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ABSTRACT

The idea of expanding the range of properties of natural substances with arti-
ficial matter was introduced by V. G. Veselago in 1967. Since then, the field of
metamaterials has dramatically advanced. Man-made structures can now ex-
hibit a plethora of extraordinary electromagnetic properties, such as negative
refraction, optical magnetism, and super-resolution imaging. Typical metama-
terial motifs include split ring resonators, dielectric and plasmonic particles,
fishnet and wire arrays. The principle of operation of these elements is now
well-understood, and they are being exploited for practical applications on a
global scale, ranging from telecommunications to sensing and biomedicine, in
the radio frequency and terahertz domains. Accessing and controlling optical
and near-infrared phenomena requires scaling down the dimensions of meta-
materials to the nanometer regime, pushing the limits of state-of-the-art nano-
lithography and requiring structurally less complex geometries. Hence, within
the last decade, research in metamaterials has revisited a simpler, lithography-
free structure, particularly planar arrangements of alternating metal and di-
electric layers, termed hyperbolic metamaterials. Such media are readily real-
izable with well-established thin-film deposition techniques. They support a
rich canvas of properties ranging from surface plasmonic propagation to neg-
ative refraction, and they can enhance the photoluminescence properties of

quantum emitters at any frequency range.

Here, we introduce a computational approach that allows tailoring the dielec-
tric and magnetic effective properties of planar metamaterials. Previously,
planar hyperbolic metamaterials have been considered non-magnetic. In con-
trast, we show theoretically and experimentally that planar arrangements com-
posed of non-magnetic constituents can be engineered to exhibit a non-trivial
magnetic response. This realization simplifies the structural requirements for
tailoring optical magnetism up to very high frequencies. It also provides ac-
cess to previously unexplored phenomena, for example artificially magnetic
plasmons, for which we perform an analysis on the basis of available materi-
als for achieving polarization-insensitive surface wave propagation. By com-
bining the concept of metamaterials’ homogenization with previous transfer
matrix approaches, we develop a general computational method for surface
waves calculations that is free of previous assumptions, for example infinite or

purely periodic media. Furthermore, we theoretically demonstrate that hyper-



viii
bolic metamaterials can be dynamically tunable via carrier injection through
external bias, using transparent conductive oxides and graphene, at visible
and infrared frequencies, respectively. Lastly, we demonstrate that planar
graphene-based van der Waals heterostructures behave effectively as superme-
tals, exhibiting reflective properties that surpass the reflectivity of gold and
silver that are currently considered the state-of-the-art materials for mirroring
applications in space applications. The (meta)materials we introduce exhibit
an order-of-magnitude lower mass density, making them suitable candidates

for future light-sail technologies intended for space exploration.
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Chapter 1

INTRODUCTION: METAMATERIALS TODAY

“All things are made of atoms; little particles that move around in perpetual motion,
attracting each other when they are a little distance apart, but repelling upon being
squeezed into one another. In that one sentece [...] there is an enormous amount of

information about the world.”

Richard P. Feynman, Six Easy Pieces, 1995

“I can’t see exactly what would happen, but I can hardly doubt that when we have
some control of the arrangement of things on a small scale we will get an enormously
greater range of possible properties that substances can have, and of different things

that we can do.”

Richard P. Feynman, Plenty of Room at the Bottom, 1959

1.1 From atoms to materials, from resonators to metamaterials

The electromagnetic response and optical properties of natural materials arise from
their electronic structure: the way that electrons interact with each other and with
the nuclei (Fig. 1.1a). For example, a material with nearly free electrons behaves like
a metal by screening any incident electric field, whereas when electrons are bound
to the nuclei materials act as transparent media (dielectrics) and fields are allowed
to propagate within them. The electromagnetic response of materials is typically
described through their dielectric and magnetic properties, namely the dielectric per-
mittivity € and magnetic permeability u that enter Maxwell’s macroscopic equations
through the constitutive or material relations [1, 2]. Both € and p, together with
more complex electromagnetic parameters, for example chirality, bianisotropy, and
nonlinearities of materials, are all derived from their crystallographic arrangement

and electronic band structure.

Despite a plethora of naturally available materials, their range of electromagnetic
properties is limited. Listing the most desirable material responses that are unfound
in nature is a matter of personal preference and application of interest. For example,
near-unity material absorption at visible and near-infrared (IR) frequencies is desir-
able for solar harvesting, photovoltaic applications, sensing, and detection. Hence

this functionality is highly pursued with artificial matter [3-5]. With respect to
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imaging technology, the diffraction limit restricts the resolution of an optical system
to A/n, where X is the free space wavelength and n is the index of refraction of
the transparent medium. Hence, an infinitely large index of refraction could allow
for perfect imaging resolution, however, the refractive indices of natural materials
range approximately from 0 to 4. Alternatively, the diffraction limit restrictions
can be alleviated with a negative index of refraction, also not observable in nature.
Specifically, a negative index allows for super-resolution imaging and has been one of
the most targeted functionalities in metamaterials research [6-10]. Another natural
limitation pertains to an asymmetry in the dielectric and magnetic response of natu-
ral materials; although their dielectric permittivity e obtains positive, negative, and
near-zero values for frequencies up to the ultraviolet (UV) regime, the magnetic per-
meability p of natural materials is unity for frequencies beyond the terahertz (THz)
range [2, 11, 12]. Hence natural materials do not interact strongly with magnetic
fields at high frequencies, limiting the degree of control of light-matter interactions

in the visible and IR regime.

The idea of expanding the properties of natural substances was introduced by V. G.
Veselago in 1967 [6]. In his original work, he discussed the implications of a hypo-
thetical medium with simultaneously negative € and p. Veselago made speculations
about conducting ferromagnets with € < 0 and p < 0, however such properties have
not been observed in any naturally occuring material system, to date. Thirty-three
years later, a simultaneously negative € and u system composed of a periodic ar-
ray of conducting split ring resonators and wires was experimentally realized by D.
R. Smith et al. [13]. At that time, the name “metamaterial” was established as
the general term for artificially constructed matter, made of periodically positioned

resonant subwavelength elements, often referred to as “meta-atoms”.

Rather than acquiring their macroscopic electromagnetic response from their chem-
ical composition and electronic structure, as in natural materials (Fig. 1.1a), meta-
materials obtain their properties from the collective response of the meta-atoms,
which are typically resonators that act as mesoscopic artificial electric and magnetic
dipoles. For incident wavelengths much larger than the metamaterial periodicity, the
metamaterial microstructure is not resolved by the incident electromagnetic fields.
Instead, electromagnetic radiation senses the net response of the composite (Fig.
1.1b). Hence the notion of an “effective medium” is typically introduced to describe
the response of such a system. As discussed in the pioneering work by J. B. Pendry
in et al. in [14], “Long wavelength radiation is too myopic to detect internal struc-
ture and, in this limit, an effective permittivity and permeability is a valid concept”.
By employing different meta-atoms, a plethora of new material functionalities have

been demonstrated within the last twenty years. Positive, zero, and negative values
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Figure 1.1: (a) SuperSTEM image of a facetted nano-void in diamond, from the
SuperSTEM facility at the STFC Daresbury laboratory (UK). (b) (i) STEM
image of a stack of graphene and hBN bilayers with the layer sequence schemat-
ically shown to the left, from [15], (ii) TEM image of a Ge/Ag multilayer
metamaterial operating at optical frequencies [12] (iii) SEM image of helical
metamaterial operating at infrared frequencies, adapted from [16] (iv) picture
of a negative index metamaterial with unit cell size in the mm-scale, operating
at microwave frequencies, adapted from [17].

of effective permittivity and permeability at any frequency range are now a reality,

using accurate metamaterial design.

Initial experimental results in metamaterial research in the 2000’s pertained to the
microwave frequency range, with metamaterial elements in the millimeter (mm)-
scale; the photograph in Fig. 1.1b (iv) demonstrates a negative refractive index
composite system, adapted from from [13], which we will discuss in more detail in
what follows. Drastic technological progress in nanofabrication has allowed scal-
ing the dimensions of metamaterial elements down to the micrometer (pum) and
nanometer (nm)-regime. In Fig. 1.1b (iii) we show a scanning electron microscopy
(SEM) image of a triple-helix metamaterial operating as a circular polarizer at IR
frequencies, realized using three-dimensional laser lithography [16]. Fig. 1.1b (ii)
shows a multilayer germanium /silver metamaterial operating at visible wavelengths,
adapted from [12], which will be discussed in detail in Chapter 3, realized with
electron-beam thin-film deposition. Impressively, as of 2012 and despite the dozens
of steps involved, it is now possible to stack two-dimensional materials with inter-
layer separation in the A-regime. Fig. 1.1b (i) (right) shows a cross-section scanning
transmission electron microscopy (STEM) image of a van der Waals heterostructure
composed of six alternating bilayers of graphene and hexagonal boron nitride, as

illustrated on the left, adapted from [15]. The van der Waals interlayer separation
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Figure 1.2: “The next photonic revolution: Metamaterials”, adapted from N.
Zheludev, Plenary talk, CIMTEC 2014, Optical functionalities on demand:
from metamaterials to metadevices

regime coincides with the interatomic separation distance in natural materials, as
shown in Fig. 1.1a. Hence, today we are able to access and control the arrangement
of material systems in the sub-nm regime. In this regime, electronic and electro-
magnetic degrees of freedom compete, paving the way for new classes of artificial
materials composed of layered combinations of two-dimensional (2D) materials in
van der Waals heterostructures. Namely, by controlling simultaneously the geomet-
rical structure, for example by selecting appropriate layer sequencing, together with
controlling the electronic interactions between adjacent van der Waals layers, by
selecting appropriate 2D materials, we are in the position to design new A-scale
(meta)materials with a bottom-up approach. We discuss this regime in Chapter 6
[18].

Since the 2000’s the field of metamaterials has dramatically advanced and tran-
sitioned from the mature research area of electrical engineering at microwave fre-
quencies to the emerging field of nanophotonics, plasmonics, and the physics of light

coupled to nanostructures. Fig 1.2 is a histogram of the number of scientific pub-
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lications in the field of lasers in the 1960’s and 1970’s in comparison to the field of
metamaterials up to 2012. The similar trends in the publication rates, together with
the dramatic technological impact of the lasers in the past, present, and future, show
the potential of metamaterials as an emerging field of both fundamental scientific

merit and technological promise.

1.2 Negative refraction: The wire array and the split ring resonator

It took thirty-three years for Veselago’s original proposal of a medium with nega-
tive refractive index to be experimentally demonstrated by D. R. Smith et al. [6,
13]. This delay is justified as building intuition about the metamaterial structural
requirements for yielding on demand values of € and p was, and often remains, a
challenging task. Successful demonstration of negative refraction was achieved with
the structure depicted in Fig. 1.3c, consisting of a periodic array of interspaced con-
ducting nonmagnetic split ring resonators and continuous wires. The wire medium
and the split ring resonator are now widespread in metamaterial design and their

principle of operation deserves special attention.

The wire array was introduced by J. B. Pendy et al. in [19] in 1996, as a structure
that behaves effectively like a metal with plasma frequency controllable through the
metallic filling fraction of the wires. Hence the plasmonic response of this com-
posite system could be tuned at will, leading to surface plasmonic propagation at
frequencies much lower than the plasma resonance of most noble metals that are
physically bound to the ultraviolet (UV) and visible regime. The principle of oper-
ation of the wire array is based on the fact that conducting channels composed of
wires yield a metallic response with e.g < 0, and by placing metallic wires along all

three coordinate directions (Fig.1.3a) the response becomes isotropic.

The split ring resonator (SRR) was originally discussed by J. B. Pendry et al. in
[14] in 1999, as a way to achieve isotropic negative peg. The search for negative
permeability is motivated by the lack of natural magnetism at high frequencies. As
stated by Pendry et al. in [14], “atoms and molecules prove to be a rather restrictive
set of elements from which to build a magnetic material. This is particularly true
at frequencies in the gigahertz range where the magnetic response of most materials
is beginning to tail off.”. The SRR, shown on the left of 1.3b, is composed of non-
magnetic metal and operates similar to a magnetic dipole; for an incident magnetic
field parallel to the axis of the rings, induced current can produce a magnetic field
that may either oppose (ueg < 1) or enhance (peg > 1) the incident field. The gaps
between the rings in Fig.1.3b serve as control knobs for tuning the magnetic reso-
nance at wavelengths much larger than the diameter of the rings. The smaller ring

has a gap oriented in the opposite side to the large ring in order to generate a large
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Figure 1.3: (a) Schematic of an isotropic € < 0 medium composed of a three-
dimensional periodic lattice of ultra-thin metallic wires, adapted from [19]. (b)
Left-planar view of a SRR, adapted from [13], right-schematic of an isotropic
tet < 0 medium composed of SRRs, adapted from [14]. (c) Top-dispersion
curve for a periodic array of SRRs for magnetic field polarized along the SRR
axis. Bottom-dispersion curve for a directional negative refractive index neg
metamaterial composed of wires and SRRs and wires, adapted from [13].

capacitance in the small gap region and further lower the magnetic resonance. By
constructing a lattice of closely packed SRRs the axes of which are oriented along
all three coordinate directions, as shown on the right of 1.3b, one can achieve an

isotropic peg < 0.

By combining a two-dimensional array of perioridically placed conducting wires
with layers of square arrays of SRR (as shown in Fig. 1.1b (iv)), D. R. Smith et al.
realized the first negative index metamaterial in 2000 [13]. A 2D wire array can be
modeled with an effective dielectric permittivity given by

w2

€f =1 — ;g (1.1)

where w is the frequency of incident radiation, and with w, = (a%VL(r)eo)*l /2,
where ayw is the wire spacing (Fig.1.3a), L(r) is the self-inductance of a single
wire and ¢, is the dielectric permittivity of free space. Similarly, the SRR periodic
arrangement is modeled via

B m(r/asrr)’
1 =31/ poCr3(mw)? + i(2p/wr o)

fregt = 1 (1.2)
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where r is smaller ring’s radius (Fig.1.3b (left)), agrg is the SRR lattice parameter,
[ is the distance between SRR layers, p is the resistance per unit length of the rings
measured around the circumference, C' is the capacitance associated with the gaps
between the rings, and u, is the magnetic permeability of free space. By appropri-
ately positioning the wire array and SRR lattice so that the resonant frequencies of

the two align, a negative index regime occurs (nef = \/€cft floff )-

For the SRR lattice alone, the frequency dispersion of the supported modes is shown
in Fig.1.3¢ (top). The band gap corresponds to the frequency regime for which
te < 0. By appropriately intersecting the wire array (inset in Fig.1.3c (bottom)),
the band gap is eliminated and the emerging passband, shown with the dashed line,
exhibits negative group velocity due to a simultaneously negative eq, which arises
from the plasmonic response of the wires. We note that the negative refraction of
the system introduced by Smith et al. is limited to the polarization depicted at
the inset of Fig.1.3¢c (bottom); for magnetic fields not alined with the SRR axes, or
for electric fields not aligned with the wires axes, the passband exhibits a positive
slope, and hence the group velocity is positive. The seminal works by D. R. Smith,
J. B. Pendry and co-authors shaped the roadmap for research in artificial matter
and established fundamental metamaterial elements that are now widespread in

metamaterial design.

1.3 Planar heterostructures: from photonic crystals to metamaterials

Following the realization of SRR metamaterials and wire arrays, a plethora of sub-
wavelength structures have been reported to exhibit interesting and unprecedented
electromagnetic properties, c.f. Fig. 1.1b. Dielectric nanoparticles [20, 21], fishnet
structures [22-24], helical metamaterials [16], and nanowires [25] have been devel-
oped, operating at IR and even near-IR and visible frequencies. The experimental
realization of such three-dimensional (3D) and two-dimensional (2D) motifs calls
for high resolution nanofabrication methods including electron beam lithography,
nanoimprint, focused ion beam milling, and three-photon lithography. Extending
the properties of such 3D and 2D metamaterials to the visible and UV regime re-
quires reducing their dimensions so that the unit cell does not exceed a threshold of

roughly tens to few hundreds of nanometers.

By contrast to the fabrication requirements of 3D and 2D unit cells of metamaterials,
the experimental realization of unpatterned, one-dimensional (1D) planar layered
media has been well established since the 1980s with thin-film deposition techniques.
Today, thin-film deposition systems include thermal and electron beam evaporation,
sputtering, molecular beam epitaxy (MBE) and atomic layer deposition (ALD), with

accuracy in layer thickness that can reach sub-nm scales in state-of-the-art systems.
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Figure 1.4: (a) Band structure of a 1D photonic crystal: dark zones represent
the allowed bands. (b) SEM image of a 1D photonic crystal composed of
alternating layers of GaAs and Aly.o0Gag.goAs, adapted from the seminal work
by P. A Yeh et al. in 1977 [1, 26].

The precursor of 1D planar multilayer metamaterials is the field of all-dielectric 1D
photonic crystals; structures that flourished within the 1970’s and 1980’s due to

their property to selectively reflect and transmit electromagnetic radiation [1, 26—
29].

Similarly to Bragg diffraction in crystals, where X rays are diffracted by the peri-
odic energy potential of crystalline solids, 1D photonic crystals operate based on
diffraction of light. They are usually composed of a periodic alteration of two di-
electric materials, typically exhibiting a low- and a high-refractive index. One of
the pioneering contributions to the field of 1D photonic crystals was by P. A. Yeh,
during his graduate school years at Caltech, when he developed a transfer matrix
formulation for layered media [1, 26], heavily used in this thesis and in the liter-
ature. The mathematical formulation of electromagnetic fields propagating in the
form of plane waves inside 1D photonic crystals is identical to the problem of an
electron propagating in a periodic potential, which is treated with Bloch’s theorem
[30]. Therefore, similar to the electronic bands and bandgaps in semiconductors, pe-
riodic layered media exhibit photonic bands and bandgaps. Figure 1.4 (a), adapted
from Yeh’s original thesis authored in 1978, shows the typical 1D photonic crys-
tal structure (inset) and its characteristic band structure, where the dark zones
represent the allowed bands, w is the frequency of the incident light, and ( is the
in-plane propagation constant. In Fig. 1.4 (b) we show an SEM image of a Bragg
reflector composed of alternating layers of GaAs and Alp.ooGaggoAs, discussed in
Yeh'’s thesis. Realizing that a simple periodic dielectric layered medium can sup-

port omnidirectional reflection [29], where Maxwell’s equations have no propagating
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Figure 1.5: Reflectance and transmittance spectra of an all-dielectric 1D lay-
ered medium composed of eleven alternating layers of refractive index ny = 1.4,
ng = 3.5.

solutions, led to a broad range of applications and photonic devices, with the most

well-known being the anti-reflection coating.

Contrary to the metamaterial limit, where the wavelength of light oughts to be much
larger than the unit cell periodicity (A > A), photonic crystals operate at wave-
lengths comparable to the periodicity. This comparison in shown in the schematics
of Fig. 1.5. In this figure, regions of unity transmittance and reflectance correspond
to photonic bands and band gaps, respectively, for a 1D periodic layered medium
(frequency scale to be compared to Fig. 1.4 (a)). The band gaps disapear in the
metamaterial subwavelength regime, A > A. In this regime, the field is too my-
opic to the internal structure of the composite and, instead, experiences an average,
homogeneous dielectric environment. In the particular example of Fig. 1.5, the
selected materials are purely dielectric (n; = 1.4 and ng = 3.5), and hence the di-
electric environment seen by large-wavelength electromagnetic fields is transparent.
This explains the nearly perfect transmittance in the metamaterial regime depicted
in Fig. 1.5.
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1.4 Hyperbolic metamaterials

As briefly mentioned above, all-dielectric multilayer metamaterials exhibit a purely
dielectric response in the deep subwavelength limit, where they are transmissive
(Fig. 1.5). By striking contrast, new and exciting effects arise from stacking metal-
lic and dielectric layers to compose planar metallodielectric metamaterials, termed
hyperbolic metamaterials (HMMSs). The field of HMMs has flourished within the
last six years [31-33], however the concept behind their fundamental properties was
discussed as early as in 2001 by I. V. Lindell et al. in [34], and in 2003 by D. R. Smith
and D. Schurig in [35]. A wide range of their exciting properties and functionalities
arise from their unnaturally anisotropic response. To our knowledge, HMMs are
the most anisotropic composite materials reported. In what follows, we introduce

HMDMs and compare them to natural substances.

The frequency dispersion of electromagnetic waves propagating in a bulk isotropic

material is expressed through the equation

k| = nw/c (1.3)

where k is the wavevector of the wave, n is the refractive index of the material
and c is the speed of light in vacuum. By contrast, many dielectric materials, for
example sapphire, hexagonal boron nitride (hBN), silicon carbide (SiC), and others,
are uniaxially anisotropic. In the absence of any magnetic properties, the dielectric
response of uniaxially anisotropic materials is described by the dielectric permittivity
tensor o = diag{eo, €0, €e}, Where €, and €. are the ordinary and extraordinary
components of the tensor. The ordinary directions (z and y axes) refer to the
ones normal to the optical axis of the material, whereas the extraordinary direction
coincides with the optical axis (z axis). Ignoring the y-direction, the dispersion

equation of uniaxially anisotropic crystals is

€c € C
By fixing the frequency w in the dispersion equations (1.3) and (1.4), we obtain
the angular dependence of the wavevector, or k-space of the material, which is also
termed equifrequency contour (EFC). The EFC shape determines fundamental elec-
tromagnetic properties of material systems and is useful in describing light-matter
interactions. As shown in Fig. 1.6a, the EFC of an isotropic material is a perfect
circle with radius nw/c. By contrast, uniaxially anisotropic dielectrics have elliptical
EFCs as depicted in Fig. 1.6b. Typically, dielectric materials occurring naturally
do not exhibit extreme anisotropy; the most uniaxually anisotropic dielectric sub-

stances are nematic liquid crystals with birefringence values An = /€. — /€, ~ 0.4.
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Figure 1.6: Equifrequency contours for (a) an isotropic dielectric medium (Eq.

(1.3)), (b) an anisotropic uniaxial dielectric material (Eq. (1.4) with €zee > 0)
and (c) for a hyperbolic medium (Eq. (1.4) with €. < 0).

By contrast, a hyperbolic medium is one for which the dielectric (or magnetic)
properties along different coordinate directions are opposite in sign, i.e., €5€c < 0
(ttopte < 0). A naturally occurring material that exhibits this response is hBN [36],
however, for hBN this response is physically bound to the IR regime and to a rather
narrowband frequency regime. In the case of a hyperbolic medium, the EFC is no
longer a closed surface as in Fig. 1.6b. By contrast, from Eq. (1.4), the EFC opens

up into a hyperbola, as shown in Fig. 1.6c.

The EFC diagram is useful, among others, in computing the group velocity and
density of optical states for bulk propagating modes in material systems. Namely,

given the dispersion equation w(k), the group velocity is [2]

dw
ok

—

Ug = (1.5)

Hence, the group velocity vector is normal to the EFC and points in the direction
of its displacement as a function of increasing frequency [2, 37]. From Fig. 1.6a and
Eq.(1.3), we see that, for light propagation in isotropic materials, the direction of
the group velocity vg coincides with the direction of propagation, i.e., the direction
of k. By contrast, due to the elliptical EFC shape of anisotropic dielectric media
(Fig. 1.6b), the propagation direction may differ from the group velocity, however
the two typically define an acute angle due to small birefringence values in naturally
occuring materials. The case of HMMs is of special interest as, in this case, vg and k
can form an obtuse angle, a consequence of €,e, < 0, allowing for all-angle negative
refraction. Negative refraction and its implications have been widely reported within
the last decade using HMMs [36-40].

HMMs are also often utilized as metamaterial platforms for enhancing the lumi-

nescence properties of quantum emitters [41, 42]. The fundamental parameter re-
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Figure 1.7: The physical implementation and corresponding equifrequency
contours for (a) type I HMMs, with metallic wires in a dielectric host, and for

(b) type II HMMs, with metallodielectric multilayers. Figure adapted from
[33].
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sponsible for this functionality is the density of optical states (DOS), which is often
enhanced using HMMs. Particularly, the DOS is given by [30, 41, 43]

—

— £2 3
D) = () /Sheudk (L.6)

where L3 is the the physical volume of the system and the quantity Jshen Bk ex-
presses the volume enclosed by two EFCs corresponding to frequencies w and w+dw,
respectively. Therefore, the open-shaped EFCs that HMMs exhibit (Fig. 1.6¢) re-
sult in larger DOS compared to conventional isotropic or anisotropic dielectric media
(Fig. 1.6a and b, respectively). Based on the large DOS of HMMs, many interest-
ing phenomena have been recently discussed in the literature, including topological
transitions in metamaterials [42], Purcell factor enhancement [41, 44] and directional

light emission [45].

The physical realization of HMMs requires composite structures with drastically
different dielectric properties along different coordinate directions, in order to induce
the e,ee < 0 response that we discussed above. To date, there are two well known
ways to realize HMMSs; the first one is with metallic wires in a dielectric host, or,
vice versa, with dielectric wires in a metallic host. In this case, depicted in Fig.
1.7a, the out-of-plane (z) or extraordinary permittivity is negative, €, < 0, while in
the ordinary directions (z and y), the response is dielectric with ¢, > 0. This type
of hyperbolic response is typically referred to as type I and its three-dimensional
EFC is shown in Fig. 1.7a.

Type II HMMs are ones that support ¢, < 0 while €. > 0. This type of response is
easily achievable with metallodielectric multilayer metamaterials (Fig. 1.7b). The
hyperbolic response of metallodielectric multilayers can be interpreted as follows:

along the ordinary directions (z and y in Fig. 1.7b), the metallic layers dominate
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as charge carriers are free to transport without encountering dielectric barriers,
and hence the system behaves as an effective metal with negative permittivity. By
contrast, in the extraordinary (z) direction, the dielectric layers act as barriers of
conduction and the system responds as an effective dielectric with positive permit-
tivity. We note that there are certain frequency regimes at which type I hyperbolic

response can be observed with metallodielectric layered metamaterials [32, 33].

1.5 Scope and structure of the thesis

The scope of this thesis is to provide theoretical and computational tools to model
the response of planar heterostructures, mainly in the subwavelength limit and fo-
cusing on planar HMMs, together with providing approaches for characterizing them
experimentally. Until now, the response of planar HMMs has been mainly modeled
with effective medium approximations that date back to 1985 [46]. A large portion
of the thesis is focused in addressing certain properties of planar heterostructures
that previous EMAs or other approaches, discussed in detail in Chapter 2, tend
to omit [47]. Hence, we unveil and address in detail in Chapter 3 the magnetic
response of planar heterostructures, typically expressed through the effective mag-
netic permeability [i,g. Until now, the consensus in metamaterials research was that
planar metamaterials do not possess magnetic properties and fi,g = I. By contrast,
in Chapter 3 we propose a concept for tailoring the effective magnetic response
within planar, unpatterned, 1D multilayer structures [12]. We show theoretically
and experimentally that the magnitude and sign of the permeability tensor may be
engineered at will and we discuss its implications. In Chapter 4, inspired by our
results in Chapter 3, we focus on the implications of artificial magnetism on the sur-
face waves that propagate on planar heterostructures. Previously, HMMs has been
considered to mainly support transverse-magnetic (TM) polarized surface plasmon
polaritons due to the metallic layers that support plasmons below their plasma
frequency. By inducing artificial magnetism in HMMs, we show that it is possi-
ble to guide transverse-electric (TE) polarized surface waves simultaneously with
their TM counterpart. We particularly focus on transition-metal dichalcogenides
and polar dielectric media and discuss regimes of simultaneously TM and TE, i.e.
unpolarized, surface wave propagation with the purpose of generalizing previously

polarization-dependent plasmonic properties of metals.

In Chapter 5, we switch gears and discuss possible means of inducing active tun-
ability in planar arrangements, with the scope of actively controlling the dispersion
characteristics of metamaterials. Practical implications of these results pertain to
optical components, for example in optical switches, tunable polarizers, active dis-

plays and holography. We discuss the visible frequency range where transparent
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conductive oxides (T'COs) can act as tunable materials for inducing active tunabil-
ity in TCO-based planar HMMs [48]. At IR frequencies, we discuss graphene as the
tunable component, that, through carrier injection, can also tune the response of
graphene-based HMMs.

Finally, in Chapter 6 we transition to heterostructures composed purely of two-
dimensional materials, and demonstrate that doped graphite, composed of doped
graphene mono-layers, or graphene/hBN heterostructures can behave as “super-
metals”, surpassing the perfect-electric-conductor response of noble metals at IR

frequencies [18].

We hope that the results of this thesis demonstrate the potential of artificial matter

as a field of study for designing novel optical materials.
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Chapter 2

METAMATERIALS” HOMOGENIZATION

“ Bssentially, all models are wrong, but some are useful.”

George Box, Science and Statistics, 1976

2.1 The concept of homogenization and S-parameter retrieval

The objective in metamaterials’ research is to design composite media for expanding
the properties of naturally available materials. Hence, it is often necessary to design
meta-atoms with complex geometrical arrangements that are drastically different
from the periodic arrangement of atoms in naturally occurring crystalline materials
(Fig. 1.1a). As can be inferred from the complex metamaterial shapes shown in
Fig.1.1b and in Fig. 2.1a, where we show typical SRRs, wire arrays, multilayers and
plasmonic nanoparticles, it is often computationally inefficient, if not impossible,
to attempt solving Maxwell’s boundary condition at each boundary of the problem.
An alternative approach is necessary for modeling complex structures and predicting
macroscopic phenomena. As mentioned in Chapter 1, provided that the wavelength
of the incident electromagnetic field is much larger than the unit of the metamaterial,
it is possible to assign effective parameters that describe the collective response of

a system [14].

This assignment of effective parameters, namely effective dielectric permittivity e.g
and magnetic permeability peg, is termed homogenization. There exists a vari-
ety of methods dedicated to metamaterials’ homogenization, ranging from effective
medium approximations (EMAs) initially developed in the early 1980’s [46, 49-52],
field-averaging approaches [53] and integral method [54-56], and S-parameter re-
trievals. Here, we will focus on S-parameter approaches, initially formulated in the
2000’s by Smith et al. in [57, 58] and by Chen et al. [59].

Conceptually, it is convenient to replace an inhomogeneous composite medium,
which typically consists of a collection of scattering objects, by a homogeneous
medium that exhibits identical scattering response to electromagnetic fields, namely,
the same complex transmission and reflection coefficients, ¢t and r. This correspon-
dence is demonstrated in Fig. 2.1a and b. The composite medium in Fig. 2.1a could
be, for example, an array of SRRs, or plasmonic nanoparticles, nanowire arrays or a

multilayer metamaterial, the meta-atoms of which could be arranged periodically or
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Figure 2.1: (a) An arbitrary composite medium could consist of any combi-
nation of meta-atoms in any arrangement, for example split ring resonators,
plasmonic nanoparticles, nanowires or multilayers. (b) An equivalent homo-
geneous medium that exhibits the same scattering properties as (a) and is
described with an effective permittivity €. and an effective permeability pief.
(¢) Schematic and definition of parameters with respect to Egs. (2.3), (2.4).

aperiodically. This is the fundamental concept of the S-parameter retrieval approach

[57-60], which we explain in detail in what follows.

Let us start by examining the case of a finite slab of thickness d of an isotropic
and homogeneous material with dielectric permittivity € and magnetic permeability
u. Two equivalent parameters that can be introduced to describe the response of
the slab are the refractive index and the impedance, n = /ep and Z = Vi/e,
respectively. By convention, we define the two linear polarizations as shown in Fig.
2.1c: transverse electric (TE) polarized waves, alternatively known as s-waves, have
an electric field vector transverse to the plane of incidence (Ey # 0). Similarly,
transverse magnetic (TM) polarized waves, or p-waves, have a magnetic field vector

transverse to the plane of incidence (Hy # 0).

The basis of the S-parameter retrieval lies on the fact that the complex transmission
and reflection coefficients of an incident electromagnetic field, namely ¢ and r, can
be expressed analytically as functions of n and Z. In order to do this, we introduce
keg = k, = n(w/c)cosf and £ = ZPw/c, where p = —1 for TE polarization while

p =1 for TM polarization, and 6 is the refraction angle inside the slab, as shown in
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Fig. 2.1c, which can be calculated through Snell’s law in the case of homogeneous
substances. In terms of these quantities, the complex transmission and reflection

coefficients, as expressed by Menzel et al. in [60], are:

) 2%k1EA
t(k,&) = €(ky + ka)cos(kd) — i(€2 + kykg)sin(kd) (2.1)
£ < S = haeos(hd) + i€ — by y)sin(d) (22)

E(ky + ko)cos(kd) — 1(€2 + k1ko)sin(kd)

where k19 = Oé1’2kZ172. We have k,12 = n12(w/c)costinous Where n12 = /€1 2/11 2,
the refractive indices of the surrounding media, and €y, p1, €2, o are the dielectric
and magnetic properties of the surrounding media, as shown in Fig. 2.1c. We define
o' = 1/p; for TE polarization and o = 1/¢ for TM polarization. In Eq. (2.1),
the factor A amounts to A = 1 for TE polarization, whereas A = \/e1u2/eap1. By

inverting Eqs. (2.1, 2.2), we can obtain the expressions for k and &:

k1(1 —12) + ka(t/A)?

kd = :I:alrccos((t/A)[kl(1 s YC r)]) + 2mm (2.3)
_ k2 (r —1)2 — k2(t/A)?
¢ i\/ (r+ 2= (t/A)? (2.4)

Egs. (2.3), (2.4) hold for any angle of incidence, embedded in ki 2. Additional
constraints must be imposed in order to select the correct sign and branch in Eq.
(2.3) and the correct sign in Eq. (2.4). For this, we use the physical requirements
for continuity and passivity. Namely, by starting the retrieval calculations from the
quasistatic limit w — oo, the branch m = 0 is selected. Subsequently decreasing
the frequency requires adjusting the branch number in order to ensure continuity
of the wavenumber k. Furthermore, we must ensure exponential decay for waves
propagating in the positive z direction. Assuming time-dependence of the form
E(t,F) = E(F)ei(EF_wt), the imaginary part of £ must be selected to be positive,
which fixes the sign in Eq. (2.3). Finally a passive medium requires Re(Z) > 0,
fixing the sign in Eq. (2.4).

For complex geometries like the ones schematically presented in Fig. 2.1a, the
scattering properties ¢, r (also termed S-parameters, hence the name S-parameter
retrieval) are usually calculated with numerical methods, for example High Fre-
quency Structure Simulator (HFSS) finite elements approaches, Lumerical Finite
Difference Time Domain (FDTD) simulators, Comsol Multiphysics or the Fourier
Modal method [60, 61]. In what follows, we will refer to the calculation of ¢ and r
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as the forward problem, in contrast to the inverse problem, being the calculation of
k and & through Egs. (2.3), (2.4), given t, r (see Fig. 2.4).

In the case of inhomogeneous substances, the parameter k = keg is the effective
wavenumber of the metamaterial, the determination of which is the scope of ho-
mogenization. keg together with £ allow decoupling of the effective dielectric per-
mittivity €. from the magnetic permeability peg. For the two linear polarizations
we have:

(TE) E%mw)=——f;—(TM) (2.5)

ik, ) = )

_k
§(kx, w)

For TE (TM) polarization, the dielectric permittivity e.¢ (magnetic permeability
eft) is obtained through the dispersion equation for isotropic materials:
B2+ k2 W2
X == (2.6)
Eeff eff c
where kx = nja(w/c)sinb; o = k/ /s a conserved quantity that defines the angle
of incidence and frequency. For isotropic metamaterials, an effective index may

introduced, defined as:
V2 + E(kyg, w)?

w/e

Neff = £ (2.7)
Egs. (2.3), (2.4) are fundamental in understanding the S-parameter retrieval ap-
proach, and have been very widely used in order to obtain and report extraordinary
electromagnetic properties in 2D and 3D metamaterials. Examples include metallic
strip metamaterials [62], SRRs [13, 17, 57-59], fishnet structures [60] and others [37].
The method describe here is general and can be applied to obtain the effective pa-
rameters (€. and peg) along different coordinate directions for any inhomogeneous
slab, in the quasistatic limit. Despite its generality, the S-parameter approach must
be used with caution and the derived parameters e.g and peg have to be assessed

critically.

We briefly highlight that for the retrieval to be valid, in other words for the di-
electric and magnetic effective parameters to be a useful macroscopic description
of the metamaterial, the system under consideration oughts to be in the subwave-
length limit. Issues of non-locality and spatial dispersion, i.e. the dependence of
effective parameters on the wavenumber, arise when the metamaterial unit cell is
not deeply subwavelength [63]. In this regime, unphysical properties may occur, for
example negative Im(ees, ptef). The conditions under which it is appropriate and
useful to introduce effective parameters for describing the macroscopic response of

metamaterials remains an area of active debate and research, see, for example [54,

63-66).
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We stress that the parameters introduced here (s, pog) are, in general, angle of
incidence dependent. By contrast, the material parameters of naturally occurring
material systems are, in general, angle independent, a property referred to as locality.
In order to obtain local material parameters from €qg, peg, further corrections are
necessary, depending on the symmetry of the metamaterial arrangement. We discuss

this in more detail in Section 2.4.

Additionally, to accurately employ the S-parameter retrieval in subwavelength com-
posite systems, they ought to be centrosymmetric with respect to their center in z.
This is a requirement in order to ensure that the reflection, coming from incidence
from either side (1 or 2 in Fig. 2.1c) is the same, so that the effective parameters do
not depend on the incidence side, and avoid further non-locality complications (for
a detailed discussion see [60, 65]). Furthermore, the applicability of the retrieval is
limited to systems that maintain the polarization of incident light upon reflection

and transmission (i.e. in the absence of depolarization effects).

2.2 Effective medium approximations and the Maxwell Garnett result
for 1D metamaterials

Despite the extremely wide use and applicability of S-parameter retrieval approaches
for 3D and 2D metamaterials [13, 17, 37, 57-60, 62], planar 1D multilayer metama-
terials are typically treated with effective medium approximations (EMAs). Par-
ticularly, planar HMMs, introduced in Section 1.4, constructed of subwavelength
metallic and dielectric layers are almost exclusively treated with EMAs [10, 31-33,
36, 38, 39, 41, 67-69]. The most commonly used approximation for modeling the
dielectric permittivity of a planar 1D multilayer is the Maxwell Garnett approxima-
tion, developed in 1985. We present it below [46].

First we note that a planar heterostructure exhibits uniaxial anisotropy, hence the di-
electric permittivity is a diagonal tensor, € = diag{ex = €, €y = €5, €, = €}, wWhere
€, and €, are the ordinary and extraordinary components of the tensor, correspond-
ing to the directions in-plane and along the optical axis (z direction), respectively.
Here we have assumed that the constituent materials of the planar heterostructure

are isotropic and non-magnetic, for simplicity.

Now let us constrain ourselves to a purely periodic, infinite heterostructure composed
of two materials with dielectric permittivities €; 2 and thicknesses I 2, as shown
schematically in Fig. 2.2. In order to compute €,, we must consider electric fields
tangential to the heterostructure interfaces (z or y). The electric displacement field
at each layer of the heterostructure is given by Dy = €12Fx12, and hence the

average electric displacement over the heterostructure’s period A =1; + [y is
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Figure 2.2: Schematic of an infinite periodic bilayer medium with parameters
(€1,2,l12). Kp is the Bloch wavenumber discussed in Section 2.3. an, by,
Cn, dy are the forward and backward field amplitudes computed through the
transfer matrix for layered media [1]. ky is the in-plane wavenumber, which
remains conserved, and k, jc/ou; are the incident and outgoing out-of-plane
wavenumbers.

1
(D) = L+ (1161Ex1 + l262Ex2> (2.8)

The basic assumption behind the Maxwell Garnett result lies in the following: by
assuming l1 2 < A, where X is the free space wavelength of the incident field, we can
make the approximation that the variation of the electric field Fy inside the het-
erostructure is extremely slow and can be neglected. By further employing Maxwell’s
boundary condition for the continuity of the tangential electric field across a bound-
ary, we arrive at Fy; = Exo = (Fx). Thus, from Eq. (2.8) and Maxwell’s constitutive

equation D = eF, we obtain

1
€0 = m(llq + l262) (29)
Analogously, the average value of E, is
1 Dzl -DZ2
E,) = l l 2.1
< > l1+l2<161 +262) ( O)

By employing Maxwell’s boundary condition for the continuity of the normal com-
ponent of the electric displacement and, again, assuming no field variation within
a period A of the heterostructure, we have D,; = D,y = (D,). Using Maxwell’s

constitutive equation D = eFE, we obtain
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1 1 lh Iy
== - 2.11
€e l1+12 (61 +€2) ( )

Egs. (2.9), (2.11) summarize the Maxwell Garnett result [46]. It is important to
emphasize that the validity of the Maxwell Garnett EMA is dependent upon the
accuracy of the assumption that the fields exhibit negligible variation within the
metamaterial unit cell. For this to be true, the index contrast between the two
materials that compose the heterostructure (/€1 — /€2) ought to be small. Fur-
thermore, EMA approaches, including the Maxwell Garnett result, typically pertain
to a bilayer arrangement that is infinite and purely periodic [46, 49-52]. Finally,
as seen from the analysis above, there has been no reference to magnetic effective
properties. Traditional EMAs for planar heterostructures typically assume peg = 1
along all coordinate directions. This is justified with the argument that the absence
of any circular inclusions in a 1D arrangement of layers precludes the induction of
currents distributions that could resemble a magnetic dipole response. For more

details on the accuracy of this assumption, see Chapter 3.

In contrast to EMAs, the applicability of S-parameter approaches is not limited in
terms of the number of unit cells and constituent materials; the interior of the slab
of thickness d (see Fig. 2.1a) can be composed of any arrangement of meta-atoms,
as long as they are subwavelength and centrosymmetric, as mentioned in Section
2.1. Furthermore, by using an S-parameter approach that accounts for the finite
thickness of the slab, displayed with d in Fig. 2.1a, one can decouple the dielectric
response from the magnetic one, through Egs. (2.5) and (2.6).For more details see
Chapter 3.

Despite the constraints under which the Maxwell Garnett EMA is valid, its simplicity
(see Egs. (2.9), (2.11)) makes it the most widely used method for approximating
the response of a HMM [10, 31-33, 36, 38, 39, 41, 67-69].

2.3 The Bloch wavenumber

Another homogenization approach applicable to planar 1D heterostructures is the
Bloch method [69-71], formulated, among others, in [1]. In its most widely used
form discussed here, it is also constrained to purely periodic bilayer arrangements
that are unbound, similar to EMAs. In contrast to EMAs, the Bloch result holds
at any frequency range and is not limited to the quasistatic metamaterial limit. For
example, the Bloch approach is also widely used for determining the band structure

of 1D photonic crystals.

We start with a bilayer 1D arrangement that is periodic in the z-direction (see Fig.

2.2), with period A. This permittivity of this composite can be expressed through
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€(z + A) = €(z). This dielectric environment is seen by a propagating electric field
equivalently to the way in which an electron wavefunction experiences a periodic
potential in crystalline solids. Hence the formulation of this problem is identical to
the Kronig-Penney model for the band theory of solids [1, 30]. Hence, solutions to

the wave equation are given by

Ex(z,x) = Ex(z)e'kxr—wt oiKp2 (2.12)

where ky is the in-plane wavenumber. Kpy is the Bloch wavenumber that describes
wave propagation in the z direction, together with Ey,(z). Using the Floquet

theorem, we have for Fx(z)

Ex(z +A) = Ex(2) (2.13)

Another formulation of wave propagation in the bilayer periodic layered medium
depicted in Fig. 2.2 is with the traditional transfer matrix approach [1]. Based on
it, the electric field is E(z, z,t) = E(2)e'*=*=«D where E(z) is expressed as a sum

of forward and backward propagating plane waves:

aneFs1@=nh) 4 e=iksi@=nh) - on A ) < 2 < nA
E(z) = , , (2.14)
cpeFn1 @) 4 g emika2@=nh) (DA <z <nA -1

The subscript n pertains to the layer order, as shown in Fig. 2.2. k,; and k, 2
are the out-of-plane wavenumbers at layers 1 and 2, respectively, given by £, 12 =
v/ 6172%22 — k2. The relative amplitudes ay, by, ¢, dy are determined through Maxwell’s
boundary conditions in a matrix form. The details of the matrix formalism can be
found in [1]. Here, we briefly mention that wave propagation in consecutive unit

cells is expressed through

n— A B n
G )-(e 50 219
bn—l ¢ D bn
where A, B, C, D are the transfer matrix elements for the unit cell, presented in

Appendix A.1 for both TE and TM polarizations. In terms of this representation
and from Eq. (2.13) together with S, we obtain

( an ) - eiKBA( fn-1 ) (2.16)
bn bn—l
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Using Eq. (2.15), we obtain

( g lli )( Zz ) :€¢K3A< ZZ ) (2.17)

By solving Eq. (2.17) for the Bloch wavenumber, we get

A+ D

cos(KBA) = 5

(2.18)

Eq. (2.18) expresses a homogenization. Similar to the effective wavenumber keg
that we introduced in Section 2.1 (Eq. (2.3)), the Bloch wavenumber Kp is an
effective parameter introduced to simplify wave propagation inside the multilayer
heterostructure. The left hand of Eq. (2.18) refers to the homogenized system,
whereas the parameters A and D on right hand side pertain to the layered medium

and are functions of €12 and [y 2.

Typically, in the case of HMMs, the Bloch wavenumber Ky is translated into an
effective dielectric permittivity through the dispersion equation for uniaxial media
(see Eq. 1.4 in Chapter 1), by being treated as the out-of-plane (k,) wavenumber
[69, 71]. The wavenumbers presented in Eqs. (2.3) and (2.17), pertaining to the S-
parameter retrieval and to the Bloch approach, respectively, are useful for numerous
reasons apart from serving the purpose of homogenization, as we will discuss in more
detail in Chapter 4. In the limit of a purely periodic infinite medium, Eq. (2.18) is
identical to Eq. (2.3). For details see Chapter 4.

2.4 S-parameter retrieval for 1D metamaterials

The procedure presented in Section 2.1 describes a homogenization for obtaining
effective parameters e.g and peg for any composite system, at any angle of incidence
for either of the two linear polarizations. These results, formulated initially in
[60] are the generalization of previous approaches [57-59], which provided effective
parameters for a particular set of incidence direction and field polarization, i.e. for
a particular set of (E, E , H ). Despite the generality of the S-parameter retrieval for
oblique incidence, the derived effective parameters do not hold the same meaning as

the dielectric permittivity and magnetic permeability of naturally existing materials.

Particularly, the angle of incidence and polarization dependence of the effective pa-
rameters hints that they do not provide direct information about the medium itself.
We will refer to the effective parameters derived from the S-parameter retrieval of
Section 2.1 [60] as wave parameters, emphasizing on the fact that they depend on the

wave polarization and angle of incidence, and we will use the symbols epg/ra(Oin),
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prE/TM(0in) to refer to them. Their angle of incidence dependence typically arises
from intrinsic anisotropy that is not explicitly accounted for by the mere application
of the retrieval discussed in Section 2.1. In contrast to wave parameters, which are
scalars, we introduce the notion of material parameters, which are a global descrip-
tion of a system and are, thus, polarization independent and also independent of
the angle of incidence in the absence of spatial dispersion [72]. Hence, in their most
general form, material parameters are tensors with tensor elements that are inde-
pendent of polarization, angle of incidence and total thickness of the medium [2].
This is, for example, the case for naturally occurring materials, the optical prop-
erties of which are global. By contrast, wave parameters of metamaterials do not

necessarily satisfy these condition [57, 65, 73]. We shall refer to material parameters

with €= diag{exx, €yy, €2, } and [I = diag{fixx, fyy, Hzz}-

The representation of the intrinsic electromagnetic properties of any system in terms
of tensorial dielectric permittivity and magnetic permeability, i.e. material param-
eters, is useful and general. From a theoretical point of view, it provides a concise
description of a system that is independent of the excitation conditions (angle of in-
cidence, polarization, etc). From an experimental point of view, material parameters
are easily captured with conventional methods like spectroscopic ellipsometry; by
rotating a sample to probe different crystal orientations, all the tensor elements may
be obtained. By contrast, it is not straightforward nor meaningful to experimen-
tally probe wave parameters, epg/Tm(0in), ptrE/TM(0in) With conventional material

characterization schemes.

The optimal way to obtain material parameters for metamaterials is to perform
ab initio electronic structure calculations of the meta-atoms arrangements, similar
to natural materials. However this requires very large scale computations and is
currently computationally intractable in terms of CPU performance and memory.
An alternative approach is to take into account the symmetry group of the meta-
material arrangement and to utilize the dispersion equations for its particular class
of anisotropy; isotropic, uniaxial, or biaxial (in the absence of magnetoelectric cou-
pling). The dispersion equation, for a general bianisotropic medium with tensorial
dielectric permittivity € and tensorial magnetic permeability j7 is obtained through

Helmholtz’s equation

kx i '(kxE)+w?€E =0 (2.19)
In this chapter we present a method developed for determination of material param-
eters for metamaterials with uniaxial anisotropy [47]. We shall refer to this method

as material parameter retrieval, as opposed to the S-parameter retrieval described



25

(a) opticall axis (b) d

O
Yo X
© ’
Ot
o~

out

|
uniaxial slab

Figure 2.3: (a) Three-dimensional representation of the composite uniaxial
slab that can be, among others, (b) a nanowire array or (c) a multilayer meta-
material. (d) Projection of (a) onto the zz plane and our convention for the
angle of incidence.

in Section 2.1 [60], which we will refer to as wave parameter retrieval. We are moti-
vated to investigate uniaxial metamaterials due to their extraordinary properties in
the limit of parameters of opposite sign along different coordinate directions, which
we briefly discussed for the case of HMMs in Section 1.4. The two particular config-
urations that are of special interest are nanowire arrays (Fig. 2.3b) and multilayers
(Fig. 2.3c).

For a uniaxial medium, the permittivity and permeability tensors are of the form
€ = diag{exx = €o,€yy = €0, €5 = €c}, and I = diag{ixx = o, fyy = Hoy oz = e},
respectively. The subscript -o pertains to the directions normal to the optical axis
(z and y here, see Fig. 2.3(a)), or ordinary direction, whereas -e pertains to the
optical axis, or extraordinary direction. Carrying out the algebra of Eq. (2.19) for
uniaxial permittivity and permeability tensors, for TE polarization (defined in Fig.
2.2) we obtain

k2 + k2 2
N LA = k2 (2.20)
eo(w, k) pre(w, k) €o(w, k) po(w, k)

For TM polarization, the dispersion is:

K24 k2 2

= = + = = =
€e(w, k)ﬂo(wv k) €o(w, k)uo(wa k)

k2 (2.21)

The dependence of the material parameters €., €,, €5, €, on the wavenumber k
is referred to as spatial-dispersion or non-locality. Spatial dispersion may play
some role in systems that are not in the extreme deep subwavelength limit [72,

74].  Without loss of generality, we consider propagation in the zz plane (i.e.
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Figure 2.4: Flow chart of material parameter retrieval for uniaxial metamate-
rials.

ky = 0). As shown in Fig. 2.2, ky is the tangential wavenumber, which is con-
served and equal to ky = nikesin(bn) = nokosin(@oys), where k, = w/c. Consid-

ering the effective medium with effective parameters et v(6in), frE/TM(0n), We

have nrg/rvm(Bin) = \/€TE/TMATE/TM, hence kx = nrp/rmkoSin(Befiry ), Where
O.ir is the effective refracted angle in the effective medium, as shown in Figs. 2.1,
2.3. With knowledge of nrg Ty through the material parameter retrieval, we eas-
ily obtain g, e Similarly to ky, the normal component of the wavevector is
k, = nTE/TMk:Ocos(Qeff). However k, is also the effective wavenumber, obtained

through Eq. (2.3). From the above, Egs. (2.20), (2.21) yield

sin? (Defrpy ) .\ c08” (feftrs) _ 1 (2.22)
€olle €olo 6TE(Hin),UfTE(Hin)
and
sin? (Ooffryy) N COSQ(eeﬁTM) _ 1 (2.23)
€cllo €ollo GTM(Hin),UTM (ein)

for TE and TM polarization, respectively.

Egs. (2.22), (2.23) connect the wave parameters étg/rm, fTE/TM With the material
parameters €, e, flo/e- At normal incidence i, = 0 and kyx = 0, hence sin(fes) = 0 and
€o = €effTE(ein = 0) = 6effTM (Hin = O) and /-1/0 = MGHTE (eil’l = 0) = ,u‘effTM (Qin = 0) ThlS

is expected since at normal incidence the two linear polarizations are degenerate.

By having already retrieved the ordinary parameters €., to, the wave parameter
retrieval may be applied at oblique incidence for TE (TM) polarization, for obtain-
ing pe (€ ), through Eqgs. (2.22), (2.23) for non-zero cos(6 ). Repeating this

eﬁTE/TM
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process for different angles of incidence allows us to determine the degree of spa-
tial dispersion of the system under consideration. This procedure is schematically
outlined in Fig. 2.4.

2.5 A sanity check

To illustrate the validity of the described retrieval approach, let us first apply it
to an example case. We select a 50 nm slab of silver (Ag), for which we have a
priori knowledge of its parameters: €, = €, = €ag and ji, = pte = 1. We model epq
with a five-poles Drude-Lorentz [75] and calculate its transmission and reflection
coefficients for TE and TM polarization, using the transfer matrix approach [1]. By
applying the wave parameter retrieval (see terminology in Fig. 2.4), we obtain the
parameters erg,rnv (K /) and prg Tk /), presented in Fig. 2.5 as a function of the

incident angle since k /)= kosinfi,, where ko = 27“

For TE polarization and for all incident angles, the effective parameters ety and
uTE are nearly angle independent; see Figs. 2.5a, b, e, f. Furthermore, we have
eTE = €ag and prg = 1 +¢0. Although this is the expected result for both linear
polarizations, TM polarization yields a different response. As can be seen from Figs.
2.5¢, d, g, h, emy is strongly dependent on the angle of incidence, which demonstrates
that it is not an intrinsic material parameter, as we know a priori that silver is
isotropic, and hence it has an angle independent dielectric response. Furthermore,
urym drastically deviates from unity and is also strongly dependent on the angle of
incidence, leading to the same conclusion. Therefore, it is obvious that the wave
parameter retrieval does not yield the properties of silver.By contrast the parameters
et r™ and prg v depend on the illumination conditions (e.g., polarization, angle
of incidence), hence they do not provide direct information regarding the intrinsic

properties of the system under consideration.

This issue was addressed in our discussion in Section 2.4. By utilizing Eqs. (2.20),
(2.21), we obtain the material parameters for the example system, namely ¢, /. and
Hojes shown in Fig. 2.6. As expected, and contrary to the wave parameters, €,/
and p,/, are angle independent and exactly reproduce the optical response of silver:

€0 = €c = €Ag and i, = ple = 1 +10.

This example serves as a sanity check for validating the accuracy of the material
parameter retrieval for planar systems, described in Section 2.4. A similar sanity
check can be applied to any homogeneous material slab with known parameters, as
long as some loss is involved in the system in terms if a non-zero imaginary part in
at least one of €,/e, f1o/e- This is necessary in order for the sign ambiguity in Eq.

(2.3) to be resolved (see discussion in Section 2.1).
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Figure 2.5: Effective wave parameters for a slab of silver of thickness 50 nm.
(a) Re(eru(k)))), (b) Im(ere(k)/))), (c) Re(erm(k/))), (d) Im(eTm(k,))), (e)
Re(ure(k/))), (f) Im(urr(k/))), (8) Re(urm(k/))), (h) Im(urm(k/))), where
k// = kosinfhy. Black dotted lines in (a)-(d) correspond to the dielectric per-
mittivity of silver exg.
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Figure 2.6: Restored material parameters for a slab of silver of thickness 50

nm. (a) Re(eo/e(k//))a (b> Im(eo/e(k//))a <C> Re(:uo/e(k//)); (d) Im(:uo/e(k'//))

2.6 Comparison between S-parameter retrieval and EMAs: u # 1!

By establishing (a) the difference between the nature of wave and material parame-
ters in Section 2.4 and (b) the validity of the material parameter retrieval in Section
2.5, we proceed to examine multilayer configurations, which is the main topic of in-
terest in the thesis. We study a layered system composed of Ag/SiO9 subwavelength
layers of thickness 20 nm each, terminated with SiO5. As discussed in Section 1.4,
metallodielectric multilayer metamaterials exhibit a hyperbolic dispersion, arising
from their unusual property €, < 0. Here, we illustrate this and compare our
results to traditional EMAs.

As illustrated in Fig. 2.4, we start by using the transfer matrix approach for comput-
ing the transmission and reflection coefficients of our multilayer system of varying
number of layers for TE and TM polarization and angles of incidence from 0 to 90
degrees, hence k,, € [0, ko], as in the previous example. By first obtaining the wave
parameters €Tg,Tn, KTE/TM, Which we omit presenting as they do not provide any

physical insight (see discussion in previous section), we obtain the effective tensorial
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Figure 2.7: Effective dielectric permittivity for a multilayer HMM composed
of Ag/SiOq layers [47]. (a) Re(e), (b) Im(e,), (c) Re(ee), (d) Im(ee), and
comparison with the Maxwell Garnett result [46] and a generalized non-local
Bloch approach [69].

dielectric permittivity of the metamaterial, €og = diag{eo, €0, €}, shown in Fig. 2.7.

As expected, the in-plane dielectric response is metallic, ¢, < 0, due to the presence
of Ag, which is a plasmonic metal with ez <0. By contrast, however, in the out-of-
plane direction we have €, > 0. This is justified as the dielectric (SiO3) layers act
as barriers of conduction, hence inducing a dielectric response [31, 47]. Therefore,
in the long wavelength limit we indeed obtain €,6, < 0 and this configuration is
hyperbolic. It is important to highlight the very weak dependence of the parameters
€0, €c On the number of layers. This property is fundamental for material parameters
to be valid, along with angle of incidence independence, which was justified in the

previous section.

In Fig. 2.7 we also compare our results with the Maxwell Garnett EMA, which is
the most widely used approach for approximating the response of HMMs, and with
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Figure 2.8: Effective magnetic permeability for a multilayer HMM composed
of Ag/SiOq layers [47]. (a) Re(eo), (b) Im(e,), (¢) Re(ee), (d) Im(ee).

a generalized non-local EMA based on the Bloch approach (see Section 2.3) [69].
The two EMASs slightly differ from each other as the Bloch-based EMA accounts
for non-local effects, whereas the Maxwell Garnett result does not. Furthermore,
the material parameter retrieval results differ from both EMAs. This is justified
and expected because, as discussed in Sections 2.1, 2.2, 2.3, these EMAs pertain to
an infinite periodic system, hence the finite thickness of the stack in not taken into
account [1, 46, 47, 69]. By contrast, the basis of the S-parameter retrieval and its
generalization to obtain material parameters lies on accounting for finite thickness
effects. In fact, it is this additional information that allows decoupling the dielectric

permittivity from the magnetic permeability, which we present in Fig. 2.8 [12].

We note that, as the number of layers in increased (see colorbar in Fig. 2.7), our
results asymptotically approach the EMA results, along both the ordinary (in-plane)
and extraordinay (out-of-plane) directions. This is consistent with the fact that the
EMA results pertains to the infinite number of layers limit. We highlight, however,
that even for fifty-one layers (twenty-five unit cells), the dielectric permittivity of a
finite stack does not coincide with EMA results. Equivalent findings were reported

in [47] for Ag/SiO9 multilayers terminated by Ag, yielding the same conclusion: the
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exact result produced by the material parameter retrieval discussed in this chapter
deviates from traditionally used EMAs for at least up to thirty layers. We refer to our
method as “exact” because it accounts for the finite thickness of the metamaterials

and does not a priori assume that g = L.

As far as the magnetic permeability fi,g is concerned, we present in Fig. 2.8 the
parameters i, fle. By raising the constraint of jig = I, imposed in previous EMA
approaches that are widely used for approximating the response of HMMs [31, 32, 42,
76], we reveal that metallodielectric multilayer metamaterials exhibit a non-trivial
magnetic response! Both u, and pe drastically deviate from unity, as they exhibit
a resonance approximately at A\ = 10A. To further emphasize on the physicality of
these two parameters, we point out that, similar to €, €e, Lo, and ue also exhibit

weak dependence on the number of layers.

2.7 Conclusion

In this chapter we presented a general method for retrieving the effective material
parameters for metamaterials with uniaxial anisotropy (Fig. 2.3). The effective
parameters we retrieve pertain to the diagonal elements of the permittivity and
permeability tensors, g = diag{eo, €o, €} and [iyg = diag{pio, fto, te }, Tespectively.
The retrieved parameters are angle of incidence independent, hence they are local
material parameters. We apply our approach to planar metallodielectric metama-
terials and arrive to the conclusion that their magnetic permeability deviates from
unity. This is in contrast to the previous consensus [31, 32, 42, 76]. The details of

our method can be supplementary found in [47].

The physical origin of the non-unity magnetic permeability shown in Fig. 2.8, along
with its implications deserve special attention. Hence, we devote Chapter 3 to
optical artificial magnetism with planar metamaterials and we present an analytical
model for understanding this rather surprising result, together with experimental
measurements on fabricated multilayer metamaterials. Additionally, we perform
impedance matching sanity checks that confirm the validity of our results (please
see Fig. 3.6 in Chapter 3).
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Chapter 3

ARTIFICIAL MAGNETISM IN PLANAR METAMATERIALS

“Science is made up of mistakes, but they are mistakes which it is useful to make,
because they lead little by little to the truth.”

Jules Verne, A Journey to the Center of the Earth, 1864

3.1 Previous approaches: Artificial magnetism in 3D and 2D

In the optical spectral range, the magnetic response of most materials, given by the
magnetic permeability u, is generally weak. This is famously expressed by Landau
and Lifshitz [2]: “there is no meaning in using the magnetic susceptibility from the
optical frequencies onward, and in discussing such phenomena, we must put u = 1"
By contrast, in the optical regime, materials possess a diverse range of dielectric
properties, expressed through the dielectric permittivity €, which can be positive,

negative or zero.

(a) (b)

@ @

(c) (d

.Z (optical
axis) 2a.

™ MgF, ™ Au ® SigN,

Figure 3.1: Previous results on artificial magnetism with 3D and 2D metama-
terials. (a) dielectric rings and nanoparticles, adapted from [21], (b) fishnet
metamaterials, adapted from [22], (¢) SRRs, adapted from [11] , (d) high-e
wire medium, adapted from [25].
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(a) i (b)

3D

Figure 3.2: Main design motifs for 3D and 2D magnetic metamaterials. In-
duced magnetization in (a) dielectric nanoparticles (3D metamaterials) (b) in
dielectric nanorods (2D metamaterials).

The weak magnetic response in natural materials has motivated a search for struc-
tures and systems that may exhibit magnetic properties arising from metamaterial
design. Specifically, engineered displacement currents and conduction currents can
act as sources of artificial magnetism when metamaterials are illuminated with elec-
tromagnetic fields [11]. Nonetheless, until now, the realization of such magnetic
metamaterials has required rather complex resonant geometries [11, 77, 78], includ-
ing arrays of paired thin metallic strips [62, 79|, split ring resonators [80-82], and
fishnet metamaterials [22], shown in Fig. 3.1 - structures that require sophisticated
fabrication techniques at optical frequencies. The principle of operation of such

magnetic metamaterials is outlined below.

A circulating electric current can create a magnetic dipole and is the key to inducing
magnetism in magnet-free systems. Based on this principle, induction coils generate
and induce magnetic flux, allowing to manipulate magnetic fields at radio frequencies
(RF). The same concept is widespread in metamaterials design [83, 84]; similarly to
the RF regime, by properly shaping metamaterial elements to produce a circulating
current flow, magnetic dipoles are induced. Dielectric nanoparticles [20, 21, 85-88]
and nanorods [25, 89] have been the building blocks for 3D and two 2D magnetic

metamaterial structures, respectively (Fig. 3.2).

3.2 Parameter space for p and ¢

Despite astonishing previous reports on magnetic metamaterials within the last
twenty years, it is east to see that harnessing artificial optical magnetism, namely at
frequencies above the terahertz range, remains a challenging task. The experimental
realization of 3D and 2D motifs requires multiple and complicated nanolithography

steps, with precision in the nm-scale. By contrast, planar heterostructures and in
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particular metallodielectric multilayer HMMs, discussed in the previous chapter, are
straightforward to realize experimentally with well-established thin-film deposition
techniques (see discussion in Section 1.3). However, such heterostructures, along
with their all-dielectric counterparts, are generally considered non-magnetic [31, 32,
42, 46, 69, 76].

The rather simple geometrical structure of HMMs could drastically simplify the
means by which we harness artificial magnetism. Furthermore, their hyperbolic
dispersion constitutes them attractive candidates as a platform for investigating
magnetic effects. Particularly, in contrast to their assumed-to-be-trivial magnetic
response, their dielectric properties may be engineered at will along all coordinate
directions, yielding interesting hyperbolic and plasmonic effects. Exciting phenom-
ena attributed to dielectric hyperbolic response, €,¢, < 0, include but are not limited
to negative refraction [31, 36, 3840, 90] without the need of a negative refractive
index, hyper-lensing [9], extreme enhancement in the density of optical states [42]
and interface-bound plasmonic modes [8, 71, 91-94]. Nevertheless, all these intrigu-
iging physical effects and related applications are limited to TM polarization, while
phenomena related to TE polarized waves have remained largely unexplored. Uti-
lizing the effective magnetic response (i.e. peg = diagq{io, o, fte} # I) is necessary

to harness and control arbitrary light polarization (TE as well as TM).

Namely, a uniaxial material with €, < 0 while €, > 0 supports negative refraction of
phase for TM polarization. On the other hand, for ¢, > 0 while €, < 0, the material
supports negative refraction of phase for the same polarization [2]. Furthermore,
a plasmonic metal or a metamaterial with negative permittivity, ¢ < 0, supports
surface plasmonic waves. These properties are shown in the first quadrant of Fig.
3.3 and have been demonstrated with HMMs [31, 36, 38—40, 71, 90, 91].

By duality, a uniaxial material system with a hyperbolic magnetic response of the
form p, < 0 while pe > 0 can allow for negative refraction of phase for TE polar-
ization, demonstrated in the second quadrant of Fig. 3.3. Equivalently, if pu, > 0
while pe < 0, negative refraction of energy would be supported for TE polarization
(fourth quadrant in Fig. 3.3). Similarly, a negative p will yield magnetic plas-
mons for TE polarization, the magnetic counterpart of surface plasmon polaritons
(SPP), as demonstrated in the third quadrant of Fig. 3.3. Finally, gaining con-
trol over the magnetic permeability in planar systems can yield impedance-matched
epsilon-and-mu-near-zero (EMNZ) optical responses (Fig. 3.3-middle) [96]. While
it is straightforward to tailor the permittivity to cross zero in planar metamaterials
[97], a simultaneously EMNZ metamaterial at optical frequencies has not yet been

demonstrated. To date, none of the aforementioned exciting physical effects have
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Figure 3.3: Parameter space for p and € in uniaxial structures. First quad-
rant: engineered dielectric response yields TM-polarization plasmonic surface
waves (¢ < 0) and hyperbolic metamaterials of type I (e, < 0) or II (e, < 0),
typically employed with metallic nanowires and metallodielectric multilayers,
respectively (HMM schematics adapted from [95]). Second and fourth quad-
rants: Engineerring peg can yield TE-polarization hyperbolic response of type
IT (o < 0) or I (ue < 0), supporting negative refraction of phase and en-
ergy, respectively. Middle: € and p near zero (EMNZ) regime: phase diagram
demonstrating vanishing phase of incident light.

been demonstrated at high frequencies for TE polarization.

3.3 Artificial magnetism in 1D

Motivated to search for ways to induce artificial magnetism in planar systems, we
start by considering a single subwavelength dielectric slab of refractive index ngijel
and thickness d. When illuminated at normal incidence (z direction in Fig. 3.4a),
the displacement current Jy= iweo(n?ﬁel — 1)E induces a macroscopic effective mag-
netization Mg = 1/2u0 [(7 % JydS [2, 25, 53]. By averaging the magnetic field,
(H) = fflil% H(z)dz, we use peg ~ 1+ Meg/(1o(H)) to obtain an empirical closed-
form expression for the magnetic permeability:

Ziel — 1 e1md /A
Meﬁgl_ndlel{_l_,_nd‘em/} (3.1)

2n3,, tan(ngiewd/\)
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By setting ngje1 = 1, we recover the unity magnetic permeability of free space. From
Eq. (3.1), we see that peg diverges when tan(ngiemd/A) = 0. This yields a magnetic
resonant behavior at free space wavelengths \ = ngieid/p, with p = 1,2,... At these
wavelengths, the displacement current distribution is anti-symmetric, as shown in
Fig. 3.4b for p = 1,2. This anti-symmetric current flow closes a loop in y = 00 and
induces a magnetization Meﬂ‘ that is opposite to the magnetic field of the incident
wave (Fig. 3.4a), leading to a magnetic resonance. Eq. (3.1) enables estimating the
design parameters for enhanced magnetic response; in the long-wavelength limit,
only the fundamental and second order resonances, A = ngield, ngie1d/2, play signifi-
cant roles. In the visible and near IR, with layer thicknesses on the order of 10— 100
nm, dielectric indices higher than ngje ~ 2 are required for strong magnetic effects
[98]. The same principle applies for grazing incidence, with the displacement current
inducing a magnetic response in the extraordinary or, out-of-plane (z) direction. So
far, we have shown that the circular shape designed to support a closed current loop
is not a requirement for magnetic metamaterials. A planar structure suffices, for

which the current loop closes in + infinity.

In order to make this magnetic response significant, we extend this principle to
multilayer configurations. We first examine the case of two infinite parallel wires in
air, carrying opposite currents (Fig. 3.5a). Their net current distribution induces
a magnetic moment which scales with their distance, as dictated by Meff x 7 xJ.
This is directly equivalent to a layered configuration composed of two high-index
dielectrics separated by air. Their displacement current distribution can be anti-

symmetric on resonance, as shown in Fig. 3.5b. By calculating their magnetic

@ R
Hav g Meff

‘\d-) Zﬂ\xyvy

(b)

172

12 0
1D z (in d)

Figure 3.4: A 1D dielectric slab suffices for inducing artificial magnetism. (a)
Ffavg is the average magnetic field which faces in the direction opposite to M.
(b) Displacement current distribution at resonance for p = 1, p = 2, for a 90
nm slab of refractive index ngie] = 4.5.
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permeability peg [47], we confirm the magnetic character of this arrangement. As

shown with the black curve in Fig.3.5¢c, peg strongly deviates from unity.

The planar geometry does not require that the two high-index layers be separated by
air; any sequence of alternating high-low-high refractive index materials will induce
the same effect. For example, replacing the air region with a layer of metal, with
Nmetal < 1 at visible wavelengths, does not drastically change the magnetic response.
This is shown in Fig. 3.5¢ with the red curve for a separation layer of silver. There-
fore, at optical frequencies, metals do not contribute significantly to the magnetic
response in this planar configuration. This is in contrast to the gigahertz regime,
where the conduction current in the metallic components of resonant structures has

been necessary for strong magnetic effects [79-82]. From the magnetic field distri-
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Figure 3.5: Enhancing 1D artificial magnetism with multilayer configurations.
(a) Two infinite wires carrying opposite currents are equivalent to (b) two
dielectric layers (blue shaded regions) separated by air (pink shaded region)
in terms of their current distribution. Arrows in (b) indicate the direction of
fd, which is anti-symmetric at resonance. (c) Effective permeability for two
dielectric layers separated by air and silver. Inset: tangential magnetic field
distribution at resonance: average magnetic field is opposite to Mg
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bution shown in the inset of Fig. 3.5c, one can see that the average magnetic field
faces in the direction opposite to the magnetization, expressing a negative magnetic

response for the dielectric/silver unit cell.

3.4 Another sanity check: Impedance matching

Here we showed that planar configurations, consisting of either metallodielectric
multilayer HMMs or alternating high- and low-refractive index layers, possess mag-
netic properties. We are able to compute their magnetic permeability by utilizing
an S-parameter retrieval-based approach (discussed in Chapter 2 and in [47]). Con-
trary to previously used EMA-based approaches that assume an infinite periodic
arrangement [31, 32, 42, 46, 69, 76], our approach accounts for the finite thickness
of the metamaterial. By lifting the assumption of an infinite medium, both trans-
mission T and reflection R coefficients can be computed and utilized. This allows
obtaining an effective wavenumber keg together with an effective impedance Zg [58,
99]. These parameters are then used to decouple the effective permittivity from the
permeability through keg = \/€cfleft s and Zeg = ’é%. By contrast, Bloch-based
approaches [1, 69] only consider a Bloch wavenumber Kpjocn, with no other infor-
mation available for allowing decoupling pes from e.g (for details see Section 2.3).
Both the Maxwell Garnett EMA [46] and its Bloch-based generalizations (for exam-
ple [69]) are based on the assumption that peg = 1. For a more detailed discussion

see Chapter 2.

By letting the magnetic permeability pe.g be a free parameter, instead of a priori
setting u.g = 1, we obtain magnetic resonances at wavelengths where magnetic
dipole moments occur, as demonstrated in Figs. 3.4b, Fig. 3.5 b, c. This confirms
the physicality of the non-unity u; magnetic resonances arise at wavelengths where

the system supports loop-like current distributions.

Another way to establish the validity of the effective parameters is to perform an

impedance-matching sanity check in the low loss limit. Based on electromagnetic
Mo

theory, the impedance of a structure at normal incidence, Z.g = o, must be unity
at transmittance |T'|?> maxima. As seen in Figs. 3.6a and b, the retrieved parame-
ters €, and pu, accurately describe the scattering properties of both metallodielectric
and all-dielectric metamaterials of finite thickness, respectively. By contrast, not
accounting for a magnetic permeability leads to inaccurate prediction of transmit-
tance maxima. This is seen both by our S-retrieval-based approach while setting a
priori the magnetic permeability to unity (Z,-1), and with the traditional EMA;

both approaches fail to predict the resonances.

In what follows, we focus on metallodielectric multilayer metamaterials due to their
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Figure 3.6: Impedance matching sanity check at normal incidence for (a) a
twenty-five layers dielectric/Ag metamaterial, for ng;; = 4 and for (b) a seven-
teen layers all-dielectric ngi] = 4.5/air metamaterial. The transmittance |T|2
calculation (blue solid line) was performed with the transfer-matrix formal-
ism for the physical multilayer system in the lossless limit. The dielectric and
magnetic effective model (Zeg = /Jio€o) (red solid line) accurately captures
the resonances unlike the non-magnetic approach (Z,4=1) (red dashed line)
and the Maxwell Garnett EMA (black solid line).
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interesting hyperbolic response. We show experimentally that it is possible to induce
a significant additional magnetic response if the dielectric layers are composed of
high-index materials that are capable of supporting strong displacement currents at

optical frequencies.

3.5 Experimental method: Spectroscopic ellipsometry for metamateri-
als
In order to experimentally validate the theoretical findings discussed in the previous
sections, we fabricated metamaterials composed of SiO2/Ag, TiO2/Ag and Ge/Ag
alternating layers. These dielectrics, with refractive indices at optical frequencies
ranging from ngio, ~ 1.5 to nrio, ~ 2 and nge ~ 4 — 4.5, were selected in order to
demonstrate experimentally that as the refractive index is increased, the magnetic
effects are enhanced, as the empirical formula of Eq. (3.1) suggests. We prepared
the layered SiO2/Ag, TiO2/Ag metamaterials by electron-beam evaporation onto Ge
substrates. The Ge/Ag sample was deposited on a Si substrate to avoid interface
effects with the first Ge layer. All samples discussed in this work contain layers of 30
nm of Ag. Each Ag layer was deposited by first seeding a 2 nm AgO layer that was
reduced to Ag under vacuum, a process followed for obtaining smoother interfaces
[100]. Atomic force microscopy measurements indicated Ag roughness of 2.13 nm.
The thickness of the Ge, TiOs, and SiOo was aimed to be 40 nm. Deviations from
the aimed thicknesses were measured with TEM, varying 20 nm. TEM images of

the fabricated samples are displayed in Fig. 3.7.

First we measured the optical constants of the individual constituent layers in a vari-
able angle spectroscopic ellipsometer (VASE) system from J. A. Woollam. We also
determined their thicknesses with TEM imaging. We refer to this step as for forward

problem, as indicated in the schematic of Fig. 3.8. Specifically, it pertains to fitting

(1)  SiO/Ag (b) TiO,/Ag (c)  GelAg

Figure 3.7: Transmission electron microscopy (TEM) images of fabricated
samples. (a) SiO2/Ag metamaterial, (b) TiO2/Ag metamaterial, (¢c) Ge/Ag
metamaterial.
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Figure 3.8: Experimental approach - Spectroscopic ellipsometry for uniaxial
metamaterials. The forward problem involves fitting the experimental data
using the physical multilayer geometry whereas the inverse problem pertains to
the fitting of the effective parameters to the raw experimental data in a uniaxial
and Kramers-Kronig consistent model (Meta6 from WVASE (Woollam Co.)).

the experimental data using the physical multilayer structure. By experimentally
determining the thickness and optical properties of the metamaterials constituent
layers, we were able to homogenize them by assigning them effective parameters
(€0, €y Mo, He) [47], while taking into account fabrication imperfections. We then
performed ellipsometric measurements of the full metamaterial stacks and fitted the
experimental data with the effective parameters we computed, in a uniaxial and
Kramers-Kronig consistent model, while the total metamaterial thickness was held
to the value determined through TEM. The fittings were over-determined as the
number of incident angles exceeded the total number of fitted parameters. Addi-
tionally, we performed fittings using the EMA model for comparison. The VASE
system utilizes a Levenberg-Marquardt regression algorithm for the fittings. We use
the META6 model of WVASE to incorporate the uniaxial anisotropy.

3.6 Experimental verification of artificial magnetism in 1D

Here we display the fitted effective parameters €,, €., to, e obtained through spec-
troscopic ellipsometry for the three samples discussed in Fig. 3.7. As expected
from the previous sections, these metamaterials are hyperbolic in terms of their
permittivity (in other words they are hyperbolic for TM polarization), i.e. €,e. < 0.
Importantly, we confirm their magnetic character as their magnetic permeability

deviates from unity along all coordinate directions.
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Figure 3.9: Experimentally determined (a) po, (b) €, (¢) pte, (d) € for
SiO2/Ag-green, TiO2/Ag-blue, Ge/Ag-red metamaterials. Solid lines-real
parts, dashed lines-imaginary parts. Shaded regions in (a) indicate the regime
of magnetic resonances in p, for the studied metamaterials. Asterisks in (a)
and (b) indicate the EMNZ wavelength for the Ge/Ag metamaterial. The
EMNZ condition is confirmed by a vanishing phase of the transmission coeffi-
cient at the EMNZ wavelength, shown in the inset of (a).

Namely, Fig. 3.9a shows that increasing the dielectric index redshifts the magnetic
resonance in the ordinary direction p,; the SiOy/Ag metamaterial supports a mag-
netic resonance in the long-wavelength ultraviolet (UV) regime (~300 nm), whereas
the TiO2/Ag and Ge/Ag metamaterials exhibit resonances in the blue (450 nm) and
red (800 nm) part of the spectrum, respectively. The enhanced absorption in Ge
at optical frequencies leads to considerable broadening of the Ge/Ag metamaterial
magnetic resonance, yielding a broadband negative magnetic permeability for wave-
lengths above 800 nm. We note that previously reported metallodielectric HMMs
have primarily featured dielectric layers with lower-refractive indices, such as LiF
[101], Al,O3 [76, 102, 103] and TiO2 [42]. Fig. 3.9 shows that, for layer thick-
nesses below ~50 nm, these lower-index dielectric/metal systems exhibit magnetic

resonances in the UV-short wavelength visible regime.

Furthermore, the presence of Ag induces a negative ordinary permittivity €, (Fig.
3.9b), which, for the Ge/Ag metamaterial, becomes positive above 800 nm due to the

high-index of Ge. Notably, €, crosses zero at 800 nm, similar to u,, as emphasized
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Figure 3.10: Panel pairs ((a), (b)), ((c), (d)) and ((e), (f)) show the agreement
between raw experimental data, ¥ and A, and the ellipsometric fitting, for the
SiO2/Ag, TiO2/Ag and Ge/Ag metamaterial, respectively. Shaded regions
in (a), (b) emphasize the disagreement between experimental data and the
effective medium approximation (EMA).

with the asterisks in Figs. 3.9a, b. Thus, the Ge/Ag metamaterial exhibits an EMNZ
response at optical frequencies. The EMNZ condition is confirmed by transfer-
matrix analytical calculations of the physical multilayer structure. As shown in
the inset of Fig. 3.9a, the phase of the transmission coefficient vanishes at the
EMNZ wavelength, demonstrating that electromagnetic fields propagate inside the

metamaterial without phase advance [96].

By comparing p, and g in Figs. 3.9a and c, respectively, one infers that increas-
ing the dielectric index leads to enhanced magnetic anisotropy. The parameter i,
only slightly deviates from p, for the SiO2/Ag metamaterial, while the deviation
is larger for the TiO2/Ag one. For the Ge/Ag metamaterial, y, remains positive
beyond 800 nm, while u, < 0, indicating magnetic hyperbolic response for TE po-
larization. Furthermore, all three heterostructures exhibit hyperbolic response for
TM polarization, with ¢, < 0 and €, > 0 (Figs. 3.9b, d). Consequently, the Ge/Ag

metamaterial possesses double hyperbolic dispersion.

The ellipsometrically measured parameters ¥ and A correspond to the relative
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change of polarization state in amplitude and phase, respectively, of a reflected
beam off a sample. With respect to the complex reflection coefficients for TM and

TE polarization, rpy and rrg, ¥ and A are defined as rpy/rrE = tan(¥)e'l.

Figs. 3.10a-f demonstrate excellent agreement between fitting and raw experimental
data. In Figs. 3.10a, b, we also provide a Maxwell Garnett EMA-based fit for the
Si0y/Ag metamaterial. The EMA fails to reproduce the experimentally measured
features, in both ¥ and A (grey-shaded regions in Figs. 3.10a, b), which correspond
to magnetic permeability resonances, as can be seen in Fig. 3.9a. These findings
are consistent with the results discussed in Fig. 3.6. Similar EMA-based fits for
the TiOy/Ag and Ge/Ag metamaterials lead to large disagreement with the experi-
mental data across the whole visible-near IR spectrum and are, thus, omitted. This
disagreement is expected, as the EMA approach is based on the assumption that
the electric field exhibits negligible or no variation within the lattice period [46],

which does not apply to high-index dielectric layers (see Section 2.2 for details).

It should be noted that the dielectric hyperbolic response €,e. < 0 is broadband in
planar systems, as seen in Figs. 3.9b, d. In contrast, the magnetic permeabilities
deviate from unity in a resonant manner along both coordinate directions p, and

e, thereby making TE polarization-based phenomena more narrow-band in nature.

Here we established, theoretically and experimentally, that metallodielectric layered
systems may be described with an effective magnetic permeability that deviates from
unity across all coordinate directions. The purpose of introducing this parameter
is to build a simple and intuitive description for understanding and predicting new
phenomena, such as TE polarization response in planar systems. In what follows we
discuss how the non-unity and, in particular, the negative and anisotropic magnetic
response that we demonstrated (Fig. 3.9) manifests itself in the characteristics of

TE polarized propagating modes (Fig. 3.11) and surface waves (Fig. 3.12).

3.7 Implications of u # 1 for bulk propagating modes

We utilize an example system of dielectric/silver alternating layers, similar to the one
we investigate experimentally. To emphasize that enhanced magnetic response at
optical frequencies requires high-index dielectrics, we let the refractive index of the
dielectric material ngj; vary. The calculations and full-wave simulations presented
here are performed in the actual, physical, multilayer geometry (Figs. 3.11a, d, e
and Fig. 3.12) and compared with the homogeneous effective slab picture (e, pefr
- Figs. 3.11b, ¢). This helps assess the validity of our model and emphasize the

physicality of the magnetic resonances.

First, we perform transfer-matrix calculations for the example multilayer metama-
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Figure 3.11: Analytical calculations of (a) reflectance and (b), (c) isofrequency
diagrams for a metamaterial consisting of five alternating layers of dielectric
ndie: 55 nm/Ag: 25 nm. Solid lines in (a) correspond to TE polarization
whereas dashed lines correspond to TM polarization. Solid lines in (b), (c¢) cor-
respond to real parts whereas dashed lines correspond to imaginary parts. Ver-
tical black lines in (b), (c) indicate the maximum free space in-plane wavenum-
ber k/; = ko. Color code is the same for panels (a)-(c). (d), (e): Numerical
simulation of a fifty-five layers dielectric (ngi = 4)/Ag multilayer metama-
terial. The surrounding medium has index ng,, = 1.55, allowing coupling of
high-£ modes. We increased the number of layers for clear visibility of field
localization inside the structure. Strong field localization is the consequence
of (d) dielectric hyperbolic dispersion for TM polarization (é,€. < 0) and (e)
magnetic hyperbolic dispersion for TE polarization (pope < 0).
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terial and we show in Fig. 3.11a the angle dependence for TE and TM reflectance.
The strong angle dependence for TM polarization is well understood in the context
of an equivalent homogeneous material with anisotropic effective dielectric response

€0€e < 0. Bulk TM modes experience dispersion

k2 + kZ k2 )

- — + - — =k
ce(W, R po(w, k) €o(w, k) po(w, k)

(3.2)

where k, = w/c. This dispersion is hyperbolic, as shown with isofrequency diagrams
in Fig. 3.11b. Losses and spatial dispersion perturb the perfect hyperbolic shape
[32]. In contrast to the TM modes, TE bulk modes interact with the magnetic

anisotropy through the dispersion equation

2 2
ky + k; k2

= 5 + = 5 =
eo(w, k) pe(w, k) €o(w, k) po(w, k)

k2 (3.3)

which is plotted in Fig. 3.11c. For small wavenumbers (k,,/ko, < 1) and small dielec-
tric indices ngje1, the isofrequency diagrams are circular, in other words, isotropic.
This agrees well with our experimental results; as shown in Figs. 3.9a, c, for the
Si0y/Ag metamaterial, ordinary and extraordinary permeabilities do not drasti-
cally deviate from each other. Increasing the dielectric index opens the isofrequency
contours, due to enhanced magnetic response in the ordinary direction (), which
leads to magnetic anisotropy. We note that the displayed wavelengths are selected
at resonances of u,. Open TE polarization isofrequency contours for ngi > 2 are
also consistent with experimental results; as shown in Fig. 3.9 for TiOy and Ge-
based metamaterials, increasing ngje; enhances the anisotropy. This also agrees well
with the picture of the physical multilayer structure, as shown in Fig. 3.11a; the
TE reflectance indeed exhibits extreme angle dependence for increasing dielectric
index. Strikingly, we observe a Brewster angle effect for TE polarization, which
is unattainable in natural materials due to unity magnetic permeability at optical

frequencies [104].

An open isofrequency surface can yield an enhancement in the density of optical
states relative to free space. Physically, this may lead to strong interaction between
incident light and a hyperbolic structure, and enhanced absorption when it is pos-
sible to couple to large wavenumbers from the surrounding medium [105, 106]. So
far, only TM polarization has been considered to experience this exotic hyperbolic
response in planar metallodielectric metamaterials, due to €,e, < 0 [32, 42, 76].
Based on the open isofrequency surfaces for both TE and TM polarizations in Figs.
3.11b, ¢, a high-index dielectric/metal multilayer metamaterial may exhibit dis-

tinct frequency regimes of double, that is, simultaneously TE and TM polarization,
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hyperbolic-like response. To confirm this, we perform finite element simulations of
a (ngiel = 4)/silver multilayer metamaterial for both linear polarizations and set
the index of the surrounding medium to ng, = 1.55 to allow coupling to larger
wavenumbers. To facilitate visualizing the interaction between the fields and the
metamaterial, we consider a thick structure consisting of fifty-five layers. Without
loss of generality, we carry out the simulation in the low loss limit to unveil the
physics while avoiding side effects due to losses. Fig. 3.11d demonstrates the well-
known TM hyperbolic response since the electric field is strongly localized within
the multilayer. Switching the polarization to TE (Fig. 3.11e), we observe similar
hyperbolic behavior, which, however, cannot be attributed to dielectric anisotropic
response as the electric field only experiences the in-plane dielectric permittivity €,
(Eq.(3.3)). The TE enhanced absorption is associated with the pope < 0 condition
[107]; the number of TE modes supported by this metamaterial in this frequency
regime is drastically increased. For a more technical discussion regarding the count-

ing of optical states, see Appendix A.2.

3.8 Implications of i # 1 for surface waves

Here we investigate surface wave propagation in our example system of a layered di-
electric (ngiel)/silver metamaterial. In order to identify the structure’s eigenmodes,
we utilize the mode condition A(w, k,/) = 0, where A is the 1-1 element of the trans-
fer matrix for the layered system (see Egs. (2.15)-(2.17) in the previous chapter) [1].
We implement this condition numerically using the reflection pole method [108]. In
order to ensure surface-confined propagation with fields decaying in air and in the
metamaterial, we impose an additional constraint for the waves to be located in the
optical band gaps of both bounding media. We discuss our methodology in detail

in Section 4.3.

Fig. 3.12a displays the dispersion for TM polarization. The identified surface waves
bear similarity to typical SPPs on metallic interfaces [92, 109] and to plasmonic
waves in metallodielectric waveguides and systems [93]. Their plasmonic nature is
evident as their dispersion asymptotically approaches the surface plasma frequency,
similar to SPPs. We show in Fig. 3.12c their field distribution (dashed lines), and
compare to SPPs on an equivalent silver slab (black dotted lines). Such TM surface
waves on metamaterial interfaces are often associated with an effective negative
dielectric response [71, 91, 94]. This is consistent with our effective dielectric and
magnetic model; as we showed experimentally in Fig. 3.9b, the ordinary permittivity

is negative €, < 0.

Performing the same analysis for TE polarized waves, we find that TE surface-

bound modes also exist (Fig. 3.12b). Their dispersion is parabolic, resembling that
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Figure 3.12: (a) TM and (b) TE surface wave dispersion for a metamaterial
consisting of five alternating layers of dielectric ngi1: 55 nm/Ag: 25 nm. (c)
Field profiles (incidence from the left) and comparison to a surface plasmon
polariton (SPP) on an equivalent Ag slab (black dotted line). Calculations in
(c) correspond to a wavelength of 620 nm for ngie; = 2.5, 880 nm for ngie] = 3.5
and 1100 nm for ngi) = 4.5. Blue shaded regions in (c) indicate dielectric
layers whereas pink shaded regions indicate Ag.

of Tamm states in photonic crystals [94, 110]. However, here, we show that they
also exist in the subwavelength metamaterial limit and can coexist with typical TM
plasmonic surface waves. TE polarized Tamm states have been previously associated
only qualitatively with some arbitrary negative net magnetic response [94]. Here,
we confirm this hypothesis and explicitly connect the dispersion of Tamm states in
planar metamaterials to values of magnetic permeabilities that were experimentally
measured (Fig. 3.9). We further identify their physical origin, which is the strong
displacement current supported in high-index dielectric layers with a loop-like dis-
tribution on resonance. These TE surface waves emerge in the visible regime for

dielectric layers with refractive index ngie) > 2 (Fig. 3.12b), at frequencies where
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the metamaterial exhibits a negative effective magnetic response. For this reason,

these states may be seen as magnetic plasmons.

The frequency regimes in which double surface waves are supported demonstrate
the possibility of exciting TM polarized plasmonic modes simultaneously with their

TE counterparts in dielectric/metal pattern-free multilayers.

3.9 Conclusion

Here we have shown that non-unity effective magnetic permeability at optical fre-
quencies can be obtained in 1D multilayer systems, arising from displacement cur-
rents in dielectric layers [12]. This makes it possible to tailor the magnetic response
of planar hyperbolic metamaterials, which have been previously explored only for

their dielectric permittivity features.

We experimentally demonstrated negative in-plane magnetic permeability in pla-
nar structures, which can lead to double hyperbolic metamaterials. This magnetic
character was verified by performing simple impedance matching sanity checks that
demonstrated the inadequacy of previously used EMA-based approaches for de-
scribing planar metamaterials of finite thickness, and the necessity to account for

the magnetic permeability parameter.

By studying bulk and surface wave propagation, we have identified frequency regimes
of a rather polarization-insensitive response. We reported the existence of TE po-
larized magnetic surface plasmons, attributed to negative magnetic permeability,
which are complementary to typical TM polarized surface plasmonic modes in ma-
terials with negative dielectric permittivity. The results reported here can open new
directions for tailoring wave propagation in artificial magnetic media in significantly
simplified layered systems. The reported findings may enable the generalization of
the unique properties of plasmonics and hyperbolic metamaterials, previously ex-
plored for TM polarized waves and negative permittivity media, for unpolarized

light at optical frequencies.

The topic of unpolarized surface waves is of special interest; at optical frequen-
cies, only the dielectric permittivity € obtains negative values in natural material
systems. Hence, typical SPPs are polarization dependent. Here we demonstrated
that an artificial pueg < 0 may be obtained with simple multilayer configurations,
utilizing materials with relatively large refractive indices, for example Ge at optical
frequencies. This realization motivates us to seek, in Chapter 4, for simplified ma-
terial systems that can support omnipolarization surface-confined waves that can

compete with SPPs in terms of propagation distance and confinement.
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Chapter 4

BEYOND PLASMONS: OMNIPOLARIZATION SURFACE
WAVES

“God made the bulk; the surface was invented by the devil.”

Wolfgang Pauli

4.1 “Large permittivity begets high-frequency magnetism”

Electromagnetic surface waves and their interaction with matter provide a path
for tailoring near-field optical phenomena. The rise of plasmonics holds promise
for advancing a broad range of applications in medical technology [111], chemistry
[112], lasers [113-115] and luminescence [116, 117], among others. Plasmons are
coherent electron oscillations that propagate on a metallic surface [109]. Their
intriguing properties originate from the special dispersion characteristics of Drude
metals, and their uniqueness lies in their large mode confinement. Particularly, the
frequency dispersion of a surface plasmon polariton (SPP) exhibits a characteristic
asymptotically increasing in-plane wavenumber (Fig. 4.4), which is unbound in the
lossless limit. Hence the modal wavelength of a surface plasmonic mode on a noble
metal interface can be up to ten times reduced compared to free-space wavelengths
[118]. For systems involving graphene, this confinement factor can even reach values
of hundreds [119-121]. Despite their extraordinary properties, surface plasmonic
waves are limited by polarization; they require an out-of plane electric field for their

excitation, which makes them relevant only for TM polarized fields.

Most generally, the excitation of a TM polarized surface wave requires a mate-
rial with negative dielectric permittivity e. Apart from plasmonic metals with
a broadband € < 0 below their plasma frequency, this response is also found at
the Reststrahlen band of polar dielectric materials (red highlighted region in Fig.
4.1). Particularly, the permittivity of polar dielectric materials exhibits Lorentzian-
shaped resonances, typically at mid-far IR frequencies, as a consequence of lattice
vibrations, c.f. phonons, in their crystal structure. The Reststrahlen band’s € < 0
allows for excitation of surface phonon polaritons (SPhP), which are similar to SPPs
but originate from bound charge oscillations in dielectrics, contrary to free charge

carriers in metals [122-124].

A TE-equivalent to the SPP or SPhP requires a material with u < 0, however natural
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magnetism typically vanishes at IR and visible frequencies [2, 11, 98] and magnetic
plasmons do not occur naturally [12]. Motivated by this natural asymmetry, in
Chapter 3 we demonstrated that layered 1D metamaterials can exhibit artificial
magnetic properties. As a consequence, we showed that, as an alternative to a
homogeneous material with u < 0, one can engineer layered systems with effective
magnetic properties to support TE polarized surface waves simultaneously with
their TM (plasmonic) counterparts [12]. From previous surface waves reports in
layered media [94, 110, 125-128], it is unclear what material properties are required
for achieving simultaneously TE and TM surface wave excitation. By contrast, in
Chapter 3, we identified the origin of the artificial magnetic properties we report; it is
the strong displacement current loops in dielectric layers that induces non-vanishing

magnetic dipole moments.

The displacement current in a dielectric material is fd = twey(e— 1)5, therefore sys-
tems that contain high-permittivity materials will support a stronger displacement
current. As natural magnetism vanishes at high frequencies, high-permittivity ma-
terials provide an alternative to inducing artificial magnetism and its implications
[11, 12, 98], one of which is the appearance of TE surface waves. This realization
is nicely captured in the title of the seminal work by R. Merlin in [98]; “Large

permittivity begets high-frequency magnetism”.

In this chapter, we aim to alleviate the polarization dependence of SPPs and SPhPs,
by searching for high-permittivity material systems that can accommodate TM po-
larized surface waves simultaneously with their TE counterparts, with degree of
confinement similar to plasmons. In contrast to Chapter 3, where we focused on
the geometrical structure of multilayer metamaterials, here we focus on simple con-
figurations of single layers and, therefore, we search the material requirements for
omnipolarization surface-confined wave propagation. In search for high-permittivity
materials, we resort to dielectric and semiconducting systems that exhibit resonances
at which the real part of their dielectric permittivity can reach very large values, on
the order of hundreds (Fig. 4.1).

Such resonances can be found at IR frequencies near the phonon energies of polar
dielectric materials, at the red side of their Reststrahlen band (see red curve in the
green highlighted region in Fig. 4.1). Materials with strong phonon resonances are,
among others, boron nitride (BN) [123, 130], silicon carbide (SiC) [124, 131, 132],
silicon dioxide (SiO2) [132], aluminum dioxide (AloO3) and titanium dioxide (TiO2)
(see Fig. 4.2b). We emphasize that, in contrast to previous reports [123, 124, 131,
132] that focus on the Reststrahlen band and therefore on TM polarized SPhPs,

here, we focus on the large positive dielectric permittivity regime of polar dielectrics
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Figure 4.1: High permittivity resonances in polar dielectrics and excitonic ma-
terials. Red-Dielectric permittivity of a polar dielectric: wro and wr,o corre-
spond to the transverse and longitudinal optical phonon energies, respectively
[122]. Blue-Dielectric permittivity of an excitonic resonance, for example in
TMDCs [129].

near their phonon energies. We demonstrate that, under certain conditions, polar

dielectrics can support highly-confined surface waves for both linear polarizations.

Apart from phonons, other quasiparticles that support permittivity resonances at
visible frequencies are excitons [134] in semiconducting materials. At their transition
energies, they exhibit considerably large values of dielectric permittivity, without the
negative permittivity regime of polar dielectrics, as shown with the blue curve in Fig.
4.1. Strong excitonic resonances can be found in typical semiconductors, for example
Si, Ge, GaAs, or InP, as well as in a new emerging classes of two-dimensional mate-
rials, namely transition-metal dichalcogenides (TMDCs), for example molybdenum
diselenide (MoS2) and tungsten disulfide (WS2) [128, 129] (see Fig. 4.2a).

The chapter is organized as follows. In Section 4.2, we outline a concept for surpass-
ing the polarization dependence of plasmonics, and discuss material requirements
that can yield omnipolarization surface waves with confinement factors that can
compete with SPPs. In Section 4.3 we introduce a computational approach for sur-
face wave calculations, inspired by the parameter retrieval that we introduced in
Chapter 2. Although here we focus on single-layer configurations, our method is

general and applies to any layered medium at any scale (c.f. metamaterial subwave-
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Figure 4.2: (a) Dielectric permittivity of Si, Ge [133], and WSy at visible fre-
quencies. The permittivity of WSs was obtained by numerical fitting of the
experimental data presented in [129] (see Section 4.8). (b) Dielectric permit-

tivity of SiOg, AlaO3, TiO9 and SiC [124] at IR frequencies.
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Figure 4.3: (a) A guided mode exists for TM polarization at the interface
between media with opposite dielectric permittivities. This mode can be either
a SPP or a SPhP on a plasmonic metal or a polar dielectric, respectively. (b)
A mode can be guided inside a slab of a dielectric material with e(w) > 0, if
it is bounded by media with lower dielectric permittivities, €12 < e(w). The
mode can be either TM or TE polarized.

length regime or thicker layers). It allows simultaneous determination of the band
structure and all the eigenmodes supported in arbitrary layered systems of finite
thickness. In Section 4.4 we introduce figures of merit for assessing the characteris-
tics of surface waves. In Sections 4.5 and 4.6 we discuss the surface wave dispersion
characteristics in plasmonic metals, polar dielectrics, and excitonic materials. These
quasiparticles, namely plasmons, phonons, and excitons serve as a canvas of excita-
tions for investigating omnipolarization surface wave propagation. In Sections 4.5,
4.7, 4.8 we consider realistic scenarios and show that certain materials, for example
SiC and WS, at IR and visible frequencies, respectively, are promising candidates
for supporting omnipolarization, phase-matched surface wave propagation that re-
sembles the SPP dispersion. We compare our results with typical SPPs on Ag.
Finally, in Sections 4.9, 4.10 we theoretically investigate the parameter space in
which combinations of plasmons with phonons and excitons, respectively, can yield

omnipolarization surface waves.

4.2 Material requirements for surface-confined propagation beyond plas-
monics

We start our investigation by revisiting the boundary condition problem depicted in

Fig. 4.3a, namely surface wave propagation at the interface between two unbound

media with dielectric permittivities €; > 0 and e(w). Asis well known (see [109]), this

problem has surface propagating solutions only for e(w) < 0 and for TM polarization.

By considering a Drude metal, we model the dielectric permittivity e(w) with
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w2
em(w) = €oom(l — ———— ZPWm) (4.1)
where wy, is the plasma frequency, 7, the free carrier collision frequency, and € m
is the high-frequency limit of the permittivity. Solution to the boundary condition
problem of Fig. 4.3a yields the plasmonic dispersion

bsee@) = | 2k, (4.2)

where k//gpp is the in-plane wavenumber of the SPP surface wave, while k, = w/c
is the free-space wavenumber. By considering the permittivity of Eq. (4.1) in the
lossless limit, we display in Fig. 4.4 (black curve) the dispersion of a SPP mode,
which asymptotically approaches to the value of ~ wy,/ V2, as expected for e = 1
[109]. We note that the x-axis (k,/) in Fig.4.4 is normalized to k, in order to provide
a direct estimate of the confinement. Namely, the effective wavelength of a surface
wave is given by Aeg = 27/Re(k/)), hence the parameter Re(k//)/ko = Ao/Aet
represents the number of mode wavelengths that fit into the free-space wavelength
of excitation, A,. Solutions for TE polarization do not exist for non-magnetic media;
a TE polarized magnetic surface plasmon would require p(w) < 0, however at high

frequencies, ¢ = 1 in natural materials (see Chapter 3, [11, 12, 98]).

Now let us consider another waveguiding problem, that depicted in Fig. 4.3b, as-
suming positive values of dielectric permittivity, €1 2,€e(w) > 0. In the absence of
frequency dispersion for the intermediate layer ¢ # f(w), this problem is the 1D
version of a famous problem in silicon photonics; that of waveguiding optical power
at a Si waveguide on an SiOs substrate. At the telecommunication frequency band
near Ao ~ 1.5 pum, we have ng; = 3.4 and ngio, = 1.55, and the dispersion of the
waveguide is bounded between nsio, < k /(W) /ko < ngj. This regime of in-plane
wavenumbers is highlighted in Fig. 4.4 with blue color. The guided modes can be
either TE or TM polarized, or both, depending on the thickness of the intermediate
layer, d.

Similar conclusions can be made for any high-e material slab between regions of lower
€1,2 in Fig. 4.3b; assuming that the top region is air (e; = 1), the frequency dispersion
of k//(w) will be bounded by the largest value of e. Wave propagation inside the
intermediate layer of thickness d in Fig. 4.3b is described via k:? /+k:§ = e(w)k2, where
k, is the out-of-plane wavenumber. As explained above, the quantity k,, defines the
degree of confinement of an interface-localized wave. Hence, its maximum possible

value
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Figure 4.4: Black line corresponds to the SPP dispersion k//spp = :(Ei"))fell ko,

for a Drude material with e(w) < 0 (Eq. (4.1)), while ¢; = 1 (see Fig. 4.3a).
Red and cyan curves correspond t0 k) /max = v €(w)ko for the boundary condi-
tion problem in Fig. 4.3b, where €(w) is the high-e¢ permittivity of an excitonic
material or a polar dielectric, at visible and IR frequencies, respectively, with
Ya1 = 0.1vq1r (Eq. (4.4)), or Q1 = 10Qq. Inset shows the imaginary part of
ks, which corresponds to the losses along the propagation direction. We note
that here we considered wy, ~ wro, with respect to Eqgs. (4.1), (4.4).

k‘//max =V e(w)ko (4.3)

highlights that the requirement for highly-confined mode is the large value of e(w).
As mentioned in Section 4.1, high-permittivity resonances are found in polar di-
electric and excitonic materials, at IR and visible frequencies, respectively. The

permittivity dispersion of a polar dielectric material can be modeled with [124]

wio — Wio
Ephon(W) = 6oo,d(l + 2 3 ; (44)
who — w? — iwyg

In Eq. (4.4), wro and wro correspond to the longitudinal and transverse phonon

energies, respectively, and v, is the inverse phonon lifetime (Fig. 4.1). We note that
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solution to the boundary condition problem depicted in Fig. 4.3a for frequencies
w at the Reststrahlen band of a polar dielectric material (ephon < 0) will yield the
SPhP dispersion, similar to SPPs, as we discuss in what follows (see Section 4.6).
The permittivity of an excitonic material can also be modeled with Eq. (4.4), using
a very large offset € eqe to exclude the € < 0 frequency regime (Reststrahlen band
in Fig. 4.1). For example, with Eq. (4.4), typical TMDCs [129] and semiconducting

systems are modeled well at visible frequencies.

By considering a Lorentzian-shaped permittivity resonance of the form in Eq. (4.4),
we select wro (Eq. (4.4)) close to w, (Eq. (4.1)), and we display in Fig. 4.4 the
parameter k//m. (Eq. (4.3)). As can be seen, due to the high-¢ regime, k,, can
compete with k,/spp, and the modes due to high-€ can, in principle, be as confined
as typical SPPs on Drude metals. However, as can be seen from Fig. 4.1, at
the high-€ regime of polar dielectrics or excitonic materials, losses (Im(e)) are also
increased, therefore dramatically decreasing the propagation distance of supported
modes. The losses in polar dielectric and excitonic materials are defined by the
inverse of the phonon and exciton lifetime, respectively, shown in Fig. 4.1 with the
generic parameter 74, which defines the width of the permittivity resonance. In
Fig. 4.4 we consider two different values of vq 111, With 741 = 0.174,11. As can be
from the parameter Im(k//nay) displayed in the inset of Fig. 4.4, small values of
~vq yield longer-distance mode propagation. It is useful to introduce the material

quality factor, defined as

_ YT0
Q= o (4.5)

From the two different values of vq1 11 in Fig. 4.4, we have Q1 = 10Qq. It is clear
that the parameter ) ought to be large for large propagation distances and high-
confinement factors. Hence, here we focus on high-@) polar dielectric and excitonic
materials at IR and visible frequencies, respectively, and seek for omnipolarization

surface-localized wave propagation.

Prior to delving into the details of designing material systems that support highly-
confined surface-localized wave propagation for both linear polarizations, we outline

in the following section our computational approach.

4.3 (eneralized retrieval approach for surface wave computations

The problem of a wave propagating at a single interface between two media may
be analytically treated [109], however larger systems require semi-analytical or nu-
merical approaches [93, 109, 135]. Although in the following sections we focus on

either single interfaces or single slabs, we note that interesting physical effects also
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arise in multilayer heterostructures [12, 94, 110, 125-127]. For example, typical
photonic, leaky modes appear at the pass-bands of all-dielectric, infinite periodic
photonic crystals [1], while hybrid plasmonic modes arise in metallodielectric multi-
layer waveguides [93] and subwavelength hyperbolic metamaterials [12, 32, 71]. For
multilayer heterostructures that include more than two interfaces, numerical ap-
proaches are typically employed for computing the propagation constants of surface
waves [108, 136-144]. The majority of previous approaches is limited in applicability
in that they are either only able to handle a small number of interfaces [140] or an
infinite arrangement [1], or in that they are not able to distinguish between photonic
and surface-confined modes. By contrast, the method presented here applies to any
layered configuration and allows distinction between photonic and surface-confined

eigenmodes.

In Fig. 4.5 we distinguish between photonic modes and surface-confined ones. A
photonic mode is defined as one that exhibits sinusoidal propagation in the direc-
tion normal to the interface, inside the medium of interest (which can be either a
homogeneous material or a composite medium), as shown in Fig. 4.5a. Hence, a
photonic or leaky mode is not strongly confined to the interface between two me-

i(k ) x+kegz—wt
ik jrrkez=wt) - where

dia. Mathematically, assuming propagation of the form ~ e
ket = ky, this translates to an out-of-plane propagation constant keg that is purely
real in all-dielectric media, or has Re(keg) > Im(keg) in lossy media. By contrast,
a surface-confined mode is one that exponentially decays away from the waveguid-
ing interface, as shown in Fig. 4.5b. In mathematical terms, this corresponds to
a purely imaginary keg in all-dielectric media, or to Im(keg) > Re(keg) in lossy

media.

A schematic of the structures we investigate is displayed in Fig. 4.6a. We consider
a layered arrangement consisting of an arbitrary number of layers of non-magnetic
materials in an arbitrary sequence, with layer thicknesses that may be in the meta-
material subwavelength limit (d; << Ao, where ), is the free-space wavelength) or
thicker. Hence, we emphasize that our approach is generic and not limited to the
metamaterial regime. In order to compute the fields, we use the transfer matrix
formalism for layered media of finite thickness [1]. Similar to the transfer matrix for
an infinite and purely periodic medium, discussed in Section 2.3 and in Appendix
A1, for a layered arrangement of finite number of layers, N, we have the transfer

matrix M connecting the incident and transmitted and reflected waves through

()= Con ) () (49



60

(a) Photonic mode (b) Surface-confined mode
cos(k  d)|<1 lcos(k,d)|>1

Figure 4.5: Definition of (a) a photonic and (b) a surface-confined mode.

where A, and B, are the amplitudes of the incident and reflected wave, respectively,
as defined in Fig. 2.2. Ay is the transmitted amplitude, while By = 0 if waves are
launched only from the left side, with respect to Fig. 2.2. For details, see [1].
By letting the frequency w and the in-plane wavenumber k,, vary, we obtain the
elements mi1(k 1/, W) and moq (k /1/,W), based on which the transmission and reflection

coefficients are defined as t = 1/mq; and r = ma; /mq1, respectively.

We seek for surface waves by first determining the full set of eigenmodes of the
structure, for which ¢ — oo, r — oco. Alternatively, the eigenmodes are zeros of the
matrix element m11(k//,w). We employ the reflection pole method (RPM) [108],
which is based on the residue theorem of complex analysis, for detecting those zeros
in the complex plane. Zeros of the complex function mq1 yield phase shifts of x,
which are detected by seeking for peaks of its derivative Arg(mq1) per frequency
and wavenumber (Fig. 4.6b). As a result, we obtain pairs of (w, k//), that excite
eigenmodes. For more details regarding the RPM, see [108]. We note that that
this approach can be generalized to account for anisotropic materials by replacing
the traditional 2 x 2 transfer matrix [1] with a 4 x 4 formalism. See, for example
[145-147].

However, not all eigenmodes of a heterostructure constitute surface waves. For a
wave to be surface-localized, it is required to be located inside the optical band gap of
both bounding media [148], which, in the case studied here, are air and an arbitrary
layered heterostructure (Fig. 4.6a). A plane wave is located inside the band gap of
free-space when simply k,, > k,. As discussed above (see Fig. 4.5), for the wave
to be inside the band gap of the arbitrary layered heterostructure, its out-of-plane
wavenumber k. oughts to have a non-zero imaginary part, assuring decay away
from the interface z = 0. Nevertheless, ke is not a always a well-defined quantity.

For an A-B-A-.. purely periodic infinite photonic crystal, wave propagation in the
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z-direction is accurately expressed in terms of the Bloch wavenumber Kg, discussed
in Section 2.3 and given by Eq. (2.18). However, the Bloch wavenumber Kp is
inappropriate for any other system, for example a random aperiodic arrangement,

chirped or non-centrosymmetric multilayer.

In order to circumvent this limitation, we propose an alternative description of
the composite medium, for describing a complete surface wave detection scheme
that applies to any layered arrangement. Our approach originates from, but is
not limited to, metamaterials’ homogenization (see Chapter 2). Particularly, it
is based on the S-parameter retrieval, discussed in Section 2.1. As explained in
Section 2.1, an arbitrary composite system of finite thickness d and known scattering
properties, namely complex transmission and reflection coefficients, ¢ and r (Fig.
4.6a), can be represented by an effective impedance and an effective out-of-plane
wavenumber, Zog and keg, respectively, given by Eqgs. (2.3) and (2.4). Typically,
based on the subwavelength size of the meta-atoms (thickness of layers in the 1D
case examined here), these effective parameters are translated to effective dielectric
permittivity and magnetic permeability through keg = \/€ciflefi c and Zeg = \/% .
The conditions under which the assignment of effective parameters €. and peg is

valid are complex [54, 74] and remain an area of literature debate [57, 63, 98].

We stress, however, that in contrast to the validity of e.g and peg, it is always valid
to describe any system in terms of the effective wavenumber k. and the effective
impedance Z.g (Egs. (2.3) and (2.4), respectively). For the purpose of surface waves
computations, and for the distinction between photonic and surface-confined modes,
only the effective wavenumber kg is required. Particularly, keg is directly associated
with the scattering coefficients ¢ and r (Eq. 2.3) [58, 60, 99], and hence it can be
used for describing an arbitrary heterostructure at any scale, not necessarily in the
metamaterial subwavelength limit, as long as ¢t and r may be computed. As a sanity
check, we note that keg in Eq.(2.3) is identical to the Bloch wavenumber Ky in Eq.
(2.18) in the special case of an unbound and purely periodic medium composed of
two alternating materials, when the cladding and substrate have the same optical
constants (e; = €z, see Figs. 2.1, 2.2). In this case, Eq. (2.3) reduces to Eq.(2.18).
This is easily seen by expressing ¢t and r in Eq. (2.3) in terms of transfer matrix
elements, using the identity det(]\? ) = 1, and the fact that mga; = mj,, for purely
dielectric materials (where mg; and mio are purely imaginary), and me; = —myqa,

for dispersive materials [1].

To recap, for an excitation to be considered as a surface wave, three conditions must
be satisfied; first, it has to be an eigenmode of the structure, which we evaluate with

the RPM (my; = 0); second, it has to be in the band gap of the surrounding medium
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Figure 4.6: (a) Left-schematic of an arbitrary layered system, right-
computational approach flow chart. (b) Combination of RPM [108] with our
generalized band structure calculation (inspired by [60]) for the distinction be-
tween different types of eigenmodes. At the eigenmode in-plane wavenumber

k) /eig, m11 vanishes (black solid curve), Arg(mi1) jumps by 7 (black dashed

curve), and its derivative %(;7“) resonates (green curve). The highlighted

region corresponds to a band gap, for which |cos(kegd)| > 1. For frequency wy,
the mode is photonic, as it resides inside the band, whereas for wo the mode is
located at the band edge. For ws, the mode is a surface-confined, propagating
at the air/heterostructure interface.
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(k;; > ko); and third, it has to be in the band gap of the planar heterostructure.
This third condition is implemented by introducing the notion of a generalized band

structure, applicable to any planar configuration. A band is a set of (w, k/,) for

which

|cos(keft (w, k//)d)| < 1 (4.7)

In the case of lossless media, this condition yields a purely real k.g, whereas for
systems with loss we have Re(kegr) > Im(keg). Surface waves exist in the exterior
of a band or at its edge, for which |cos(kegd)| > 1. To demonstrate this, we present
in Fig. 4.6b an eigenmode of a planar structure. At the eigenmode’s in-plane
wavenumner k / /eig the matrix element mq; vanishes, therefore its phase Arg(miy)
jumps by 7. Taking the derivative of my; with respect to k,,, we obtain a peak, as
shown with the green curve. Its half-width-half-maximum (HWHM) corresponds to
the in-plane decay length through L = 1/2Im(k/ /eje) [108]. In order to determine the
nature of the mode (c.f. photonic or surface-confined), we employ our generalized
band edge condition, |cos(kegd)| = 1 . The quantity |cos(kegd)| is shown for three
different frequencies wy, wy and ws. For wy, |cos(kegd)| < 1 at K/ jeig, and this mode
belongs to band, resulting in wave propagation inside the heterostructure, in other
words it is a photonic mode. For ws, the parameter |cos(kegd)| crosses unity at
k/jeig and this mode is located exactly at the band edge. Finally, for frequency
w3, the mode is inside the band gap, highlighted in Fig. 4.6b with the top orange
shaded area, and the mode is forbidden from propagating inside the structure, hence
it as a surface wave. By retrieving keg, we are also able to estimate the degree of

confinement through the penetration depth ¢ = 1/2Im(keg).

The discussion in this section applies to any layered configuration. However, we note
that when the multilayer heterostructure is reduced to a single isotropic and homo-
geneous material slab with permittivity €, the band condition (Eq. (4.7)) reduces
to k// < k) /max, Where k) .y is defined in Eq. (4.3). In what follows (Sections
4.6, 4.7, 4.8, 4.9, 4.10) we focus on modes located at the band edge of isotropic,
positive € media, where Eqs. (4.3) and (4.7) reduce to k// = k//max = Ve(w)k, and
|cos(kegt (w, k//)d)| = 1, respectively. Despite the fact that such band edge modes
cannot classified as strictly surface-confined, there exist classes of materials for which
propagation is extremely confined, hence we refer to such modes as surface-confined
as well. In the following section we introduce an additional metric of confinement
that is independent of Egs. (4.3) and (4.7).
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4.4 Figures of merit for surface-confined propagation

In the following sections we evaluate realistic material systems and configurations
for excitation and detection of omnipolarization surface waves. In order to assess
the characteristics of these waves, we introduced figures of merit pertaining to their

propagation distance and confinement.

In absolute terms, the propagation distance of a surface wave is given by L =
1/2Im(k//). In order to obtain a normalized quantity that can be used as a figure
of merit for comparison between different materials and different wavelength ranges
(c.f. visible and IR regimes), we divide the propagation distance by the effective
wavelength of the mode, A\eg = 27 /Re(k //)- Hence, the effective propagation length
Leg is

Re(k
T = 78( //) = 47T L
Im(k,/) Aeff

(4.8)

and expresses the number of mode wavelengths that a wave propagates before it

decays.

Another quantity that deserves attention is the degree of confinement of a mode. In

absolute terms, this can be expressed in terms of the cross-sectional area occupied by
[f Idz)?

fIde ’
where I is the intensity profile of the mode (E?(z) or B%(z)). By normalizing

a mode. In the one-dimensional case studied here, this area is given by Aip =

this quantity to the diffraction limited spot, which is A, 1p = Ao/2, we obtain the

normalized cross-sectional area [149]

. AlD _ [fIdZ]Q/fIZdZ
Aetr = Aoip Ao/2 (4.9)

where the limits of integration are taken to be on the order of tens to hundreds of

free-space wavelengths away from region where the wave is localized.

Finally, another metric of confinement is the number effective wavelengths of the
mode that fit in the free-space wavelength of excitation, A,. This quantity is simply
given by A\o/Aet = Re(k;/)/ko.

4.5 Theory of plasmons and results for silver

We start by investigating SPPs in a Drude metal, which serves as a sanity check for
confirming the validity of the method we introduced in Section 4.3. We examine the
case of a semi-infinite slab of metal and a thin slab in air, for which we expect the
existence of one and two SPP modes, respectively, as a consequence of the number

of interfaces in each case.
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Figure 4.7: Dispersion of a TM polarized surface plasmon polariton on a Drude
metal. (a) Semi-infinite case and (b) finite slab with thickness dy, = Ap/30. For
both (a) and (b) Achar = Ap/30. The free-space light line is shown with black.
Insets show field profiles. For case (b) the two modes are the anti-symmetric
(left) and symmetric (right) plasmonic modes.
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We model the metallic Drude permittivity with Eq. (4.1). By performing the
transfer matrix, retrieval and RPM approaches described in Section 4.3, we show in
Fig. 4.7 the dispersion of a TM polarized SPP on (a) a semi-infinite slab of a Drude
metal and (b) on a finite slab with thickness d, = A\,/30, where A\, = 27¢/wp,. The
SPP dispersion asymptotically approaches the value of ~ w,/ V2, as expected [92,
109, 118]. In the case of a finite and thin slab, the dispersion is composed of two
branches as expected, since there exist two interfaces to support SPP propagation.
The two branches correspond to the symmetric and anti-symmetric modes. The field
profiles in both semi-infinite and finite thickness cases demonstrate the good surface-
confinement characteristics of SPPs. The symmetric mode is even as a function of
z, whereas the anti-symmetric mode is odd in z. Across the whole frequency range
displayed in Figs. 4.7 (a), (b), the permittivity of the metal is negative, e, < 0.
Hence, the out-of-plane wavenumber is imaginary (k2 = k%; = emk?2 — k? /< 0) and,
based on our definition of a photonic band (Eq. 4.7), the SPP belongs in a band
gap region. Therefore, it is a surface-confined mode, which confirms the validity of

our photonic band criterion.

We proceed by studying SPP propagation on a semi-infinite slab of silver at UV-
visible frequencies, near the plasma frequency of Ag, which is taken here to be
wpAg = 9.6 eV [150]. The results of SPPs on silver serve as a reference point in
terms of confinement and propagation length, for the realistic cases we examine in

the following sections.

A schematic of the geometry we study is shown in Fig. 4.8a, where we include a
grating that allows excitation of SPPs, with k/, > ko, from free space (k;; < ko).

Namely, the grating’s period v determines the in-plane wavenumber via

k//=27r/’y (4.10)

In order to directly compare the degree of confinement, in terms of number of modal
wavelengths Aeg that fit in the free-space wavelength A,, between different cases,
we normalize the x-axis in the dispersion curve of Fig. 4.8b to k,. Hence, since
Ao/ et = Re(k//)/kzo, we see that the modal wavelength of SPPs on Ag can be up

to six times reduced compared to the free-space wavelength in this frequency range.

Furthermore, as expected, the dispersion of TM polarized SPP modes on Ag asymp-
totically approaches to the value of ~ wy ag/ V2 (Fig. 4.8b). The field profile of the
SPP mode is shown in the inset of Fig. 4.8b and is highly localized at the air/silver
interface. As the frequency increases, the in-plane wavenumber k,, increases, hence

SPPs have access to higher confinement. We calculate the normalized cross-sectional
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Figure 4.8: (a) Schematic of a semi-infinite slab of Ag and a grating with
period 7 for SPP excitation. (b) Dispersion of surface plasmon polaritons
on a semi-infinite slab of Ag. The parameters for Ag were taken from [150]:
wp = 9.6 eV and 7y, = 22.8 meV/cm in Eq. (4.7). The free-space light line is
the vertical line at &/, /ko = 1. Top inset shows the grating period ~ required
for excitation of SPPs. Bottom inset corresponds to the SPP field profile. Aqg
is the effective mode volume, as defined in Eq. (4.9). (c) Effective propagation
length of SPPs on Ag, as defined in Eq. (4.8).

area of the SPP modes by first calculating the fields at different frequencies, and the
results range from Aeg ~ 1.2 to Aeg ~ 0.5 for frequencies in the far UV and visible

regimes, respectively (see black points in Fig. 4.8b).

Plasmonic modes in silver can propagate for up to ~ 50 times their effective wave-
length Aeg, as shown in Fig. 4.8c. The slight oscillations in the L.g(w) curve
originate from our computational approach; as discussed in Section 4.3, the param-
eter Im(k/,) (which is inversely proportional to Leg, see Eq. (4.8)) is defined as the
HWHM of peaks in the derivative of mj; with respect to k/, (see green curve in
Fig. 4.6) and the accuracy of the peaks detection scheme depends on computational

power.

Finally, we calculate the parameter «, corresponding to the grating period required
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for excitation of SPPs. This parameter is shown in the top inset of Fig. 4.8b and
ranges from 300 nm to 900 nm for excitation with visible light [8, 135, 151].

4.6 Phonons and excitons

So far we have established the validity of the scheme introduced in Section 4.3
for detecting photonic and surface-confined modes in layered systems, by accuratly
obtaining the SPP dispersion in plasmonic metals (Section 4.5). Here, we return to
the search for surface-confined waves that resemble the SPP dispersion but, contrary
to SPPs, are simultaneously TE and TM polarized. For this we investigate polar
dielectrics and excitonic materials, based on the concept discussed in Section 4.2.
We revisit the problem of a slab of thickness d of a polar dielectric or excitonic
material (Fig. 4.3b). Initially, we perform calculations in two extreme cases (a) an
thick slab of polar dielectric and excitonic material and (b) a thin slab, compared to
the free-space wavelength X\,. In case (a), Fabry-Pérot resonances exist leading to
multiple photonic bands for both linear polarizations. By contrast, in case (b), due
to the small thickness of the slab, we obtain a single-mode for a single-polarization

per frequency.

We model the permittivity of both the polar dielectric and the excitonic mate-
rial with Eq. (4.4). We select a characteristic length defined as Acpar phon/exc =
TC/WTO 4/ €phon/exc(Wro). For the thick slab, or case (a), we select dppon/exc =
10Achar,phon/exc- By contrast, for the thin slab, or case (b), we set dpyon/exc =
Achar,phon /exc; Which is small compared to the free-space wavelength, as €ppon jexc (WT0)
is taken to be rather large (Fig. 4.1).

In Fig. 4.9 we present the results of our calculations for an arbitrary polar dielectric
material. For frequencies between wro and wpgo, i.e. in the Reststrahlen band
highlighted with red, we have €pnon < 0, hence an SPhP mode occurs for TM
polarization. The SPhP has two branches that correspond to the symmetric and
anti-symmetric modes. In the inset of Figs. 4.9a and b we display their field profiles.
These modes exhibit field profiles very similar to the SPP ones (Fig. 4.7b). Due
to the negative sign of €pnon in the Reststrahlen band, based on Eq. (4.3) and Eq.
(4.7), the SPhPs belong to a band gap region and are surface-confined, in direct
analogy to SPPs [122].

At frequencies slightly lower than wro, i.e. in the regime of high-epnon, we obtain
a number of modes, as can be seen in the grey highlighted region of Fig. 4.9a.
Importantly, we obtain a mode that occurs for both linear polarizations right at the
band edge of the material, for which k/, = k//max = /€phonko. For these high-k,,

modes, we present in the inset of Fig. 4.9a field profiles for both linear polariza-
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Figure 4.9: Dispersion of surface-confined and photonic modes in a po-
lar dielectric material. The characteristic length is defined as Achar =
mc/wro \/m. Mode dispersions for (a) a thick slab with thick-
ness dpn, = 10Achar and (b) for a thin slab with thickness dpn = Achar-
The free-space light line is shown with black. Dashed line corresponds to
k) /max = \/m%. Insets show field profiles for (a) an omnipolarization
mode located at the band edge (bottom) and a SPhP mode (top), and for
(b) an anti-symmetric (top left) and a symmetric (top right) SPhP mode, and
a highly-confined TE mode (bottom). The high-€ regime is highlighted with
(a) grey and (b) green, indicating omnipolarization and TE polarized wave
propagation, respectively. The Reststrahlen band is highlighted with red.
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tions at a single frequency w and wavenumber k,,. As these modes coexist in w
and k,, for TE and TM polarizations, this allows single-frequency excitation and
phase-matched propagation of omnipolarization surface waves. By decreasing the
thickness of the slab, in Fig. 4.9b, we decouple to two polarizations and we only
obtain a TE polarized mode near the band edge. Based on Eqgs. (4.3), (4.7), the TE
mode displayed in Fig.4.9b is classified as a photonic one, since k;, < V €exc (W) ko.
However, it continues to exhibit good confinement characteristics, which is evident
by the large values that k,, obtains near the mode’s resonance, at wro. The confine-
ment of these modes strongly depends on the quality factor of the polar dielectric, as
we show in the following sections. This TE polarized mode disappears for w > wro
because €phon < 0 in this frequency regime. Hence, the material becomes opaque for

TE polarization and no modes are supported.

In Fig. 4.10 we perform analogous calculations for an arbitrary excitonic material.
For a thick slab (Fig. 4.10a), we obtain a large number of photonic modes that, in
contrast to the polar dielectric material, continue to exist at frequencies above wrq.
This happens because an excitonic resonance does not involve a region of €ex. < 0
in contrast to the Reststrahlen band of polar dielectrics (see Fig. 4.1). Importantly,
near wro, we obtain modes at the band edge, with k// = k//max = /€excko, for
both TE and TM polarizations, the field profiles of which are shown in the inset of
Fig. 4.10a at a single frequency and wavenumber. Their degeneracy allows single-
frequency excitation and phase-matched propagation of omnipolarization surface
waves. The degree of surface-confinement of these band edge modes depends on
the quality factor, @), of the excitonic material, as we discuss in what follows. By
decreasing the thickness of the excitonic material slab, we decouple the two polar-
izations, the modes of which occur at different frequencies, as shown in Fig. 4.10b.
Namely, at frequencies below wro, the high-€ex. regime continues to yield a high-k/,
TE polarized mode. In contrast to the polar dielectric material, for which the TE
polarized mode disappears for w > wrto, due to €pnon < 0 at the Reststrahlen band,
for the excitonic material we have ecx. > 0 even above wro (Fig. 4.1). Hence, the
TE mode continues to exist in the finite slab case (Fig. 4.10b), however it is no

longer degenerate with the TM polarized one.

To conclude this section, we investigated two extreme cases of slabs of excitonic and
polar dielectric materials; (a) a thick slab for which multiple photonic bands are
supported and (b) a thin slab compared to the free-space wavelength. In case (a),
for both polar dielectrics and excitonic materials, we obtain a mode for each linear
polarization that occurs at the band edge, for which k/; = k//max = \/mko
(Figs. 4.9a, 4.10a). The magnitude of k,, for this mode depends on the maximum

value of the dielectric permittivity of the material, e(wro). Large values of € near
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Figure 4.10: Dispersion of surface-confined and photonic modes in a excitonic
material. The characteristic length is defined as Achar = T¢/WTO V €exc (WTO)-
Mode dispersions for (a) a thick slab with thickness dexc = 10Acpar and (b)
for a thin slab with thickness dexc = Achar- The free-space light line is shown
with black. Dashed line corresponds to k//max = V€exc(W)ko. Insets show
field profiles for (a) an omnipolarization mode located at the band edge, and
for (b) a highly-confined TE mode. The high-€ regime is highlighted with
(a) grey and (b) green, indicating omnipolarization and TE polarized wave
propagation, respectively.
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wro can yield extremely confined surface modes with characteristics that can com-
pete, or even surpass, the confinement factors of SPPs in noble metals. For thin
slabs, in case (b), the two modes no longer overlap in frequency and wavenumber
(Figs. 4.9b, 4.10b). The cutoff thickness at which the TE polarized and TM po-
larized band edge modes separate from each other depends on material properties
(wro, Q, etc). In Sections 4.7 and 4.8 we investigate high-@Q polar dielectrics and
excitonic materials, respectively, and seek for this cutoff slab thickness that will
allow omnipolarization surface-localized wave propagation over large distances with

large degree of confinement in thin slabs.

4.7 Surface-confined waves on SiC on Si

We proceed by investigating surface-confined modes in polar dielectrics. In selecting
a material for our investigation, we seek record-high values of €,,on near the phonon
energy (see Fig. 4.1), simultaneously with low loss, to ensure high-Q (Eq. 4.5).
One of the polar dielectric materials with record-high quality factors is SiC, with
wro,sic = 797 cm~! and Yd,sic = 2.2474 x 10" 571 hence Qgic = 668 [122]. Its
dielectric permittivity is presented in Fig. 4.2b.

In Section 4.6 we showed that the TE and TM polarized band edge modes of a thick
slab of polar dielectric material overlap in frequency and wavenumber (Fig. 4.9a).
By confining the two modes in an ultra-thin slab, the two polarizations no longer
exhibit overlapping dispersions curves (Fig. 4.9b). Here, we seek the cutoff thickness
for a slab of SiC, that ensures omnipolarization surface-confined wave propagation
near the band edge (k / /max,SiC = Vesicko). In order to investigate an experimentally
realistic scenario, we consider that the SiC slab lies on top of an intrinsic Si substrate,

with index ng; = 3.4 [152] (see schematic in Fig. 4.11a). We find that for SiC on Si,
this cutoff thickness is dgic = STFC/(MTO’SiC V esic(wro,sic)) = 3.22 um.

As can be seen from Fig. 4.11b, at this thickness of SiC, higher order Fabry-Pérot-
type propagation bands arise. These bands can be seen in Fig. 4.11b with the
grey shaded regimes for TE polarization and they were obtained with the method
discussed in Section 4.3. The dispersion curves that lie inside the propagation bands
correspond to photonic modes that exhibit weak confinement characteristics (See
Fig. 4.5a). In contrast, dispersion curves that lie in the exterior of the bands

constitute surface-confined waves (Fig. 4.5b).

Here we focus on the high-k,, modes that are in close proximity to the band edge
of SiC, k//max,sic (black dashed line in Fig. 4.11b). These modes lie in-between
propagation bands, hence they are surface-confined. From the field profiles in the

lower inset of Fig. 4.11b, we see that these modes are strongly localized inside the
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Figure 4.11: (a) Schematic of a slab of SiC on Si, and a grating with period ~
for surface-confined waves excitation. (b) Dispersion of surface-confined waves

on a slab of SiC with thickness dgic = 8m¢/ (w0 sic 1/ €sic(wWTo,sic)) = 3.22 pm

on Si. The parameters for SiC were taken from [122]: wrogic = 797 ecm™1,

wrosic = 973 em ™! and yq 5ic = 2.2474 x 101 s71in Eq. (4.4). The refractive
index of Si is taken ng; = 3.4 The free-space light line is located at k/, Jko =1
(off-axis). The modes located at k,,/k, = 3.4 are the band edge modes in
bulk Si. The dashed line corresponds to k//yax sic = Vesic(w), the band edge
of SiC. Top inset shows the grating period v required for excitation of the
surface-confined waves. Bottom inset shows the TE and TM field profiles at
a single-frequency w and wavenumber k/,. Aeg is the effective mode volume,
as defined in Eq. (4.9). (c) Effective propagation length of surface-confined
waves on SiC on Si, as defined in Eq. (4.8).
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SiC slab, and exhibit negligible leakage into the Si substrate. Their confinement
factors are calculated as explained in Section 4.4. We obtain normalized mode
cross-sectional areas that range from Aeg ~ 0.04 to Aeg ~ 0.06 for both TE and
TM polarizations, as shown with the values displayed in Fig. 4.11b at different
frequencies. Importantly, this confinement is larger than in the SPP modes in Ag
(Ae ~ [0.5 — 1.2] in Fig. 4.8b). We note that the modes located at k/, = 3.4k,
(y-axis in Fig. 4.11b) correspond to the photonic band edge of Si (k//maxsi =

V 6Si((-*j)ko)-

In an experiment, the excitation of these strongly surface-confined omnipolarization
modes requires grating periods in the range of v ~ 1 ym to v ~ 2.5 um for both
TE and TM polarizations, as shown in the top inset in Fig. 4.11b. Importantly, as
a consequence of the high-@Q of SiC, these modes have large propagation distances.
As shown in Fig. 4.11b, they propagate approximately 10 — 70 effective mode
wavelengths before decaying, similar to SPPs on Ag (Fig. 4.8¢c). This constitutes
them detectable in surface waves experiments, where detection is achieved in the

far-field through input and output gratings, see, for example, [151].

Previous reports have considered high-@Q) polar dielectric materials for SPhP prop-
agation at the Reststrahlen band [122]. In contrast, here we showed that the
frequency regime where the permittivity of polar dielectrics obtains positive and
large values (Fig. 4.1) can yield omnipolarization surface-confined propagation with
characteristics similar to SPhPs, however accommodating both linear polarizations,
therefore alleviating the TM polarization limitation of SPhPs. We emphasize that
the requirement of high-@Q is crucial for ensuring both a high degree of confinement

and a long propagation distance.

4.8 Surface-confined waves on WS5 on Si

Here, we perform an analysis similar to the one in the previous section, but for
a high-Q excitonic material at visible frequencies, instead of a polar dielectric at
IR frequencies. One class of materials that one could consider investigating is that
of traditional semiconductors, for example Ge or Si. However, the quality factors
of traditional semiconducting materials are rather low, which can be seen in Fig.
4.2a. In contrast, two-dimensional TMDCs have been recently investigated for their
optical properties [129], and they show considerably higher @)’s, compared to bulk
semiconductors. We select to investigate WSo, the permittivity of which is plotted
in Fig. 4.2a. By performing a numerical fitting (with Eq. (4.4)) to the experimental
data reported by Li et al. in [129], we infer that Qws, ~ 113.2. Based on our fitting,
with respect to Eq. (4.4), we find that wro,ws, = 1.996 eV, wrows, = 2.009 eV,
Ya, WS, = 37.363 fs and €xo ws, = 17.
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In order to simulate an experimentally realistic scenario, we assume that the WSs
is on top of a Si substrate, for which we set ng; = 3.4 [152] (see schematic in Fig.
4.12a). As discussed in Section 4.6, we seek for the minimum (cutoff) thickness
of a WSy slab, for which the band edge modes for the two linear polarizations

continue to overlap. For the material parameters of WSy, this thickness is dws, =

6mc/(Wro,ws, \/ ews, (WTo,Ws,)) = 336 nm.

For this thickness, we obtain the desirable high-k,, modes near the band edge of
WS, (k//max,WSQ = /6WS2k0>, as shown in Fig. 4.12b. Additionally, higher order
Fabry-Pérot-type modes with smaller £/, also arise. However these higher order

modes are not particularly surface-confined and we do not analyze them further.

We focus on the large-k,, modes near the band edge of WSy (dashed line in Fig.
4.12b), the field profiles of which are shown in the inset of Fig. 4.12b. The fields
are strongly-localized in the WSy slab and exhibit negligible leakage into the Si
substrate. We compute their normalized cross-sectional area that ranges from Aeg ~
0.068 to Aeg ~ 0.081 for both polarizations, surpassing the mode confinement of
SPPs on silver at visible frequencies by an order of magnitude (Fig. 4.8b). Their
propagation distance Leg is very large and reaches values as high as L = 800)\.g
in the lower-frequency regime near ~ 0.75wrows, (Fig. 4.12c). Finally, we show
in the left inset of Fig. 4.12b the grating period, 7, required for single-frequency

simultaneous excitation of TE and TM surface-confined waves on WSy on Si.

To conclude, in the present section and in the previous one, we discussed materials
with permittivity resonances and high-@, as platforms for omnipolarization, phase-
matched surface-confined wave propagation. Our approach aimed to identify the
minimum thickness of a slab of a positive-permittivity material, for which there
exist modes near the band edge k//pax = \€k,). Utilizing high-e¢ materials yields
large degree of confinement, and focusing on high-() material resonances can lead
to large propagation distances. Based on these requirements, we focused on slabs of
SiC and WSs, as representatives of high-@Q polar dielectrics and excitonic materials

at IR and visible frequencies, respectively.

4.9 The case of a plasmon and a phonon

In this section and in the following one, we investigate theoretically the scenarios of
combining a plasmon in a Drude metal (Fig. 4.7) with a phonon in a polar dielectric
(Fig. 4.9) and with an exciton in an excitonic material (Fig. 4.10), respectively.
Similar to the previous sections, we aim to identify regimes of omnipolarization
surface wave propagation. However, in contrast to the discussion in Section 4.2,

here, the origin of the overlap in the dispersions for TE and the TM modes is not
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Figure 4.12: (a) Schematic of a slab of WSy on Si, and a grating with period ~
for surface-confined waves excitation. (b) Dispersion of surface-confined waves

on a slab of WSy with thickness dwg, = 67rc/(wTo7WS2 \/6W52 (wro,WSs)) =
336 nm on Si. The parameters for WSy were fitted from data reported in
[129]: wTO’WSQ = 1.996 eV, WLO,WSQ = 2.009 eV, and ’ycLWSZ = 37.363 fS,
in Eq. (4.4). The refractive index of Si is taken ng; = 3.4. The free-space
light line is located at k/,/k, = 1 (off-axis). The dashed line corresponds to

K/ jmax,wse = 1/ €Wsy(w), the band edge of WS. Left inset shows the grating
period v required for excitation of the surface-confined waves. Right inset
shows the TE and TM field profiles at a single-frequency w and wavenumber
ki Aeg is the effective mode volume, as defined in Eq. (4.9). (c) Effective

propagation length of surface-confined waves on WSs on Si, as defined in Eq.
(4.8).
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the band edge condition. In contrast, by assuming that the plasma frequency of
the Drude metal, which serves here as a substrate, is considerably larger than wrg,
the transverse optical phonon/exciton energy, the TM polarized SPP modes of the
Drude metal are hybridized and obtain a frequency dispersion similar to the TE
polarized band edge modes of the positive permittivity medium (polar dielectric or

excitonic material).

We start by considering a system composed of a thin slab of polar dielectric mate-
rial, with thickness dphon = m¢/WT0O \/€phon(wT0) ON a Drude metal substrate. We
select the plasma frequency of the metal to be wy, = awro /1 + €phon(WT0), such
that the surface plasma frequency of the plasmon is wsp ~ awro, and we set o = 2.5.
This selection of wy}, locates the SPP on the linear, lower side of the dispersion (Fig.
4.7a). The relevant dispersion curves that we are combining in this configuration
are: (i) the unbound SPP mode, shown in Fig. 4.7a, with (ii) the highly-confined
TE polarized mode due to the phonon resonance, shown in Fig. 4.9b. The fre-
quency regime in which this scenario becomes relevant is the IR range at which

polar dielectric materials exhibit permittivity resonances (Fig. 4.2b).

A schematic of the geometry we study is shown in Fig. 4.13a, where we also in-
clude a grating that allows excitation of surface waves. As shown in Fig. 4.13b,
by interfacing the TM polarized SPP mode of the Drude metal with the highly-
confined band edge TE polarized mode of the polar dielectric, we position them in
the same frequency range, and obtain almost overlapping dispersions for TE and
TM polarization. However, here, the origin of the TM polarized mode is the plas-
monic substrate, contrary to the previous sections. For completeness, we continue
to include in Fig. 4.13b the curve corresponding to the band edge of the polar
dielectric material, given by the equation k;/max phon = V/ €phon (W)ko; as expected,

the omnipolarization surface waves occur in the high-epphon frequency regime.

In the inset of Fig. 4.13b, we show the field profiles of the TE and the TM modes
for the same frequency and wavenumber. Although the TE and TM dispersions do
not exactly overlap, by selecting wrg = wry and k//rp = k//rv we excite modes
for both polarizations, with field profiles that show similar degree of confinement.
The simultaneous excitation of modes for both polarizations is a consequence of
the losses introduced in the system. Namely, the high-€,non regime is accompanied
by large values of Im(ephon) (see Fig. 4.1). Hence, the dispersions displayed in
Fig. 4.13b extend to a small range of frequencies, +Aw, and wavenumbers, +Ak,/,
around their central curves, which allows the TE and TM dispersions to overlap, as

we emphasize with the purple highlighted regime.

In order to assess the feasibility of simultaneously excitating TE and TM polarized
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Figure 4.13: Omnipolarization surface waves from plasmons and phonons.
(a) Schematic of a thin slab of polar dielectric material with thickness

dpn = 7c/wro \/€phon(wTo) on a Drude metal substrate, with w, =

awTO \/ 1 + ephon(wT0) (o = 2.5). (b) Dispersion of surface-confined modes for
TE and TM polarization, Achar = dpn. The free-space light line is shown with
black. Dashed line corresponds t0 k//max phon = 1/ €phon(w)ko, the band edge of
the polar dielectric. Lower inset shows field profiles for TE and TM polariza-
tion at the same frequency and wavenumber, wrg = wrm and kg = k/ /M-
Top inset shows the grating period 7 required for excitation of the modes.




79

surface-confined modes at a single-frequency and with a single grating, we calculate
in the inset of Fig. 4.13b, the grating period 7 required for TE and TM mode excita-
tion. As can be seen, the grating periods for the two polarizations are almost identi-
cal, and their differences lie within the limits of fabrication imperfections (£0.1A10).
The small differences in vyt and vy, together with the aforementioned discussion
regarding the losses in the system at frequencies near the high-e,non regime, ensure
that omnipolarization surface waves can be excited in the configuration of Fig. 4.13a
at a single-frequency. By selecting appropriately a high-@Q polar dielectric material
and a Drude metal, the plasma frequency of which can be tuned to approximately

wWp = 2.5wT0 /1 + €phon(wWT0), the surface waves shown in Fig. 4.13 may arise at IR
frequencies, where the phonon energies of polar dielectric materials lie.

Here we combined a polar dielectric with positive permittivity epnon together with
metal with negative permittivity e, to achieve omnipolarization surface wave prop-
agation. In principle, another possibility is to combine two different polar dielectric
materials with slightly different frequencies of transverse and longitudinal phonons,
wro,1 # wro,2 and wro,1 # wro,, such as the Reststrahlen band of the first
(€phon,1 < 0) overlaps with the high-e regime of the second (€pnon,2 > 1). There is
an abundance of phonon resonances in different materials in the IR spectral range,
hence it is straightforward to find such a combination of positive and negative per-
mittivities. However, the frequency regimes near wro 1, wro 2 entail high loss (see
Fig. 4.1), hence combining two polar dielectric materials near resonance will lead
to very large damping constants of surface confined modes. Therefore, we do not

investigate further the case of two phonons.

4.10 The case of a plasmon and an exciton

In analogy the the case examined above, here we investigate a thin slab of an exci-
tonic material on a Drude metal substrate, in order to combine the highly-confined
TE band edge mode due to the high-ec. regime (Fig. 4.10b) with the TM polar-
ized SPP due to the plasmon of the metallic substrate (Fig. 4.7a). The frequency
regime in which this scenario becomes relevant is the visible range at which exci-
tonic materials exhibit permittivity resonances (Fig. 4.2a). We select a thickness
of dexe = m¢/wro Véexc(wTo) for the excitonic material and a plasma frequency
of wp = awro V1 + €exc(wro) for the metal. By setting a@ = 2.5, we ensure that
wsp ~ awTo is well-above wro, hence, the plasmonic mode lies in the linear-regime,
on the lower-frequency side of the SPP dispersion (see Fig. 4.7a). A schematic of
the geometry we study is shown in Fig. 4.14a. We include a schematic of an input

grating that allows excitation of surface waves from free space, via k,/ = 27 /7.

As can be seen in Fig. 4.14b, we obtain a TE mode due to the high-€qy. regime of
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Figure 4.14: Omnipolarization surface waves from plasmons and exci-
tons. (a) Schematic of a thin slab of an excitonic material with thick-
ness dexe = mc/wWro Veéexe(wro) on a Drude metal substrate, with wp =
awto V1 + €exc(wro) (v = 2.5). (b) Dispersion of surface-confined modes
for TE and TM polarization, A¢har = dexe- The free-space light line is shown
with black. Dashed line corresponds to k//max,exc = V €exc(w)ko, the band
edge of the excitonic material. Lower inset shows field profiles for TE and
TM polarization at the same frequency and wavenumber, wrg = wry and
k//re = k//rm- Top inset shows the grating period 7 required for excitation
of the modes.
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the excitonic material, and a TM polarized hybrid-SPP mode due to the e, < 0
of the metal. The typical SPP dispersion that is linear in the low-w regime (Fig.
4.7a) is hybridized here due to the strong frequency dispersion of €qy.(w) near wro,
and almost overlaps with the TE mode. For completeness, we continue to include
the curve corresponding to the band edge of the excitonic material, given by the
equation k//maxexe = V€exc(W)ko; as expected, the omnipolarization surface waves

arise in the high-eqy. frequency regime.

Although the TE and TM dispersions do not exactly overlap, by selecting wrg = wrm
and k/rg = k//rm we excite modes for both polarizations, the field profiles of
which are displayed in the lower inset of Fig. 4.14b and exhibit similar degrees
of surface-confinement. Similar to the comments made in the previous section, this
simultaneous excitation occurs due to the losses introduced in the systems we study.
Namely, near wro, the excitonic material exhibits high damping (large Im(ecxc)).
Hence, the dispersions displayed in Fig. 4.14b extend to a small range of frequencies,
+Aw, and wavenumbers, +Ak,,, around their central curves, which results in the
overlap of the TE and TM modes dispersion curves, as emphasized with the purple

highlighted regime.

In the top inset of Fig. 4.14b we calculate the grating period v required for TE
and TM mode excitation. The grating periods for the two polarizations are similar,
and their differences lie within the limits of fabrication imperfections (£0.1\1o,
where Arg lies in the visible spectral range), ensuring simultaneously TE and TM

polarized mode excitation with a single grating.

4.11 Conclusion

In this chapter we studied the high-permittivity frequency regime of polar dielectric
materials and excitonic materials, at IR and visible frequencies, respectively. We
showed that use of high-(Q) materials can lead to surface-confined waves that occur
for both linear polarizations simultaneously, i.e. they can be excited at a single-
frequency (wrg = wrm) and require a single grating for their excitation (kg =

k, /M), hence they are also phase-matched.

We followed two different approaches; (i) the first one pertained to utilizing the
polarization degeneracy of the band edge modes of a bulk polar dielectric or excitonic
material. (ii) The latter approach entailed the combination of plasmonic metals with
polar dielectrics and excitonic materials, at IR and visible frequencies, respectively,
for omnipolarization surface waves. In this case, the TE and the TM modes have
different origins; namely, the TM mode is a hybrid-SPP mode due to the plasmonic

metal, whereas the TE mode originates from the dielectric’s band edge.
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With regards to (i), we demonstrated theoretically that use of SiC at IR frequencies
and WSy at visible frequencies can yield omnipolarization surface-confined waves
with higher degree of confinement and longer propagation distances, in comparison
to SPPs in Ag. In Table 4.1, we summarize these results and provide a comparison
between the cases we examined. We emphasize that SiC and WS4 were selected due
to their high-Qs (Eq. (4.5)), which is a crucial parameter for obtaining surface waves
with good confinement characteristics and large propagation distances. We note,
however, that, in contrast to the broadband nature of SPPs, the omnipolarization
surface waves discussed here are narrowband in nature, and physically bound to the

frequency range where phonons and excitons occur in naturally available materials.

Material TE polarization TM polarization
Semi-infinite Ag  Aqg N.A. Aegr ~ [0.5 — 1.2]
(visible) Leg N.A. Legr ~ [5 — 55|
SiC on Si Aeg ~ [0.045 — 0.066] Acg ~ [0.045 — 0.066]
(IR) Legr ~ [10 — 70] Leg ~ [10 — 70]
WS, on Si A ~ [0.068 — 0.081] Acg ~ [0.068 — 0.081]
(visible) Legr ~ [10 — 800] Legr ~ [10 — 800]

Table 4.1: Comparison of figures of merit between SPPs in Ag (see Section
4.5) and omnipolarization surface-confined waves in SiC (see Section 4.7) and
in WSs (see Section 4.8). Aeq is the cross-sectional area of the mode normal-
ized to a diffraction limited spot Ao1p = Ao/2 (see (Eq. 4.9)). Leg is the
propagation length of the mode normalized to the effective wavelength of the
mode (see Eq. (4.8)).

Regarding the latter approach (ii), we showed that combination of plasmons and
excitons or plasmons and phonons, at visible and IR frequencies, respectively, can
yield omnipolarization surface-confined propagation. In search for realistic config-
urations that may support such surface waves, it is highly desirable to be able to
actively tune the plasma frequency of the plasmonic component to frequencies that
match phonon energies (IR) or exciton resonances (visible). In the following chap-
ter, we perform detailed investigations for inducing such active tunability in planar

heterostructures in both visible and IR frequency regimes.
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Chapter &

ACTIVE TUNABILITY IN PLANAR METAMATERIALS

“This field is not quite the same as other fields in physics in that it will not tell us
more of fundamental physics but it is more like solid-state physics in the sense that
it might tell us much of great interest about the strange phemomena that occur in

complex situations.”

Richard P. Feynman, Plenty of Room at the Bottom, 1959

5.1 Tuning the optical response

The range of fundamental phenomena and applications achievable by metamaterials
can be significantly expanded by actively tuning their effective electromagnetic pa-
rameters to enable dynamic control over their optical response. Such active control
over metamaterials’ response can pave the way towards novel active optical com-
ponents like holographic displays, improvement of liquid crystal display technology
with solid-state materials, tunable polarizers, sensors and switches, slow-light media,
and optical memories. Particularly, simultaneous control of phase and amplitude
of fields scattered or transmitted through metamaterial-based optical components
is challenging to achieve but highly desirable for holography and lidar technology
[153, 154].

In this chapter, we investigate means for tuning the response of planar metama-
terials along all coordinate directions, by focusing on their fundamental material
parameters. By starting from intrinsic metamaterial properties (e and peg), we
can directly predict and control their dispersion characteristics. Control over the
dispersion diagram or the EFC, introduced in Chapter 1 (see Section 1.4) is of in-
terest from a more fundamental physics point of view as well (apart from tuning the

scattering properties of metamaterials).

Namely, the past decade has revealed a plethora of new phenomena in electronic
materials in condensed matter physics, and also in their photonic counterparts, aris-
ing from engineering their electronic band structure and photonic dispersion surface,
respectively. Classical phenomena such as Lifshitz transitions [155] and Van Hove
singularities that lead to extreme values of magnetoresistance arise from inducing
transitions in the Fermi surface of electronic systems. Quantum mechanical effects

such as those arising from Dirac-like dispersion surfaces, leading to topological Dirac
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phases, are the result of band structure engineering, leading to three-dimensional
semimetals [156] and topological insulators [157]. Photonic analogues of topological
insulators, in other words photonic materials that support non-trivial topologically
protected states against back-scattering, have been realized with helical waveguides
in a honeycomb lattice [158], by engineering the dispersion characteristics of pho-
tonic crystals. The dispersion surface or EFC is also critical for engineering emission
with hyperbolic media, as investigated and demonstrated experimentally in [42] (see
discussion in Section 1.4). Particularly, in analogy to the Lifshitz transition in elec-
tronic systems, a transition from a closed EFC to an open, hyperbolic one, comes
with a singularity in the density of optical states. By controlling the dielectric prop-
erties of HMMs along different coordinate directions, namely the near-zero bands of

€oeff and € off, the frequency regime of topological transitions becomes tunable [48].

This chapter is structured as follows: in Sections 5.2, 5.3, 5.4 we discuss means
for inducing actively tunable response in planar metamaterials using transparent
conductive oxides (TCOs). In Sections 5.5, 5.6 we investigate the use of graphene as
an active medium. We show that field-effect-based gating, i.e. carrier accumulation
and depletion, using TCOs, yields a largely tunable response along the optical axis
of planar heterostructures, for frequencies below the UV range [48], while capacitor-
based gating with graphene mono-layers leads to significant tuning along the in-plane

direction.

We note that alternative tuning mechanisms include modifying the complex dielec-
tric function of component materials via phase transitions [159] and electromechan-
ical deformations [160]. In contrast to these, use of the field-effect and electronic
gating via carrier injection are particularly attractive due to their robustness and
very low power dissipation in steady state, having potential to yield power-efficient
tunable metamaterials with ultrafast (fs) modulation speed. The field-effect has
been recently investigated for optical modulators [153, 161-164] by using the spec-
tral tunability of the electronic properties in TCOs or transition-metal nitrides [165]

for modulating the modal effective index in waveguide configurations.

5.2 Transparent conductive oxides as active components

We start with the toy model shown in Fig. 5.1, demonstrating a metamaterial unit
cell composed of two mirror-symmetric metal/oxide/semiconductor (MOS) sequence
of layers. Instead of a traditional semiconductor, we investigate here TCO active
layers. The charge carrier density of TCOs can be controlled by the number of
oxygen vacancies when deposited, for example via RF sputtering deposition. More
importantly, however, their charge carrier density can be tuned actively as well [153,

154, 159], when incorporated in MOS devices and gating between the metal and the
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TCO is applied, injecting carriers in TCO accumulation and depletion regimes, as

shown in Fig. 5.1 with light blue colors.

z V+

- V+

Figure 5.1: Schematic of TCO-based field-effect tunable hyperbolic metama-
terial unit cell

Prior to delving into the details on the optical properties of the motif shown in
Fig. 5.1, we discuss the field-effect mechanism using TCOs. We focus on indium
tin oxide (ITO) as an example TCO, because it has been studied extensively in the
literature [153, 161, 166-169] and its electronic properties are fairly well character-
ized experimentally [153, 161, 167, 170]. We emphasize, however, that the results
discussed here can be extended to other TCOs, for example aluminum doped zinc
oxide [166] and gallium doped zinc oxide [164, 166], or transition-metal nitrides and

degenerately doped semiconductors [163].

The intrinsic parameter modulated via the field-effect, that is in turn used to induce
optical tuning, is the charge carrier density, N,cc, in the active layers of accumula-
tion and depletion (light blue colors in Fig. 5.1), relative to the background charge
carrier density Ny. Ignoring detailed band bending effects, to first order, the charge
carrier accumulation can be schematically modeled via a uniform layer with in-
creased carrier concentration relative to the background TCO, with thickness given
by the Debye length d. A simple electrostatic calculation on a metal/dielectric/ TCO
interface, as depicted in Fig. 5.1, dictates that:
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Kdiel€o
where V is the applied bias between the metal and the TCO, ¢ is the thickness
of the dielectric and kgje is its DC dielectric constant, Ey, is the corresponding
breakdown field and ¢, is the dielectric permittivity of free space. To achieve tun-
ability within the visible regime, high-carrier density is required, on the order of
10 — 102! /em®. Additionally, dielectric materials with very high breakdown fields
are necessary. Previous reports have shown that ITO can be heavily doped using RF
sputtering to yield a background carrier density, N}, in the range 10'? — 102! /cm?.
Following previous experimental results [153, 161, 162, 167-170], we consider here a
background carrier density of Ny, = 5 x 102° /em? and active tunability of the carrier
density in the accumulation regimes of up to two orders of magnitude, assuming
high-strength dielectric materials for the oxide layer (see Fig. 5.1). We note that
here we only consider accumulation of carriers, however depletion can be achieved
by simply inversing the bias polarization. We compute, in Table 5.1, using Eq.
(5.1), the maximum achievable carrier concentration in the accumulation layer of
ITO, for various high-strength dielectric materials whose breakdown fields have been
reported. Different Debye lengths d for the ITO are also considered, consistent with
the range of parameters observed in previous experimental results [153, 161, 162,
168].

High-k dielectric quality is important for sustaining high carrier concentrations in
the accumulation layer. HfOs is particularly attractive due to its simultaneously
large values of DC dielectric constant [171, 174, 176, 177] and its high breakdown
field. We note that, apart from Sire et al. in [171] and Yota et al. in [174], Kim
et al. in [178] have obtained breakdown fields as high as 36 MV /cm for large-area
(up to 100pm x100pum) planar field-effect electrode geometries, while values in the
range 5 — 10 MV /cm have been broadly reported in the literature [179-181].

As far as the optical properties of TCOs at visible and IR frequencies are con-
cerned, and particularly for the material of interest here, which is I'TO, its dielectric
permittivity is described with the Drude model [153, 161, 167, 170, 182].

w2

P

€ =€ — 55— 5.2
where wg = Nie? /€oMeft, €xo 1S the high-frequency dielectric permittivity and meg
is the effective mass. Nj is the carrier density, for ¢ = b, acc for the background
and accumulation regions, respectively. Following previous experimental work [153,
161, 182], we take €5 = 3.4, v = 1.8 X 1021/sec and meg = 0.35m,, where me
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Dielectric Nace, d =0.5 Npee, d=1 Naee, d=2.5 Naee, d=5
SiO9

kgiel = 3.9 [171, 172] 1.29 - 1.7 0.65—0.86 0.26—-0.35 0.13—-0.17
Eyy =30 —40[171]

AlLO3

kdiel = 9[172] 0.6 —0.8 0.3—-04 0.12—0.16  0.06 — 0.08
Ey =6 — 8171, 173, 174]

Al,Og3

kdiel = 10.3[174] 0.68 —0.91 0.34—0.46 0.14—-0.18 0.07—0.09
By =6 —8[171, 173, 174]

HfOo

kgier = 17[171] 2.4 1.2 0.48 0.24
Ey = 13[171]

HfO9

kaiel = 18.7[174] 1.16 0.58 0.23 0.12
Ey = 5.6[174]

HfSiOy4

kdiel = 11[175] 1.22 0.61 0.24 0.12
Eyy = 10[175]

HfSiO4 (with SiO2) 0.53 —-10.6 027—-03 0.11-0.12 0.05—0.06
kdiel = 4.8 — 5.4[176]

Eyy = 10[175]

HfSiO, (with HfO3)
kgl = 12.5 — 15.1[176]  1.38—1.67  0.69—0.83 0.28—0.33 0.14—0.17
Eipy = 10[175]

Table 5.1: Maximum achievable carrier concentration in I'TO accumulation
layers for reported values of breakdown field and DC dielectric constants of
high-strength dielectrics. The breakdown voltage Ey; in given in MV /cm and
the carrier density Ny in 102 /cm3. d is the accumulation layer thickness
given in nm.

is the electronic rest mass. Starting from the background carrier density Ny, =
5 x 10%°/cm3, we show in Fig. 5.2 the dielectric permittivity of ITO at visible-
near IR frequencies for increasing carrier concentration. We highlight that carrier
densities in the range 10%° — 10%! /em? yield an epsilon-near-zero (ENZ) response at
visible frequencies, with erpo transitioning from positive to negative values. In turn,
this induces topological transitions in the dispersion surface of the metamaterial, as

we discuss in what follows (see Figs. 5.6, 5.7, 5.8).

5.3 Tunable hyperbolic response at optical frequencies
Regarding the optical response of the metamaterial, we consider a toy model con-

sisting of 20 nm of Ag (yellow layers in Fig. 5.1), separated by 15 nm of ITO (dark
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Figure 5.2: Complex dielectric permittivity of indium tin oxide at visible-near
IR frequencies. (a) Re(erro), (b) Im(erro).

blue and light blue colors for background and accumulation layers, respectively, in
Fig. 5.1). The two materials are electrically isolated from each other by 10 nm of
HfO4 dielectric layers (purple layers in Fig. 5.1). The thickness of HfOy was chosen
to correspond to thicknesses routinely achievable in atomic layer deposition [173,
174]. The optical properties of Ag were taken from [75], while the Sellmeier equa-
tion with three poles was used for the refractive index of HfOy [183]. Under applied
bias between the Ag and the ITO in the geometry of Fig. 5.1, we consider a 2.5
nm accumulation layer to be formed in the HfO2-ITO interface [153, 161, 162]. In
Section 5.4 we perform a sensitivity analysis over the accumulation layer thickness
and maximum carrier density modulation in order to comprehensively assess the
tunability range for this design for various TCOs, transition-metal nitrides or de-
generate semiconductors and high-k dielectrics. We model both the background ITO
and the accumulation layer using the Drude model with higher carrier concentration

compared to the background, as discussed above (see Eq. (5.2)).

The drastic change in the carrier concentration across the I'TO background and ac-
cumulation layer interface yields tunable optical parameters. We use the parameter

retrieval method discussed in Chapter 2 and in [47] to calculate the effective opti-
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Figure 5.3: Extraordinary dielectric permittivity of the TCO-based tunable
HMM depicted in Fig. 5.1. (a) Re(€eefr), (b) Im(ecem). Legends correspond
to varying carrier concentration in the I'TO accumulation layer, Nucc.

cal parameters €, eff, €cef Of this motif for increasing carrier concentration in the
accumulation layer of ITO. We note that, no high-index layers are incorporated in
the considered metamaterial, hence, following the results of Chapter 3, the mag-
netic permeability of this motif is approximately unity (toeff = feef ~ 1), and the

effective magnetic parameters are not discussed further.

As the carrier concentration in the accumulation layer of I'TO increases under applied
bias from the background value of 5 x 102 /em? up to 7.5 x 102! /ecm?, correspond-
ing to experimentally reported carrier concentration changes [161], the Lorentzian-
shapped resonance in extraordinary permittivity € o blue-shifts as seen in Fig. 5.3.
This resonance arises form the coupling of the plasmonic modes supported on the
metal/dielectric interfaces to the bulk high-k modes of the HMM [33]. The epsilon-
near-pole (ENP) wavelength of this dominant resonance blue-shifts under applied

bias by more than 60 nm, while remaining within the visible regime.

In contrast to eq o that is largely tunable, €, ¢ does not exhibit significant tuning
with increasing bias, as shown in Fig. 5.4. The weak dependence of €, cff on Nycc is

expected; the ITO accumulation layers are relatively thin (2.5 nm) compared to the
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Figure 5.4: Ordinary dielectric permittivity of the TCO-based tunable HMM
depicted in Fig. 5.1. (a) Re(épeft), (b) Im(eyef). Color map similar to Fig.
5.3.

Ag layers (20 nm), the response of which dominates along the in-plane direction,

consistent with effective medium theories (see Section 2.2).

As discussed in Chapter 3, TM polarized bulk modes experience an extreme anisotropic
response when propagating in planar HMMs, as dictated from Eq. (3.2). Sim-
ilar to naturally occurring uniaxial materials [1], we introduce here an effective
birefringence and dichroism for TM polarized modes, defined as Re( /€ effflocff) —
Re( /€eeff Hoeff) and Im( V/€oefiflo,eff) —Im( V/€eeff Hoeff); respectively. These param-
eters are shown in Fig. 5.5 for increasing carrier concentration in the accumulation
layer of ITO. As expected, HMMs exhibit extreme anisotropies, which is manifest
in large birefringence values. These by far exceed the birefringence of the most
anisotropic natural materials like liquid crystals and other uniaxial inorganic crys-
tals (c.f., Table 5.2). Notable is the broadband tunability of both birefringence and

dichroism across the whole visible spectrum.

The tunability of the effective parameters presented in Figs. 5.3, 5.4 has an effect

on the dispersion surface for TM polarized waves, as discussed in Chapter 3 (Eq.
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(3.2)). This can be illustrated by defining a metamaterial figure of merit (FOM),
FOM=Re(k; ct)/Im(k,eq). In Figs. 5.6 a, b, ¢ we display this parameter for carrier
concentration Ny = 5 X 1020/cm3 = Np, Nace = 2.5 X 1021/Cm3 and Naee = 7.5 X
102! /em3, respectively. Active modulation of the ITO accumulation layer yields
drastic changes in the metamaterial FOM. The “valleys” and “ridges” in Fig. 5.6
are a good criterion for identifying regions of enhanced and suppressed density of
optical states, respectively [71]. Namely, the ridge in Fig. 5.6a, at wavelengths
400 — 500 nm, indicates a band gap where propagation is forbidden. The large FOM
values away from the band gap regime emphasize the hyperbolic response of the
heterostructure, supporting large-k values. As the bias in increased, in other words
for increased carrier density, in Fig. 5.6b, an additional band gap is introduced at
larger wavelengths 700—800 nm, due to the secondary Lorentzian-shapped resonance
in €geff, shown in Fig. 5.3 with green color. Further increase in the carrier density
or applied bias (Fig. 5.6¢) leads to further spectral shift of the valleys and ridges.
We note that these figures of merit by far exceed previous generation metamaterials,
due to the intrinsic property of HMMs to support spectral regions of €, efréc e < 0

and, therefore, large wavenumbers.

Material Birefringence
AlyOq 0.08

LiNbOg 0.085

Rutile 0.287

Nematic liquid crystals 0.4
Table 5.2: Birefringence Re(,/€,) — Re(/€¢) of anisotropic dielectric media

The tunable optical parameters for this metamaterial motif also yield changes in
the isofrequency contours and topological transitions. In Fig. 5.7, we present the
complex isofrequency contours for TM bulk modes. Both ky and k, are normalized
to the free space wavenumber k, = w/c. Application of DC bias across the HMM
unit cell yields drastic changes in both the shape and type of the dispersion surface.
Additionally, the surface area enclosed by the isofrequency contours, which is pro-
portional to the total number of available optical states [41], changes significantly
with changes in ITO accumulation layer carrier concentration, yielding a route to

active control over the metamaterial optical density of states.

As can be seen from Fig. 5.7, for all the considered free-space wavelengths, the
topology of the dispersion surface changes with the ITO carrier density. The EFC
at wavelengths of 378 nm and 650 nm depict regions of type I and type II hyperbolic
dispersion, respectively. Hyperbolic dispersion of type I is a consequence of the

effective built-in dipole moment in the direction across the optical axis for oblique
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Figure 5.5: (a) Birefringence defined as Re( /€ cfiflo.off) — Re( \/€c et fooff )5 (D)
Dichroism defined as Im( /€, e flo off) — Im( /€ eff floeff ). Legends correspond

to varying carrier concentration in the ITO accumulation layer, Nyec.

incidence and TM polarization, yielding € o < 0. Type II hyperbolicity is the result
of the metallic response of the metamaterial along the in-plane direction (€, ot < 0)
and the dielectric response along the optical axis (ecc > 0). Deviations of the
EFCs from perfect hyperbolic shapes are attributed to loss and spatial dispersion
(see Section 3.7).

For the wavelength of 520 nm, it is evident that the area enclosed by the real part of
the isofrequency surface decreases for increasing ITO carrier density. Additionally,
the losses increase with increasing ITO carrier density, as shown by the imaginary
parts of the EFCs. This wavelength falls inside a photonic band gap region for the
ITO carrier density Naee = 7.5 x 102! / cm?. At this carrier density, both parameters
€oeff aNd € off are negative, leading to a forbidden band (see Eq. (3.2)). Hence, at
this wavelength regime, the metamaterial experiences a topological transition from
a hyperbolic state to a forbidden region with increasing carrier concentration. For
800 nm wavelength, a similar observation is made for the green curve corresponding
to ITO carrier density of Nyce = 2.5 x 10%! / cm?®. For this carrier concentration, the

metamaterial exhibits a band gap, as also indicated in Fig. 5.6b.
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Figure 5.6: Tunable figure of merit defined as Re(k,)/Im(k,) of the TCO-
based tunable HMM depicted in Fig. 5.1. Panels (a), (b), (c¢) correspond,
respectively, to Nace = 5 x 1020 /em? = Ny, Naee = 2.5 x 1021 /em? and Naee =
7.5 x 102! /em3.

To illustrate the effects of tunable optical parameters on the effective band struc-
ture, we show in Fig. 5.8 the change in the topology of the frequency-dependent
three-dimensional dispersion surface for the two extreme cases of charge carrier con-
centration in the I'TO accumulation layer, in the lossless limit. Within the optical
regime, we see an effective omnidirectional band gap (noticeable in the band dia-
gram along both the kyx and k, axes in Figs. 5.8a, b, respectively), whose band edges
can be tuned by varying the applied bias. Additionally, we notice the appearance of
a new effective band gap and a new hyperbolic region, for larger accumulation layer
carrier concentration changes (Nace = 7.5 x 102! /em? in Figs. 5.8c, d). Hence, the
field-effect provides sufficient change of the conductive oxide permittivity to allow
for spectral shifting of the hyperbolic regions and band gaps of HMMSs and even to

allow for active opening and closing of band gaps.

5.4 Sensitivity analysis
As shown in Eq. (5.1), the parameter that principally defines the tunability range

of the effective optical properties of our metamaterial is the product N,c.d, where
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Figure 5.7: Complex isofrequency contours at different wavelengths for the
TCO-based tunable HMM depicted in Fig. 5.1. Blue, green and red colors cor-
respond, respectively, to Nace = 5 x 1029 /cm? = N}, Naee = 2.5 x 10?1 /em? and

Noce = 7.5 x 102 / cm?. ky and k, are normalized to the free space wavenumber
ko =w/c

Nyce is the maximum achievable carrier concentration in the accumulation layer of
the TCO before electrical breakdown occurs, and d is the Debye length or thick-
ness of the accumulation layer. We perform a sensitivity analysis of the retrieved
extraordinary permittivity e s, separately as a function of Nac. and d, since € e
is the optical parameter most drastically affected by the field-effect (Fig. 5.3). Both
for Nuec and d, we consider values within the range of previous experimental reports
[153, 161, 162, 167-169]. We suggest that this approach can provide useful insight
here, and also for other semiconductors and TCOs or transition-metal nitrides, as
active constituent materials in field-effect tunable metamaterial realizations. In Fig.
5.9 we illustrate the tunability of the ENP region of the primary Lorentzian reso-
nance (Fig. 5.3).
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Both the carrier concentration N,.. and the Debye length d drastically impact the
spectral shift of €. .. As expected, thicker accumulation layers (i.e. larger d) is
desirable as it introduces larger shifts of the ENP. Similarly, being able to gate
TCO materials at very high carrier densities is also desirable for increased optical
tuning. We emphasize here on the importance of the electrical quality of the oxide

layer, which is critical for achieving experimentally observable spectral tuning.
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Figure 5.9: Effects of the electronic properties of ITO on the ENP wavelength
of €cef. (a) Dependence of the ENP shift on the carrier concentration Npcc,
for varying Debye lengths indicated with the legends. (b) Dependence of the
ENP shift on the Debye length, for varying maximum achievable carrier con-
centration in the accumulation layer before breakdown occurs.

5.5 Graphene as an active component

Graphene is a two-dimensional, single-atom thick semimetal, initially extracted from
graphite in 2004, by A. Geim and K. Novoselov [184]. From its two-dimensional
nature arises the intriguing property of exhibiting linear electronic dispersion of
the form E  |k| near its charge neutrality point (CNP), as shown in Fig. 5.10a.
This is in contrast to conventional metallic systems where the electronic dispersion
is parabolic (E o |k[2). At the Dirac point or CNP, the density of electronic
states vanishes, however it is possible to tune graphene Fermi’s level Ex via carrier
injection, chemically or by electrostatic changes to the carrier concentration [5,
120, 121, 184]. Hence the conductance of graphene o, and therefore its optical
properties can be actively modulated in motifs where graphene is gated against

another conducting material.

Another interesting aspect of graphene is its ability to guide extremely confined

surface plasmonic modes [120, 121], with confinement factors that exceed any three-
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Figure 5.10: (a) Graphene’s Dirac cone. Here F and ky, k, are the energy and
wavenumbers of electrons, respectively, not to be confused with the wavenum-
ber k/, in (b), which pertains to the incident electromagnetic field’s wavenum-
ber. (b) Schematic of graphene-based tunable hyperbolic metamaterial unit
cell. Directions (o) and (e) refer to the ordinary and extraordinary axes.

dimensional, bulk plasmonic metal. In contrast to plasmonic metals or to the TCO
family discussed in the previous sections, graphene’s lower carrier density yields plas-
monic properties in the IR range. Hence, it is an intriguing material to investigate
as a tunable metallic component in planar graphene/dielectric HMM configurations
(Fig. 5.10b).

In modeling graphene, we take its conductance at different values of Fr from the
semi-analytical model provided in [185]. In order to account for two-dimensional
materials in the conventional transfer matrix approach discussed in Section 2.3 and
in Appendix A.1, we modify Maxwell’s boundary conditions for the magnetic field,
to consider a non-zero surface current density J = oF induced by the incident
electric field E [186]. This results in the transfer matrix for graphene M graphene (OF

any two-dimensional material described via a sheet conductance o), given by

M o ne = > 5.3
graphene ( —4ro/c 1 (5:3)

which is to be multiplied with the transfer matrix of Eq. (2.15), for multilayer
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heterostructures involving both two-dimensional and conventional three-dimensional

materials.

5.6 Tunable hyperbolic response at infrared frequencies

We envisage multilayer configurations of alternating graphene/high-strength dielec-
tric layers as depicted in Fig. 5.10b. Similar configurations have been considered in
[186] and in [187], however in previous reports, the dielectric layers were assumed
to be non-dispersive. We highlight that, typically, in the IR regime, dielectric ma-
terials exhibit phonon resonances as discussed in Chapter 4. For this reason, and in
order to examine a parameter space of experimentally reasonable configurations, we
assume here a typical polar dielectric response with Lorentzian-shapped resonances,
as discussed in Fig. 4.1. We particularly focus our studies in SiOy dielectric layers,
due to the widespread use of SiOs as an insulating material in graphene experiments
[5, 120]. As a result of accounting for phonon resonances, we observe interesting
ENZ regimes for the composite metamaterial, at IR frequencies. Such a response is
typically unfound in natural plasmonic metals, where the ENZ regime is physically

bound to UV-visible frequencies.

We perform transfer matrix calculations for the example system of Fig. 5.10b, for
SiOs9 layers of thickness 100 nm, achievable either with electron-beam or thermal
evaporation, or growth on a Si substrate, for higher material quality. We consider
changes in graphene’s Fermi level Er from CNP, up to 1 eV. These can be induced by
gating the graphene mono-layers either against each other, as shown in Fig. 5.10b,
or against a common ground, which could be, for example, a substrate (such as
doped Si, which is commonly used for graphene experiments). The ordinary and
extraordinary permittivities of the metamaterial, €, off and e e, at different Ep, are
shown in Fig. 5.11. The effective parameters calculations were performed using the

parameter retrieval approach discussed in Chapter 2 and in [47].

Similar to the TCO-based metamaterial investigated above, the graphene-based
metamaterial studied here does not exhibit interesting magnetic properties (po e ~
feeff =~ 1). This may seem counter-intuitive, as in Chapters 3 and 4 we empha-
sized that strong artificial magnetic effects require high-e¢ values to support strong
displacement currents J:hsp [98] (see Section 3.3), and the polar dielectric medium
(SiO2) does exhibit high-e near its phonon resonances (~ 10um and ~ 20pm). How-
ever, as discussed in Section 3.3, for strong magnetic effects, the high-¢ layers should
be separated by some distance r so that a magnetic dipole moment Meff o T X jdisp
is built. In the case examined here, the SiO4 layers are separated by graphene mono-

layer of negligible thickness, hence r = 0 and the magnetic effects are unimportant.
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Figure 5.11: Complex effective dielectric permittivity of the graphene/SiOq
HMM depicted in Fig. 5.10, for different Fr corresponding to different applied

bias V. (a) Re(€oefr), (b) Im(€oeft), (¢) Re(ecerr), (d) Im(ecefr)-

It is noteworthy that the extraordinary permittivity € og of the metamaterial coin-
cides exactly with the permittivity of SiO», €sio,, as shown in Figs. 5.11c, d, for all
considered gating levels or values of Er. This occurs due to the two-dimensional na-
ture of graphene; electric fields with out-of-plane (z) components do not experience

the graphene’s response and, instead, feel a purely dielectric environment.

By contrast, the ordinary permittivity €, is largely tunable as depicted in Figs.
5.11a, b. At Er = 0, we obtain €,eff = €ceff = €si0,- This result is expected; as
explained above, at Eg = 0 eV, graphene has a vanishing density of electronic states,
hence it is not conductive and its effect on the optical properties of the metamate-
rial is negligible, along all coordinate directions. By increasing Er, we observe an
induced metallic response along the in-plane direction, i.e. for electric fields with a
component parallel to the metamaterial’s interfaces. Maximum tunability of €, o
is observed at and below the phonon frequencies of the SiOs. Particularly, we ob-
serve two induced and tunable ENZ regimes for €, ¢, near the two phonons, i.e. at

wavelengths ~ 10pum and ~ 20pum. In Fig. 5.12 we provide an enlarged view of
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Figure 5.12: Re(e,ef) of the graphene/SiOo HMM depicted in Fig. 5.10, for
different Er corresponding to different applied bias V. The highlighted re-
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elliptical to hyperbolic dispersion.

Re(eo,eff)'

With the reminder that €. = €sio, for all considered values of Er, we infer from
Fig. 5.12 that this metamaterial exhibits topological transitions of its dispersion
surface from the elliptical state (e eff€c e > 0) to the hyperbolic state (eyeg < 0,
€ceff > 0), as higher gate bias V' is applied, i.e. for increasing values of Er. These
transitions occur at wavelengths between the two SiOs phonons and also for wave-
lengths above the 20um phonon. In order to quantify the degree of hyperbolicity
and to estimate the range of observable changes in the metamaterial’s dispersion,
we consider the equifrequency contours for bulk, TM polarized propagating modes

(see Eq. (3.2)) at different wavelengths, as shown in Fig. 5.13.

From Fig. 5.13a, at small wavelengths where the tunability range is small as shown
in Fig. 5.12, the EFC does not change considerably for different values of Ef.
Particularly, since €, is not largely tunable in this regime of wavelengths, we
have €, ~ €ccff, hence the response is almost isotropic, as confirmed with the
circular shape of the EFCs in Fig. 5.13a. Small changes in the shape of the EFC
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Figure 5.13: Isofrequency contours at different wavelengths for the
graphene/SiOy HMM depicted in Fig. 5.10, for different Fp corresponding
to different applied bias V. (a) Elliptical regime corresponding to wavelengths
at which €, cr€c e > 0, (b) hyperbolic regime for wavelength 164m, at which
€oeff€eeff < 0. kx and k, are normalized to the free space wavenumber &k, = w/c.

from circular to elliptical arise from small changes in €, Wwith respect to €qc. By
contrast to the small wavelength regime, between the two phonons of SiOg (~ 10um
and ~ 20pum), the response of this metamaterial changes dramatically with applied
bias or increased Fp. This is shown with the EFC in Fig. 5.13b, for a wavelength
of 16pum. At small values of Er, €,eff R €ceff and the response is isotropic. With
increasing Er, €, ef becomes negative, hence the EFC opens up into a hyperboloid.
Notably, the range of achievable wavenumbers k, is dramatically increased in the

hyperbolic regime, where we have k, ~ 60k,.

A considerable impediment in practically utilizing the large wavenumbers supported
in traditional metallodielectric multilayer hyperbolic media -and, as a consequence,
their large density of optical states- is to find means of coupling into these high-
k states from free space (k;; < k) [71]. In the case of graphene-based HMMs,
however, this issue is easily circumvented, as even unpatterned graphene provides
access to wavenumbers as large as k,, ~ 20k, due to its plasmonic properties below
its plasma frequency [120, 121]. Importantly, by patterning graphene, we can access
wavenumbers as large as k/, ~ 100k, [120, 121], for which we display a patterned
top-most graphene layer in Fig. 5.10b. Hence, with graphene/dielectric multilayer
HMM configurations (Fig. 5.10b), it becomes possible to achieve confinement factors
for bulk propagating modes (apart from guided surface plasmonic modes) below the

diffraction limit.
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5.7 Conclusion
In conclusion, we outlined methods for electronically tuning the response of planar
hyperbolic metamaterials at visible and IR frequencies, using transparent conductive

oxides and graphene as active components, respectively.

In the visible regime, we introduced a field-effect gating scheme for electrical modu-
lation of the permittivity in transparent conductive oxide layers. By incorporating
a TCO into a typical metallodielectric metamaterial and altering the carrier density
in accumulation regions, we observe the opening and closing of optical omnidirec-
tional band gaps controlled by applied bias, which corresponds to a tunable figure
of merit with values as high as 15 in the hyperbolic regime while vanishing at the
band gaps. The field-effect allows spectral tunability of the effective extraordinary
permittivity () along the optical axis (z direction). We predict blue shifts of
€c,eff €AY its resonance by more than 60 nm in the visible regime. This also gives rise
to broadband tunability of the effective birefringence and dichroism, with potential
for novel photonic devices like tunable metallodielectric waveguides, optical sensors,
filters and polarizers. Such active control over the complex parameters of metama-
terials is also essential for slow light media and holographic displays. Our sensitivity
analysis with respect to changes in the TCO carrier concentration and accumulation
layer thickness indicates the robustness of the field-effect as a tuning mechanism.
The straightforward fabrication of multilayer metamaterials by thin-film deposition
techniques suggests that the experimental realization of tunable field-effect metama-
terials with active materials such as TCOs, transition-metal nitrides or degenerately

doped semiconductors is well within reach.

In the IR regime, we envisage graphene as a tunable element, integrated into pla-
nar heterostructures that allow carrier injection for optical tuning. Particularly, we
investigate heterostructures composed of alternating layers of graphene and high-
strength polar dielectric materials. Via electrostatic gating in graphene layers, one
is able to actively alter the Fermi level Er, which in turn yields an overall tunable
response of the metamaterial. In contrast to the visible regime where the forma-
tion of accumulation and depletion regions along the optical axis (z) yields tunable
extraordinary permittivity, the two-dimensional nature of graphene yields optical
tuning in the direction parallel to the layers, i.e. for the ordinary permittivity €, -
By raising previous assumptions regarding the non-dispersive nature of the dielec-
tric layers, we observe largely tunable values of €, . near the phonon resonances of
the dielectric material. The tunability of the effective parameters extends across a
wide range of frequencies, from the IR to the microwave regime. The extraordinary
plasmonic properties of graphene allow large confinement factors and coupling into

very high-k modes (k;, ~ 100k,), taking full advantage of the hyperbolic response
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of planar metallodielectric heterostructures.

By combining the two concepts outlined above, i.e. (i) carrier injection in accumula-
tion regions of T'COs, transition-metal nitrides or degenerately doped semiconduc-
tors via the field-effect and (ii) carrier injection in graphene via electrostatic gating,
one may envision gaining active control and tunable response along all coordinate
directions simultaneously, for frequencies ranging from the IR to the microwave

regime.



104
Chapter 6

ULTRA-LIGHT VAN DER WAALS HETEROSTRUCTURES
AS SUPERMETALS

“What could we do with layered structures with just the right layers? What would
the properties of materials be if we could really arrange the atoms the way we want

them? They would be very interesting to investigate theoretically.”

Richard P. Feynman, Plenty of Room at the Bottom, 1959

6.1 What makes a perfect reflector? Beyond noble metals

In this final chapter, we search for artificial matter that exhibits ultra-reflective
properties. Although the question of what makes a perfect reflector may seem
rather fundamental, the search for perfect reflection is motivated by technological
needs and applications. Particularly, nearly perfect reflection is a requirement in
designing compact waveguides that operate based on total-internal-reflection. It
is also a necessary functionality for state-of-the-art aerospace technology, where
the quality factor of a mirror is a crucial parameter. Perfectly reflecting materials
are also necessary for engineering emission, serving as back-reflectors in absorbing
systems for solar energy technologies [5, 188], as well as for cloacking macroscopic

objects, such as aircrafts.

So far, engineering reflection has been discussed in Chapter 1, in the context of pho-
tonic crystals and particularly Bragg mirrors. However, Bragg mirrors are limited
by narrow bandwidth as can be seen from Fig. 1.5. Aside from Bragg reflectors,
broadband perfect reflection requires high electrical conductance, in other words
low electrical resistivity, typically found in noble metals with large charge carrier
density. In Table 6.1, we list the twenty most conductive elemental metals, sorted
with increasing bulk room-temperature resistivity po ¢ [189]. In the far-IR, certain
metals act as perfect electrical conductors (PECs). A PEC is formally defined as a
material with Re(e¢) — —oo, while Im(e) — 0 that reflects perfectly. Critical param-
eters for a PEC are the carrier relaxation time 7, which ought to be small for highly
conductive materials with few collisions and low loss (Im(e) — 0), and the Fermi
velocity v, which needs to be large for carriers (electrons) with high mobility. From
Table 6.1 it is clear that gold (Au) and silver (Ag) outperform other metals and are

the two most widely used materials for mirroring systems in the mid-long-wave IR.
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Element Port (Q cm) v (10° m/s) 7 (fs)
Silver 1.587 14.48 36.8
Cooper 1.678 11.09 36.0
Gold 2.214 13.82 27.3
Aluminum 2.650 15.99 11.8
Calcium 3.36 4.80 73.6
Beryllium 3.56 12.62 37.0/59.1
Magnesium  4.39 11.63 19.6/16.6
Rhodium 4.7 6.67 10.3
Sodium 4.77 10.21 30.2
Iridium 5.2 8.54 8.30
Tungsten 5.28 9.71 16.0
Molybdenum 5.34 9.18 12.2
Zinc 5.9 15.66 11.5/8.31
Cobalt 6.2 2.55 21.2/17.6
Nickel 6.93 2.34 14.5
Potassium 7.20 7.94 39.7
Cadmium 7.5 15.55 11.1/9.18
Ruthenium 7.8 7.24 8.82/7.07
Indium 8.8 16.32 5.27/5.05
Osmium 8.9 8.19 8.54/6.19

Table 6.1: List of the twenty most conductive elemental metals sorted with
increasing bulk room-temperature resistivity po ¢ from [189]. For hexagonal
and tetragonal crystal structures (hexagonal closely packed and body-centered
tetragonal), the two listed values are for transport perpendicular and parallel
to the hexagonal/tetragonal axis.

However, in all conventional noble metals, the high density of states near the Fermi
level leads to a rather small relaxation time, which is on the order of tens of fs (see
Table 6.1). Furthermore, increased ohmic losses, expressed through the imaginary
part of the dielectric permittivity, Im(e), further limit the performance of noble
metals as PECs. The degree of mobility of charge carriers can be measured in terms
of their effective mass, and noble metals typically exhibit a rather large effective
mass, approximately equal to the free electron mass [189]. Finally, we note that
conventional noble metals have high mass density. Decreasing mass density is highly

desirable, for example in space exploration devices and systems.

6.2 Graphene-based van der Waals heterostructures
In contrast to the aforementioned limitations of noble metals, the two-dimensional
nature of graphene and its unique linear electronic dispersion yield a much larger

relaxation time, due to its lower electronic density of states, as well as an effective
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mass approaching zero, both of which enhance the carrier mobility in comparison
to metals [184]. Although graphene typically has lower carrier density than Ag and
Au, its important features of high mobility and tunable Fermi level, for example
through external bias or carrier injection, motivate us to seek for graphene-based
heterostructures that may surpass the photonic and plasmonic properties of noble
metals [18].

To circumvent the issue of low carrier density in graphene, we investigate a large
number of graphene sheets stacked in combination with other two-dimensional ma-
terials in layered arrangements, termed van der Waals (vdW) heterostructures [15,
190]. While the electronic and phononic properties of graphene-based heterostruc-
tures have been widely investigated, photonic research on these materials has pre-
viously focused on graphene layers separated by hundreds of nanometers to mi-
crometers [186, 191-194]. In contrast, here [18] we focus on Angstrom (A)-scale
photonics, where graphene and hexagonal boron nitride (hBN) mono-layers are at
their equilibrium separation (3.3 —3.4 A), as shown in Fig. 6.1a; We also investigate
doped graphite, where graphene sheets are at their equilibrium separation (3.3 — 3.4
A); results for the free-standing graphene case with double the layer spacing are
shown throughout for comparison to highlight the effect of interlayer interactions.
These interlayer electronic interactions are accounted for using ab initio electronic
calculations [195] and make this A-scale regime distinct from conventional photonic
crystals and metamaterials. We compare the performance of these heterostructures

as reflectors with silver and gold.

6.3 Computational approach and effective mass
For a layered arrangement composed of two-dimensional materials, the dominant in-
plane (ordinary) dielectric response is conveniently expressed through the effective

medium theory [185] as

10 (w)
wd

€oo//(W) =1+ (6.1)

where d is the spacing between adjacent layers and o(w) is the sheet conductance of
the mono-layer, 0(w) = Tintra (W) + Odirect (w). The first term captures the intraband
response of free carriers in the material, and the second term describes the effect of
interband transitions and is evaluated using Fermi’s Golden rule. Both terms are
computed using previously developed density functional theory (DFT)-based ab ini-
tio predictions that are outlined in detail in Appendix A.3 [195-197]. We note that,

in computing the conductance of 2D materials stacked in vdW heterostructures, the
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Figure 6.1: (a) Schematics of 2D materials, graphene-based vdW heterostruc-
tures and 3D noble metals. (b) Comparison of the average lifetime 7 as a
function of the Fermi level in 2D materials, heterostructures and the best-case
3D metals: Ag and Au. (c¢) The effective mass parameter for the stack, as a
function of the £, connects our analytical understanding of A-scale metama-
terials with ab initio calculations. In panels (d) and (e) we show the Re(e) and
Im(e) of graphene-based heterostructures in comparison with the permittiv-
ity of Au and Ag. Results for the heterostructures are shown at 0.2 eV Fermi
level, as this is the doping regime where they reflect maximally for wavelengths

above 10 pm.
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effects of the environment and the electronic interactions between adjacent layers

are fully accounted for.

The dielectric permittivities of the vdW heterostructures examined here are pre-
sented in Figs. 6.1d, e in the limit of infinite number of layers, and compared with
the response of Ag and Au. We point out that results pertaining to Ag and Au
are also derived ab initio [196, 197] assuming perfect crystalline metals. At low fre-
quencies, intraband transitions dominate and the response of the heterostructures
resembles a typical Drude material. In this limit of low frequencies we are, thus,
able to approximate the dielectric response of the vdW heterostructures with the

Drude model via

2
w
P
€Drude = € = 1 — 5 (62)
w? + iwyp
where wg = nspe? /€oMegr D, Where €, is the dielectric permittivity of free space,

Ypl = 7 is the Drude carrier relaxation time and ngp is the three-dimensional
carrier density of the heterostructure. meg p is the Drude effective mass that we

seek to estimate.

Let us assume an arrangement of N, graphene mono-layers separated by distance
d. The in-plane two-dimensional carrier density of graphene is given by nsop =
E%/(rh?v3) [193]. The three-dimensional carrier density of the heterostructure is

then given by

Ng E%‘ Ng

(N, — 1)d  mh2vd (N, — 1)d

na3p = Nap (63)

In the mid-far IR, where intraband transitions dominate, the conductance of graphene

can be approximated with the analytical expression [185, 193]

ie?Fp

Th2(w + i7g) (6:4)

0 = Ointra =
where 7,1 = 74 is the ab initio computed carrier relaxation time in graphene [195],
the computation of which is discussed in Appendix A.3. By equating Egs. (6.1) and

(6.2) using the analysis above, we obtain

Ng Er
Ng — 1 02

Meff D =

and
D = Tg (6.6)
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Egs. (6.5), (6.6) are useful in allowing us to build intuition about the response of
the vdW heterostructures as effective media with an effective mass that, in the large
number of layers, reduces to meg = %F Furthermore, unsurprisingly, from Eq. (6.6)
we derive that in the in-plane direction, in other words, for electromagnetic fields
incident normal to the layers, the carrier relaxation time of the three-dimensional

heterostructures is equal to the scattering time of the mono-layer itself.

In Figs. 6.1b, ¢ we respectively show the parameters 7 and meg of the graphene-
based heterostructures as a function of the change in Fermi level AFEr from the
neutral value (Dirac point). We highlight the extremely large 7 ~ 1 ps for undoped
graphene in air, which drops to ~ 200 fs in graphite due to interlayer interactions.
In contrast, encapsulating graphene with boron nitride layers increases the undoped
7 even further to ~ 2 ps, despite having the same spacing between adjacent mono-
layers as in graphite. With increasing Er and carrier density, 7 drops rapidly. This
is a consequence of increasing the phase-space for electron-phonon scattering, which
in turn is due to increased electronic density of states near the Fermi level, g(Er).
For comparison, we also show the emphab initio computed relaxation times for noble
metals, gold and silver, which are much smaller (~ 30 and 40 fs respectively) and
mostly insensitive to Er since g(Fr) depends weakly on Ep. We further note that

Er cannot be changed easily for these metals in experiments.

Regarding the effective mass for the vdW heterostructures, meg increases linearly
in the ideal case of perfect linear dispersion, with slight deviations due to band
structure effects (Fig. 6.1c). We highlight that meg for the vdW heterostructures is
consistently smaller than meg = m, of metals. Concluding, the graphene-based het-
erostructures have a much higher 7 and a lower meg. These properties in graphene-
based heterostructures compared to noble metals motivate us to investigate their

optical properties.

Although, from Figs. 6.1b, ¢, the maximum electronic scattering time and minimum
effective mass are seen at the charge neutrality point (AEr ~ 0 e€V), graphene at 0
eV does not contain enough carriers to produce a strong metallic response. We find
that AEF = 0.2 eV is the optimum doping level which provides the best tradeoff
between increasing carrier density and correspondingly decreasing scattering time.
Figs. 6.1d, e compare the real and imaginary parts of the in-plane permittivity
of the graphene heterostructures with those of noble metals at this carrier density,
in the infinite number of layers limit. The real parts of the permittivities of the
heterostructures in the IR are smaller than that of the noble metals by typically
two orders of magnitude. However, the ratio of imaginary to real parts is smaller

by an extra factor of 2 — 3. This smaller imaginary-to-real ratio compensates for
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the lower plasma frequency and makes the graphene-based heterostructures better
reflectors in the IR due to reduced losses, as we discuss below. We point out here
that results pertaining to Ag and Au are also derived ab initio, assuming perfect

crystalline metals.

To realistically compare the utility of graphene vdW heterostructures as reflectors,
we transition from the infinite stacks of considered above to stacks of finite thick-
ness. To do this, we perform electromagnetic transfer matrix calculations for layered
media [1]. Contrary to materials of finite thickness, we modify Maxwell’s boundary
conditions to account for a non-vanishing surface current density, arising from the
two-dimensional sheet conductance of the mono-layers, as discussed in Section 5.5
[186].

6.4 Shinier than gold and silver!

In Fig. 6.2 we show the reflectance of the vdW materials for the bulk (semi-infinite)
limit, as well as for finite stacks of 1000, 500, and 250 sheets and compare with
the Ag/Au slabs of the same mass per area, which is the relevant metric for ultra-
light reflectors. The reflectance of the vdW heterostructures surpasses that of noble
metals above a critical wavelength, A > 10 pym for the semi-infinite case, A > 15 um

for 1000 layers, A > 20 um for 500 layers, and A > 20 pm for 250 layers.

We note that silver and gold slabs of mass densities 19 ug/cm? (that of 250 sheets)
correspond to thicknesses of 18.1 nm and 9.85 nm, respectively. Despite the high-
fidelity of state-of-the-art thin-film deposition systems, deposition of such ultra-thin
silver and gold films is still known to lead to island formation and grain-boundary
inhomogeneities that would further lessen the reflectance in realistic experimental
conditions. Fabrication of graphene-based structures entails challenges as well, for
example, issues with adhesion, buckling, and uniaxial tension, particularly when
integrated with traditional dielectric materials [198]. However, recent experimen-
tal advances in assembly of vdW graphene heterostructures provide a pathway to
uniform, large-scale components with potential for ultralight, long-IR mirrors [190,
199]. Furthermore, recent work has proposed Li-intercalated graphene layers (doped
graphite-Fig. 6.1) as a potential system to realize the structures discussed here [200,
201]. Finally we emphasize that the high reflectivity of graphene-based vdW het-
erostructures discussed here critically requires sufficient free carriers (for which we
selected AER = 0.2 eV). In contrast, undoped graphite with few free carriers exhibits

a much lower reflectance of ~ 75% [202].
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Figure 6.2: Normal incidence reflectance of graphene-air metamaterial, doped
graphite, graphene-hBN heterostructure (all doped at 0.2 V) and comparison
to Ag and Au. The reflectance of graphene-based heterostructures surpasses
conventional noble metals in the mid-IR, above 10 pym. Panels correspond to
the same (per area) mass densities: (a): bulk, (b): 1000 layers, corresponding
to 72.4 nm of Ag and 39.4nm of Au. (c): 500 layers, corresponding to 36.2
nm of Ag and 19.7 nm of Au. (d): 250 layers, corresponding to 18.1 nm of
Ag and 9.85 nm of Au. Note that the silver and gold values are based on ab
initio results for perfect conditions and therefore are the theoretical limit for
these metals. Experimentally realized metallic thin films will compromise the
magnitude of reflectance.

6.5 Loss tangent and quality factors

In discussing the permittivities shown in Figs. 6.1d, e above, we noted that the
ratio of imaginary to real permittivity (i.e. the loss tangent tand) was smaller in the
vdW heterostructures than in noble metals, which resulted in lower losses. A metric
that directly illustrates the superior performance of graphene heterostructures as
plasmonic systems compared to noble metals is the material quality factor @) =
1/tand = Re(e)/Im(e) and its inverse, the material loss tangent, shown in Fig. 6.3a.
For the chosen doping level of 0.2 ¢V and for wavelengths A > 15 pm, the vdW
heterostructures are expected to show an order of magnitude higher performance as

electromagnetic materials compared to noble metals, thereby making these materials
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particularly suited for mid-long-wave IR applications. We note that the peaks in
Fig. 6.3a correspond to the respective plasma frequency for each material system, for
which Re(e) — 0; vdW heterostructures have much lower carrier density compared
to noble metals, hence their Q-factor peak is located approximately at A ~ 10 pum.
By contrast, noble metals that are highly doped have a plasma frequency in the
UV-visible spectrum, with Q-factor peaks in this regime (below A ~ 1 pm).
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Figure 6.3: (a) Material quality factor Q = Re(e)/Im(e) and loss tangent
(tand = Q') and (b) the plasmonic modal quality factor Qy = Re(3)/Im(3)
for the symmetric mode in a metal/dielectric/metal waveguide, where the
‘metal’ is either a conventional noble metal or a vdW heterostructure and the
dielectric is 0.1 pum of air.

6.6 Plasmonic propagation in vdW heterostructures

Finally, we investigate the performance of these materials in an alternating metal/dielectric/metal
waveguide geometry. Such structures have been widely investigated in the visible

part of the spectrum using plasmonic metals, such as Ag and Au [8, 92, 135]. On the

basis of our results, we envision replacing the metal with a vdW heterostructure to

improve performance for mid-IR applications. For simplicity, we take the dielectric

to be 0.1 um of air. We use our predicted dielectric functions in the formalism from
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Alu et al. in [203] to evaluate the plasmonic in-plane wavenumber (3). Fig. 6.3b
compares the plasmonic quality factor Qw = Re(8)/Im(B) for the symmetric mode
between vdW heterostructures and noble metals, while in Fig. 6.4 we explicitly
compare the corresponding dispersion relations. The plasmonic quality factor Qw
estimates the propagation length in number of mode-wavelengths, which shows a
3 — 5-fold improvement for the vdW heterostructures compared to noble metals for
A > 15 pm. In absolute terms, compared to propagation distances of 50 — 60 mode-
wavelengths with use of Ag or Au in the mid-IR, a graphene/hBN- based waveguide

supports propagation distances that may exceed 200 mode-wavelengths.
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Figure 6.4: Comparison of dispersion relations for the symmetric mode in
the metal/dielectric/metal waveguide considered in Fig. 6.3 (b). The larger
Re(f) with vdW heterostructures corresponds to smaller effective wavelength
and improved mode confinement. The smaller Im(53) for v < 25 THz yields a
two-fold increase in the decay length of the mode.

Fig. 6.4 shows the dispersion relation of the symmetric waveguide mode, which
asymptotically approaches the surface plasma frequency wgp [8, 92, 135], a typical
trend for any plasmonic mode. The modal wavenumber (Re(3)) reaches a maxi-
mum at ws, and then returns towards the light line as losses increase and the mode
becomes leaky. This feature is observable in the mid-IR frequency range for all the
vdW heterostructures, with slightly different resonance frequencies ranging from 60
to 70 THz, while corresponding features for the noble metal waveguides will appear
above 500 THz in the UV-visible regime as discussed above. The larger in-plane
wavenumbers (Re(3)) of the modes in the vdW heterostructure-based waveguide
lead to shorter in-plane effective wavelengths and correspondingly higher mode con-
finement in the directions perpendicular to the waveguide’s interfaces. Furthermore,

the smaller imaginary parts (Im(3)) illustrate larger propagation distances, as dis-
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cussed in Fig. 6.3b.

6.7 Conclusion

Using a combination of ab initio DFT methods and optical transfer matrix calcu-
lations we showed that the long electron relaxation times in graphene-based vdW
heterostructures lead to improved optical properties compared to noble metals, in
the mid-long-IR regime. In particular, we predicted an order of magnitude improve-
ment in terms of their material performance as plasmonic metals. Furthermore, we
showed that graphene-based vdW heterostructures can surpass the reflectance limit
of Ag and Au [18].

This suggests the possibility of replacing current noble metal components in opto-
electronic devices with vdW heterostructures, which can also be tuned in real time,
for example via external bias. Hence, our results hold promise for improved material
performance in active waveguiding systems, Salisbury screens for perfect absorption,
and engineering Purcell enhancements, among others. Furthermore, we highlight
that vdW heterostructures exhibit substantially reduced mass density compared to
noble metals, which constitutes them particularly relevant for aerospace applica-
tions, where mass density becomes an important figure of merit. The increased
carrier density in graphene-based vdW heterostructures required for unlocking their
low-loss plasmonic response in the mid-IR may be achieved by gating alternating
graphene layers separated by hBN. The doping of graphite, for example with Li
intercalation, is also an option for experimental realization of the concept proposed
here [200, 201].
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Chapter 7

SUMMARY & OUTLOOK

“The science of today is the technology of tomorrow.”

Edward Teller

7.1 Summary

Research in artificial matter and light-matter interactions with metamaterials has
experienced rapid advancement within the last twenty years, mainly due to techno-
logical progress in nanofabrication. Three-dimensional laser lithography and elec-
tron beams allow one to write structures with precision in the nanometer scale.
Developed metamaterials have dramatically expanded the range of achievable elec-
tromagnetic properties and extraordinary values of dielectric permittivity and mag-

netic permeability have been reported, inaccessible with natural materials.

As miniaturization requirements increase, however, the structural complexity of
metamaterials must reduce. For this reason, within the last decade, research in
photonics has revisited an older problem; that of light propagation in planar, multi-
layer and unpatterned systems. It is noteworthy that phenomena initially thought
to be achievable only with complex three-dimensional arrangements are also sup-
ported, among other unprecedented effects, in planar metallodielectric multilayer

(hyperbolic) metamaterials, which is the subject of this thesis.

We started our investigation by developing an inverse problem solver; a parameter
retrieval approach that computes the macroscopic effective properties of any uniax-
ial metamaterial, and we studied planar metallodielectric multilayers; see Chapter
2 [47]. The purpose of introducing macroscopic effective parameters for metamate-
rials is to simplify the computation of wave propagation phenomena and to build
intuition for their principle of operation. Contrary to the long-standing perception
that in planar systems p = 1, we found and experimentally confirmed in Chapter 3
that such systems support magnetic dipole moments and exhibit artificial magnetic
properties. We explicitly computed and verified experimentally extraordinary val-
ues of magnetic permeability ranging from positive, zero to negative values. These
findings simplify the ways we can harness optical artificial magnetism, using simple

thin-film deposition techniques without any lithography [12].
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Until recently, most light-matter interactions were manipulated using the dielectric
properties of matter, rather than its magnetic properties that vanish at frequen-
cies above the THz range. An important example is the surface plasmon polariton,
a surface wave that gave birth to the field of plasmonics, which occurs naturally
only for ¢ < 0 and for transverse magnetic polarization, due to lack of magnetic
properties in natural substances. We showed in Chapter 3 that, using artificially
magnetic multilayer metallodielectric metamaterials, magnetic plasmons can propa-
gate simultaneously with typical SPPs, generalizing their properties for unpolarized
light.

We further extended and simplified these results by identifying material systems
where one obtains omnipolarization surface waves using high-permittivity materi-
als, which are the best alternative to magnetic media that do not occur at high
frequencies, see Chapter 4. We investigated polar dielectrics near their phonon
energies at infrared frequencies and transition-metal dichalcogenides near their ex-
citonic resonances at visible frequencies, in systems that support transverse electric
polarized waves simultaneously with their TE counterparts (i.e. hybrid plasmonic

waves).

Motivated by the possibility of creating actively tunable material systems, the re-
sponse of which can be tuned dynamically, we transitioned in Chapter 5 to study ac-
tive materials as components of planar metallodielectric metamaterials. We showed
that use of transparent conductive oxides in traditional field-effect metal /oxide/semiconductor
geometries can yield a tunable hyperbolic response at visible-near IR frequencies
[48]. Similar findings were reported with the use of graphene, a two-dimensional
semimetal that, when gated, alters its chemical potential and hence its optical re-
sponse. As a component of a planar heterostructure, graphene can serve as a tunable
element, via external bias, for obtaining tunable metamaterial functionalities for fre-

quencies ranging from the near-IR up to the microwave regime.

In Chapter 6 we studied heterostructures composed of purely two-dimensional ma-
terials. Motivated by the Dirac dispersion of electronic states in graphene that gives
practically zero effective mass, and by its very large electronic relaxation times com-
pared to noble metals, we sought for graphene-based van der Waals heterostructures
that act as supermetals [18]. By comparing these material systems with noble met-
als, namely silver and gold, we obtain a 3- to 5-fold improvement in material quality
factors that may hold promise for future optical components with reflectivity that
surpasses the Ag and Au limit. The additional advantage of an order of magnitude
lower mass density of van der Waals heterostructures compared to noble metals,

these arrangements can be particularly useful for space exploration applications
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and systems.

7.2 Outlook

Therefore, having developed knowledge in the following areas: (i) artificial mag-
netism in one-dimension, using planar structures, (ii) omnipolarization surface waves,
(iii) actively tunable response via external bias at visible and IR frequencies, and
(iv) modeling van der Waals heterostructures and inducing perfect electrical con-
ductor response, we proceed by envisioning areas in which these ideas can be applied
and expanded. We further seek and comment on relevant applications where the

discussed concepts may be employed.

All-van der Waals perfect absorbers

Nanophotonic devices that emit radiation efficiently and selectively across the IR
range (700 nm-1 mm) hold promise for next generation energy technologies. Partic-
ularly, they allow electricity-free radiative cooling [204], the temperature reduction
of hot objects passively, through emission of electromagnetic radiation. This func-
tionality is key for reducing energy consumption, for example lowering the required
cooling load in air-conditioned buildings, and consequently decreasing their sizable
negative impact on energy use. Furthermore, energy-harvesting devices, e.g. solar
cells, suffer from compromised performance when over-heated. Passive control of

their cooling will lower their power consumption and allow robust operation.

Kirchhoff’s law states that the far-field emission of a body equals its absorption.
Achieving perfect absorption in nanophotonics typically employs an absorbing mul-
tilayer system composed of different materials, terminated with a back reflector
able to redirect the otherwise-escaping radiation back into the structure [5]; see
Fig. 7.1a. Current state-of-the-art radiative cooling approaches use conventional
materials with individual layer thicknesses ranging between 13-80 nm [204]. For
the back-side reflector, typically silver and gold are utilized due to their PEC-like

response.

Based on our previous results on ultra-light perfect reflectors with van der Waals
graphene-based heterostructures (Chapter 6 and [18]), we envisage here all-van der
Waals-based perfect absorbers. Particularly, graphene-based heterostructures (in-
cluding doped graphite and graphene/hexagonal boron nitride alternating mono-
layers) can comprise the back reflector with performance that surpasses Ag and
Au (see Fig. 6.2). Furthermore, previous results on other two-dimensional materi-

als, for example black phosphorus, transition-metal dichalcogenides (molybdenum
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Figure 7.1: (a) All-van der Waals perfect absorbers, (b) Artificial magnetism
for controlling light emission, (¢) Unpolarized plasmonics for near-field heat
transfer, (d) Casimir forces in van der Waals heterostructures.

and tungsten) [205] and others, suggest that the absorbing layer can also be com-
pletely replaced by two-dimensional materials, for realizing all-van der Waals-based
perfect absorbers. Replacing conventional absorbing materials with van der Waals
heterostructures for all of the structure’s components will dramatically decrease the
dimensions of perfect absorbing schemes down to the Angstrom scale, therefore al-
lowing maximum light-matter interaction in minimum volume. Additionally, van
der Waals heterostructures have significantly reduced mass density compared to
conventional metals and dielectrics, therefore yielding ultra-light photonic devices.
See Fig. 7.1a.

Artificial magnetism for controlling light emission

Light emission from solid-state quantum emitters impacts a variety of applications
ranging from imaging fluorescence to performing simple quantum operations with

light-emitting particles. Controlling the environment of a quantum emitter allows
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engineering its emission properties, such as directionality, lifetime and polarization.
Although light emission occurs due to both electric and magnetic dipoles, most
applications pertaining to luminescence and emission control are limited to electric
dipole transitions in ionic materials. This arises from the asymmetry in naturally
occurring substances that exhibit a wide range of dielectric properties, expressed
through the values of the permittivity values, e, while at frequencies above the
THz range the magnetic permeability of most materials is strictly unity, u = 1 (see
Chapter 3). Therefore, strong interactions between matter and emitted electric fields
can be achieved, whereas it is very challenging to observe strong optical interactions

with magnetic dipole emitters using conventional materials.

As discussed in Chapter 3, the absence of high-frequency natural magnetism has
motivated research in artificially magnetic metamaterials. Split-ring resonators
and fishnet structures are currently the most widely reported magnetic elements
at frequencies beyond THz. However, the structural complexity of such motifs con-
stitutes them challenging to realize experimentally at IR and optical frequencies
where light emission becomes relevant, requiring multiple lithographic steps with
nanoscale precision. By contrast, our results discussed in Chapter 3 suggest that
artificial magnetic response can be induced in planar multilayr arrangements, by
utilizing dielectric layers that support strong loop-like displacement currents and,

therefore, magnetic dipole moments [12].

We envision probing and enhancing light emission not only with electric dipoles but
also by utilizing the magnetic nature of light in experimentally reasonable, planar
geometries. Particularly, by engineering artificial magnetic dipoles to occur at fre-
quencies where natural optical magnetic dipole transitions occur, for example in
lathanide ions such as trivalent erbium or europium [206], one can engineer the Pur-
cell factor of magnetic dipole moments [207]. Furthermore, extending the concept
of artificial magnetism to two-dimensional materials and van der Waals heterostruc-
tures, one can envisage ultra-thin van der Waals heterostructures for controlling
light emission from electric and magnetic dipole emitters simultaneously, see Fig.
7.1b. Specifically, as discussed in Chapters 3 and 4, the key-requirement for in-
ducing magnetic dipole moments in planar systems is very large permittivity e. At
visible and IR frequencies there exists a plethora of such two-dimensional materials,
for example transition-metal dichalcogenides and polar dielectrics (c.f. hBN) near
their excitonic and phonon resonances, respectively. Utilizing such ultra-thin pla-
nar heterostructures for emission control can also be advantageous as the emitter
(ion)-heterostructure interaction occurs in a much smaller scale compared to bulky

conventional photonic multilayers, yielding improved emission control.
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Unpolarized plasmonics for near-field heat transfer

A broad range of applications in medical technology, chemistry, energy, lasers, and
luminescence have advanced with the rise of plasmonics, which are surface-confined
electromagnetic modes at the interface between a metallic and a dielectric medium
(see Chapters 3, 4). Despite their well-known potential in achieving an extremely
high degree of confinement [92], plasmonics are limited to negative dielectric per-
mittivity (¢ < 0) materials and to electromagnetic fields polarized with an electric
field normal to the direction of propagation, i.e. transverse magnetic fields. The
counterpart of a plasmon for transverse electric polarization, i.e. a magnetic plas-
mon, has not been reported due to the absence of naturally occurring materials with
negative magnetic permeability (1 < 0). Combining transverse magnetic and trans-
verse electric surface waves in ultra-thin heterostructures will increase the impact
and relevance of plasmonics for technology. An important application is thermal
control, and particularly near-field heat transfer, a process enabling exchanges rates
beyond the Stefan-Boltzmann limit between objects separated by submicron dis-
tances, promising drastically improved throughput in thermophotovoltaics [208].
Heat transfer occurs via photon coupling between objects of different temperatures,
through plasmonic surface waves. The polarization dependence of surface plasmons
reduces their ability to tunnel photons to 50%, with the other half of the provided

thermal energy being wasted.

Utilizing our results in Chapter 3, suggesting that p can be negative in metallodi-
electric heterostructures, and from our results in Chapter 4 where we explicitly
show transverse electric surface waves in materials with high-e¢, we are motivated
to imagine applications of omnidirectional surface waves in near-field heat transfer
for energy applications. The relevant wavelength regime for solar applications is
from the visible spectrum to approximately 3 um. In this regime, there exist a
large canvas of naturally occurring materials with high-¢, for example polar dielec-
tric materials near their phonon energies that lie at IR frequencies. In the world
of two-dimensional materials, there are similar opportunities for magnetic surface
waves, using transition-metal dichalcogenides, with excitonic resonances that lie at
visible frequencies, and two-dimensional polar dielectric media, for example hexag-
onal boron nitride. Combining such materials with graphene [208], which supports
transverse magnetic polarized plasmons, we envisage phase-matched omnipolariza-
tion propagation of surface waves in van der Waals heterostructures. Achieving
excitation and detection of such waves can improve near-field heat transfer rates

and high-temperature (600-1200K) solid-state energy conversion, see Fig. 7.1c.
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Casimir forces in graphene-based heterostructures for nanoscale

mechanical manipulation

Mechanical manipulation of nanoscale objects is key for nanomechanical devices
in sensing and biomedicine. Mechanical control at the single-atom-level can also
transform state-of-the-art fabrication techniques in two-dimensional materials to a
new era; particularly, although two-dimensional materials exfoliation and transfer-
ring have dramatically advanced, a challenge that impedes their integration in real
devices is graphene buckling, the phenomenon of a mono-layer of graphene experi-
encing uniaxial tension, leading to ripples in mono-layers that cannot remain truly
flat [198].

Inspired by the results of Chapter 6, and particularly the fact that graphene-based
van der Waals heterostructures perform as ultra-reflective metals in the mid-IR,
we envision their use in enhancing Casimir interactions. Practical issues in ma-
terials processing and nanofabrication, c.f. buckling, adhesion and friction, may
be resolved by actively controlling and mechanically manipulating one-atom-thick
two-dimensional materials using Casimir forces. The Casimir force between two
parallel uncharged conductors becomes dominant in the nanoscale, if the conduc-
tors exhibit a perfect electrical conductor response. Until now, noble metals have
been the most extensively investigated materials for Casimir effects. By contrast,
the Casimir energy between two graphene sheets is small and only measurable at
cryogenic temperatures [209]. However, conductors are heavy, which constitutes
them unsuitable for pursuing mechanical manipulation in the nanoscale, in con-
trast to graphene-based heterostructures (including graphite) that have an order of
magnitude lower mass density. Additionally, contrary to a single graphene sheets,
stacked arrangements of graphene mono-layers are ultra-reflective as we discussed in
Chapter 6. This constitutes them suitable candidates for Casimir interactions in the
nanoscale. We imagine configurations of parallel graphene-based heterostructures

for controlling their mutual Casimir interaction.

Apart from the material quality of the conductors, the magnitude of the Casimir
energy can be further controlled by engineering the electromagnetic environment
between the two conductors. Namely, the Casimir energy scales with the density
of optical states of the intermediate medium, which, in turn, scales with the refrac-
tive index. One may imagine using sparse arrays of high-refractive index foams or
aerosol-based effective media inside the cavity, for enhancing the Casimir interaction
as a result of (i) decreased weight load and (ii) increased number of available optical

modes, respectively, see Fig. 7.1d.
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The aforementioned concepts and ideas are merely a small subset of the opportu-
nities arising from our ability to design materials on-demand. It is fascinating that
today it is possible to selectively position two-dimensional mono-layers in configu-
rations of stratified media with precision in the Angstrom-scale. This opens routes
for controlling the interaction between light and matter at the single-atom level,
where electronic and electromagnetic degrees of freedom compete. Complementary
to the classical notion of a metamaterial, the properties of which are determined by
its geometry, now it is possible to tailor light-matter interactions by simultaneously
engineering geometry (layer sequencing) as well as fundamental material properties
(electronic interactions between layers). The field of metamaterials is at a transition
point where novel physical phenomena are rapidly adopted into practical devices for
applications, and exciting times are ahead for a diverse array of technical disciplines
including mathematicians, physicists, material scientists, chemists, engineers, and

technologists.



[12]

[13]

[14]

123
BIBLIOGRAPHY

Pochi Yeh. Optical Waves in Layered Media. 2nd edition. Wiley Series
in Pure and Applied Optics, (2005). 1SBN: 9780471731924.

L.D. Landau, E.M. Lifshitz, and L. P. Pitaevskii. Electrodynamics of
Continuous Media. 2nd edition. Vol. 8. Course of Theoretical Physics.
Pergamon, (1984). 1sBN: 9780080302751.

Claire M. Watts, Xianliang Liu, and Willie J. Padilla. “Metamate-
rial Electromagnetic Wave Absorbers”. Advanced Materials 24 (2012),
OP98-0OP120.

Mikhail Y. Shalaginov et al. “Enhancement of single-photon emission
from nitrogen-vacancy centers with TiN/(Al,Sc)N hyperbolic metama-
terial”. Laser Photonics Reviews 9 (2015), pp. 120-127.

Min Seok Jang et al. “Tunable large resonant absorption in a midin-
frared graphene Salisbury screen”. Phys. Rev. B 90 (2014), p. 165409,

V. G. Veselago. “The Electrodynamics of Substances with Simultane-
ously Negative Values of € and p”. Sov. Phys. Usp. 10 (1968), pp. 509
514.

J. B. Pendry. “Negative Refraction Makes a Perfect Lens”. Phys. Reuv.
Lett. 85 (2000), pp. 3966-3969.

Henri J. Lezec, Jennifer A. Dionne, and Harry A. Atwater. “Negative
Refraction at Visible Frequencies”. Science 316 (2007), pp. 430-432.

Dylan Lu and Zhaowei Liu. “Hyperlenses and metalenses for far-field
super-resolution imaging”. Nature Communications 3 (2012).

Hyesog Lee et al. “Development of optical hyperlens for imaging below
the diffraction limit”. Opt. Ezpress 15 (2007), pp. 15886-15891.

Francesco Monticone and Andrea Alu. “The quest for optical mag-
netism: from split-ring resonators to plasmonic nanoparticles and nan-
oclusters”. J. Mater. Chem. C' 2 (2014), pp. 9059-9072.

Georgia T. Papadakis et al. “Optical magnetism in planar metamaterial
heterostructures”. Nature Communications 9 (2018), p. 296.

D. R. Smith et al. “Composite Medium with Simultaneously Negative
Permeability and Permittivity”. Phys. Rev. Lett. 84 (2000), pp. 4184—
4187.

J. B. Pendry et al. “Magnetism from conductors and enhanced nonlin-
ear phenomena”. IEEE Transactions on Microwave Theory and Tech-
niques 47 (1999), pp. 2075-2084.



[15]

[16]

[21]
[22]
[23]
[24]

[25]

[28]

[29]

124

S. J. Haigh et al. “Cross-sectional imaging of individual layers and
buried interfaces of graphene-based heterostructures and superlattices”.
Nature Materials 11 (2012), p. 764.

Johannes Kaschke and Martin Wegener. “Gold triple-helix mid-infrared
metamaterial by STED-inspired laser lithography”. Opt. Lett. 40 (2015),
pp. 3986-3989.

D. R. Smith et al. “Composite Medium with Simultaneously Negative
Permeability and Permittivity”. Phys. Rev. Lett. 84 (2000), pp. 4184—
4187.

Georgia T. Papadakis et al. “Ultralight Angstrom-Scale Optimal Opti-
cal Reflectors”. ACS Photonics 5 (2018), pp. 384-389.

J. B. Pendry et al. “Extremely Low Frequency Plasmons in Metallic
Mesostructures”. Phys. Rev. Lett. 76 (1996), pp. 4773-4776.

Andrey B. Evlyukhin et al. “Demonstration of Magnetic Dipole Reso-
nances of Dielectric Nanospheres in the Visible Region”. Nano Letters
12 (2012), pp. 3749-3755.

Arseniy I. Kuznetsov et al. “Magnetic light”. Scientific Reports 2 (2012),
p. 492.

Sergey S. Kruk et al. “Magnetic hyperbolic optical metamaterials”. Na-
ture Communications 7 (2016), p. 11329.

M. Kafesaki et al. “Left-handed metamaterials: The fishnet structure
and its variations”. Phys. Rev. B 75 (2007), p. 235114.

Gunnar Dolling et al. “Low-loss negative-index metamaterial at telecom-
munication wavelengths”. Opt. Lett. 31 (2006), pp. 1800-1802.

M. S. Mirmoosa, S. Yu. Kosulnikov, and C. R. Simovski. “Magnetic
hyperbolic metamaterial of high-index nanowires”. Phys. Rev. B 94
(2016), p. 8.

Pochi Yeh, Amnon Yariv, and Chi-Shain Hong. “Electromagnetic prop-
agation in periodic stratified media. I. General theoryx”. J. Opt. Soc.
Am. 67 (1977), pp. 423-438.

P.St.J Russell, S Tredwell, and P.J Roberts. “Full photonic bandgaps
and spontaneous emission control in 1D multilayer dielectric struc-
tures”. Optics Communications 160 (1999), pp. 66 —71.

Jorge A. Gaspar-Armenta and Francisco Villa. “Band-structure proper-
ties of one-dimensional photonic crystals under the formalism of equiv-
alent systems”. J. Opt. Soc. Am. B 21 (2004), pp. 405-412.

Joshua N. Winn et al. “Omnidirectional reflection from a one-dimensional
photonic crystal”. Opt. Lett. 23 (1998), pp. 1573-1575.



[30]
[31]

[32]

[33]

[34]

[35]

[36]

125

C. Kittel. Introduction to Solid State Physics. Wiley, (2004). ISBN:
9780471415268.

Alexander Poddubny et al. “Hyperbolic metamaterials”. Nat Photon.
7 (2013), pp. 948-957.

Vladimir P. Drachev, Viktor A. Podolskiy, and Alexander V. Kildishev.
“Hyperbolic metamaterials: new physics behind a classical problem”.
Opt. Ezpress 21 (2013), pp. 15048-15064.

Yu Guo et al. “Applications of Hyperbolic Metamaterial Substrates”.
Advances in OptoFElectronics 2012 (2012), p. 452502.

[. V. Lindell et al. “BW media—media with negative parameters, capa-
ble of supporting backward waves”. Microwave and Optical Technology
Letters 31 (2001), pp. 129-133.

D. R. Smith and D. Schurig. “Electromagnetic Wave Propagation in
Media with Indefinite Permittivity and Permeability Tensors”. Phys.
Rew. Lett. 90 (2003), p. 077405.

Xiao Lin et al. “All-angle negative refraction of highly squeezed plasmon
and phonon polaritons in graphene-boron nitride heterostructures”.
Proceedings of the National Academy of Sciences 114 (2017), pp. 6717
6721.

Ting Xu et al. “All-angle negative refraction and active flat lensing of
ultraviolet light”. Nature 497 (2013), p. 470.

Zhaowei Liu et al. “Far-Field Optical Hyperlens Magnifying Sub-Diffraction-
Limited Objects”. Science 315 (2007), pp. 1686—-1686.

Anthony J. Hoffman et al. “Negative refraction in semiconductor meta-
materials”. Nature Materials 6 (2007), p. 496.

Alexander A. High et al. “Visible-frequency hyperbolic metasurface”.
Nature 522 (2015), pp. 192-196.

Z. Jacob et al. “Engineering photonic density of states using metama-
terials”. Applied Physics B 100 (2010), pp. 215-218.

Harish N. S. Krishnamoorthy et al. “Topological Transitions in Meta-
materials”. Science 336 (2012), pp. 205-2009.

Max Born and Emil Wolf. Principles of Optics. 6th edition. Pergamon,
(1980). 1SBN: 9780080264820.

Dylan Lu et al. “Enhancing spontaneous emission rates of molecules us-
ing nanopatterned multilayer hyperbolic metamaterials”. Nature Nan-
otechnology 9 (2014), p. 48.

Lorenzo Ferrari et al. “Hyperbolic metamaterials for dispersion-assisted
directional light emission”. Nanoscale 9 (2017), pp. 9034-9048.



[46]
[47]
[48]
[49]

[50]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

126

V. M. Agranovich and V. E. Kravtsov. “Notes on crystal optics of
superlattices”. Solid State Communications 55 (1985), pp. 85-90.

Georgia T. Papadakis et al. “Retrieval of material parameters for uni-
axial metamaterials”. Phys. Rev. B 91 (2015), p. 155406.

Georgia T. Papadakis and Harry A. Atwater. “Field-effect induced tun-
ability in hyperbolic metamaterials”. Phys. Rev. B 92 (2015), p. 184101.

D. E. Aspnes. “Local field effects and effective medium theory: A macro-
scopic perspective”. Americal Journal of Physics 50 (1982), p. 704.

J. I. Gittleman and B. Abeles. “Comparison of the effective medium and

the Maxwell-Garnett predictions for the dielectric constants of granular
metals”. Phys. Rev. B 15 (1977), pp. 3273-3275.

D. Stroud. “Generalized effective-medium approach to the conductivity
of an inhomogeneous material”. Phys. Rev. B 12 (1975), pp. 3368-3373.

G. A. Niklasson, C. G. Granqvist, and O. Hunderi. “Effective medium
models for the optical properties of inhomogeneous materials”. Appl.
Opt. 20 (1981), pp. 26-30.

David R. Smith and John B. Pendry. “Homogenization of metamateri-
als by field averaging (invited paper)”. J. Opt. Soc. Am. B 23 (2006),
pp- 391-403.

Andrea Alu. “Restoring the physical meaning of metamaterial consti-
tutive parameters”. Phys. Rev. B 83 (2011), p. 081102.

Mario G. Silveirinha. “Metamaterial homogenization approach with ap-
plication to the characterization of microstructured composites with
negative parameters”. Phys. Rev. B 75 (2007), p. 115104.

Mério G. Silveirinha. “Generalized Lorentz-Lorenz formulas for mi-
crostructured materials”. Phys. Rev. B 76 (2007), p. 245117.

D. R. Smith et al. “Determination of effective permittivity and perme-
ability of metamaterials from reflection and transmission coefficients”.
Phys. Rev. B 65 (2002), p. 195104.

D. R. Smith et al. “Electromagnetic parameter retrieval from inhomo-
geneous metamaterials”. Phys. Rev. E 71 (2005), p. 036617.

Xudong Chen et al. “Robust method to retrieve the constitutive effec-
tive parameters of metamaterials”. Phys. Rev. E 70 (2004), p. 016608.

Christoph Menzel et al. “Retrieving effective parameters for metama-
terials at oblique incidence”. Phys. Rev. B 77 (2008), p. 195328.

Lifeng Li. “New formulation of the Fourier modal method for crossed
surface-relief gratings”. J. Opt. Soc. Am. A 14 (1997), pp. 2758-2767.



[62]

[63]

[64]

[65]

[66]

[69]

[70]

127

Uday K. Chettiar et al. “Negative index metamaterial combining mag-
netic resonators with metal films”. Opt. Ezpress 14 (2006), pp. 7872—
T877.

T. Koschny et al. “Resonant and antiresonant frequency dependence
of the effective parameters of metamaterials”. Phys. Rev. E 68 (2003),
p. 065602.

C.R. Simovski and S.A. Tretyakov. “On effective electromagnetic pa-
rameters of artificial nanostructured magnetic materials”. Photonics
and Nanostructures - Fundamentals and Applications 8 (2010), pp. 254
—263.

Christoph Menzel et al. “Validity of effective material parameters for
optical fishnet metamaterials”. Phys. Rev. B 81 (2010), p. 035320.

Vadim A. Markel. “Can the imaginary part of permeability be nega-
tive?” Phys. Rev. E 78 (2008), p. 026608.

Anan Fang, Thomas Koschny, and Costas M. Soukoulis. “Optical anisotropic

metamaterials: Negative refraction and focusing”. Phys. Rev. B 79
(2009), p. 245127.

Ayed Al Sayem et al. “Negative Refraction with Superior Transmission
in Graphene-Hexagonal Boron Nitride (hBN) Multilayer Hyper Crys-
tal”. Scientific Reports 6 (2016), p. 25442.

Xingjie Ni et al. “Loss-compensated and active hyperbolic metamate-
rials”. Opt. Express 19 (2011), pp. 25242-25254.

Salvatore Campione et al. “Realizing high-quality, ultralarge momen-
tum states and ultrafast topological transitions using semiconductor
hyperbolic metamaterials”. J. Opt. Soc. Am. B 32 (2015), pp. 1809
1815.

Evgenii E. Narimanov. “Photonic Hypercrystals”. Phys. Rev. X 4 (2014),
p. 041014.

V. M. Agranovich et al. “Linear and nonlinear wave propagation in
negative refraction metamaterials”. Phys. Rev. B 69 (2004), p. 165112.

Carsten Rockstuhl et al. “Resonances in complementary metamaterials
and nanoapertures”. Opt. Ezxpress 16 (2008), pp. 2080—-2090.

Andrea Alu and Nader Engheta. “Dynamical theory of artificial optical
magnetism produced by rings of plasmonic nanoparticles”. Phys. Rev.
B 78 (2008), p. 085112.

Aleksandar D. Rakié¢ et al. “Optical properties of metallic films for
vertical-cavity optoelectronic devices”. Appl. Opt. 37 (1998), pp. 5271—
5283.



[30]

[81]

[90]

[91]

128

Z. Jacob et al. “Engineering photonic density of states using metama-
terials”. Applied Physics B 100 (2010), pp. 215-218.

Vladimir M. Shalaev. “Optical negative-index metamaterials”. Nat Pho-
ton. 1 (2007), pp. 41-48.

James C. Ginn et al. “Realizing Optical Magnetism from Dielectric
Metamaterials”. Phys. Rev. Lett. 108 (2012), p. 097402.

Gennady Shvets and Yaroslav A Urzhumov. “Negative index meta-
materials based on two-dimensional metallic structures”. Journal of

Optics A: Pure and Applied Optics 8 (2006), S122.

J. Zhou et al. “Saturation of the Magnetic Response of Split-Ring Res-
onators at Optical Frequencies”. Phys. Rev. Lett. 95 (2005), p. 223902.

Lutz Langguth and Harald Giessen. “Coupling strength of complex
plasmonic structures in the multiple dipole approximation”. Opt. Ex-
press 19 (2011), pp. 22156-22166.

R. S. Penciu et al. “Multi-gap individual and coupled split-ring res-
onator structures”. Opt. Ezpress 16 (2008), pp. 18131-18144.

Guy Lipworth et al. “Magnetic Metamaterial Superlens for Increased
Range Wireless Power Transfer”. Scientific Reports 4 (2014), p. 3642.

F. Capolino. Theory and Phenomena of Metamaterials. Metamaterials
Handbook Series. CRC Press, (2009). 1SBN: 9781420054262.

Nader Engheta, Alessandro Salandrino, and Andrea Alu. “Circuit El-
ements at Optical Frequencies: Nanoinductors, Nanocapacitors, and
Nanoresistors”. Phys. Rev. Lett. 95 (2005), p. 095504.

Hadiseh Alaeian and Jennifer A. Dionne. “Plasmon nanoparticle super-
lattices as optical-frequency magnetic metamaterials”. Opt. Ezpress 20
(2012), pp. 15781-15796.

Saman Jahani and Zubin Jacob. “All-dielectric metamaterials”. Nature
Nano 711 (2016), pp. 23-36.

Isabelle Staude and Jorg Schilling. “Metamaterial-inspired silicon nanopho-

tonics”. Nat Photon. 11 (2017), pp. 247-284.

S O’Brien and J B Pendry. “Magnetic activity at infrared frequencies in
structured metallic photonic crystals”. Journal of Physics: Condensed
Matter 14 (2002), p. 6383.

Ting Xu et al. “All-angle negative refraction and active flat lensing of
ultraviolet light”. Nature 497 (2013), p. 470.

Justin Elser and Viktor A. Podolskiy. “Scattering-Free Plasmonic Op-

tics with Anisotropic Metamaterials”. Phys. Rev. Lett. 100 (2008), p. 066402.



129

[92] Maier S. A and Atwater H. A. “Plasmonics: Localization and Guiding
of Electromagnetic Energy in Metal/Dielectric Structures”. Journal of
Applied Physics 98 (2005), p. 011101.

[93] Jennifer A. Dionne et al. “Are negative index materials achievable with
surface plasmon waveguides? A case study of three plasmonic geome-
tries”. Opt. Express 16 (2008), pp. 19001-19017.

[94] Y. t. Fang et al. “Tamm states of one-dimensional metal-dielectric pho-
tonic crystal”. IET Optoelectronics 7 (2013), pp. 9-13.

[95] Polina V. Kapitanova et al. “Photonic spin Hall effect in hyperbolic
metamaterials for polarization-controlled routing of subwavelength modes”.
Nature Communications 5 (2014), p. 3226.

[96] Ahmed M. Mahmoud and Nader Engheta. “Wave—matter interactions
in epsilon-and-mu-near-zero structures”. Nature Communications 5 (2014).

[97] Ruben Maas et al. “Experimental realization of an epsilon-near-zero
metamaterial at visible wavelengths”. Nat Photon 7 (2013), pp. 907-
912.

[98] Roberto Merlin. “Metamaterials and the Landau-Lifshitz permeability
argument: Large permittivity begets high-frequency magnetism”. Pro-
ceedings of the National Academy of Sciences 106 (2009), pp. 1693—
1698.

[99] Xudong Chen et al. “Robust method to retrieve the constitutive effec-
tive parameters of metamaterials”. Phys. Rev. E 70 (2004), p. 016608.

[100] Krishnan Thyagarajan et al. “Highly Improved Fabrication of Ag and Al
Nanostructures for UV and Nonlinear Plasmonics”. Advanced Optical
Materials 4 (2016), pp. 871-876.

[101] T. Tumkur et al. “Control of spontaneous emission in a volume of
functionalized hyperbolic metamaterial”. Appl. Phys. Lett. 99 (2011),
p. 15115,

[102] J. Kim et al. “Improving the radiative decay rate for dye molecules with
hyperbolic metamaterials”. Opt. Express 20 (2012), pp. 8100-8116.

[103] X. Ni et al. “Effect of metallic and hyperbolic metamaterial surfaces on
electric and magnetic dipole emission transitions”. Applied Physics B
103 (2011), pp. 553-558.

[104] Ryosuke Watanabe, Masanobu Iwanaga, and Teruya Ishihara. “s-polarization
Brewster’s angle of stratified metal-dielectric metamaterial in optical
regime”. Physica Status Solidi (b) 245 (2008), pp. 2696-2701.

[105] Conor T. Riley et al. “Near-perfect broadband absorption from hyper-
bolic metamaterial nanoparticles”. Proceedings of the National Academy
of Sciences 114 (2017), pp. 1264-1268.



130

[106] E. E. Narimanov et al. “Reduced reflection from roughened hyperbolic
metamaterial”. Opt. Ezpress 21 (2013), pp. 14956-14961.

[107]  G. V. Dedkov and A. A. Kyasov. “Equilibrium near and far electromag-
netic field structures at a flat boundary of the half-space filled with a
homogeneous dielectric (magnetic) medium”. Technical Physics Letters
32 (2006), pp. 223-225.

[108] E. Anemogiannis, E. N. Glytsis, and T. K. Gaylord. “Determination of
guided and leaky modes in lossless and lossy planar multilayer optical

waveguides: reflection pole method and wavevector density method”.
Journal of Lightwave Technology 17 (1999), pp. 929-941.

[109] E. N. Economou. “Surface Plasmons in Thin Films”. Phys. Rev. 182
(1969), pp. 539-554.

[110] A. P. Vinogradov et al. “Surface state peculiarities in one-dimensional
photonic crystal interfaces”. Phys. Rev. B 74 (2006), p. 045128.

[111] Jeffrey N. Anker et al. “Biosensing with plasmonic nanosensors”. Nat
Mater. 7 (2008), pp. 442-453.

[112] Manda Xiao et al. “Plasmon-enhanced chemical reactions”. J. Mater.
Chem. A 1 (2013), pp. 5790-5805.

[113] David J. Bergman and Mark I. Stockman. “Surface Plasmon Ampli-
fication by Stimulated Emission of Radiation: Quantum Generation
of Coherent Surface Plasmons in Nanosystems”. Phys. Rev. Lett. 90

(2003), p. 027402.

[114] Pierre Berini and Israel De Leon. “Surface plasmon-polariton amplifiers
and lasers”. Nat Photon 6 (2012), pp. 16-24.

[115] M. A. Noginov et al. “Stimulated Emission of Surface Plasmon Polari-
tons”. Phys. Rev. Lett. 101 (2008), p. 226806.

[116] Toshihiro Nakamura. “Enhancement of Visible-Luminescence Satura-
tion Intensity by Surface Plasmons in Ag/ZnO Films”. Phys. Rev. Ap-
plied 6 (2016), p. 044009.

[117]  Alexei Tcherniak et al. “One-Photon Plasmon Luminescence and Its
Application to Correlation Spectroscopy as a Probe for Rotational and
Translational Dynamics of Gold Nanorods”. The Journal of Physical
Chemistry C' 115 (2011), pp. 15938-15949.

[118]  Albert Polman and Harry A. Atwater. “Plasmonics: optics at the nanoscale”.
Materials Today 8 (2005), p. 56.

[119]  Achim Woessner et al. “Highly confined low-loss plasmons in graphene—boron
nitride heterostructures”. Nature Materials 14 (2015), pp. 421-425.



131

[120]  Victor W. Brar et al. “Highly Confined Tunable Mid-Infrared Plasmon-
ics in Graphene Nanoresonators”. Nano Letters 13 (2013), pp. 2541—
2547.

[121]  Ashkan Vakil and Nader Engheta. “Transformation Optics Using Graphene”.
Science 332 (2011), pp. 1291-1294.

[122] J.D. Caldwell et al. “Low-loss, infrared and terahertz nanophotonics
using surface phonon polaritons”. Nanophotonics 4 (2015), pp. 44-68.

[123] Peining Li et al. “Hyperbolic phonon-polaritons in boron nitride for
near-field optical imaging and focusing”. Nature Communications 6
(2015), pp. 9059-9072.

[124]  Joshua D. Caldwell et al. “Low-Loss, Extreme Subdiffraction Photon
Confinement via Silicon Carbide Localized Surface Phonon Polariton
Resonators”. Nano Letters 13 (2013), pp. 3690-3697.

[125] M. E. Sasin et al. “Tamm plasmon polaritons: Slow and spatially com-
pact light”. Applied Physics Letters 92 (2008), p. 251112,

[126] M. Kaliteevski et al. “Tamm plasmon-polaritons: Possible electromag-
netic states at the interface of a metal and a dielectric Bragg mirror”.
Phys. Rev. B 76 (2007), p. 165415.

[127]  G. Isic et al. “Tamm plasmon modes on semi-infinite metallodielectric
superlattices”. Scientific Reports 7 (2018), p. 3746.

[128]  Jacob B. Khurgin. “Two-dimensional exciton-polariton-light guiding by
transition metal dichalcogenide monolayers”. Optica 2 (2015), pp. 740—
742.

[129] Yilei Li et al. “Measurement of the optical dielectric function of mono-
layer transition-metal dichalcogenides: MoSs, MoSes, WSs, and WSes”.
Phys. Rev. B 90 (2014), p. 205422.

[130] S. Dai et al. “Tunable Phonon Polaritons in Atomically Thin van der
Waals Crystals of Boron Nitride”. Science 343 (2014), pp. 1125-1129.

[131] R. Hillenbrand, T. Taubner, and F. Keilmann. “Phonon-enhanced light-
matter interaction at the nanometre scale”. Nature 418 (2002), pp. 159
162.

[132] S. Amarie and F. Keilmann. “Broadband-infrared assessment of phonon
resonance in scattering-type near-field microscopy”. Phys. Rev. B 83
(2011), p. 045404.

[133] D. E. Aspnes and A. A. Studna. “Dielectric functions and optical pa-
rameters of Si, Ge, GaP, GaAs, GaSbh, InP, InAs, and InSb from 1.5
to 6.0 eV”. Phys. Rev. B 27 (1983), pp. 985-1009. por: 10 . 1103/
PhysRevB.27.985.



[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

132

S. W. Koch et al. “Semiconductor excitons in new light”. Nature Ma-
terials 5 (2006), pp. 523-531.

J. A. Dionne et al. “Plasmon slot waveguides: Towards chip-scale prop-
agation with subwavelength-scale localization”. Phys. Rev. B 73 (2006),
p. 035407.

Chengkun Chen et al. “Efficient and accurate numerical analysis of
multilayer planar optical waveguides in lossy anisotropic media”. Opt.
Ezpress 7 (2000), pp. 260-272.

R. Rodriguez-Berral, F. Mesa, and F. Medina. “Appropriate formu-
lation of the Characteristic equation for open nonreciprocal Layered
waveguides with different upper and lower half-spaces”. IEEE Transac-
tions on Microwave Theory and Techniques 53 (2005), pp. 1613-1623.

J. Zhu, X. Zhang, and R. Song. “A Unified Mode Solver for Opti-
cal Waveguides Based on Mapped Barycentric Rational Chebyshev
Differentiation Matrix”. Journal of Lightwave Technology 28 (2010),
pp. 1802-1810.

Wen-Jeng Hsueh and Jhih-Chang Lin. “Stable and accurate method
for modal analysis of multilayer waveguides using a graph approach”.
J. Opt. Soc. Am. A 24 (2007), pp. 825-830.

Luke A. Sweatlock and Kenneth Diest. “Vanadium dioxide based plas-
monic modulators”. Opt. Express 20 (2012), pp. 8700-8709.

A. Khalatpour et al. “Modified Smooth Transition Method for Determi-
nation of Complex Modes in Multilayer Waveguide Structures”. Journal
of Lightwave Technology 28 (2010), pp. 2851-2855.

Y. Zhou et al. “Theoretical investigation of optimal propagation per-
formance in multilayer long-range surface plasmon waveguide” (2010),

pp. 1-5.

J. Petracek and K. Singh. “Determination of leaky modes in planar
multilayer waveguides”. IEEE Photonics Technology Letters 14 (2002),
pp. 810-812.

Amir Hosseini, Arthur Nieuwoudt, and Yehia Massoud. “Efficient simu-

lation of subwavelength plasmonic waveguides using implicitly restarted
Arnoldi”. Opt. Ezpress 14 (2006), pp. 7291-7298.

Nikolai Christian Passler and Alexander Paarmann. “Generalized 4
&#x00D7; 4 matrix formalism for light propagation in anisotropic strat-
ified media: study of surface phonon polaritons in polar dielectric het-
erostructures”. J. Opt. Soc. Am. B 34 (2017), pp. 2128-2139.

Pochi Yeh. “Electromagnetic propagation in birefringent layered me-
dia”. J. Opt. Soc. Am. 69 (1979), pp. 742-756.



[147]

[148]

[149]

[150]

[151]

[152]

[153]
[154]

[155]

[156]

[157]

[158]

[159]

[160]

133

Dwight W. Berreman. “Optics in Stratified and Anisotropic Media:
4x4-Matrix Formulation”. J. Opt. Soc. Am. 62 (1972), pp. 502-510.

Meng Xiao, Z. Q. Zhang, and C. T. Chan. “Surface Impedance and Bulk
Band Geometric Phases in One-Dimensional Systems”. Phys. Rev. X 4
(2014), p. 021017.

Artur R. Davoyan and Nader Engheta. “Salient Features of Deeply
Subwavelength Guiding of Terahertz Radiation in Graphene-Coated
Fibers”. ACS Photonics 3 (2016), pp. 737-742.

Martin G. Blaber, Matthew D. Arnold, and Michael J. Ford. “Search for
the Ideal Plasmonic Nanoshell: The Effects of Surface Scattering and
Alternatives to Gold and Silver”. The Journal of Physical Chemistry C
113 (2009), pp. 3041-3045.

Ewold Verhagen et al. “Near-field visualization of strongly confined
surface plasmon polaritons in metal-insulator-metal waveguides”. Nano
Letters 8 (2008), pp. 2925-2929.

H. H. Li. “Refractive index of silicon and germanium and its wave-
length and temperature derivatives”. Journal of Physical and Chemical
Reference Data 9 (1980), pp. 561-658.

Ho W. Lee et al. “Nanoscale Conducting Oxide PlasMOStor”. Nano
Letters 14 (2014), pp. 6463-6468.

Yao-Wei Huang et al. “Gate-Tunable Conducting Oxide Metasurfaces”.
Nano Letters 16 (2016), pp. 5319-5325.

Suffian N. Khan and Duane D. Johnson. “Lifshitz Transition and Chem-
ical Instabilities in Baj_, K FeoAss Superconductors”. Phys. Rev. Lett.
112 (2014), p. 156401.

Madhab Neupane et al. “Observation of a three-dimensional topological
Dirac semimetal phase in high-mobility Cd3As2”. Nature Communica-
tions 5 (2014), p. 3786.

Y. L. Chen et al. “Experimental Realization of a Three-Dimensional
Topological Insulator, Bi2Te3”. Science 325 (2009), pp. 178-181.

Mikael C. Rechtsman et al. “Photonic Floquet topological insulators”.
Nature 496 (2013), p. 196.

Matthew J. Dicken et al. “Frequency tunable near-infrared metamateri-
als based on VO2 phase transition”. Opt. Ezpress 17 (2009), pp. 18330~
18339.

Jun-Yu Ou et al. “An electromechanically reconfigurable plasmonic

metamaterial operating in the near-infrared”. Nature Nanotechnology
8 (2013), p. 252.



[161]

162]

[163]

164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

172]

173]

134

Eyal Feigenbaum, Kenneth Diest, and Harry A. Atwater. “Unity-Order
Index Change in Transparent Conducting Oxides at Visible Frequen-
cies”. Nano Letters 10 (2010), pp. 2111-2116.

Z. Lu, W. Zhao, and K. Shi. “Ultracompact Electroabsorption Mod-
ulators Based on Tunable Epsilon-Near-Zero-Slot Waveguides”. IEEFE
Photonics Journal 4 (2012), pp. 735-740.

Shiyang Zhu, G. Q. Lo, and D. L. Kwong. “Phase modulation in hor-
izontal metal-insulator-silicon-insulator-metal plasmonic waveguides”.

Opt. Ezpress 21 (2013), pp. 8320-8330.

Viktoriia E. Babicheva et al. “Towards CMOS-compatible nanophoton-
ics: Ultra-compact modulators using alternative plasmonic materials”.
Opt. Ezpress 21 (2013), pp. 27326-27337.

Gururaj V. Naik, Jongbum Kim, and Alexandra Boltasseva. “Oxides
and nitrides as alternative plasmonic materials in the optical range”.
Opt. Mater. Express 1 (2011), pp. 1090-1099.

Alexandra Boltasseva and Harry A. Atwater. “Low-Loss Plasmonic
Metamaterials”. Science 331 (2011), pp. 290-291.

Xiaoge Liu et al. “Quantification and impact of nonparabolicity of the
conduction band of indium tin oxide on its plasmonic properties”. Ap-
plied Physics Letters 105 (2014), p. 181117.

Fei Yi et al. “Voltage tuning of plasmonic absorbers by indium tin
oxide”. Applied Physics Letters 102 (2013), p. 221102,

Alok P. Vasudev et al. “Electro-optical modulation of a silicon waveg-
uide with an “epsilon-near-zero” material”. Opt. Ezpress 21 (2013),
pp. 26387-26397.

F. Michelotti et al. “Thickness dependence of surface plasmon polariton

dispersion in transparent conducting oxide films at 1.55 ym”. Opt. Lett.
34 (2009), pp. 839-841.

Cédric Sire et al. “Statistics of electrical breakdown field in HfO2 and
Si02 films from millimeter to nanometer length scales”. Applied Physics
Letters 91 (2007), p. 242905.

Carey M. Tanner et al. “Electrical performance of A1203 gate dielectric
films deposited by atomic layer deposition on 4H-SiC”. Applied Physics
Letters 91 (2007), p. 203510.

M.D. Groner et al. “Electrical characterization of thin Al203 films
grown by atomic layer deposition on silicon and various metal sub-
strates”. Thin Solid Films 413 (2002), pp. 186 —197.



135

[174] Jiro Yota, Hong Shen, and Ravi Ramanathan. “Characterization of
atomic layer deposition HfO2, Al203, and plasma-enhanced chemical
vapor deposition Si3N4 as metal-insulator-metal capacitor dielectric
for GaAs HBT technology”. Journal of Vacuum Science € Technology
A: Vacuum, Surfaces, and Films 31 (2013), 01A134.

[175] J. Robertson. “High dielectric constant oxides”. Fur. Phys. J. Appl.
Phys. 28 (2004), pp. 265-291.

[176] Z. M. Rittersma et al. “HfSiO4 Dielectric Layers Deposited by ALD
Using HfCl4 and NH2 (CH2) 3Si (OC2H5) 3 Precursors”. Journal of
the Electrochemical Society 151 (2004), pp. 716-722.

[177]  Flora M. Li et al. “High-k (k=30) amorphous hafnium oxide films from
high rate room temperature deposition”. Applied Physics Letters 98
(2011), p. 252903.

[178] Young Hee Kim et al. “Thickness dependence of Weibull slopes of HfO2
gate dielectrics”. IEEE FElectron Device Letters 24 (2003), pp. 40-42.

[179] Woo-Jun Yoon and Paul R. Berger. “Atomic layer deposited HfO2
gate dielectrics for low-voltage operating, high-performance poly-(3-

hexythiophene) organic thin-film transistors”. Organic Electronics 11
(2010), pp. 1719 —1722.

[180] Mao Wei et al. “The effect of a HfO 2 insulator on the improvement of
breakdown voltage in field-plated GaN-based HEMT”. Chinese Physics
B 20 (2011), p. 097203.

[181] Chin-Sheng Pang and Jenn-Gwo Hwu. “Improvement in the break-
down endurance of high-x dielectric by utilizing stacking technology

and adding sufficient interfacial layer”. Nanoscale Research Letters 9
(2014), p. 464.

[182] Alok P. Vasudev et al. “Electro-optical modulation of a silicon waveg-
uide with an epsilon-near-zero material”. Opt. Express 21 (2013), p. 26387.

[183] D. L. Wood et al. “Optical properties of cubic hafnia stabilized with
yttria”. Appl. Opt. 29 (1990), pp. 604-607.

[184] K. S. Novoselov et al. “Two-dimensional gas of massless Dirac fermions
in graphene”. Nature 438 (2005), p. 197.

[185] L A Falkovsky. “Optical properties of graphene”. Journal of Physics:
Conference Series 129 (2008), p. 012004.

[186] Ivan V. Iorsh et al. “Hyperbolic metamaterials based on multilayer
graphene structures”. Phys. Rev. B 87 (2013), p. 075416.

[187] Mohamed A. K. Othman, Caner Guclu, and Filippo Capolino. “Graphene-
based tunable hyperbolic metamaterials and enhanced near-field ab-
sorption”. Opt. Express 21 (2013), pp. 7614-7632.



136

[188] Soo Jin Kim et al. “Creating semiconductor metafilms with designer
absorption spectra”. Nature Communications 6 (2015), p. 7591.

[189] Daniel Gall. “Electron mean free path in elemental metals”. Journal of
Applied Physics 119 (2016), p. 085101.

[190] Deep Jariwala, Tobin J. Marks, and Mark C.e Hersam. “Mixed-dimensional
van der Waals heterostructures”. Nature Materials 16 (2017), p. 170.

[191] Joshua D. Caldwell et al. “Atomic-scale photonic hybrids for mid-
infrared and terahertz nanophotonics”. Nature Nanotechnology 11 (2016),

p- 9.

[192] S. Dai et al. “Graphene on hexagonal boron nitride as a tunable hyper-
bolic metamaterial”. Nature Nanotechnology 10 (2015), p. 682.

[193]  Antonio Politano and Gennaro Chiarello. “Plasmon modes in graphene:
status and prospect”. Nanoscale 6 (2014), pp. 10927-10940.

[194] Xiaomu Wang et al. “High-responsivity graphene /silicon-heterostructure
waveguide photodetectors”. Nature Photonics 7 (2013), p. 888.

[195] Prineha Narang et al. “Effects of Interlayer Coupling on Hot-Carrier
Dynamics in Graphene-Derived van der Waals Heterostructures”. Ad-
vanced Optical Materials 5 (2017), p. 1600914.

[196] Ana M. Brown et al. “Nonradiative Plasmon Decay and Hot Carrier
Dynamics: Effects of Phonons, Surfaces, and Geometry”. ACS Nano 10
(2016), pp. 957-966.

[197]  Ana M. Brown et al. “Ab initio phonon coupling and optical response of
hot electrons in plasmonic metals”. Phys. Rev. B 94 (2016), p. 075120.

[198] Hui-Shen Shen, Yu-Mou Xu, and Chen-Li Zhang. “Graphene: Why
buckling occurs?” Applied Physics Letters 102 (2013), p. 131905.

[199]  Yu-Ming Lin et al. “Wafer-Scale Graphene Integrated Circuit”. Science
332 (2011), pp. 1294-1297.

[200] Sharmila N. Shirodkar and Efthimios Kaxiras. “Li intercalation at graphene
/ hexagonal boron nitride interfaces”. Phys. Rev. B 93 (2016), p. 245438.

[201] S. N. Shirodkar et al. “Visible quantum plasmons in highly-doped few-
layer graphene”. arziv.org (2017).

[202] E. A. Taft and H. R. Philipp. “Optical Properties of Graphite”. Phys.
Rev. 138 (1965), A197-A202.

[203] Andrea Alu and Nader Engheta. “Optical nanotransmission lines: syn-
thesis of planar left-handed metamaterials in the infrared and visible
regimes”. J. Opt. Soc. Am. B 23 (2006), pp. 571-583.

[204] Aaswath P. Raman et al. “Magnetic hyperbolic optical metamaterials”.
Nature 515 (2014), p. 540.



[205]

[206]
207]

1208]

[209]

[210]

211]

212]

137

Deep Jariwala et al. “Near-Unity Absorption in van der Waals Semi-
conductors for Ultrathin Optoelectronics”. Nano Letters 16 (2016),
pp. H482-5487.

Tim H. Taminiau et al. “Quantifying the magnetic nature of light emis-
sion”. Nature Communications 3 (2012), p. 979.

Tianhua Feng et al. “Isotropic Magnetic Purcell Effect”. ACS Photonics
0 (2018), in press.

Ognjen Ilic et al. “Overcoming the black body limit in plasmonic and
graphene near-field thermophotovoltaic systems”. Opt. Ezpress 20 (2012),
A366-A384.

Pablo Rodriguez-Lopez et al. “Casimir force phase transitions in the
graphene family”. Nature Communications 8 (2017), p. 14699.

C. L. Cortes et al. “Quantum nanophotonics using hyperbolic metama-
terials”. Journal of Optics 14 (2012), p. 063001.

Cristian L. Cortes and Zubin Jacob. “Photonic analog of a van Hove
singularity in metamaterials”. Phys. Rev. B 88 (2013), p. 045407.

Torben Winzer and Ermin Mali ¢. “Impact of Auger processes on carrier
dynamics in graphene”. Phys. Rev. B 85 (2012), p. 241404.



138

Appendiz A

APPENDIX

A.1 Transfer Matrix Equations for an infinite bilayer heterostructure

For a detailed presentation of the transfer matrix approach, the reader in encouraged
to see [1]. In Section 2.3 we discussed the case of an unbound layered medium
composed of two materials with indices n1 2 (in the absence of magnetic properties
we have njo = ,/€12) and thicknesses [; 5 (see Fig. 2.2). We present below the
transfer matrix elements A, B, C, D, referring to Egs. (2.17)-(2.18). For TE

polarization, we have:

, 1.k, ko1, .

Arg = e 21l {cos(k:Z alo) — =i 2 4 ’l)sm(l@Z 212)} (A1)

' 2 k'z,l kz,2 '

i 1 . kz 2 kz 1y .
B — otkz 1l |: _ (e a ] A2
TE = € 21(]{2’1 kz,Z )Sln(k ,212) ( )
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; 1. kso  kany .
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Similarly, for TM polarization, the matrix elements are:
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A.2 Counting optical states with the reflection pole method

In Section 3.8, and particularly in Fig. 3.11 we discussed the increase in the den-
sity of optical states (DOS) for multilayer configurations that, when homogenized,
exhibit the response €,60 < 0 (popte < 0) for TM (TE) polarization. Here, we com-
pute the number of optical states for the example system discussed in Fig. 3.11.
We consider in-plane wavenumbers k;,/k, € [0, ngiel] for radiation (bulk) modes,
while &/, /ko > ngiel for surface waves, as discussed in detail in Section 4.3. Prior to
reading this section, the reader is encouraged to study the reflection pole method
(RPM) and its details (see Section 3.11 and [108]).

First, lets start with the physical picture of a multilayer system with complex reflec-
tion coefficients rrg, M, for the two linear polarizations. The analytical expression
of the density of states is [210, 211]

- 3 k 1 . . )
plw,d, k) = 2p|2k3k//{2p?’ [(1+7‘TE62Zkzd)k%+(1—7‘TMeQZkzd)k‘§ +pﬁ(1+rTMe2Zkzd)k:?/}
1 Rz
(A.9)

where p, and p, are the parallel and perpendicular components of a dipole moment
located at distance d above the first planar interface, k; is the wavenumber in the
incident medium and k, is the normal component of the wavenumer inside the
multilayer system. As explained in Section 3.8, the effective magnetic permeability
has an effect mainly in the TE polarization characteristics of planar metamaterials,
similar to the effective dielectric permittivity pertaining to TM properties. As can
be seen from the first term in Eq. A.9, in order for the TE polarization to contribute
to the density of optical states, the TE complex reflection coefficient must deviate

from the value of —1.

We perform analytical transfer matrix calculations and RPM calculations, together
with finite element simulations investigating the TE properties of a fifty-five layers
metamaterial consisting of silver and a dielectric material with refractive index ngiel,
in the lossless limit, to simplify our analysis (similar to the one discussed in Figs.
3.11d, e). All finite element simulations were performed with the commercial pack-
age Comsol Multiphysics. We set the refractive index of the surrounding medium to
be ngyr = 1.55, similar to Figs. 3.11d, e. Figs. A.1, A.2 show two cases: ngje] = 1.55

and ngie] = 4, respectively. The latter is the same as the case discussed in Fig. 3.11e.

In the case of ngie = 1.55, no TE electromagnetic states couple to the multilayer
metamaterial and its response is reflective as shown in Fig. A.la. This is confirmed
by analytical transfer matrix calculations of the TE reflectance (Fig. A.1d), which

is almost unity, while absorption is negligible (Fig. A.1d). Furthermore, as can be
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seen in Fig. A.lc, Re(rrg) barely deviates from the value of —1, indicating ab-
sence of TE polarization electromagnetic states, based on Eq. A.9. With use of the
arguments explained in Section 4.3 regarding the RPM, we present the parameter
% in Figs. A.1f and g for radiation (bulk) and bounded (surface) modes,
respectively. No peaks are observed, confirming the absence of any TE states sup-
ported in the metamaterial in this frequency regime for the considered wavenumbers.
The wavenumbers accounted for in Figs. A.1f g are chosen based on the Gaussian

beam in the finite element simulation shown in Fig. A.la.

Furthermore, by homogenizing the layered metamaterial through [47], we obtain
negative dielectric permittivity €,, while the magnetic permeabilities along both
coordinate directions p, and pe remain positive (Fig. A.1b). For these values of
€0, Mo and ., the dispersion equation for bulk propagating modes (Eq. 3.3) has
no solutions, confirming further the absence of any optical states in this frequency

regime.

By contrast, increasing the dielectric index to ngje; = 4 leads to a drastically different
Re(rrg) response, as shown in the simulation result of Supplementary Fig. A.2a.
The metamaterial absorbs most of the incident field, as confirmed through analytical
calculations showing enhanced TE absorption in Supplementary Fig. A.2e, while
the TE reflectance vanishes at resonant wavelengths (Fig. A.2d). As seen in Fig.
A.2¢c, now Re(rrg) is drastically different from unity, indicating a TE contribution
to the density of states, based on Eq. (A.9). The density of states enhancement is
already obvious by the enhanced absorption, however we also show it explicitly in
Fig. A.2f; the reflection pole peaks represent states and their number is equal to the
number of bulk eigenmodes (or optical states) for the considered wavenumbers and
wavelengths. The number of TE bound (surface) states is also enhanced, as peaks
are also observed for wavenumbers k,,/ko > nsur (Fig. A.2g). This response is also
interpreted in the effective homogeneous slab picture (with effective parameters e,
to and pe); the TE response of the metamaterial is now hyperbolic as pope < 0
(Fig. A.2b). Similar to HMMs with €,e. < 0 supporting an enhanced density of TM

states [41, 76, 210, 211], we show an equivalent response for TE polarization due to

Lotte < 0.

A.3 Details on the electronic structure calculations in vdW heterostruc-
tures

Here we discuss the details for computing the electronic properties and sheet con-

ductance of the graphene-based heterostructures discussed in Chapter 6. Both in-

traband and interband contributions to the sheet conductance discussed in Section

6.3 are extracted from the linearized Boltzmann equation using an ab initio collision
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integral for the electron-phonon scattering processes [196]. The interband transi-
tions term is evaluated using Fermi’s Golden rule for the imaginary part, and then

the Kramers-Kronig relation for the real part.

All these calculations use DFT predictions for the energies and matrix elements of
both the electrons and the phonons, hence automatically accounting for electronic
structure effects such as inter-layer interactions and response of electrons far from
the Dirac point, as well as scattering against both acoustic and optical phonons
including Umklapp and inter-valley processes. These calculations account for finite
temperature occupations of electrons and phonons, as well as for the coupling of
electrons with photons and phonons, thereby capturing all relevant radiative and
non-radiative processes that contribute to the optical response. However, in this
work, excitonic effects were neglected since the high free carrier density of the doped
materials we consider would strongly screen electron-hole interactions [212]. See

[196] for more details on the theoretical framework and references in [18].

For graphene and its heterostructures, changing the Fermi level Er changes the
equilibrium electron occupation factors in the Boltzmann equation as well as in
Fermi’s Golden rule. This affects both interband and intraband contributions to the
sheet conductance, and we account for this by explicitly evaluating them for several
different values of Ey, ranging from the neutral (undoped) value to ~ 1 eV above
it. This computational treatment assumes ideal doping and neglects losses due to
scattering by inactive dopants and defects introduced into the material; the effects
of such nonidealities will be specific to the experimental strategy for doping and are

not discussed here.
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Figure A.1: (a) Simulation results for a fifty-five layers dielectric ngi = 1.5:
50 nm/Ag: 20 nm multilayer metamaterial at 780 nm for TE polarization.
The surrounding medium has index ng,, = 1.55. (b) Effective parameters for
the metamaterial in (a). (c) Re(rrg) barely deviates from the value of —1. (d)
TE polarization reflectance Rrg = |rrg|?. (e) TE polarization absorption. (f)
reflection pole method for radiation (bulk) modes, (g) reflection pole method
for bound (surface) modes. Note 1: (c), (d), (e), (f), (g) are transfer matrix
analytical multilayer calculations for the multilayer described in (a). Note 2:
For (c), (d), (e), (f): Colors: from blue to red: k/, from 1.45k, (blue) to 1.55k,
(red) - corresponding to the wavenumbers in the simulation of (a). Note 3:
For (g): Colors: from blue to red: &/, from 1.55k, (blue) to 2k, (red).
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Figure A.2: (a) Simulation results for a fifty-five layers dielectric ngie; = 4: 50
nm/Ag: 20 nm multilayer metamaterial at 780 nm for TE polarization. The
surrounding medium has index ng, = 1.55. (b) Effective parameters for the
metamaterial in (a). (c) Re(rpg) deviates from the value of —1 indicating
enhanced density of states. (d) TE polarization reflectance Rrg = |rrg|?. (e)
TE polarization absorption. (f) reflection pole method for radiation (bulk)
modes, (g) reflection pole method for bound (surface) modes. Note 1: (c),
(d), (e), (f), (g) are transfer matrix analytical multilayer calculations for the
multilayer described in (a). Note 2: For (c), (d), (e), (f): Colors: from blue to
red: k,, from 1.45k, (blue) to 1.55k, (red) - corresponding to the wavenumbers
in the simulation of (a). Note 3: For (g): Colors: from blue to red: k;, from
1.55k, (blue) to 2k, (red).



