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Abstract: In thispaperwe discuss the fabrication and the electromagnetic
(EM) characterization of anisotropic eutectic metamaterials, consisting of
cylindrical polaritonic LiF rods embedded in either KCl or NaCl polaritonic
host. The fabrication was performed using the eutectics directional solidifi-
cation self-organization approach. For the EM characterization the specular
reflectance at far infrared, between 3 THz and 11 THz, was measured
and also calculated by numerically solving Maxwell equations, obtaining
good agreement between experimental and calculated spectra. Applying
an effective medium approach to describe the response of our samples,
we predicted a range of frequencies in which most of our systems behave
as homogeneous anisotropic media with a hyperbolic dispersion relation,
opening thus possibilities for using them in negative refractive index and
imaging applications at THz range.
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1. Introduction

With therecent emerging technology of THz sources, such as Quantum Cascade Lasers (QCL)
[1], the possibility of exploring and exploiting the THz regime of the electromagnetic spectrum
becomes more and more appealing. This exploitation is of extreme technological interest as it
can lead to a large variety of potential applications, ranging from tissue imaging [2], security
and sensing [3], communications [4], and even astronomy [5].

The availability of THz radiation sources together with its immense technological potential
applications highlight the need for THz manipulation components, as polarizers, filters, beam
splitters, collimators, lenses, etc., which can not be achieved using the approaches employed in
the optical regime, due to the non-strong-response of optical materials in the THz domain.

One possibility to overcome this situation is to employ metamaterials operating in the THz
regime. Due to the variety of extraordinary electromagnetic properties that metamaterials can
possess (like negative refractive index, backwards propagation, [6] etc.), and the associated
possibilities that they offer (like, e.g. perfect in principle lensing [7]), along with the possibility
to engineer their electromagnetic properties, can constitute a great tool for the manipulation of
THz waves.

As it is well known, the main functional component of most of todays metamaterials is metal,
and most of the fascinating metamaterial properties and possibilities are based on the negative
permittivity response of the metal, resulting from the resonant free electron currents [8–10].
Besides that, it has been proposed that specific metamaterial properties, like artificial mag-
netism (leading to negative permeability) and negative refractive index, can be achieved also
using high-index dielectrics instead of metals [11–13], where the role of the required current is
undertaken by the strong displacement current.

A category of materials that can combine both the advantages of the metals and the high index
dielectrics, and moreover, operate in the THz regime, are the so-called polaritonic materials
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[14]. Polaritonic materials are polar crystals where an incident electromagnetic wave can excite
lattice vibrations(opticalphonons) in the crystal. The coupling of the electromagnetic radiation
with the transverse optical phonons, which occurs in the THz regime, can be described by a
resonant electrical permittivity response of Lorenz type, characterized by both strong positive
and negative permittivity regimes. This can make polaritonic materials a perfect replacement
of either metals or high index dielectrics in the THz regime. Structuring thus properly such
materials, one can achieve metamaterial properties like negative effective permeability [13,15]
or negative refractive index [12], and/or manipulate the dispersion of THz waves in unique
ways, exploiting the interplay between material and structure (geometry) resonances.

Among the peculiar metamaterial properties that can be obtained with polaritonic materials,
as we show in this work, is a hyperbolic dispersion relation [16–22]. A great possibility of-
fered by hyperbolic dispersion relation structures is the possibility to achieve subwavelength
resolution imaging [21–24], and even imaging with magnification [22]. This is based on the
fact that hyperbolic dispersion relation does not have an upper limit in the value of the prop-
agating wave-numbers that it can support; thus waves that are evanescent in free space (such
waves carry the finest details of a source object) can couple to propagating waves in the hyper-
bolic dispersion structures and transfered without loss to the image plane. Moreover, shaping
properly the dispersion relation in such structures one can lead to negative refraction for the
propagating modes, achieving thus both evanescent and propagating modes convergence at the
image plane.

The typical example of hyperbolic dispersion relation systems is uniaxial anisotropic sys-
tems where one of the permittivity (or one of the permeability) components is negative and the
others positive. Such a uniaxial system (known as indefinite medium) can be realized, under
certain conditions, using a two-dimensional periodic system of metallic nanowires or a lay-
ered (lamellar) metal-dielectric system (see, e.g. Ref. [25] and refs. there in). Indeed, up to
now, metamaterials with hyperbolic dispersion relation [16–22] have been demonstrated in the
optical regime using metallic nanorod arrays [26] or properly shaped metal-dielectric layers,
leading also to imaging with magnification [21,22]. Here we will demonstrate such dispersion
in the THz regime using systems of polaritonic rods in a host.

A large obstacle in the current research and applications of metamaterials in THz, is the
difficulty in the fabrication of the required structures, which should be of length scale from mi-
crometers to nanometers. The most common todays fabrication approaches are lithographic
approaches, which are time consuming, expensive, and are mainly restricted to planar ge-
ometries [27–30]. One promising way to go beyond the restrictions of the lithographic ap-
proaches for the creation of THz and optical metamaterials, is to employ self-organization ap-
proaches [31–34]. Self-organization approaches are usually simple, inexpensive and can be
used for an easy and large scale production. Such a self-organization approach which can be
proved extremely suitable for achieving polaritonic metamaterial structures is, as shown in
this work, the directional solidification of eutectic mixtures [32–34]. Using this approach one
can easily obtain self-organized systems of 1D, 2D or 3D symmetry, and of a large variety of
geometrical patterns of the basic building blocks. Directionally solidified eutectics are compos-
ites with fine and homogeneous microstructures fabricated from melt. The microstructure and
hence some of the material properties can be controlled by the solidification parameters and it
is usually of fibrillar or lamellar morphology [35, 36]. The dimension of the single crystalline
phases ranges from hundreds of micrometers to tens of nanometers depending on the growth
rate. The volume filing fraction is fixed at the eutectic composition so phase size and interphase
spacing are bound magnitudes in eutectics. Alignment along the solidification direction of the
constituent crystalline phases induces anisotropic properties in otherwise isotropic composites.
Depending of the materials composing the eutectic mixture (which can include any type of
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material, e.g. metals, magnetic materials, semiconductors etc.), the eutectics directional solid-
ification approachcanbe used for creation of metamaterial microstructures of a rich variety
of shapes and configurations [34], giving many possibilities in the metamaterials fabrication
research.

In this paper we demonstrate the potential of the eutectics self-organization approach to
give two-dimensional (2D) periodic systems of polaritonic rods embedded in a polaritonic host
material, of varying system length scale (rod diameter from tens of microns to sub-micron).
Moreover, determining the electromagnetic properties of the systems obtained, both with simu-
lations and measurements, we show that part of those systems are characterized by a hyperbolic
dispersion relation, which makes them suitable for THz superlensing and sensing applications.
The particular polaritonic systems that we demonstrate here are alkali-halide systems made of
LiF rods in KCl host and LiF rods in NaCl host [33].

The paper is organized as follows: In Section 2, we discuss the preparation (fabrication) of
the eutectic samples along with the main properties of the component materials. In Section 3
we present the experimental, computational and theoretical characterization approaches that we
use to analyze the electromagnetic wave propagation in those samples. In Section 4 we present
and discuss the experimental and computational reflection studies of the samples that have been
obtained, and we compare them with results obtained from an effective medium description of
the samples. Finally, in Section 5 we discuss the hyperbolic dispersion response of the samples
and in Section 6 we present our conclusions.

2. Eutectic metamaterial samples obtained

As was mentioned in the introduction, two different sets of eutectic metamaterial samples were
fabricated and studied: Samples of LiF rods in KCl host, where the LiF volume filling fraction
is 6.95%, and samples of LiF rods in NaCl, with LiF filling fraction of 25%.

All three polaritonic materials involved in these samples, i.e. LiF, NaCl and KCl, possess
phonon-polariton resonances (photon induced excitations of transverse phononic modes within
the crystal) in the THz region of the electromagnetic spectrum. In Fig. 1 we have plotted both
the real and imaginary parts of the dielectric response function for these three materials at the
frequency regime of the phonon-polariton resonance. The open circles in Fig. 1 represent the
experimental data taken from Palik [37], while the continuous lines represent a fit (using least
squares method) of the data, using a Lorentzian formula given by

ε(ω) = ε∞ − (ε0− ε∞)ω 2
T

ω 2−ω 2
T + i ωγ

. (1)

In Eq. (1), ωT is the phonon-polariton resonance frequency, andε∞ and ε0 are the limiting
values of the dielectric function at frequencies much larger than(ε0 − ε∞)1/2ωT , and at zero
frequency, respectively. The fitting parameters obtained from the fitting procedure for the three
materials are shown in Table 1.

In Fig. 1 we see that LiF possesses a phonon-polariton resonance close to 9 THz (bottom
graph), while for KCl (middle graph) and NaCl (top graph) the phonon-polariton resonances
are at neighboring frequencies: 4.2 THz for KCl and 4.9 THz for NaCl.

2.1. Sample preparation

The eutectic samples were prepared by the directional solidification technique, using the Bridg-
man method [33]: 99.98% pure LiF (Alfa Aesar), 99.5% pure KCl (Merk) and 99.99% pure
NaCl (Alfa Aesar) were used as starting powders. They were mixed in their eutectic composi-
tion: 91 wt% of KCl and 9 wt% of LiF for the LiF rods in KCl (samples named below as LK#),
and 71 wt% NaCl and 29 wt% LiF for the LiF in NaCl (samples named LN#). The numbers
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Fig. 1. Real (blue) and imaginary (red) parts of the dielectric response function for LiF,
KCl and NaCl polaritonic materials. The open circles represent experimental measured
data obtained from Palik [37], and the continuous lines result from the fitting of those data
using Eq. (1) and the parameters in Table 1.

Table 1. Fitting parameters of dielectric function for LiF, NaCl and KCl, using a Lorentzian
formula.

Polaritonic materials
Fitting parameters LiF NaCl KCl

ε0 8.705 5.586 4.430
ε∞ 2.027 2.222 2.045

fT = ωT/2π [THz] 9.22 4.92 4.21
γ ′ = γ/2π [THz] 0.527 0.207 0.156

in the sample acronym indicate the interphase spacing. The growth was done in carbon-glass
crucibles underanAr atmosphere, pulling them out from the hot region of the furnace through
a thermal gradient of 40 C/cm, at different pulling rates. Modifying the pulling rate has as a
result the modification of size and inter-spacing of the LiF rods formed. Larger pulling rates
result to smaller length-scale systems. The volume percent of fibers (LiF) remains fixed by the
eutectic composition (6.9% for LiF in KCl and 25% for LiF in NaCl).

Transverse and longitudinal slices of the prepared samples were cut from the ingots, and pol-
ished with abrasive grain size of 1µm or 0.25µm, for microstructural characterization. Under
the naked eye the slices looked as in Fig. 2(a). They appear rather transparent to transmitted
light along the solidification direction, as corresponds to well aligned microstructures. Figures
2(c) (transmission optical micrograph) and 2(d) (scanning electron microscopy (SEM) image)
show images of typical transverse cross sections of both eutectics, where the dark phase is LiF
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and the bright one is NaCl [Fig. 2(c)] and KCl [Fig. 2(d)]. As expected, the microstructure (see
Fig. 2)consistsof LiF rods embedded in a KCl or NaCl matrix. In Fig. 2(b) we show a SEM im-
age, where one can appreciate the continuity of the LiF rods coming out of a humidity corroded
longitudinal section of KCl-LiF. In fact, LiF fibers as long as several millimeters result [33,38],
corresponding to large eutectic grains. Figures 2(c) and 2(d) indicate a nearly hexagonal ar-
rangement of the LiF rods (short range order), forming though a rather polycrystalline system.

(a) 

(c) 

(b) 

(d) 

Fig. 2. (a) Slices of the eutectic NaCl-LiF cut transverse to the ingot and polished. The
high transparency is the result of a good alignment of the fibers along the solidification
direction; (b) SEM micrograph of longitudinal cut of KCl-LiF sample, partially corroded
by ambient water vapor; (c) transverse cross-section of sample LN10.5 (NaCl-LiF eutectic,
transmission optical micrograph); (d) transverse cross-section of sample LK7.8 (KCl-LiF
eutectic, SEM micrograph).

There are several technological issues that may result in different scale of long-range or-
dering, rod separation and alignment across one sample (ingot). The best long range ordering
is obtained when perturbations of the growth front are minimum, that is, intermediate growth
rates for a particular growth equipment and method, that prevents constitutional undercooling
or excessive macroscopic curvature of the growth front (that might arise at large growth rate or
at the shortest spacing [39]); or temperature or mechanical instabilities (that might arise at the
slowest growth rate or largest interphase spacing, for example in sample LK23.3, see below).

Statistics of interphase spacing (distance between the centers of the LiF rods) and rod di-
ameters have been obtained by measuring them on different SEM micrographs, through a full
transverse cross-section sample (i.e. sample cut perpendicular to the rod axes). Specifically,
the LiF rod center to center distances were determined from fast Fourier transform (FFT) of
the grey scale SEM images of transverse cross section of samples. In Fig. 3(a) we show a
characteristic diameter distribution of our samples, showing a single peak in a quite narrow
distribution, indication of the good sample quality. The only deviation from this result is en-
countered in samples of interphase spacing larger than 20µm (grown at slower pulling rates).
Such a case is shown in Fig. 3(b), concerning a LiF-KCl sample of interphase spacing 23.3µm,
where the diameter distribution shows clearly two peaks, indicating two different populations
of diameters.

Samples with different interphase spacing (lattice constant of the hexagonal arrangement),
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Fig. 3. Diameter distributions in KCl-LiF samples of interphase spacing (a) 11.2µm and
(b) 23.3µm.

ranging from around 3 to 23µm, were chosen for optical characterization. The geometrical
features of the samples chosen are listed in Table 2 for the KCl-LiF samples and in Table 3
for NaCl-LiF ones. The errors indicate standard deviation of the corresponding magnitude. In
the case of KCl-LiF systems, the volume filling fraction of LiF was 6.95% and the diameters
were within the range 0.8µm - 6.4µm, while the separation distances between cylinders were
within the range 2.8µm – 23.3µm (see Table 2). For the NaCl-LiF systems the volume fill-
ing fraction of LiF was 25%, with diameters of the cylinders between 2.0µm – 10.7µm and
separation distances 3.6µm – 20.3µm (see Table 3). Standard deviation of the evaluated mi-
crostructural magnitudes are larger in LiF-KCl than in LiF-NaCl. This is particularly evident
for the interphase spacing as obtained from FFT images. Also, the almost hexagonal ordering
tends to extend a bit further in distance in LiF-NaCl than in LiF-KCl. This is consistent with
qualitative observations in other fibrous directionality solidified eutectics, suggesting that small
volume of the dispersed phase (as in LiF-KCl or MgO-CaF2 [40]) results always in poorer long
range ordering of the microstructure.

Table 2. Cylinder diameter and interphase distances (average distance between nearest
neighbors rod centers) in the KCl-LiF samples. Errors are standard deviations of the image
analysis.

LiF rods embedded in KCl host

Sample acronym Interphase spacing [µm ] Rod diameter [ µm ]
LK23.3 23.3± 3.9 6.4± 1.1
LK11.2 11.2± 2.3 3.2± 0.3
LK8.1 8.1± 1.1 2.6± 0.2
LK7.8 7.8± 1.2 2.1± 0.1
LK2.8 2.8± 0.4 0.8

When the samples are grown at a sufficiently slow pulling rate (leading to large rod diameters
[33]), thecylindrical LiF fibers actually do not exhibit exactly a circular cross section, rather
a hexagonal-like one. However, for simplicity, in our simulations we treat the rods as circular
cylinders, knowing that the influence of the hexagonal geometry in the cross-section of the
cylinders will be a slightly blue-shift in the cylinder resonances.
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Table 3. Cylinder diameter and interphase distances (average distance between nearest
neighbors rodcenters)in the NaCl-LiF samples. Errors are standard deviations of the image
analysis.

LiF rods embedded in NaCl host

Sample acronym Interphase spacing [µm ] Rod diameter [ µm ]
LN20.3 20.3± 0.7 10.7
LN10.5 10.5± 0.3 5.5
LN6.1 6.1± 0.2 3.3± 0.2
LN3.6 3.6± 0.3 2.0± 0.1

3. Experimental setup and both theoretical and numerical tools employed

3.1. Experimentalsetupused to measure reflectance

The experimental electromagnetic characterization of our samples was performed using spec-
ular reflectance measurements at nearly normal incidence. The specular reflectance was meas-
ured in the range of 3.3 THz to 11 THz, using a commercialBruker IFS 66v/S FT-IRspectrom-
eter. Longitudinal slices (i.e. cuts parallel to the rods) of thickness around 1 mm were cut and
dry-polished for optical measurements. Typically the surface of the slices was 10×10 mm2.
Only the sample LN3.6 had smaller area (around 4×10 mm2), since the well aligned region
for this fast-pulled out sample had a smaller size. The reflectance for both parallel polariza-
tion (incident electric field,Einc, parallel to the rod axes) and perpendicular polarization (Einc

perpendicular to the rod axes) was measured, as indicated in Fig. 4(a) and 4(b) respectively,
with the wave vector of the incident radiation,k inc, being always perpendicular to the axes of
the rods, i.e. in the plane of periodicity. The reflectance measurements were performed at inci-
dence angleθinc=13° in respect to the vector normal to the interface (see Fig. 4), which is the
smallest achievable angle of incidence of the instrument.
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Fig. 4. Schematics of (a) parallel and (b) perpendicular polarization configurations meas-
ured.

3.2. Modelsusedfor numerical calculations of the reflectance

The numerical characterization of the samples was done mainly through calculations of trans-
mission and reflection from finite thickness systems. We modeled each eutectic system as a set
of infinitely long parallel circular cylinders in 2D hexagonal arrangement, as shown in Fig. 5.
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We considered propagation in the plane of periodicity (i.e. in the plane perpendicular to the
cylinder axes) and we calculated the transmission and reflection under normal incidence, for
both parallel and perpendicular polarization [see Fig. 5(a)]. The calculations were performed
using the commercial softwareCST Microwave Studio, which solves numerically Maxwell
equations in both time- and frequency-domain, employing the Finite Integration Technique
based on the space and time discretization of Maxwell’s equations in their integral form.
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Fig. 5. (a) Sketch of the model for the eutectic metamaterial system used in numerical cal-
culations. Thecylinders were considered as LiF circular rods with hexagonal arrangement,
embedded either in KCl or NaCl host. (b) A transverse cut of the computational cell em-
ployed in most of the calculations presented here. The cell consists of 7 unit cells along
propagation direction, while periodic boundary conditions along the other directions have
been considered.a is the unit cell size (lattice constant) andd is the rod diameter.

The dielectric functions used to characterize rods and hosts during the calculations were the
fitted Lorentzian expressions given by Eq. (1), with fitting parameters those of Table 1.

For each polarization and sample studied, we performed simulations modifying the length
of the computational cell along propagation direction, to guarantee convergence of the results
assuring that they represent correctly the behavior of an optically thick system. The results pre-
sented here have been obtained for a system of seven unit cells along propagation direction (ΓK
direction of the hexagonal lattice), as shown in Fig. 5(b), while periodic boundary conditions
along the other directions have been employed.

3.3. Analytical model: effective medium approach

The idea beneath an effective medium approach is to remove the highly oscillating electro-
magnetic fields inside a system by a suitable averaging procedure, and thus replacing the inho-
mogeneous system by a homogeneous one characterized by effective response functions. Such
an approach is extremely useful in the electromagnetic characterization of metamaterials, as it
can give a simple way to characterize and understand the behavior and the possibilities of each
particular system.

The validity though of such approach is guaranteed only in the limit of low filling fraction
of the scattering units comprising the system or in the long wavelength limit compared to the
inter-spacing of these scattering units, where strong multiple scattering and diffraction of the
waves is quite restricted. The precise frequency regime where these conditions are fulfilled for
any particular system is not easy to be identified and it is highly dependent on the system itself
(component materials, filling fractions, etc.).
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A useful approach to identify the applicability of effective medium descriptions for uniaxial
anisotropic systems,asthe ones discussed here, has been proposed recently in Ref. [41], where
a couple of conditions, related with the insensitivity of the effective material parameters from
the system thickness and propagation direction, have been provided. An important result of Ref.
[41] for uniaxial anisotropic systems is that once these conditions are fullfilled for polarization
purely perpendicular and for polarization purely parallel, then the validity of homogeneous
effective medium description for arbitrary polarization and propagation direction is ensured.

In this work, we test the validity of homogeneous effective medium description for our sam-
ples when the propagation is in the plane of periodicity, for both perpendicular and parallel
polarization. The effective medium description that we employ when the electric field (E) is
perpendicular to the cylinders axes is the well known Maxwell Garnett model, suitable for
dispersed particles inside a matrix [42, 43]. The Maxwell Garnett formula for the effective di-
electric response function in two dimensions is given by

ε⊥eff(ω) = εhost(ω)
(1+ϕ)εcyl(ω)+(1−ϕ)εhost(ω)

(1−ϕ)εcyl (ω)+(1+ϕ)εhost(ω)
, (2)

whereϕ is the volume filling fraction of the cylinders, andεhostandεcyl are the permittivities of
the host and the cylinders, respectively. WhenE is parallel to the cylinder axes, the appropriate
formula for the effective dielectric function is the average dielectric function [44], given by

ε ||eff(ω) = ϕ εcyl (ω)+(1−ϕ)εhost(ω). (3)

The way to test the validity of the above response functions in our systems is to examine if these
functions can reproduce the reflection characteristics obtained from the experiment and the
simulations. Once ensured the applicability of these particular effective medium models in our
systems, we can further use these models to predict propagation and dispersion characteristics
which are of particular merit for metamaterial applications.

4. Electromagnetic characterization results and discussion

Using the approaches described in the previous section, we measured and calculated the re-
flectance from the two different sets of eutectic metamaterials obtained: LiF rods embedded in
a KCl matrix, with LiF filling fraction of 6.95% (five different samples), and LiF rods embedded
in a NaCl matrix (four different samples), with LiF filling fraction of 25%.

4.1. Reflectance from KCl-LiF eutectic metamaterial systems

In Fig. 6 we present the reflection results obtained for the LiF rods in KCl samples LK11.2,
LK8.1, LK7.8 and LK2.8 (see details of each sample in Table 2). We report the analysis of
sample LK23.3 separately, since this sample differs from the others in the sense that its diameter
distribution show clearly two peaks [see Fig. 3(b)].

In Fig. 6 we have split the results into two columns. The left column corresponds to par-
allel polarization in respect to the axes of cylinders, while the right column to perpendicular
polarization. On top of each column we show a plot of the effective electrical permittivity as a
function of frequency, both real (blue) and imaginary (red) parts, corresponding to each polar-
ization case (obtained from Eq. (2) for the right column and Eq. (3) for the left column). We
have indicated with an orange-shaded region the frequency region where the real part of the
effective dielectric permittivity is negative for each polarization, which is the frequency range
where one expects to have large reflectivity from the samples.

For parallel polarization (left column), we see two separate regions where Re[ε] < 0: around
5 THz and around 10 THz. The lower-frequency region corresponds to the reflectance due to
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Fig. 6. Comparison between experimentally-measured reflectance and both simulation re-
sults andeffective medium predictions for the KCl-LiF systems. Left column (a) shows
results for parallel polarization and right column (b) for perpendicular polarization in re-
spect to the axes of cylinders in the sample. First row shows the real and imaginary parts of
the effective electrical permittivity for each polarization, and orange-shaded regions high-
light the frequency regimes where the real part of the permittivity is negative.
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the KCl matrix, while the higher-frequency region is due to the contribution of the LiF rods.
For the perpendicular polarization (right column), we observe that Maxwell Garnett formula
predicts Re[ε] < 0 in a single broader frequency region, from 4.2 THz up to 6.2 THz, with a
peak at around 4.5 THz, where Re[ε] is less negative and the losses are smaller than those for
smaller frequencies.

In Fig. 6, below the effective permittivity plots, we show both the measured and simulated
reflectance for each sample, as a function of frequency. We have superimposed to the experi-
mental reflectance plot (shown in red and measured at an incidence angle of 13°), in each case
and for both polarizations, the results from the simulations (shown in dash-blue and obtained
at normal incidence).

As a general trend, we see that for all samples in parallel-polarization configuration (left
column) there is a very good agreement between the positions of the measured reflectance
peaks with the simulated ones. Moreover, there is a good agreement in the low-frequency high-
reflectance regime (centered around 5 THz) between the prediction of the effective medium for-
mula and both the experimental and simulation results. However, this simple effective medium
model predicts accurately the position of the second reflectance peak, coming from the cylin-
ders, only in the case of the smaller lattice constant sample, LK2.8. For samples with larger
lattice constant, the prediction of the effective medium model becomes less and less accurate,
as the second reflectance peak appears at lower frequencies. This inaccuracy does not signify
though failure of the samples to be described as homogeneous effective media but rather the
failure of the particular effective medium approach employed. The reason is that this particu-
lar model (average permittivity and Maxwell Garnett approach) has been obtained in the limit
wherekhostR,kcylRandkeffRare all much smaller than unity (kdenotes the wavenumber in each
material andR the cylinder radius). In this limit the main contribution to the cylinder scattering
in the parallel polarization case is the isotropic scattering term (of zero angular momentum)
and no cylinder resonance exists in frequencies below the LiF polaritonic-resonance frequency
( fT = 9.22 THz).

Indeed this is the case for scatterers of radius smaller than 0.5µm, as shown in Fig. 7(a),
where we show the single-cylinder extinction cross-section [45] for a LiF cylinder of radius 0.4,
1.05, 1.6 and 3.3µm, (forE parallel to cylinder axis). As can be seen from Fig. 7(a), as we go to
cylinders of larger radii, the lowest-frequency resonance (coming from the isotropic scattering),
which for very small radius is located atfT , moves to frequencies belowfT and additional
resonances start to appear in the close-by regime. This is due to the large values of the LiF
permittivity below fT , which make the quantitykcylR(= (ω/c)

√εcylR= 2πR/λcyl) comparable
to unity (leading to resonances in this frequency regime) even for quite small cylinder radius,
bringing thus the system beyond the regime of validity of the average effective permittivity and
the Maxwell Garnett approach.

In such cases of high index rods in lower index host, and in the limit wherekhostR, keffR
<< 1 butkcylR≈ 1, a correct homogenization approach should take into account the full single-
cylinder scattering (not only the first/isotropic term) and not the limitkcylR→ 0. Such an ap-
proach, known as extended Maxwell Garnett approach [46,47], has been applied already in the
case of spherical polaritonic scatterers [15], and has predicted even magnetic activity (leading
to negative permeability) in those systems in the frequency regimes of high dielectric constant
of the spheres. An analogous approach, based on proper field-averaging [11], has been applied
in the case of SiC rods in a host and has predicted not only magnetic activity but simultane-
ously negative permittivity and permeability, leading to negative index of refraction, a behavior
demonstrated also experimentally [12]. Negative permeability and negative refractive index be-
havior though requires rods of quite high permittivity and large filling fraction. In our systems
neither the LiF permittivity just below the polaritonic resonance is high enough nor the LiF
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Fig. 7. (a) Single LiF cylinder extinction cross-section (normalized with the cylinder diam-
eter) inahost withε = 2 for parallel polarization. Legends show the radius of the cylinder.
The numbersl close to some extinction peaks denote the order of the cylindrical harmonic
modes which are responsible for those peaks. (b) Effective permittivity calculated using the
approach of Ref. [11] for a system of LiF cylinders of radiusR in a host withε = 2, with
LiF volume fraction 6.95%.

filling fraction is sufficient to obtain negative permeability, as is confirmed applying the field-
averaging approach of Ref. [11] in our systems. What is confirmed though [see Fig. 7(b)] is the
shift of the negative effective permittivity regime originated from the rods to lower frequencies
as the rod radius is increased. For rods of radius 1.6µm, as in our LK11.2 system, the negative
permittivity regime predicted by the averaging approach lies between 7 and 9 THz, coinciding
with the second reflection peak of the sample LK11.2 (see Fig. 6), and showing that even in
that system an homogeneous effective medium approximation can be applied.

The above mentioned approaches, although can nicely describe the behavior of our compos-
ites, they are not associated through simple analytical formulas allowing an easy parametric
investigation and interpretation of the behavior of the systems. This is the reason why we focus
here mostly on Maxwell Garnett and average permittivity formulas.

For sample LK2.8, as was already mentioned, the Maxwell Garnett and average permittiv-
ity models predict satisfactorily the position and intensity of the reflection spectrum, for both
polarizations. This is demonstrated in more detail in Fig. 8, where we have superimposed the
experimental reflection data and the reflection predicted from the effective medium models.

Returning to Fig. 6, another observation is that for parallel polarization (left column) the rela-
tive intensity of the second reflectance band (coming from the LiF-rods) versus the intensity of
the KCl-matrix band is smaller in the experimental than in the simulation results. The differ-
ence increases as the rod diameter (or interphase spacing) increases. This is in agreement with
the fact that the second band is a result of a resonance, thus it is expected to fade away when
the LiF rod diameter is no longer unique but distributes with a moderate standard deviation (see
Tables 2 and 3).

In Fig. 6, in the reflectance data obtained from the simulations we also see quick oscillations,
clearly seen in the lower frequency range from 3.3 THz to 4 THz for both polarizations, and
also in the higher-frequency range, from 8 THz to 11 THz, for the perpendicular polarization
(right column in Fig. 6). These oscillations increase in frequency as we increase the length of
the computational cell in the propagation direction, and in this sense they are the result of inter-
ference phenomena from the internal reflections at both ends of the sample, that is, Fabry-Pérot
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resonances. This was confirmed by modifying slightly the total length of the computational cell
and examiningthe change in the spectral position of those oscillations.

It can be also observed in Fig. 6 that the first lower-energy measured reflectance peaks are
systematically narrower than both the simulated reflectance peaks and what is expected from the
effective medium models; this is more evident for the perpendicular polarization (right column
in Fig. 6). We believe that this effect is due to the fact that we are using a fit of the experimen-
tal data (Palik [37]) for the dielectric response function of the polaritonic materials, without
considering the contribution of multiphonon transitions to the dielectric function (higher order
modes). Although these higher-order modes are faint in the dielectric response function, they
give rise to absorptions on the high-frequency region of the dispersion and a bit less negative
real dielectric response function, both effects diminishing the reflectance intensity.

The above explanation is confirmed in Fig. 8, where the reflection obtained from the ho-
mogeneous “effective slab” has been calculated using both the Lorentz fitted data for the di-
electric response function of the materials involved (see Table 1) and directly the experimental
Palik [37] data. The simulated spectra using the data tabulated by Palik reproduce more accu-
rately the measured reflectance for the KCl-LiF system, while the ones using the Lorenz fitted
data lead to broader resonances.
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Fig. 8. Comparison between measured reflectance data for the system LK2.8, and the re-
flectance predictedby applying Fresnel formulas in a homogeneous “effective” slab of the
same thickness, where the effective parameters have been calculated using both Lorentz-
fitted data and Palik data for the permittivities of KCl and LiF. Reflectance for (a) parallel
and (b) perpendicular polarization in respect to the axes of cylinders.

We present and discuss next, the results for sample LK23.3, where the agreement between
experimental and theoretical results is poor, indicating the limitation of both our numerical
characterization approach and the effective medium theories. Sample LK23.3 was grown at
the slowest pulling rate, as discussed in Section 2, and present different features than the rest
of the samples, by showing clearly a two-peaks diameter distribution [see Fig. 3(b)]. Even
thought this sample can not be characterized by a single average diameter of the LiF fibbers,
we attempt to perform numerical simulations of its reflectance by considering three different
scenarios: We considered three different values of a single average diameter of the cylinders and
average separation distances between them (while keeping fixed the volume filling fraction),
assuming periodicity for each calculation for feasibility of the calculations. The simulations
were performed for (i)d=5.4 µm [the average diameter of the left peak of the distribution
shown in Fig. 3(b)], (ii)d=6.6µm (the average value of the diameter for the entire distribution)
and (iii) d=7.8µm [the right peak in Fig. 3(b)]. The results are presented in Fig. 9, separated in
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two columns: left one for parallel polarization and right one for perpendicular polarization. As
in Fig. 6, the first row corresponds to the real (red) and imaginary (blue) parts of the effective
dielectric permittivity for each polarization case, using average and Maxwell Garnett formulas.
We clearly see in Fig. 9 that the agreement between experiment and numerical results is poor,
mainly for the parallel polarization (left column in Fig. 9), and that the reflection results deviate
strongly from the predictions of the simple homogeneous effective medium models employed.
In fact the presence in the simulations of many distinct, narrow and closely aligned reflectance
peaks indicates (not confirms though) failure of any homogeneous effective medium approach,
thus being clear that this specific sample does not possesses a hyperbolic dispersion relation.
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Fig. 9. Comparison between experimentally-measured reflectance and both simulation re-
sults andanalyticalmodels for sample LK23.3. Left column (a) shows results for parallel
polarization and right column (b) for perpendicular polarization, in respect to the axes of
cylinders in the sample. The simulated results concern the cylinder diameters (d) and lattice
constants (a) shown in the legends. Filling fraction is always 6.95%. The top row shows the
effective permittivity versus frequency and the orange-shaded regions highlight the regimes
where that permittivity is negative.
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4.2. Reflectance from NaCl-LiF eutectic metamaterial systems

The maindifference between the NaCl-LiF systems and the KCl-LiF systems discussed here, is
in the volume filling fraction of the LiF rods; while in the NaCl-LiF case the LiF filling fraction
is 25%, for KCl-LiF case it is close to 7%. This implies that, since the separation distances
between neighboring cylinders are similar to the KCl-LiF case, the diameters of the cylinders
are larger in the NaCl-LiF case (see Tables 2 and 3).

The study of the NaCl-LiF systems is summarized in Fig. 10, where we show together the
experimental and simulated (usingMicrowave Studio) reflection data for four representative
samples: LN20.3, LN10.5, LN6.1 and LN3.6.

In the first row of Fig. 10 we have also included the effective dielectric response function
of the system, obtained through Eqs. (3) and (2), indicating with an orange-shaded region the
frequency regimes where Re[ε] < 0 for both parallel and perpendicular polarizations, in respect
to the axes of the cylinders. For a direct comparison of the reflection results with the effective
medium predictions, we have added in the last row of Fig. 10 the reflection from a thick “ef-
fective” homogeneous slab (green line), with the effective parameters obtained through Eqs.
(3) and (2), using in this case the LiF and NaCl permittivities directly (without fit) from Palik
data [37].

As a general trend, we see that both experimental and simulated reflectance show a more
complicated spectral dependence than in the KCl-LiF system. For parallel polarization and for
samples LN10.5, LN6.1 and LN3.6 (third, fourth and fifth rows in left column in Fig. 10), we
have reasonable agreement between the experimental reflection peak coming from the matrix
material (peak at around 5.2 THz) and the simulated data. For the smaller-scale samples we also
see good agreement of the reflection with what is expected from the effective medium models.

For the larger-scale samples, the polydispersity in the rod diameters and in the orientation of
the polycrystals in the samples, results in the elimination (smoothing out) of the narrow-band
reflection characteristics in the experimental data, observed in the simulations.

As in the KCl-LiF system case, we also see here the Fabry-Pérot interference phenomenon
superimposed in the simulated results for both polarizations. Another similarity between the
two systems is that systematically the experimental peaks are narrower than the simulated ones.
We believe that the explanation is what it was mentioned before for the KCl-LiF case, i.e. due
to the fact that we are using a fit of the dielectric response function for both NaCl and LiF
polaritonic materials, and this fit does not reproduce accurately the permittivity in the regimes
where Re[ε] ≈ 0.

5. Polaritonic systems as indefinite media

In the previous section we have presented the reflectance spectra (experimental and simulated)
from slabs of the eutectic systems KCl-LiF and NaCl-LiF. These alkali-halide eutectics present
a hexagonal arrangement of aligned LiF rods (of 6.95% volume filling fraction in the KCl ma-
trix and 25% in the NaCl matrix), with varying lattice parameter. We also showed that the effec-
tive medium model represented by Eqs. (2) and (3) (Maxwell Garnett and average permittivity
model) predicts reasonably well, both in band position and relative intensity, the reflectance
spectra for the samples with the smaller length-scale (like samples LK2.8 and LN3.6) for both
polarizations in respect to the axes of the rods. Moreover, according to the theoretical results
presented in Ref. [41], the effective parameters obtained through Eqs. (2) and (3) are indepen-
dent of the angle of incidence and therefore they constitute a valid effective medium description
of those samples. Thus these eutectic samples will be fully described by an effective permittiv-
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Fig. 10. Comparison between experimentally-measured reflectance and both simulation re-
sults andanalyticalmodels for the LiF rods in NaCl host systems. Left column (a) shows
results for parallel polarization and right column (b) for perpendicular polarization, in re-
spect to the axes of the rods in the sample. In both cases the propagation is in the plane
of periodicity. First row shows the real and imaginary parts of the effective dielectric per-
mittivity for each polarization. The orange-shaded regions highlight the negative effective
permittivity regimes.
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ity tensor of the form






ε⊥eff 0 0
0 ε⊥eff 0

0 0 ε ||eff






(4)

and dispersion relations,ω(k),

ε⊥eff
ω2

c2 = k2
x +k2

y +k2
z,

ω2

c2 =
k2

x +k2
y

ε ||eff

+
k2

z

ε⊥eff

(5)

for the ordinary (left equation) and the extraordinary (right equation) wave, respectively (con-
sidering the cylinder axes along ˆz-direction).

In Fig. 11 we replot the real part of the effective permittivity tensor componentsε⊥eff andε ||eff
(obtained from Eqs. (2) and (3)) as a function of frequency, for both systems: Fig. 11(a) for
KCl-LiF and Fig. 11(b) for NaCl-LiF.
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Fig. 11. Effective dielectric response function for (a) KCl-LiF system and (b) NaCl-LiF
system, asa function of frequency, for both polarizations: parallel and perpendicular to the
axes of the LiF cylinders.

For the KCl-LiF case [Fig. 11(a)], the orange-shaded region at around 10 THz denotes the
range of frequencies where the dielectric function is negative forE parallel to the rods (metal-
like behavior), while it is positive forE perpendicular to the rods (dielectric behavior). In this
region thus, the sample will behave as an anisotropic uniaxial medium with a negative permittiv-
ity component (indefinite medium), and thus it will be characterized by a hyperbolic dispersion
relation. Hyperbolic dispersion relation, as was discussed in the introduction, gives great possi-
bilities for subwavelength imaging applications. Such a dispersion relation has been discussed
and realized so far only in the case of metallodielectric systems, while it has been discussed
only recently [41] and not realized at all in the case of polaritonic systems.

Polaritonic systems offer a natural and easy way to achieve hyperbolic dispersion relation
in the THz and far-infrared part of the electromagnetic spectrum, avoiding the strong spatial-
dispersion effects [48], that one has to face in analogous systems made of metallic components
(spatial dispersion effects act detrimentally to the hyperbolic dispersion relation). Moreover,
in polaritonic composites one can achieve, in the same system, frequency regimes of negative
(effective) permittivity, of very high permittivity values and/or of regular permittivity, and both
the permittivity values and the associated frequency regimes can be tuned by changing the rod
size, giving thus unique possibilities for dispersion engineering. For example, for the case of
Fig. 6, when the diameter of the cylinder is increased the negative permittivity regime which
is at∼ 9.5 THz in sample LK2.8 is shifted downwards. The shift is as large as 1.5 THz going
from the sample LK2.8 to the sample LK11.2 (diameter from 0.8µm to 3.2µm – see Table 2).
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In the NaCl-LiF system [Fig. 11(b)] the situation is even more rich: We see that there are
two frequency regions satisfying the criteria Re[ε ||eff] < 0 and Re[ε⊥eff] > 0 (a narrow one from
5.3 to 5.7 THz, and a broader one from 9.2 THz up to around 12 THz – both highlighted with
orange-shaded region) and one region where Re[ε⊥eff] < 0 and Re[ε ||eff] > 0 (5.8 – 7.5 THz), of-
fering thus great possibilities to tune the hyperbolic dispersion both in shape and frequency.
This way, besides highly controlled superlensing, one can achieve other peculiar optical phe-
nomena [41, 49, 50] like low-loss propagation, strong field confinement or expulsion, angle
dependent polarization, frequency dependent propagation direction allowing the realization of
beam splitters, etc., combined with the possibility to study or achieve many different optical
responses using the same system.

6. Conclusions

In this work, using eutectics directional solidification, we have fabricated polaritonic eutectic
systems made of LiF rods periodically placed in KCl and NaCl hosts, with varying system
lattice size. These eutectic systems have been characterized experimentally and investigated
theoretically, and it was shown that most of them behave as indefinite media (anisotropic uni-
axial media with a negative permittivity component) in the THz regime and that the spectral
range where this effect appears can be tailored by more than 1.5 THz, by selecting the appro-
priate lattice parameter for the eutectic (growth conditions). This opens the field for the search
of other eutectic systems that provide different spectral windows and phenomenology.
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