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Abstract

In this paper, we demonstrate numerically various phenomena and possibilities that can be realized in THz metamaterials made
of phonon-polariton materials. Such phenomena include hyperbolic dispersion relation, subwavelength imaging using backward
propagation and backward radiation, total transmission and subwavelength guiding exploiting Mie-resonant scattering in permittivity
near zero host, and toroidal dipolar response. The systems that we use to demonstrate most of these phenomena are two-dimensional

periodic systems of wm-scale rods in a host, where both rods and host are made of polaritonic alkali-halide materials.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The continuously expanding technologies for THz
sources along with the unique properties and capabilities
of the THz radiation, especially in the security, sensing
and communications domains, constantly increase
nowadays the demand for the realization of components
for the manipulation of THz waves [1,2].

Since the majority of natural materials do not show
strong response to the THz waves, and so they do not
offer themselves for THz handling and a straightforward
THz component realization, metamaterials (i.e. artifi-
cial materials, structured in subwavelength scales and
showing novel and unique properties, unattainable in
natural materials), can offer an excellent solution to the
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problem. This is because the metamaterials response is
based mainly on geometry-induced resonances [3] which
can be easily tuned in frequency by adjusting the size of
their basic building blocks. Moreover, the richness in the
phenomena and properties achievable with metamateri-
als (like, e.g. very large, near zero or negative permittivity
and/or permeability [3], negative refractive index [4,5],
giant chirality [6,7] etc.) leads to a variety of capabilities
for the metamaterial-based systems [8], including perfect
absorption [9,10], subwavelength resolution imaging
[11], polarization filtering and manipulation [12], spa-
tial and temporal filtering, etc., which can be greatly
exploited in the THz domain.

The majority of today’s THz metamaterials use
metal as the basic material for the metamaterials ele-
ments. There, the desired metamaterial property is
achieved by properly designed current resonances in
the subwavelength-size metallic elements (known as
meta-atoms). An alternative option to achieve useful and
interesting metamaterial properties is to use meta-atoms
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made of a high-index dielectric, instead of a metal, and
exploit the Mie-resonances of the meta-atom [13,14].
Due to the high-index of the meta-atom these resonances
appear at wavelengths much larger than the meta-atom
size, allowing thus the treatment of the total metamate-
rial as a homogeneous material with effective properties.
A category of materials which in the THz regime com-
bines both the properties and capabilities of metals and of
high index dielectrics, and therefore provides an excel-
lent candidate for THz metamaterial building blocks,
is polaritonic materials [15]. Polaritonic materials are
polar crystals where the incident radiation excites crys-
tal vibrations (transverse optical phonons) in the crystal.
The coupling of the incident radiation with the induced
field created by the crystal vibrations results to the so-
called phonon-polariton modes, and is described by a
resonant permittivity response of Lorenz type:

2 2
F=éno ]_% (1)
w? — 0 + iwy

In Eq. (1) wr is the angular frequency of the trans-
verse optical phonons in the crystal, which falls in the
THz regime and at which the permittivity blows up (in
the absence of losses), wy, is the angular frequency of the
longitudinal optical phonons in the crystal (wr > wr), and
&0 18 the limiting value of the permittivity for high fre-
quencies, well above wy, but well below the electronic
gap. The values of w7, w; and e are related to the
parameters of the polar crystal.

The dielectric function (1), in the frequency regime
just above the resonance frequency, wr, shows nega-
tive values, similar to that of the dielectric function of
metals in the optical regime (see, e.g. Fig. 1). This indi-
cates that all the effects that can be observed in metal
optics (plasmonics, optical metamaterials) can be trans-
ferred to the THz using polaritonic materials [16—19],
something that offers to the polaritonic materials unique
power for THz wave manipulation. Moreover, the high
positive values of the dielectric function just below the
resonance frequency, reaching in some cases values even
of the order of few hundreds (e.g. for LiTaO3 and TICI)
[20], can be exploited in a variety of high-index-based
metamaterial phenomena, such as negative effective per-
meability and/or permittivity, negative refractive index,
etc. [14,20-24]. Another particularly interesting fre-
quency region encountered in polaritonic materials is
where the dielectric function gets values close to zero,
i.e. for frequencies around the frequency of longitu-
dinal optical phonons, w;. The electromagnetic (EM)
response of materials with epsilon near zero (ENZ) has
been studied extensively recently, mainly in connection

to metamaterials (since metamaterials can easily allow
such kind of response), and interesting phenomena and
possibilities have been proposed and demonstrated. Such
phenomena include possibility to squeeze EM waves
at will using narrow ENZ channels [25,26], possibility
to easily shape the radiation pattern of sources embed-
ded or in close proximity to ENZ structures [27], strong
interaction of phonons with charge carriers resulting to
instabilities generating THz waves [28,29], and others
[30].

This broad range of permittivity values achievable
in polaritonic materials is of great importance if such
materials are properly shaped, providing metamate-
rial elements. Combining the rich shaping possibilities
achievable by the modern fabrication approaches with
the wide range of permittivity values achievable in
polaritonic materials, one can result in a uniquely
rich variety of phenomena which can have a great
impact in all the modern THz applications. In this work
we demonstrate numerically few of such phenomena,
i.e. phenomena observable in metamaterials made
of phonon-polariton materials, called here polari-
tonic metamaterials. In particular, we demonstrate: (a)
hyperbolic dispersion relation response in anisotropic
polaritonic metamaterials (see Section 3), leading to
subwavelength resolution imaging; (b) subwavelength
imaging and guiding due to backward radiation in polari-
tonic waveguides (see Section 4); (c) total transmission
and extremely subwavelength guiding in metamaterials
made of dielectric cylinders in an ENZ polaritonic host
(see Section 5); (d) toroidal response in periodic sys-
tems built by proper clusters of polaritonic cylinders
(as building blocks), due to the high epsilon response
of the cylinders (see Section 6). The basic systems and
materials that we use to demonstrate the above men-
tioned phenomena, as well as the simulation approaches
employed, are discussed in the next section.

2. Basic systems and their electromagnetic
properties

The systems that we will employ to demonstrate
most of the polaritonic metamaterial based phenomena
discussed here are alkali-halide polaritonic systems com-
posed of LiF rods embedded in either NaCl or KC1 host,
in hexagonal periodic arrangement [31]. A drawing of
such a system is shown in Fig. 1(a), while Fig. 1(b)
shows the relative dielectric function of LiF and NaCl
[16]. The dielectric function of KCl is very similar to
that of NaCl, with the polaritonic resonance appearing
at around 4.2 THz [16]. An important merit of those sys-
tems is that they can be easily fabricated in micro-meter
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Fig. 1. (a) The geometry of the polaritonic rods embedded in a polaritonic host system and the polarizations of the incoming EM wave. (b) The

relative permittivity of LiF and NaCl.
Source: Data are taken by Palik [16].

length scales using self-organization of eutectic mix-
tures [32,33]. With this approach one can easily adjust
the length-scale of the fabricated structures during the
fabrication process, obtaining structures with different
lattice-sizes and rod-diameters. The particular systems
that we analyze here have been already fabricated, in dif-
ferent length scales, and their electromagnetic response
has been experimentally studied using reflection and/or
transmission measurements [31,34]. The geometrical
characteristics of the fabricated systems are listed in
Table 1.

The electromagnetic response of the fabricated struc-
tures has been studied also numerically and has been
analyzed using effective medium formulas. Comparison
with the experimental data showed that the response
of the smaller of the systems can be reproduced and
explained using the Maxwell-Garnett effective medium
approach [35], summarized by Eq. (2) below, which is
valid in the quasistatic regime, where the wavelength in
both the rods and host is larger than the rod size and the

Table 1

Geometrical characteristics of the fabricated alkali-halide systems that
have been studied in this work. The rod diameters and lattice constants
are measured average values. The structures exhibit deviations from
the perfect regularity. For details see Ref. [31].

System LiF volume Rod diameter
fraction (Lattice constant)
[pm]
LiF rods in NaCl 25% 2.0 (3.6) to 10.7
(20.3)
LiF rods in KCl 6.9% 0.8 (2.8)t0 6.4
(23.3)

lattice constant:

(I + @)eroas + (1 — @)enos
(1 - (p)grods + (1 + (p)ghost '

Sj}ff = Ehost
8!ff = @ &rods + (1 — @)€host- 2

In Eq. (2) ¢ is the rod filling ratio and the super-
scripts parallel and perpendicular refer to the electric
field polarization relative to the rods axes — see Fig. 1(a).
Regarding the larger-scale systems, they can also be
described as effective media [36], but there more
elaborated approaches should be employed, such as
Pendry’s averaging field approach [13,37], extended
Maxwell-Garnett approach [38,39] and others [40]. This
is due to the high-index response of the rods below
the frequency wr (see Eq. (1)), which results to very
short wavelengths inside the rods and thus to sub-
wavelength Mie-resonances for even relatively small
rod-diameters (note that the Mie-resonances of the rods
appear when the wavelength inside the rods is compa-
rable to the rod diameter) [14,41]. The requirement of
effective medium approaches going beyond the quasi-
static Maxwel-Garnett approach is quite common in the
effective medium description of media composed of high
index dielectrics.

In the discussion below we focus in most of the cases
on the smallest among the fabricated structures men-
tioned in Table 1, and when effective medium description
is required we employ the Maxwel-Garnett approach.
For achieving detailed numerical data we employed the
Microwave Studio commercial software, where the com-
ponent material permittivity has been entered via the
Lorenz model (Eq. (1)) with characteristic parameters as
mentioned in Table 2. We have to mention here that the
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Table 2

The characteristic frequencies appearing in the Lorenz (Eq. (1)) description of the component materials of the structures discussed here (& is the

permittivity of the vacuum).

Material Resonance frequency Longitudinal phonon Damping frequency Asymptotic relative
fr=wr/27 [THz] frequency f1, = wr /2w y’ =y/l2mw [THz] permittivity eo0/€q
[THz]
LiF 9.22 19.1 0.527 2.027
NaCl 4.92 7.8 0.207 2222
KCl 4.21 6.2 0.156 2.045

parameters of Table 2 for the LiF, while approaching very
well the material response close to resonance frequency
wT show slight deviation from the experimental permit-
tivity values [16] around the frequency wy. This may
result in small deviations in frequency of the phenomena
discussed here if compared with future experimental
data.

3. Hyperbolic dispersion relation in THz
polaritonic metamaterials

Structures with hyperbolic dispersion relation, known
as hyperbolic metamaterials [42,43], have been proved
recently as a very important category of metamaterials,
since they show the ability for subwavelength reso-
lution imaging (known as hyperlensing [44]) without
the need for resonant response (which implies high
losses) or magnetic response (which is not easy to be
achieved, especially in high frequencies), while they
offer an easy practical realization due to the simple
geometries involved. Such metamaterials are uniaxial
anisotropic structures with one principal component of
the effective permittivity (or permeability) negative and
the others positive, resulting to equifrequency surfaces
(i.e. surfaces of constant frequency in K-space) of the
shape of hyperbola (unlike the ellipsoid-like surfaces of
metamaterials with all the permittivity (or permeability)
components being of the same sign) [45]. The easier
practical realization of such metamaterials is encoun-
tered in systems of negative permittivity (e.g. metallic)
rods periodically placed in a dielectric host, or in lamel-
lar (multilayer) systems alternating negative and positive
permittivity layers (i.e. metal-dielectric layers) [43].
Here we demonstrate hyperbolic metamaterial response
in polaritonic systems.

The ability of hyperbolic metamaterials (HMM) for
subwavelength resolution imaging is based on the fact
the HMM do not have an upper limit in the magni-
tude of propagating wave vectors that they can support
(due to the unbounded form of the hyperbola, in contrast
to ellipsoid or sphere), so they can transmit arbitrarily

large (in principle) wave vectors [44,46]. In a regular
medium, wavevector components larger than wn/c (n is
the refractive index of a medium and ¢ the vacuum wave
velocity) along one direction correspond to evanescent
waves along the perpendicular direction and are lost if
propagation occurs in regular media. These components
though, which carry the finest details of the source object
emitting them (forming the basis of Pendry’s super-
lens [11]), can be coupled to propagating waves in a
HMM and transmitted without attenuation (beyond the
attenuation associated with the losses of the materials)
[46,47]. Besides the subwavelength resolution imaging,
the hyperbolic dispersion is associated also with broad-
band high density of EM modes, which can greatly affect
the performance of EM sources placed in HMM [48-50].
Other interesting possibilities that can also be realized in
HMMs are advanced absorption and thermal emission
control [51,52], cloaking possibilities [53], possibilities
to mimic phenomena related to gravitation theory [54]
etc.

HMM have been realized so far in the IR and opti-
cal regime using periodic systems of metallic rods in
a host [55-57] or metallic layered systems [58,59],
and subwavelength resolution imaging has been demon-
strated, even associated with image magnification when
the layers are properly curved [44] (for a review see
Ref. [43]). Here we show that the same effects can
be observed in the THz regime in systems of polari-
tonic rods in a host, exploiting the negative permittivity
response of the rods [31,36]. Such a system is the LiF
rods in NaCl host system shown in Fig. 1(a), in the fre-
quency region between 9.5 and ~13 THz. Applying the
Maxwell-Garnet effective medium formula (Eq. (2)) for
such a system, which, as we mentioned earlier, is valid for
rod diameters smaller than 2 microns, one achieves the
effective permittivity response shown in Fig. 2. The per-
mittivity of Fig. 2 for the frequency region 9.5-13 THz
shows negative values for electric field (E) parallel to
the rods and positive for E perpendicular to the rods (see
Fig. 1(a) for the description of polarization), suggesting
hyperbolic metamaterial response. Selecting an interface
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Fig. 2. Effective relative permittivity for a system of parallel infinitely
long LiF rods embedded in NaCl, for LiF volume fraction 25%, and for
the two different possible polarizations of an incident EM field relative
to the rod axes (see Fig. 1(a)). The effective permittivity was calculated
using the Maxwel-Garnett effective medium formulas (Eq. (2)), where
for the permittivity of the component materials the Lorenz approxima-
tion of the data presented in Fig. 1(b) was used, with parameters those
listed in Table 2.

perpendicular to the rods (see Fig. 3(b)) and calculating
the dispersion curves kparallel VS Kperpendicuar» Where the
parallel and perpendicular here refer to the interface, one
achieves the curves shown in Fig. 3(a), demonstrating the
hyperbolic dispersion relation response.

This hyperbolic dispersion relation and the resulting
possibility for subwavelength resolution imaging in our
LiF in NaCl system was demonstrated also in detailed
numerical simulations. An example is shown in Fig. 3(b),
where a localized source emitting a TM wave is placed
close to the interface between air and the LiF-NaCl sys-

ol 10:5 44z J1.11 THz ]

10.71 THz,”
F &

%,

parallel

kpcrpcndicu]ar/ko ( a)

source

tem, and imaging with resolution ~N/4 is demonstrated
for frequency 10.86 THz. Note that the system length
here is chosen as to match the effective wavelength in
the system, exploiting thus the Fabry-Perot resonances
of the system, which allow maximum transmission.

One has to point here that the employment of
polaritonic materials as a means to achieve hyperbolic
dispersion relation response is associated with certain
advantages, compared to corresponding metallic sys-
tems: (a) In polaritonic systems one avoids the problem
of spatial dispersion which is common in metallic struc-
tures operating in microwaves and THz and complicates
the structure response [60,61]. (b) The loss factor,
Im(e)/Re(e), of polaritonic materials in the frequency
region of hyperbolic dispersion is smaller (it is of the
order of 10) than that of metals in the optical region
(where the permittivity values are similar), allowing
larger propagation distances in THz polaritonic metama-
terials than in similar nanoscale metallic systems. This,
combined with the much easier experimental realiza-
tion of the THz polaritonic structures, shows that such
structures offer an ideal system for demonstration and
analysis of the effects and possibilities associated with
hyperbolic dispersion relation.

4. THz superlensing based on backward
radiation in negative permittivity waveguides

Waveguides made of polaritonic materials possess
some unique properties unattainable by other materials
in the THz frequency range, due to the small negative
permittivity values that polaritonic materials possess as
the frequency approaches wy. In waveguides with small

Max

-Max

(b)

Fig. 3. (a) Dispersion curves for the extraordinary wave propagating along the rods in the LiF in NaCl metamaterial studied (see Fig. 1(a)); (b)
demonstration of superlensing in that metamaterial by showing the magnetic field component H, propagating along the structure. kparaliel is the
k-component parallel to the interface between air and the metamaterial, i.e. along x-direction of panel (b), and kperpendicuar is along z-direction. The
incident wave in panel (b) is a TM wave (magnetic field along y-direction and electric field in the x—z plane) of frequency 10.86 THz. The diameter
of the LiF rods in the system is 2 wm and the lattice constant of the hexagonal lattice 10.7 wm. To distinguish between rods and host stripes in the
two-dimensional cross-section of the system presented in panel (b) we have marked the rod position by white dots.
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Fig. 4. (a) Scheme of the focusing mechanism based on backward propagated and radiating guided modes; (b) magnetic field component H,, field
distribution in a LiF slab of thickness d =2 pm embedded in NaCl at frequency 13.5 THz. The source is a TM point source (magnetic field along y)

located 1 wm away from the LiF-NaCl interface.

negative permittivity values there is the possibility of
backward guided modes (i.e. modes of opposite phase
and group velocity) which show quite strong leakage
outside the guide, leading to backward radiation from
the side-walls of the guide [62].

To understand this better let’s consider a planar slab
waveguide of relative permittivity ¢; and thickness d
(along x-direction — infinite along y and z directions —
see Fig. 4(a)) embedded in a material of relative permit-
tivity &>. For TM electromagnetic modes (i.e. magnetic
field in the plane of the slab boundaries) the dispersion
relation of the even guided modes (i.e. modes propagat-
ing along the guide and evanescent outside the guide,
along x-direction) [62] is

kyed = kyod 22 tan(ky ), with
)

kix = \/k3e1 — @ kox = \/q® —K3ea.  (3)

In Eq. (3), ko=w/c, q is the wave-vector compo-
nent along the waveguide, which is continuous across
the guide boundaries, and the subscripts in the k-
components denote the medium (1 for the waveguide,
2 for the surrounding medium) and the direction. Using
the above equations to solve the dispersion relation g vs
ko, one can find for g1 <0 the existence of backward
“guided” waves, which have also a large attenuation
component (Im(g)) along the direction of the guide,
indicating leakage outside the guide across the guide
boundaries. For large negative values of ¢; these waves
do not dominate the flux propagating along the guide,
but under certain conditions, e.g. for small negative
values of 1 (as compared in magnitude to &) these
backward waves dominate the guided flux and, due
to the conservation of g, lead to negatively refracted
leaking waves, i.e. backward radiation outside the guide
along the x-direction. Thus if one places a point source

outside a waveguide having small negative permittiv-
ity values, as to excite the backward guided modes, the
negatively refracted leaking waves converge at the other
side of the guide (see Fig. 4) resulting to an image of
the point source; this makes the guide operating as a
flat lens, providing also subwavelength resolution due to
the restoration of the evanescent waves emitted by the
source.

Exploiting further the backward radiating modes
mentioned above, one can achieve subwavelength imag-
ing (or subwavelenth tunneling of electromagnetic
waves) in a system of parallel cylindrical waveguides,
such as the LiF rods (acting as waveguides) in NaCl
host system, which was discussed in the previous sec-
tion, in the frequency regime around 16 THz where LiF
has small negative epsilon values and NaCl behaves as a
dielctric [16]. Such a subwavelength imaging is numer-
ically demonstrated in Fig. 5.

To distinguish between rods and host stripes in the
two-dimensional cross-section of the system presented
in panel (b) we have marked the rod position by white

.

Fig.5. Subwavelength propagation and imaging due to backward radi-
ation in the system of LiF rods in NaCl that was discussed in Section
IIT and Fig. 3, in the frequency region of small negative LiF permit-
tivity (here 16.24 THz). The propagation along z-direction in the LiF
rods is backward leading to convergence of the leaked radiation in
the NaCl host due to negative refraction. The point source emits a TM
wave (magnetic field along y-direction), and figure shows the magnetic
field component H,. The white dots in the figure are used to mark the
position of the rods, as described also in Fig. 3.

X
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Fig. 6. (a) The scattered electric field by a dielectric cylinder (of relative permittivity 40 and radius 4 wm) embedded in an ENZ medium at the region
of a cylinder resonance (4.54 THz). The electric field in the incoming wave is parallel to the cylinder. (b) Very confined almost perfect propagation
along an array of dielectric cylinders (as the one shown in panel (a)) embedded in an ENZ medium due to the p-like symmetry of each individual
scattered field. The guiding occurs at frequency 4.55 THz, i.e. almost identical to the frequency of a Mie-resonance.

5. Epsilon near zero based total transmission and
subwavelength guiding in polaritonic systems

As was mentioned in the introduction, one can achieve
a variety of interesting phenomena in media with epsilon
near zero; this is mainly due to propagation with practi-
cally no phase advance that can take place in such media
[26,63,64]. Even more interesting and rich phenomena
can be observed if one combines properly structured
ENZ media with normal dielectrics [65,66]. For exam-
ple, inserting regular dielectric scatterers in an ENZ
medium one can observe similar phenomena to the ones
achieved in media composed of high-index dielectric
scatterers in a regular dielectric host, such as negative
permeability and/or permittivity. This is due to the large
wavelength in the ENZ host (allowing the scatterer’s
Mie-resonances to occur in subwavelength regions)
and the too high contrast in the dielectric parameters
between scatterers and the ENZ host. Other interest-
ing phenomena occurring in media with scatterers in an
ENZ host are total transmission or total reflection or EM
cloaking for TM incident wave polarization if the scatter-
ers are made of a PEC material [67], and, as was shown
recently, total transmission and extreme subwavelength
guiding of TE polarized waves in media with cylindrical
dielectric scatteres in an ENZ host [30,34].

The presence of epsilon near zero frequency regions
in polaritonic materials, combined with the easiness in
the fabrication of composite media made of polaritonic
materials, allows the easy observation and exploitation in
THz of all the interesting phenomena that can observed in
composite media of scatteres in ENZ host. We showed
recently that such interesting phenomena are extreme
subwavelength guiding associated with total EM wave
transmission [30,34].

Analyzing the propagation of a plane electromagnetic
wave coming from vacuum and impinging on an ENZ

medium with embedded dielectric cylinders [30], for E
parallel to the cylinders one can observe extremely sub-
wavelength and strongly confined Mie-resonances in the
cylinders, where the electric field distribution shows the
symmetry of p-like atomic orbitals oriented along the
direction of the incident wave (see Fig. 6(a)). It can be
shown both analytically and numerically [30] that the
presence of such resonances: (a) maximizes the coupling
of the resonators along propagation direction if cylindri-
cal resonators are placed next to each other, and (b) can
result in almost total transmission of the incident wave
by the system.

These effects can be exploited in an ordered linear
arrangement of dielectric cylinders placed in an ENZ
host, as shown in Fig. 6(b). Such an arrangement acts as
a narrow subwavelength channel where the wave prop-
agates by being transferred from scatterer to scatterer,

Fig. 7. Subwavelength guiding exploiting the Mie-resonances of LiF
rods in NaCl, at frequency 7.85 THz where NaCl has permittivity near
zero and LiF relative permittivity 24.8. The guiding is demonstrated by
showing the electric field component E, of an incident wave coming
from a slit on PEC screen. The rod diameter here is 6.4 um and the
lattice constants are 12 pm along x-direction and 15 wm along y.
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Fig. 8. (a) A dielectric metamolecule supporting toroidal dipolar response for the incident electromagnetic field configuration shown in the figure.
The metamolecule is a cluster of 4 infinitely long cylinders of radius R = 8 pm and center-to-center separation a = 18 pum. The metamaterial is formed
by placing the metamolecules periodically along the x-axis with period d =58 pwm. (b) Calculated distribution of the absolute value of the magnetic
field induced in the metamolecule of panel (a), made by LiTaO3 rods at frequency 1.89 THz. The arrows show the magnetic flux.

forming an extremely subwavelength and efficient (i.e.
of high transmission) waveguide.

Subwavelength guiding due to Mie-resonances in
ENZ host can be sustained even in two-dimensional peri-
odic systems, such as the LiF rods in NaCl host at the
ENZ response region of the host, since the coupling of
the neighboring cylinders along propagation direction
dominates (due to the directional form of the resonant
fields). Fig. 7 demonstrates this response for a 2D rect-
angular periodic system of LiF rods in NaCl, at frequency
7.85 THz where NaCl behaves as an ENZ material. Sub-
wavelength guiding with enhanced transmission due to
ENZ host has been also demonstrated in periodic systems
of LiF rods in KCl as the ones described in Table 1; there,
the transmission, which was studied also experimentally,
showed a peak at the ENZ region of KCl (despite the large
thickness of the system and the non-perfect regularity),
confirming the possibility for high transmission due to
ENZ host response [34].

6. Toroidal response in eutectic metamaterials

Besides metamaterials made of periodically placed
individual rods, metamaterials consisting of clusters of
rods, or more generally clusters of scatterers, as basic
building blocks can also provide very interesting effects.
Such effects that have been already demonstrated are
Fano resonances in plasmonic clusters and in clusters
made of high index dielectric particles [68,69], ultra-
strong electromagnetic field localization inside clusters

of particles, leading to enhancement of non-linearities
[70], etc.

As it has been shown recently, a particularly inter-
esting effect that becomes possible in properly shaped
clusters of high index dielectric cylinders (see Fig. 8)
is toroidal dipolar response [71-73]. Toroidal dipolar
response is created by currents circulating on a surface of
a torus perpendicular to its axis, resulting in a magnetic
flux having the shape of a torus [74]. Such a response,
although it results from an elementary current excitation,
is usually omitted from the standard multipole analysis;
it is associated though with a multitude of unusual and
interesting phenomena, such as non-reciprocal refrac-
tion of light [75], generation of vector potentials without
presence of electric fields [76], etc.

In the context of metamaterials toroidal response
has been demonstrated so far by using clusters of
metallic elements, such like split-ring resonator clus-
ters [74,77-79]. Only recently the realization of such
response in high index dielectrics was demonstrated
[71], specifically in systems composed of torus-like-
shaped clusters of high index dielectric rods, as shown
in Fig. 8(a). This demonstration, combined with a rel-
evant analysis on the toroidal response of high index
dielectrics, suggests that the most natural platform for
practical realization of toroidal response in the THz
region is a system of polaritonic rods, such as LiTaO3
rods, which exhibit large permittivity values even well
below the phonon resonance frequency wr — see Eq. (1).
Note that for LiTaO3 w7/2w=26.7 THz, wi /27w =46.9,
v/27w=0.94 THz and exo./e9 = 13.4 [20].
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At frequencies of few THz, which lie well below the
phonon resonance frequency wr, the relative permittiv-
ity of LiTaOs is still high, reaching ¢ =41.4 and allowing
thus the demonstration of toroidal response in systems
like the one of Fig. 8(a), where the meta-molecule is
composed of 4 closely placed and aligned cylinders.
In Fig. 8(b) we demonstrate the toroidal response in
such a system (made of by LiTaO3 rods) by plotting
the magnetic field and the resulting magnetic flux in
the meta-molecule shown in Fig. 8(a). The torus-like
shape of the magnetic flux is a demonstration of the
toroidal response which was further confirmed by com-
paring simulations data with results of analysis based on
multiplole expansion of scattered fields [71].

7. Conclusions

Materials exhibiting a phonon-polariton resonance
(polaritonic materials) offer unique possibilities in
metamaterial-based phenomena and applications, as a
result of the rich permittivity response that they exhibit,
ranging from large positive to large negative and near
zero values, combined with their THz operation regime,
where most of the natural materials do not show strong
response.

Here we discussed metamaterials composed of cylin-
drical rods in a host where both rods and host are
made of a polaritonic material. We demonstrated numer-
ically a variety of phenomena and possibilities in such
metamaterials, including hyperbolic dispersion relation
response, suitable for superlensing, backward radiation,
also suitable for superlensing, total transmission and
subwavelength guiding exploiting Mie-resonances of
the rods at the ENZ response of the host, as well as
toroidal response. Many more possibilities can be real-
ized and demonstrated at the same system, including
negative permeability and/or permittivity, and even neg-
ative refractive index, controlled absorption, high-field
confinement appropriate for biomolecular sensing, etc.

The study presented here was inspired and prompted
mainly by the easy practical realization of the above men-
tioned metamaterials, by employing self-organization
of alkali-halide eutectic systems. This approach is fast,
cost-effective, and allows adjustment of the length scale
of the structure at the time of fabrication, offering exten-
sive possibilities in shapes, sizes and materials involved.

The observation of such a rich variety of phenomena
as the ones mentioned above in only one particular
geometrical configuration is a clear indication for the
huge possibilities offered by polaritonic materials in
connection to metamaterials. This is especially true in
view of polaritonic material’s operation in the THz

region, where, in spite of the needs, there is a signifi-
cant gap in observed phenomena, appropriate materials,
and devices. THz polaritonic metamaterials seem capa-
ble to fill-in the gap, to stimulate new devices, and to
open the path for unique potential applications.
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