e_cond*delta_time/(2*epsilon*enaught))/
(1+e_cond*deita_time/(2*epsilon*enaught));

}

inline float E_Hcoeff()

{
return (delta_time/(epsilon*enaught*grid size))/
(1+e_cond*delta_time/(2*epsilon*enaught));

}

inline float get permittivity()

{ 4

return epsilon;

inline bool is_dispersive()

{ return dispersion;
i}nline bool is_metal()
{ return metal;
i}{nline float get al()

return al;

inline float get a2()

{ return a2;
i}nline float get_a3()
{ return a3;
3nline float get_cl1()
{

return cl;
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i}nline float get_c2()
{ return ¢2;
i}nline float get -c3()
{ return c3;
gnline float get_gl()
{ return gl;

inline float get_g2()

{ return g2;
i}nline float get g3()
{ return g3;
i}nline float get m1()
{ return ml;
i}nline float get m2()
{ return m2;
gnline float get m3()
{ return m3;
gnline float get m4()
{ return m4;
o
private:

float epsilon, mu, ¢ cond, h_cond;
bool dispersion;
bool metal;

//Sellmeier dispersion coefficients
float omegal, omega2, omega3;
float bl, b2, b3;
float al, a2, a3, cl, ¢2, ¢3, gl, g2, g3;

//Drude Model Coefficients
float ml, m2, m3, m4;
float plasma_freq, scatter_freq;
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35

#endif

T T
// //

// material.cpp : determines the dielectric response of the materials in the simulation  //
I T T T T
#include "material.h"

#include "main.h"

material::material()

{
}

material::material(float permittivity, float permeability, float conductivity, float
mag_cond, bool dispersive, bool metallic, float reson_1, float reson_2, float reson 3,
float B1, float B2, float B3, float freq_plasma, float freq_scatter)
{

epsilon = permittivity;

mu = permeability;

¢_cond = conductivity;

h cond =mag_cond;

dispersion = dispersive;

metal = metallic;

omegal =reson_1 == 0 ? 0:2*pi*cnaught/reson_1;

omega2 = reson_2 == 0 ? 0:2*pi*cnaught/reson_2;

omega3 =reson 3 == 0 ? 0:2*pi*cnaught/reson_3;

bl =BI1;
b2 =B2;
b3 = B3;

plasma_freq = freq_plasma;
scatter_freq = freq_scatter;
//Recalculate the constants to be used for the polarization dependent dispersion
al =2 + omegal *omegal *delta_time*delta time*(1+bl);
a2 =2 + omega2*omega2*delta_time*delta time*(1+b2);
a3 =2 + omega3*omega3*delta_time*delta time*(1+b3);
cl = omegal *omegal *b1*delta_time*delta_time;
c2 = omega2*omega2*b2*delta_time*delta_time;
c3 = omega3*omega3*b3*delta_time*delta_time;
gl =-2 - omegal *omegal *delta_time*delta_time*(1+b1);
g2 = -2 - omega2*omega2*delta_time*delta_time*(1+b2);
g3 =-2 - omega3*omega3*delta_time*delta_time*(1+b3);
ml = 2.0 + scatter_freq*delta_time;
m2 = 2.0 - scatter_freq*delta_time;
m3 = plasma freq*plasma_freq*enaught*delta_time*delta_time
- scatter_freq*enaught*epsilon*delta_time + 2*enaught*epsilon;
m4 =plasma_freq*plasma_freq*enaught*delta_time*delta_time
+ scatter_freq*enaught*epsilon*delta_time + 2*enaught*epsilon;
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ittt

/ /
// two_dim.h : 1
// -Defines the constants and functions used to solve Maxwell’s equations in //
/ two dimensions. /

i
#ifndef TWO DIM_H
#define TWO DIM_H
#include "main.h"
#include "material.h"
class two_dim
{
public:

two_dim();

~two_dim();

void TM_solve();
private:

float ** Ex;

float ** Ex_prev;

float ** Ey;

float ** Ey prev;

float ** Et;//The total EM field for TM mode

float ** Dx, ** Dx_prev, ** Dx_prev_prev;

float ** Dy, ** Dy prev, ** Dy prev_prev;

float ** Dz, ** Dz _prev, ** Dz prev_prev;

float ** Hx, ** Hy, ** Hz, ** Ht;

float ** Hzx, ** Hzy;

float ** P1X prev, ** P2X prev, ** P3X prev;

float ** P1X prev_prev, ** P2X_prev_prev, ** P3X prev_prev;

float ** P1Y_prev, ** P2Y prev, ** P3Y prev;

float ** P1Y prev prev, ** P2Y prev prev, ** P3Y prev prev;

material ** media; //material is a homemade class

float Econd(int position);

float Hcond(int position);

float source Ex(float x, float y, float time step),

float source_Hz(float x, float y, float time_step); -

float H Hcoeffs[PML,_width], H _Ecoeffs[PML_width], E Hcoefts[PML, w1dth]

E_Ecoeffs[PML_width];

float ref index(int x, int y);

int write_data(char * filename, float ** field data);

float integrate(int line vy, float ** field data);
35
#endif
il
/ /
// two_dim.cpp : /
/ -Program used to solve Maxwell’s equations in two dimensions /!
i
#include "two_dim.h"
#include "main.h"
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#include <math.h>
#include <stdio.h>
#include <iostream.h>
#include "bitmap.h"
two_dim::itwo_dim()

{
}
two_dim::~two_dim()
{
}
float two_dim::Econd(int position)
{
return PML_cond*((float)(position+0.5)/(float)PML_width);
}
float two_dim::Hcond(int position)
{
return (PML_cond*munaught/enaught)*((float)position/(float)PMIL,_width);
}
float two_dim::source Hz(float x, float y, float time_step)
{

float wz, wo, Zo, Hfield, scaling, wave, x_offset, y offset;
float pulse_scaling, time factor, time_offset, THz_scaling;

wo =beam FWHM;

Zo = pi * ref_index((int)x,(int)y)*wo*wo/wavelength;

x_offset = (x-source_x)*grid_size;

y_offset = (y-source _y)*grid_size;

wz =wo * sqrt(1 + (y_offset*y offset/(Zo*Zo)));

scaling = wo/wz * exp(- (x_offset*x_offset)/(wz*wz));
time_factor = 2*log(sqrt(2)+1)/pulse FWHM;

time_offset = time_step*delta_time-pulse_start;

pulse scaling = 2/(exp(time_offset*time factor) +
exp(-time_offset*time factor));

wave = cos(+ 2*pi*cnaught/wavelength*delta_time*time_step);
pulse_scaling = pulsed ? pulse_scaling:1.0;

scaling = gaussian ? scaling:1.0;

Hfield = pulse_scaling*scaling*wave*sqrt(enaught/munaught);
if (single_cycle)

{

double sigma = beam FWHM / (2*sqrt(2*log(2)));

double pulse_sigma = pulse FWHM / (2*sqrt(2*log(2)));

double scaling_factor = 2*exp(-0.5);

double offset = grid_size * sqrt((x - source_x) * (x - source x));
Hfield = sqgrt(enaught/munaught)*exp(-0.5 *offset*offset/sigma/sigma);
Hfield*=-2/scaling_factor*(time_offset)/pulse_sigma*
exp(-(time_offset)*(time_offset) / (2*pulse_sigma*pulse sigma));

if (Hfield < 0)
{
scaling = 0.688;
}
else

{
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}

scaling = 1.0;

}

return -Hfield*scaling;
}
return Hfield;

float two_dim::source Ex(float x, float y, float time_step)

{

}

float wz, wo, Zo, Efield, scaling, wave, x_offset, y_offset;

float pulse scaling, time factor,time_offset;

wo = beam FWHM,;

Zo =pi * ref_index((int)x,(int)y)*wo*wo/wavelength;

x_offset = (x-source_x)*grid_size;

y_offset = (y-source y)*grid_size;

wz =wo * sqrt(1 + (y_offset*y_ offset/(Zo*Zo)));

scaling = wo/wz * exp(- (x_offset*x_offset)/(wz*wz));

time_factor = 2*log(sqrt(2)+1)/pulse FWHM;

time offset = time_step*delta_time-pulse start;

pulse scaling = 2/(exp(time_offset*time factor) +

exp(-time_offset*time_factor));

wave = cos(-pi/wavelength*grid_size +

2*pi*cnaught/wavelength*delta_time*(time step+0.5));

pulse_scaling = pulsed ? pulse_scaling:1.0;

scaling = gaussian ? scaling:1.0;

Efield = pulse_scaling*scaling*wave;

if (single_cycle)

{
double sigma = beam FWHM / (2*sqrt(2*log(2)));
double pulse_sigma = pulse FWHM/(2*sqrt(2*log(2)));
double scaling_factor = 2*exp(-0.5);
double offset = grid_size * sqrt((x - source_x)*(x - source Xx));
Efield = exp(-0.5*offset*offset/sigma/sigma);
Efield *= -2/scaling_factor*(time offset+0.5*grid_size/
cnaught)/pulse_sigma*exp( -(time_offset+0.5*grid_size/cnaught)*
(time_offset+0.5*grid_size/cnaught)/(2*pulse_sigma*pulse sigma));
if (Efield < 0) :
{

}

else

{

scaling = 0.688;

scaling = 1.0;
return Efield*scaling;

return -Efield;

float two_dim::ref index(int x, int y)

{
3

return sqrt(media[x] ty]. get_permittivity());

345
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int two_dim::write data(char * filename, float ** field data)

{

}

char textfilename[512], BMP_filename[512}];
FILE * textfile, * BMP_file;

int err =0;

sprintf(textfilename, "%s.txt", filename);
textfile = fopen(textfilename, "wb");

for (inti=0; i <x_size; it+)

{
for (int j = 0; j <y _size; j++)
{
fwrite(&field data[i][j],sizeof(field_data[i][j]),1,textfile);
}
}
if( textfile = NULL )
fclose(textfile);
return €rr;

float two_dim::integrate(int line y, float ** field data)

{

}

float cur_total = 0.0;
for (int i = PML_width; i <x_size-PML_width; i++)
{

}

return cur_total;

cur_total += field_data[i][line_y];

void two_dim::TM_solve()

{

FILE * ezdatafile;

char * filenamel;

char * filename2;

char * filename3;

float P1X, P1Y, P2X, P2Y, P3X, P3Y;
filenamel = new char{200];
filename2 = new char{200];
filename3 = new char[200];

// Determines the coefficients of the PML layer such that E and H fields die out
// exponentially : J P Berenger IEEE paper on PML

for (int p=0; p < PML_width; p++)

{ H_Hcoeffs[p] = exp(-Hcond(p)*delta_time/munaught);
E_Ecoeffs[p] = exp(-Econd(p)*delta_time/enaught);
H_Ecoeffs[p] = (1-exp(-Hcond(p)*delta_time/
munaught))/Hcond(p)/grid_size;

E_Hcoeffs[p] = (1-exp(-Econd(p)*delta_time/
enaught))/Econd(p)/grid_size;

H_Ecoeffs[0] = delta_time/munaught/grid_size;
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// media stores material parameters at each point of bitmap
media = new material * [x_size];
for (int x = 0; x < x_size; x++)
{

media[x] = new material [y_size];

// First creates a media space that has properties of epsilon_medium
for (x =0; x <x_size; x++)

{

for (int y=0; y <y size; y++)

{

//Free Space
media[x][y].set_material(epsilon_medium,
1,0,0,false,false,0,0,0,0,0,0,0,0);

}

}

bitmap::read geometry("./data/geom", media);

bitmap::output_geometry("./data/geomout”, media);
// Allocating memory -- creating arrays and variables to point to the arrays

Ex = new float *[x_size];

Ey = new float *[x_size];

Et = new float *[x_size];

Ex_prev =new float *[x_size];

Ey prev = new float *[x_size];

Dx = new float *[x_size];

Dx_prev = new float *[x_size];

Dx_prev_prev = new float *[x_size];

Dy =new float *[x_size];

Dy _prev = new float *[x_size];

Dy _prev_prev = new float *[x_size];

Hz = new float *[x_size];

Hzx =new float *[x_size];

Hzy = new float *[x_size];

P1X_prev = new float * [x_size];

P1Y prev =new float * [x_size];

P2X prev =new float * [x_size];

P2Y_prev = new float * [x_size];

P3X_ prev =new float * [x_size];

P3Y_prev =new float * [x_size];

P1X_prev_prev = new float * [x_size];

P1Y_prev_prev = new float * [x_size];

P2X prev_prev = new float * [x_size];

P2Y prev_prev =new float * [x_size];

P3X_prev_prev = new float * [x_size];

P3Y_prev_prev = new float * [x_size];

for (x = 0; x < x_size; x++) '

Ex[x] = new float [y_size];
Ex_prev[x] = new float [y_size];
Ey[x] = new float [y_size];
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Ey prev[x] =new float [y_size];

Et[x] = new float [y_size];

Dx[x] =new float [y_size];

Dx_prev[x] = new float [y_size];
Dx_prev_prev[x] = new float [y_size];
Dy[x] = new float [y_size];

Dy _prev[x] = new float [y_size];

Dy prev_prev[x] = new float [y_size];
Hz[x] = new float [y _size];

Hzx[x] = new float [y_size];

Hzy[x] = new float [y_size];

P1X prev[x] =new float [y_size];
P1Y_prev[x] = new float [y_size};
P2X_prev[x] =new float [y_size];

P2Y prev[x] = new float [y_size];

P3X prev[x] =new float [y_size];

P3Y prev[x] =new float [y_size];

P1X prev prev[x] =new float [y _size];
P1Y prev prev[x] = new float [y_size];
P2X_prev_prev[x] = new float [y_size];
P2Y prev prev[x] = new float [y_size];
P3X prev prev[x] = new float [y_size];
P3Y prev prev[x] = new float [y_size];

// Initial conditions for all the fields
for (x = 0; x <x_size; x++)

{

for (int y = 0; y <y _size; y+t)
{
Ex[x][y] = 0;
Ey[x][y] = 0;
Et[x][y] = 0;
Ex_prev[x][y] = 0;
Ey_prev[x][y] =0;

Dx[x][y] = 0;
Dx_previx][y] = 0;
Dx_prev_prev[x][y] =0;
Dy[x][y] = 0;
Dy_previx]ly] = 0;
Dy_prev_previx][y] = 0;

Hz[x][y] = 0;
- Hzx[x][y] = 0;
Hzy[x][y] = 0;

P1X prev[x][y]=0;
P1Y prev[x][y] = 0;
P2X prev[x]ly] =0;
P2Y previx][y] =0;
P3X prev[x][y] =0;

348
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P3Y previx][y] = 0;

P1X prev_prev[x][y] =0;
P1X prev prev[x][y] =0;
P2X prev_prev[x][y] =0;
P2Y prev prev[x][y] =0;
P3X_prev_prev[x]ly] = 0;
P3Y_prev_prev[x][y] = 0;
}
}
FILE * fieldoutput, * integrate output;
fieldoutput = fopen("./data/output_point.txt","w+");
integrate output = fopen("./data/output_line.txt","w+");
// Solve for the temporal evolutions of the fields
for (int n = 0; n < time_steps; n++)
{
float tot_Ex_start, tot Ey start, tot Et start, tot Hz start,
tot_Ex_end, tot_Ey_end, tot_Et end, tot Hz end;

tot_Ex_start = integrate(first_line y, Ex);

tot_Ey start = integrate(first_line y, Ey);

tot Et start = integrate(first_line_y, Et);

tot Hz_start = integrate(first_line y, Hz);

tot Ex_end = integrate(second line y, Ex);

tot_Ey end = integrate(second_line y, Ey);

tot Et end = integrate(second line y, Et);

tot_Hz end = integrate(second_line y, Hz);

// Outputing the field data into text and bitmap files

fprintf(integrate output,"%e %e %e %e %e %e %e Yoe
%e\n",n*delta_time, tot_Ex_start, tot_Ey_start, tot_Et_start,
tot_Hz start, tot Ex_end, tot Ey end, tot_Et end, tot Hz end);

fprintf(fieldoutput,”%e %e %e %oe %oe Y%oe
%e\n",n*delta_time,Ex[x_size/2][first_line y],
Ey[x_size/2][first_line y],Hz[x_ size/2][first line y],
Ex[x_size/2][second line y],Ey[x_size/2]{second line y],
Hz[x_size/2][second line y]);

if (n % file_spacing == 0)

{
sprintf(filenamel, "./data/%6.0d_dataEx", n);
sprintf(filename2, "./data/%6.0d_dataEy", n);
sprintf(filename3, "./data/%6.0d_dataEt", n);

if (bitmap_output)

{
bitmap::write(filename3, Et,bitmap_max);
}
if (text_output)
{

write_data(filenamel, Ex);
write_data(filename2, Ey);



Appendices

}

350

for (int x = 0; x <x_size; x++)

{

for (inty=0; y <y size; y++)

{

if (x <PML_width || y <PML width || x >=x_size-
PML _width || y >=y_size-PML_width)

{

float H Heoeff Y, H Ecoeff Y, H Hcoeff X,
H Ecoeff X, E Ecoeff X, E Hcoeff X,
E Ecoeff Y, E Hcoeff Y;
H _Hcoeff X =mediaf[x][y].H Hcoeff();
H_Ecoeff X =media[x][y].H_Ecoeff();
E_Hcoeff X = media[x][y].E_Hcoeff();
E Ecoeff X =media[x][y].E_Ecoeff();
H Hcoeff Y =H Hcoeff X;
H_Ecoeff Y =H _Ecoeff X;
E Hcoeff Y =E_Hcoeff X;
E _Ecoeff Y =E_Ecoeff X;
int temp = 0;
if (x < PML_width)
{
//Tn the left edge
temp = PML_width-x - 1;
H Hcoeff X =H Hcoeffs[temp];
H_Ecoeff X =H_Ecoeffs[temp];
E Hcoeff Y = E Hcoeffs[temp];
E Ecoeff Y =E_Ecoeffs[temp];

}
if (y < PML_width)

//In the bottom edge

temp = PML_width-y-1;
H_Hcoeff Y =H_Hcoeffs[temp];
H_Ecoeff Y =H_Ecoeffs[temp];
E_Hcoeff X =E _ Hcoeffs[temp];
E_Ecoeff X =E_Ecoeffs[temp];

}
if (x >=x_size-PML_width)

//In the right edge

temp = x - x_size + PML_width;
H_Hcoeff X =H_Hcoeffs[temp];
H_Ecoeff X =H_Ecoeffs[temp];
E Hcoeff Y =E_Hcoeffs[temp];
E Ecoeff Y =E_Ecoeffs[temp];

}
if (y >=y_size-PMIL,_width)

//In the top edge
temp =y -y _size + PML_width;
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H _Hcoeff Y =H_ Hcoeffs[temp];
H_Ecoeff Y =H_Ecoeffs[temp];
E Hcoeff X=E Hcoeffs[temp];
E Ecoeff X =E Ecoeffs[temp];

}

//EM field calculations
/IThe FDTD equations for the PML are below

else

float temp_Hz;
temp Hz=y==y size-1 ? 0.0:Hz[x][y+1];

Ex[x][y] = E_Ecoeff X*Ex[x][y]
-E Hcoeff X * (Hz[x][y] - temp_Hz);

temp Hz=x==x_size-1 ? 0.0:Hz[x+1][y];

Ey[x][y] = E_Ecoeft Y*Ey[x][y]
-E Hcoeff Y * (temp Hz - Hz[x][y]);

float temp_Ex, temp_Ey;

temp Ey=x==070.0:Ey[x-1][y];
temp Ex =y==07 0.0:Ex[x][y-1];

Hzx[x][y] = H Hcoeff X*Hzx[x][y]
- H_Ecoeff X * (Ey[x][y] - temp_Ey);

Hzy[x][y] = H Hcoeff Y*Hzy[x][y]
-H_Ecoeff Y * (temp_Ex - Ex[x][y]);

Hz[x][y] = Hzx[x][y] + Hzy[x][y};

float H_Hcoeff, H Ecoeff, E_Ecoeff, E_HcoefT;
float temp Ex = Ex[x][y];
float temp Ey = Ey[x][y];

float Exinc = 0.0;
float Hzinc = 0.0;

float denominator = 0.0;

float al, a2, a3, cl, ¢c2, c3, gl, g2, g3;
float K1X, K2X, K3X;

float K1Y, K2Y, K3Y;

float m1, m2, m3, m4;

al =0;

a2=_0;

a3=0;

cl =0;

c2=0;
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m4 =0;

Exinc = 0.0;
Hzinc = 0.0;

if (y == source_y)

{

}

Exinc = source_Ex(X,y,n);
Hzinc = source_Hz(x,y,n);

Dx[x][y] = Dx[x][y] + delta_time/grid_size*
(Hz[x][y+1] - Hz[x][y] - Hzinc),

Dy[x][y] = Dy[x]ly]

+ delta_time/grid size*

(Hz[x]{y] - Bz[x+1]{y]);

if (media[x][y].is_dispersive())

{

if (media{x}[y].is_metal())-

{

else

m] = media[x][y].get_ m1();
m2 = media[x][{y].get m2();
m3 = media[x][y].get m3();
m4 = media[x][y].get_m4();

Ex{x][y] = (m1*Dx[x][y] -
4*Dx_prev[x]{y] +
m2*Dx_prev_prev[x][y]

+ 4*enaught*
medialx][y].get_permittivity()*
Ex[x][y]- m3*Ex_prev[x][y]) / m4;

Ey[x][y] = (m1*Dy[x][y] - 4*
Dy_prev[x][y] + m2*

Dy prev_prev[x]y] + 4*enaught™®
media{x][y].get_permittivity()*
Eyix]ly}- m3*Ey_prev[x}[y]) / m4;

al = media[x][y].get_al();
a2 = media[x]y].get_a2();
a3 = media[x]{y].get_a3();
¢l = media[x][y].get_c1();
¢2 = media[x][y].get_c2();

352
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c3 = media[x][y].get_c3();
gl = media[x][y].get_gl1();
g2 = media[x][y].get_g2();
g3 = media[x][y].get_g30);

denominator = -al*a2*a3 +
al*c2*c3 + c2*cl*a3 - 2*c2*cl*
c3 +c¢3*cl*a2;

K1X =c1*(Dx[x][y] +
Dx prev prev[x]y] -
P2X prev previx][y] —
P3X prev_previx][y]) +
4*P1X previx][y] +
gl*P1X prev prev[x][y];
K2X = c2*(Dx[x][y] +
Dx prev prev[x][y] —
P1X prev prev[x][y] -
P3X _prev_prev[x][y]) +
4*P2X previx][y] +
g2*P2X prev_prev[x]lyl;
K3X = c3*(Dx[x][y] +
Dx_prev_prev[x][y] -
P1X prev_prev[x][y] -
P2X prev prev[x][y]) +
4*P3X prev[x][y] +
23*P3X prev prev[x][y];
K1Y = c1*(Dy[x][y] +
Dy_prev_prev[x][y] -
P2Y _prev_previx][y] -
P3Y_prev_prev[x][y]) +
4*P1Y prevx][y] +

gt *P1Y_prev_prev[x]ly];
K2Y = c2*(Dylx][y] +
Dy_prev_prev[x][y] -
P1Y _prev_prev[x][y] -
P3Y _prev_prev[x][y]) +
4*P2Y previx][y] +
g2*P2Y prev_prev[x][y];
K3Y = c3*(Dy[x]ly] +
Dy_prev_prev[x][y] -
P1Y _prev_previx][y]l —
P2Y _prev_prev[x][y]D +
4*P3Y previx][y] +
g3*P3Y prev_prev[x][y];

P1X = (-a2*a3+c2*c3)/
denominator*K 1X-c1*(-a3+c3)/
denominator*K2X-c1*(c2-a2)/
denominator*K3X;

P2X = -c2*(-a3+c3)/
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denominator*K1X-(al *a3-c1*c3)/
denominator*K2X+c2*(al-c1)/
denominator*K3X;

P3X = -¢3*(c2-a2)/
denominator*K 1X+c3*(al-c1)/
denominator*K2X-(al*a2-c1*c2)/
denominator*K3X;

P1Y = (-a2*a3+c2*c3)/
denominator*K1Y-cl*(-a3+¢c3)/
denominator*K2Y-c1*(c2-a2)/
denominator*K3Y;

P2Y = -c2*(-a3+c3)/
denominator*K1Y-(al*a3-c1*c3)/
denominator*K2Y+c2*(al-c1)/
denominator*K3Y;

P3Y = -¢3*(c2-a2)/
denominator*K1Y+c3*(al-cl1)/
denominator*K2Y-(al *a2-cl*c2)/
denominator*K3Y;

Ex[x][y] = (1.0/enaught)*(Dx[x][y]-
PIX - P2X - P3X);

Ey[x][y] = (1.0/enaught)*(Dy[x][y] -
P1Y - P2Y - P3Y);

else

E_Ecoeff = media[x][y].E_Ecoeff();
E_Hcoeff = media[x][y].E_Hcoeff();
P1X =0;
P2X =0;
P3X =0;
P1Y=0;
P2Y =0;
P3Y=0;
Ex[x][y] = E_Ecoeff*Ex[x][y]
+ E_Hcoeff*(Hz[x][y+1] - Hz[x][y]
- Hzinc);
Ey[x][y] = E_Ecoeff*Ey[x][y]
+ E Hcoeff*(Hz[x][y] —
, Hz[x+1][y]);
Ex prev[x][y] = temp_ Ex;
Ey_prev[x][y] = temp_Ey;

Dx_prev_prev[x][y] = Dx_prev[x][y];
Dx_prev[x][y] = Dx[x][y];
Dy prev_prev[x][y] = Dy_prev[x][y];
Dy_prev[x][y] = Dy[xI[y];
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}

P1X prev prev[x][y] = P1X_ prev[xl{y];
P2X prev prev[x][y] = P2X prev[x][y];
P3X prev_prev[x][y] = P3X prev[x][y];

P1X previx][y] =P1X;
P2X prev[x]lly] = P2X;
P3X prev[xliy] = P3X;

P1Y_prev prev[x][y] =P1Y_prev[x][y];
P2Y prev prev[x][y] = P2Y_prev[x]l[y];
P3Y prev prev[x]ly] = P3Y_prev[x][yl;

P1Y prev[x][y] =P1Y;
P2Y prev[x][y] = P2Y;
P3Y prev[x][y] =P3Y;

H _Hcoeff = media[x][y].H_Hcoeff();
H_Ecoeff = media[x][y].H_Ecoeff();

Hz[x][y] = H_Hcoeff*Hz[x][y]
+ H_Ecoeff*(Ex[x][y] - Ex[x][y-1] —
Ey[x][y] + Ey[x-1][y] - Exinc);

}
Et[x][y] = sqrt(Ex[x][y]*Ex[x][y] + Ey[x][y]*Ey[x][y]);
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Appendix D: Analysis Techniques

Frequency-Dependent Effective Refractive Index:

To extract the frequency-dependent refractive index of a sample, two
measurements are made: 1) the reference time-domain electric field, E,(¢), transmitted
through a medium with a known refractive index, n,.s (usually this is free-space, where
nyr = 1) and 2) the time-domain electric field, E;(f), transmitted through a sample of
effective refractive index n.g(@) and sample thickness L. To obtain frequency-domain
information, E,(f) and E;(f) are Fourier transformed to yield frequency-domain
representations of the fields EO (o) = E,(w) Iei(p"(w) and E 1(@) = Ej(w) [ei(pf(w).
Here, |[E/(®)l, |[Ew)| and @i(w), Py(w) are the amplitude and phase spectra of the
measured electric fields, respectively. The phase spectrum of the reference pulse is
related to the index, n,.s= 1, via @,(w) = k,L + C, where £, is the free space wavevector
and C is an arbitrary constant equal to the phase accumulation of the electric field pulse
as it propagates through the experimental setup. On the other hand, the relationship
between the phase spectrum, @(w), and the refractive index (real part) of the sample is
given by @ () = negf(w) = k,L + C. Thus, nggw) is obtained through the relation

(@)~ (@)
k,L

e (W)= (D.1).

Relative Effective Absorption Coefficient:
Assuming that attenuation of the electric fields E,(¢) and E;(f) are governed by

absorption in the region occupied by the sample, the amplitude spectra of the transmitted
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electric fields E,(¢) and E;(f) can be written in terms of effective absorption coefficients
|Ep(@)H (@) O and | E)(@) H E (@) |71 L Here, |E, ()] and |E1(0)
are the incident electric field amplitudes and «x,(w) and x;(w) are the frequency-dependent
absorption coefficients of the reference and the sample. When |E, ()| = |E; ()|, the

effective absorption coefficient change caused by the sample relative to the reference,

Ax(w), can be expressed as

Kj(w)—x,(w)=Ax(®)= —%ln(:—gl-g—;” (D.2).

The absorption coefficient can be also written in terms of the change in the imaginary
part of the effective refractive index, Alm[ng(w)] via Alm[r.Hw)] = Ax(w)/k,. It should
be noted that when reflection from the surfaces of the sample are appreciable such that

E, (w) #E; (w), the relation for Ax(w) must account for reflection losses.

Effective Electromagnetic Group Velocity:

One can estimate the group velocity, v,, through a sample from the relative
temporal delay of E,(¢) relative to E,(f). Here, the relative delay, AT, is defined as the
time difference between peaks of the time-dependent intensity profiles, /;(¢) and 1,(f). To

obtain the time-dependent intensity profiles, the Hilbert transforms of the real signals
E,(¢) and E;(f) are taken to yield the imaginary parts of the signals, E}; (t) and E} (0.
From the complex electric fields Eo(t)=E0(t)+iE(’;(t) and E 1()=E 1(t)+iE§(t), the
time-dependent intensity profiles are obtained via I,(¢) :Eo (t)E: (¢) and

1 1(t)=§ I(t)E;‘(t), where E:(t) and E;(t) are the complex conjugates of
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Eo ()and E ;(t), respectively. From the relative delay, the effective electromagnetic

group velocity is estimated from

L

Vg, = mm——
&€ AT+L/c

where c is the speed of light.

(D.3)
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Appendix E: Metallization Processes and Characterization

The bimetallic particle samples described within this thesis were prepared using
sputter metallization processes. Prior to metallization, the metallic particles are
chemically cleaned in both isopropanol and acetone solutions, and then physically
cleaned in an ultrasonic bath for ~ 20 minutes. The sputter processes are briefly
described here.

Metallization Processes:

Metal: Au

Sputter System: Kurt J. Lesker Magnetron Sputter System
Process Gas: Argon

Process Gas Pressure: 7 mtorr

Base Pressure: 107 torr

Sputter Gun Power: 75 mW
Sputter Gun Position: High

Metal: Cu

Sputter System: Kurt J. Lesker Magnetron Sputter System
Process Gas: Argon

Process Gas Pressure: 7 mtorr

Base Pressure: 107 torr

Sputter Gun Power: 300 mW

Sputter Gun Position: Low

Characterization Processes:

The resistivities of the metallic films were measured using a four-point probe technique,
which eliminates deleterious contact resistance between the contact and the sample film.
The measurements were made on witness metallic films deposited on cleaned glass
substrates. The thickness of the metallic films was characterized using the Alphastep 200
Profilometer at the University of Alberta Nanofab. The scanning electron microscépe
images of the paﬁicles were obtained using the Scanning Electron Microscope LEO 1430

also at the University of Alberta Nanofab.
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Appendix F: Microwave Transmission Spectra of the Helical

Structure

For transverse THz electromagnetic wave excitation, it was shown in Chapter 6
that the subwavelength helical structure exhibits non-resonant optical activity. No
measurable resonant effects were observed in the THz transmission spectra since the
geometrical resonances associated with the helical structure lie in the gigahertz (GHz)
range. To confirm that the geometrical resonances of the helix are beyond the bandwidth
of the THz spectroscépic measurements, supplementary experiments are performed to
measure the microwave transmission spectra of the helix. The helix is embedded in a
photopolymer matrix (similar to the THz spectroscopic experiments) and mounted in a
microwave wave-guide which supports frequencies ranging from 7 GHz to 12 GHz. The
transmission spectrum of the helix is measured using an Agilent 8720ES SOMHz - 20
GHz S Parameter Network Analyzer. Shown in Figure F.1 (a) and F.1 (b) are the
magnitude and phase spectra of the transmission through the helix where the helical axis
is aligned parallel to the incident polarization of the microwave. Over the bandwidth of
the measurement, there are no observable resonances within error of the measurement.
In contrast, for the configuration where the helic;'al axis is aligned perpendicular to the
incident polarization, distinct resonance features are seen in both the amplitude and phase
spectra [Figure F.1 (c) and F.1 (d)]. This resonance, which is peaked at 10.3 GHz, lies
well below the bandwidth of the THz pulse and is not detected in the THz spectroscopic

measurements in Chapter 6.
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Figure F.1. (a) Magnitude and (b) phase spectra of the transmission through the helix
(used in Chapter 6) where the helical axis is aligned parallel to the microwave
polarization. (c) Magnitude and (d) phase spectra of the transmission through the helix
where the helical axis is aligned perpendicular to the microwave polarization.



