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Extraordinarily Transparent Metaldielectrics for Infrared

and Terahertz Applications

Xiaofei Xiao,* Mariacristina Turino, I. Brian Becerril-Castro, Stefan A. Maier,

Ramon A. Alvarez-Puebla, and Vincenzo Giannini*

Metamaterials are extremely important in advanced technologies, but usually,
they rely on the resonant behavior of their constituent blocks. This strongly limits
the application of metamaterials to particular frequency band ranges. However,
metamaterials with broadband behaviors are highly desirable and are essential
for many applications. Herein, recently discovered metamaterials that are
composed of densely packed metallic nanoparticles but behave as effective
dielectrics are explored. Such metamaterials are extremely transparent for all
wavelengths within or exceeding the near infrared and their performance is
constant across an ultra-broadband range of frequencies, which is vital to many
devices that operate across the same frequency range. The ability to tune the
refractive index of these metamaterials to unnaturally high values while main-
taining transparency opens new avenues, such as creating flat, thin metalenses
in the terahertz region where only bulk lenses are currently available. To highlight
those features, several new possible infrared and terahertz applications of these
metamaterials which push the boundary of existing technology in THz photonics

behaviors that are derived not directly from
their constituent materials, but from their
subwavelength structures!™? and, even
more recently, active control.®! In optics,
metamaterials have delivered ground-
breaking applications in electromagne-
tism and photonics,'*" such as focusing
and imaging with subwavelength resolu-
tion”) and negative refraction,® and have
thus attracted great interest during the
last decades. These subwavelength struc-
tures are able to directly tailor light
properties including amplitude, phase,
and polarization.

Owing to their ability to support surface
plasmon polaritons,””) noble metals such
as silver and gold have been the traditional
material choice for building blocks in

are shown.

1. Introduction

The development of technology has historically shown a strong
link to the capabilities of available materials. Metamaterials have
shown promise in advancing technology by enabling novel

visible metamaterials while plasmonic
terahertz (THz) nanoantennas are gener-
ally based on heavily doped semiconduc-
tors.'% However, these metamaterials
usually rely on the resonant behavior of their constituent blocks
and there are high resistive losses at optical frequencies, which
restrict the functionality of such metamaterials and related devi-
ces to sharp frequency band ranges. More generally, metama-
terials based on resonant behavior work only around the
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frequency of their resonances, making them intrinsically
narrowband.

On the other hand, the infrared and THz region of the
electromagnetic spectrum has been widely used in industrial, sci-
entific, military, and medical applications.'"*? In particular, the
THz frequency band (0.1-10 THz) shows great promise for many
vital applications and has attracted considerable attention in a
variety of fields including security, molecular recognition, and
medical imaging.'* However, techniques using THz science
are still immature compared with the technologies operating
in the optical frequency range. Although the commonly used
infrared materials include germanium, sapphire, calcium fluo-
ride, and zinc sulfide, one of the main issues in infrared and
THz sciences is the lack of thin and versatile optical devices oper-
ating in this wavelength range. For these reasons, the pursuit of
new dielectric materials capable of manipulating infrared and
terahertz waves is attractive. It is moreover highly desirable to
have achromatic metamaterials with broadband behaviors, which
are useful to many applications.*'% Creating a metalens that
operates across a broad range of frequencies would require a
metamaterial with constant performance across the same
frequency range.

In this direction, it has recently been demonstrated that com-
pact metallic metamaterials can provide unnatural high refractive
indexes!'”'® and at the same time are extremely transparent for
all wavelengths within or beyond the near infrared.'® Due to
their unique properties we will refer to these metamaterials as
“metaldielectrics” to highlight their effective dielectric character
even if made of metallic components.

The “first metamaterial” realized by Kock in 1948 was made
of centimeter-scale arrays of metallic particles that behave as
dielectrics in the microwave frequency region.'” Such
centimeter-scale structures (known as artificial dielectrics) are
also transparent, though this is not surprising because at
such frequencies metals approximate perfect conductors so that
no field can penetrate into the metal and be absorbed. In contrast,
metallic nanoparticles used to build metaldielectrics have
dimensions comparable or even much smaller than the skin
depth, allowing field penetration, and as such incline to high
absorption, at least in principle.

Recently, in a series of really interesting works, first theoreti-
cally??®*" and later experimentally,’***% it was demonstrated that
these metamaterials present positive refractive indices that can
be very high. However, the effective refractive index is complex
for metallic metamaterials and it tends to have a large, unwanted,
imaginary part that prevents field penetration. In other words, if
we want the benefit of the highly effective refractive index of
these metamaterials, we should minimize its imaginary part.
The conditions of transparency were analyzed in the study by
Palmer et al.,'® where it was also demonstrated that usually
a simple Maxwell-Garnett formula provides the effective
dielectric constant with good accuracy. The experimental
works on transparent compact metallic metamaterials just
started, but the phenomenon has been already undoubtedly
observed.!'®#l

These metamaterials are showing increasing interest in the sci-
entific community, thanks to their possible applications.*”*84%!

In this work, we demonstrate that metaldielectrics provide a
promising optical material platform enabling us to design
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broadband infrared and terahertz devices and systems. We show
that metaldielectrics offer a favorable solution for producing
effective dielectrics with large index gradients, especially at infra-
red and terahertz, thanks to their inherently “programmable”
properties. Metaldielectrics with more complex optical proper-
ties, such as anisotropy, can be created by altering the structural
geometry (including the size, shape, and spacing of the nanopar-
ticles, and the lattice) and the constituent materials (of both host
and inclusions). The latter is essential in many applications,?**”!
including devices based on the idea of transformation optics.'**!
The ability to tune the refractive index of these metamaterials to
unnaturally high values”'® while maintaining transparency
across a broad range of frequencies!™ opens new avenues, such
as creating flat, thin metalenses in the THz region where only
bulky lenses are currently available. Light interaction with metal-
lic metastructures in the long-wavelength regime shows exciting
advances.”>*” Here, we show several new possible applications
of these metamaterials which push the boundary of existing
technology in photonics.

2. Results and Discussion

Figure 1a shows the experimental realization of the metaldielec-
tric concept, that is, a macroparticle structure made of many
small metal nanoparticles. In a bulk metal (Figure 1b), the atoms
are bound together in a way that allows electrons to move
through the material more or less freely. When an external elec-
tric field is applied, those free electrons are driven to the metal
surfaces to generate an internal electric field that cancels the
applied field inside. Therefore, bulk metals are highly opaque
below the plasma frequency (usually in the frequency range of
visible light and below). In striking contrast, metallic nanoparti-
cle arrays can offer very high transparency over ultra-broadband
ranges of wavelengths from microms up to millimeters or more
exceeding in some cases!'® the transparency of commonly used
infrared materials, such as germanium. This is because although
metal nanoparticles possess free electrons, these electrons only
move freely within the confines of the nanoparticles, as shown in
Figure 1c. In this sense, the separated particles can be regarded
as the “meta-molecules” or “-atoms”, and the metallic nanopar-
ticle array effectively mimics a traditional bulk dielectric. This
physical picture also applies to densely packed arrays!*®! of metal-
lic nanoparticles with complex geometries, when free electrons
are bound to each “meta-atom”.

It is worth noting that the transparency is not related to the
generation of plasmon bands resulting from the structure
periodicity.*? In fact, specially at visible wavelengths where
surface plasmon resonances occur, these metallic arrays, even
with a low filling fraction, would present losses.?*! At longer
operating wavelengths, the metallic particles within metaldielec-
trics, despite being smaller than the metal skin depth, show
negligible losses such that the arrays are highly transparent.™®

In order to quantify the effective properties of metamaterials,
different homogenization principles, including both analytical
methods*** and numerical methods,***”! have already been
developed. However, so far, it remains very challenging to obtain
the relevant material parameters of densely packed arrays of
metallic nanoparticles when the components are very lossy,
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Figure 1. Metaldielectric concept: a) example of a metamaterial (scanning electron microscopy image) composed of dense metal nanoparticles following
the study by Tebbe et al.?" While b) bulk metals are typically highly opaque, c) metaldielectrics can be extraordinarily transparent. Electrons move freely
within metallic nanoparticles but they are confined within each metal particle. In this sense, these particles can be considered as analogous to the
“molecules” or “atoms” in traditional bulk dielectrics. d) Analytical effective permittivity for four common configurations when light is polarized along
x direction and impinges from y direction. In the second and third case, I' = b/a and f denotes the filling fraction of the cylinders.

highly dispersive, and strongly coupled due to the close packing.
Anyway, when the wavelength is much bigger than the periodic-
ity and the metal has a large negative real part of the
permittivity, some useful analytical formula can be derived, as
shown in Figure 1d.

In this work, a numerical effective parameter retrieving
method proposed in the study by Palmer et al.l'® is used to
extract the effective complex refractive index n.g of the metaldi-
electrics with high accuracy, by solving an electromagnetic eigen-
value problem and using experimental tabulated data for the
metals dielectric constant.?®! Being the magnetic response small
for the system and wavelengths considered in this article, the
effective permittivity reads e. = n%;. Without loss of generality,
the geometry considered here for the theoretical proposals is con-
structed by periodic square arrays of square cylinders, as shown
in the insets of Figure 2a.

We show in Figure 2 the effective refractive index of nanopar-
ticle arrays for four configurations with different metals (Au and
Ti) and/or surrounding refractive indices (n, = 1.0 and 1.5). The
calculations are done in the infrared and THz regime
(30-300 pm). To investigate the metaldielectrics, we begin by
focusing on each individual case. Figure 2 shows that
metallic nanocylinder arrays behave as effective dielectrics
(R{eerr} > 0) for transverse electric (TE)-polarized incidence
as expected, due to oscillating surface charges under a transverse
force, leading to the oscillating dipoles, which mimic the
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polarization effect in a real dielectric. It is also shown that such
arrays are virtually dispersion free over ultra-broadband ranges of
wavelengths from 30 pm up to more, enabling the design of
achromatic optical components with ultrabroad bandwidth.

We can observe that the real part of the effective refractive
indexes of arrays with different metals, but the same geometry,
and surrounding refractive index, are tending to the same value.
On the other hand, the imaginary parts of the effective refractive
indices in Figure 2a,c (or Figure 2b,d) are different and can be
explained by the different skin depths of the two metals. In fact,
Figure 2a,c (or Figure 2b,d) suggest that metals with longer skin
depths produce the most transparent (least lossy) and least dis-
persive nanoparticle arrays.'® The presence of surrounding
material filling between the metallic nanoparticles (Figure 2b,
d) leads to substantial amplification of the effective refractive
index compared with metallic metamaterials in vacuum
(Figure 2a,c). In this way, it is possible to achieve an unprecedent-
edly large effective refractive index by further reducing the gap
width and filling the gap with materials with higher refractive
indices."®?%! Metaldielectrics therefore significantly expand the
range of available materials with a desirable refractive index.

In addition, the gap width (defined by g = P — L, where P and
L are the array period and the particle size, respectively) plays a
crucial role in tuning the effective refractive index. The effective
refractive index (and hence the effective permittivity) shows an
asymptotic behavior depending on the gap width. Although the

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 2. Effective refractive index of metaldielectrics (real part and imaginary part). Arrays are constituted by square nanocylinders arranged in a square

lattice with a period of 50 nm (inset). The material of the particles is a,b) gol

d and c¢,d) titanium, respectively. The surrounding refractive indices (n;) are 1

(a,c) and 1.5 (b,d), respectively. In the inset of (a), the red and black arrows denote the electric field and the wave vector of the incident light.

effective refractive index will increase as the gap width decreases,
the growth speed differs significantly in weakly coupled
(g/P~1) and strongly coupled (g/P <« 1) regimes, as the
behavior of the charge accumulation differs significantly.*®>?)

Figure 2 shows that the losses remain very low in four cases,
enabling the design of optical components that require extraor-
dinarily transparent materials. It is worth noting that in addition
to the gap width and the surrounding materials, the structural
geometry (including the size, shape of the nanoparticles, and
the lattice) and the constituent materials can be altered to tune
the effective behaviors of the metaldielectrics, and even provide
spatial control on the local refractive indies over a defined
volume, which is essential in many applications, such as the ones
proposed in transformation optics.

2.1. THz Antireflection Coatings

To test the accuracy of the used method and to validate our
effective refractive index calculations, we compare the results
calculated using the effective geometry and the full geometry
for two types of antireflection (AR) coatings, which are used
to enhance the light transmission or absorption efficiency by
reducing surface reflections for a target wavelength or a wide
wavelength range.

The first one is a single-layer AR coating using the simplest
interference concept, requiring a single transparent thin layer of
material with refractive index (1) equal to the square root of the
refractive index of the substrate,*”! as shown in Figure 3a. We
can use the gold nanocylinders arrays shown in Figure 2a to form
this AR coating layer, as shown in the inset of Figure 3a. As the
period of the array is set as 50nm, the layer thickness d is
set as 4 pm.

Adv. Photonics Res. 2022, 3, 2200190 2200190 (4 of 9)

The results of reflection and transmission in three simulations
using the effective geometry based on the transfer matrix method
(TMM) without (T1 and R1) and with (T2 and R2) considering the
dispersion and the full geometry (T3 and R3) based on the finite-
difference time-domain (FDTD) method are shown in Figure 3b.
As expected, such a coating gives zero reflectance for light with
wavelength Ay = 4mn,d, where m denotes a positive integer. The
transmission peaks in Figure 3b indicate that the metallic meta-
materials proposed are low loss and extraordinarily transparent at
the wavelengths of interest. Results of the effective geometry and
the full geometry agree well. The small discrepancies of the
results between T1 and T2 are mainly due to the dispersion
of gold, while the small discrepancies of the results between
T2 and T3 are mainly due to the truncation of the nanocylinder
particles. It is finally worth noting that the dispersion of
metaldielectrics is very small.

To highlight the tuning possibilities of the local effective
index, we construct a THz gradient-index (GRIN) AR coating
using the same square lattice of gold nanocylinders that was stud-
ied in Figure 2a but varying the dimensions of the cylinders with
position and increasing the layer thickness to 50 pm. The sche-
matics of the GRIN AR coating and size-dependent effective
refractive index of gold nanocylinders at a wavelength of
30 pm are shown in Figure 3c. Note that, to simplify the simula-
tion and reduce fabrication requirements, the value of particle
size (in units of nanometers) is rounded to the nearest integer.
Reflection and transmission of this GRIN AR coating calculated
using TMM for the effective geometry and the finite-element
method (FEM) for the full geometry are illustrated in
Figure 3d, indicating that an ultrabroad band GRIN AR coating
is realized. It is worth to note that thin AR coatings in the THz
region are highly desirable. In order to get a higher transmission

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 3. AR coatings. a) Schematics of a single-layer AR coating. b) Its reflection and transmission spectra, when ny = 1,n, = 3.4,andd = 4pum. T1 and
R1 are calculated using TMM for the effective geometry with fixed ny = |/ngn; = 1.844. T2 and R2 are calculated using TMM method with frequency-
dependent effective refractive index retrieved from the following parameters of the unit cell: gold square cylinder, P = 50 nm, L, = L, = 37 nm. T3 and R3
are obtained using FDTD method with the same configuration as the one for R2, but for the full geometry. c) Designed and retrieved refractive index for
GRIN AR coating, and the relation between the particle (gold) size and real part of the effective refractive index at a wavelength of 30 ym. For simplifica-
tion, the value of particle size (in units of nanometers) is rounded to the nearest integer. d) Reflection and transmission of the GRIN AR coating, when
ng =1, n, = 3.4, d = 50 um. The spectra are calculated using TMM for the effective geometry (labeled with R and T¢) and FEM for the full geometry
(labeled with R and T), respectively, where we can appreciate broadband transmission.

(i-e., to make the system more transparent), we can use metals,
such as titanium, with longer skin depths (Figure S1, Supporting
Information) to further suppress the absorption. This suggests
that we can easily create devices that operate across a broad range
of frequencies using metaldielectrics with constant performance
across the same frequency range. In addition, we also prove that
the electromagnetic properties of the effective geometries coin-
cide with the ones of the full geometries. The small discrepancies
of the results between the effective geometry and the full geom-
etry are mainly due to the dispersion of gold, the truncation of the
nanocylinder dimension, and the numerical errors.

In addition to producing ultra-broadband achromatic optical
components with 2D nanocylinder arrays, the metaldielectrics
composed of 3D nanoparticles allow us to realize the most com-
plex and general optical component designs requiring the ability
to spatially manipulate the local refractive indices in 3D, thanks
to the inherently programmable properties of metaldielectrics.

From a mathematical perspective, Maxwell’s equations are
form-invariant under coordinate transformations. In order to
convey the effect of the coordinate transformation to the electro-
magnetic fields, the medium through which light travels needs to
transform into an inhomogeneous medium.!"! Based on this
idea, transformation optics was proposed and has been used
to design devices with novel functionalities.l'! Refractive index
profiles play an essential part in transformation optics.
However, manufacturing optically inhomogeneous media with
large index gradients in a controlled manner poses great chal-
lenges. Although some devices in 2D have been experimentally
fabricated,*!! real 3D designs are very hard to achieve experimen-
tally. Here we apply the proposed metallic nanoparticle arrays to

Adv. Photonics Res. 2022, 3, 2200190 2200190 (5 of 9)

produce several refractive index profiles achieving images with
almost no aberration in 3D, which can operate over a broad range
of frequencies due to the extremely small dispersion of the effec-
tive refractive index. Schematics of a GRIN lens composed of
metal nanoparticles with different sizes are shown in Figure 4a.

2.2. GRIN Lenses

We now consider the refractive index profiles of the three
most common lens designs, namely, a Luneburg lens, a
Maxwell’s fish-eye lens, and a light concentrator, as shown in
Figure 4b,d,f. Due to the high complexity and fine details
required for simulations using the full geometries, effective
geometries were used in the FEM simulations. The correspond-
ing near-field distributions are shown in Figure 4c,e,g.

A Luneburg spherical lens can focus any parallel radiation
incident on a point on the surface to the opposite side of the
sphere (and vice versa), as shown in Figure 4c, where an incident
planewave with 1 = 300 um (=1 THz) impinges on the sphere.
No reflection occurs at the surface, as the refractive indexes at
the surface and the surrounding medium are the same. This
lens is obtained with a refractive index that varies as

n(r) = /2 — (R/r)?, where r is the radial coordinate and R is
the sphere radius.

On the other hand, a Maxwell’s fish-eye lens can guide light
rays from one point source on a spherical surface, and focus
them at the opposite point on the sphere, as shown in
Figure 4e. In order to get such behavior, the refractive index
has to change in the following way n(r) = 2/(1 + (r/R)?).

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 4. GRIN lenses. a) Schematics of a GRIN lens composed of metal nanoparticles with different sizes. Refractive index profiles for three GRIN
lenses: b) Luneburg lens, n(r) = v/2 — (r/R)?; d) Maxwell’s fish-eye lens, n(r) = 2/(1 + (r/R)?); f) light concentrator, n(r) = R/r. R is the radius of the
each lens, r denotes the distance to the center, and n(r) is the position-dependent refractive index. In (f) Ry = 100 nm denotes the radius of the region
with neg = 4. c) Amplitude of the electric field for the Luneburg lens. e) X-component of the electric field for the Maxwell’s fish-eye lens. g) Amplitude of

the electric field for the light concentrator. For all simulations, the incidence wavelength is 4 =300pm (=1THz). For (c) and (g), an x-polarized
planewave is incident from the left side. The simulations are done using FEM.

In an ideal so-called “concentrator” lens, the focal point is
located at the origin, and light impinging on the sphere will
be focused on the center of the sphere. In this case the refractive
index varies as n(r) = R/r and at the origin needs to be infinitely
high. In realistic systems, this limit cannot be attained, so
we truncate the effective index of the lens at n.g =4 when
r=R; = R/3 (Figure 4f), which produces sufficiently good
quality of the focus, as shown in Figure 4g. We refer to these
structures as light sink particles. Note that the electric field is
strongly localized in the gaps between nanoparticles as a
consequence of its discontinuity across the air-metal interfaces,
producing intense, “doubly enhanced” electric field hotspots at
the focal point.'® Such structures can be extremely important
in nonlinear optics.

Unlike plasmonic metamaterials in previous studies, the
metaldielectrics proposed here are not based on lossy resonances
and are both broadband and low loss. In addition to designing

Adv. Photonics Res. 2022, 3, 2200190 2200190 (6 of 9)

interesting devices using the concepts of transformation optics,
metaldielectrics provide a promising optical material platform
for numerous applications with versatile functionalities which
demand composition materials with exotic optical properties.

2.3. Metasurfaces

Lenses are basic optical components, which have been widely
used in various optical systems. Conventional optical lenses com-
posed of transparent materials rely on cumulative effects on the
waves passing through, and thus they are usually bulky and
heavy. To solve this bottleneck, metasurface lenses have emerged
as promising candidates of conventional lenses, using subwave-
length antennas to interact with the wavefronts directly and tailor
their shape and phase."*” However, there are difficulties associ-
ated with metasurfaces—and among the most prominent are
narrow-bandwidth and chromatic aberration. Those are because
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many designs of the most efficient metasurfaces are based on
resonators, which usually have sharp resonances. Otherwise,
they have low efficiency. However, the material platform pro-
posed here opens new opportunities in flat GRIN lenses designs,
which are ultra-broadband and highly efficient. In Figure 5a,b,
we show the schematic and refractive index profile of a
flat GRIN lens, as a possible metasurface example, while
Figure 5c shows its performance. We can appreciate that a thin
metalens of just 300 pm, that is, just a wavelength thick in this
case, can focus light as a classical bulky lens. The metalens
in Figure 5a has a refractive index profile given by n(r) = n,
(1 —g?r?/2) for r < R, where r denotes the distance to the
center, g is a gradient parameter, n, is the maximum refractive
index at the center, and R is the radius of the flat GRIN lens. In
the calculation, we set ny=5, g=>562.183 m~, and
R = 2250 pm.

2.4. THz Adiabatic Focusing

Focusing light into subwavelength dimensions beyond the
diffraction limit is notoriously difficult but is crucial in broad
applications such as optical imaging. Some techniques including
plasmonic nanofocusing have been proposed in the past™?! but
these techniques possess some drawbacks. For example,

Flat GRIN Lens

3D tips

www.adpr-journal.com

plasmonic nanofocusing is based on plasmonic effects, which
is usually narrowband and lossy. In addition, such designs are
highly reliant on the optical properties of the materials available.
The tapered waveguide schema in Figure 5d actually achieve
focusing THz light into subwavelength dimensions, ~1/10,
demonstrating the great advantages of light focusing using
metaldielectrics. As case of study, the analysis was done at
A =300pm (=~1THz) with an effective refractive index, n = 4,
but such a device can work at any other frequency in the IR
or lower energy. The near-field map in Figure 5e shows
that the light is guided and focused at the taper apex with a
diffraction-limited spot.

2.5. Artificial Birefringence

Birefringence is the optical property of anisotropic materials
exhibiting different refractive indexes depending on the polari-
zation and propagation direction of light. Birefringence has been
used in many applications,***”! such as liquid-crystal displays
and medical diagnostics. There are not many birefringent
materials in nature, and a metamaterial approach is definitely
welcome. Due to their symmetry in all directions, isotropic mate-
rials cannot be birefringent. However, mixtures composed of
multiple isotropic materials can exhibit birefringence by tuning

Birefringence
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Figure 5. Focusing and birefringence. a) Schematic, b) refractive index profile, and c) amplitude of the electric field for a flat GRIN lens. The thickness of
the lens is 300 pm. The source is a y-polarized planewave with wavelength of 300 pm, incident from the left side of the lens. d) Tapered waveguide and
e) amplitude of the electric field when the source is the first fundamental mode generated by a mode source in Lumerical FDTD. The incident wavelength
is 300 pm. f) Schematic of a birefringence metamaterial composed of gold cuboid nanocylinders (as shown in the inset) in a cubic lattice. g) Components
of the electric field, when illuminated (from below) by an oblique planewave with wavelength of 30 pm using FDTD for the effective geometry in (f).
The effective indexes were calculated based on the following parameters: P = 50nm, L, = 46 nm, L, =10nm, and L, = 10 nm. In the simulation, the

diagonally anisotropic material has a permittivity of [n,,, n,, n,]=[3.4, 1.1, 1.1].
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the “meta-atoms”, as depicted in Figure 5f. In the simulation, we
used gold cuboid nanocylinders with L, =46nm, and
L, = L[, = 10nm, and the period is set as P = 50 nm obtaining
in this way neg , ~ 3.4 and negr), = neg, = 1.1. Figure 5g shows
the components of the near field when a planewave impinges on
a bulk metaldielectric composed of cuboid nanoparticles
from the air side. Due to the asymmetry of the shape of
the “meta-atoms”, the metamaterial as a whole is birefrigent,
although the constituent materials are isotropic.

3. Conclusion

In conclusion, we first introduced the concept of metaldielectrics
by analogy with the natural dielectrics. We then extracted the
effective parameters of the metaldielectrics using a numerical
homogenization method™® and demonstrated that the material
platform proposed offers great advantages over conventional
infrared materials, such as small dispersion and high transpar-
ency (low loss) over ultra-broadband ranges of wavelengths,
enabling us to design broadband, high-transmission infrared
and terahertz devices. More importantly, the local refractive indi-
ces can be tuned by structural geometry and the constituent
materials in metaldielectrics, offering a promising solution for
GRIN devices. The validation of the theory and the accuracy
of the calculations were confirmed by comparing the results
of the effective geometry and the full geometry simulations.
Furthermore, we highlighted the inherently programmable
properties of metaldielectrics by constructing a GRIN coating
and GRIN lenses and demonstrated that such materials can
be used in numerous applications with versatile functionalities,
which demand composition materials with exotic optical
properties.
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