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ABSTRACT: A class of strongly anisotropic materials having their principal elements of dielectric permittivity or magnetic
permeability tensors of opposite signs, so-called indefinite or hyperbolic materials, has recently attracted significant attention.
These materials enabled such novel properties and potential applications as all-angle negative refraction, high density of states,
and imaging beyond the diffraction limit using a so-called hyperlens. While several studies identified a few examples of negative
refractions in birefringent crystals existing in nature, the majority of optical materials with hyperbolic dispersion relations known
to date are engineered composite materials, “metamaterials”, such as metal-dielectric subwavelength multilayered structures or
metal nanowires in a dielectric matrix. In this paper, we investigate naturally existing hyperbolic materials with indefinite
permittivity for a range of frequencies from terahertz to ultraviolet. These include graphite, MgB,, cuprate, and ruthenate.
Spectroscopic ellipsometry is used to characterize the dielectric properties of graphite and MgB,, and a fitting method based on
reflectance spectra is used to determine the indefinite permittivity of the cuprate and ruthenate. Lastly, we discuss the

mechanisms behind indefinite properties of these materials.
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B INTRODUCTION

Hyperbolic materials, also called indefinite materials, have
attracted significant attention in recent years for their all-angle
negative refraction with low loss." The term indefinite material
refers to a medium for which the permittivity and permeability
tensor elements (along principal axes) are of opposite signs,
resulting in a strong anisotropy, and as a result of such a strong
anisotropy, the equifrequency contour (EFC) is hyperbolic.>”
Many novel and unique properties result from this hyperbolic
EFC. First, hyperbolic materials give rise to an omnidirectional
negative refraction for a certain polarization of the electro-
magnetic wave,"*™” as shown in Figure la. As opposed to
negative refraction in double-negative metamaterials that are
composed of resonant meta-atoms and as any resonance-based
structures are lossy, negative refraction in hyperbolic materials
can be enabled by their unique dispersion relations and does
not rely on any resonances and, therefore, is not accompanied
by high losses."”® Second, if the electromagnetic wave
propagates in the direction of negative permittivity or
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permeability, the transverse wave vector k, in Figure 1b will
always be a real number for any k,, implying that evanescent
wave components would be converted into propagating waves
that propagate without attenuation.>® Since the evanescent
wave components carry the information about subwavelength
features of the object (source), hyperbolic materials make it
possible to preserve such subwavelength information and to
deliver it to the far field. This property forms the basis for a so-
called hyperlens, enabling subwavelength imaging in the far
field.”~"* Next, hyperboloid EFC allowing propagating waves
with extremely large wave vectors enables nanometer-scale
three-dimensional cavities with a very large Q-value,"'* as
shown in Figure Ilc. Finally, the hyperbolic EFC is shown to
greatly enhance the photonic density of states (PDOS) in a
broad range of frequencies, paving the way for material-based
PDOS engineering.””~"7 One of the potential applications of
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Figure 1. Novel properties and potential applications of the hyperbolic materials. (a) Negative refraction in the visible frequency range;' (b)

hyperlens enabling subwavelength imaging in the far field;'’
for high efficiency photovoltaic applications.'®

(c) optical nanoscale cavity;'* (d) hyperbolic material based absorber with high PDOS

Negative refraction region

(b)

(c)

Figure 2. Relation of the material’s anisotropy, its EFC, and the refraction behavior. (a) &, > ¢, > 0; (b) ¢, > &, > 0; (c) €, > 0, €, < 0. The black
circles are the EFCs of the air, and the blue hyperbolas are the EFCs of the hyperbolic material. k; and S are the incident wave vector and Poynting
vector, respectively. k, and S, are the refractive wave vector and Poynting vector, respectively. The gray region describes the incident angles for which
negative refraction may occur. For graphs (a) and (b), since all the anisotropic parameters are positive, the EFC is elliptical, as indicated by the blue
circle. When the birefringent crystal is oriented obliquely with a certain angle ¢, an incident wave with a certain incident angle 6, may experience
negative refraction. However, if the eccentricity of the ellipsoid is very small, the requirements of ¢ and 6, are quite strict. For graph (c), incident
light with any angle may refract negatively due to the hyperbolic EFC.

such increased PDOS is boosting the efficiency of solar cells by
controlling the emission of the dye,'® as shown in Figure 1d. In
addition, the strong anisotropy of the hyperbolic material 1s
likely to enable a novel, efﬁaent polarization beam splitter,"?
beam steering alpphcatlons, and even a left-handed effect in
the waveguide.”

In essence, negative refraction and its applications are shared
by all anisotropic materials, but may be concealed if the
anisotropy is not strong enough.”>** The dielectric properties
of an anisotropic material are described by a tensor:

e 0 0
g=10 g 0

0 0 g (1)

where ¢, €, and ¢, are the components of dielectric

permittivity along the x, y, and z directions, respectively.
Considering the anisotropy in the zx-plane, the EFC can be
written as

kX kS o

e, & ¢ 2

which is a quadratic function. The relative signs of ¢, and &,
determine the type of EFC, e.g, an ellipse or a hyperbola.
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Figure 2 shows the relationship of the material’s anisotropy, its
EFC, and the refraction behavior. Materials with strong
anisotropy (&, > &, > 0) and an elliptical EFC with a very
large eccentricity, as shown in Figure 2a, have not been found
yet, although in principle they could enable an all-angle
negative refraction. Negative refraction was found in many
natural anlsotroplc crystals with layered crystal structure, such
as that in calcite,** YVO,,”>*¢ and liquid crystals,”” as shown in
Figure 3. However, comparing them to a hyperbolic media
(Figure 2c), one finds that the anisotropies (e, ~ &, > 0) in
these birefringent crystals are rather moderate. Their EFCs are
ellipsoids of very small eccentricity, and therefore, the range of
angles corresponding to negative refraction is very limited
(Figure 2b). If the two permittivities have different signs (e, >
0, & < 0), the material is a hyperbolic material and is
characterized by a hyperbolic EFC, enabling the all-angle
negative refraction, as shown in Figure 2c.

Often hyperbolic media are discussed in the context of
metamaterials, which achieve novel properties that are not
attainable in nature via designed artificial structures.”®>* Well-
studied structures for hyperbolic metamaterials are binary
composites (metal/dielectric or two semlconductors), includ-
ing those with multilayered structure,” 12 cylindrical multi-
layered structure,'®* or metallic wire array.">'"*® In these
structures, a negative element of the permittivity tensor was
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Figure 3. Examples of negative refraction in birefringent crystals: (a)
calcite;** (b) liquid crystal;”” (c) YVO,.>

obtained along the conductive layers or the wires, while other
permittivity tensor elements are always positive along the other
perpendicular directions. Additionally, artificially made meta-
materials, such as a fishnet structure, have also been shown to
enable both indefinite permittivity and 8permeability.37 Actually,
some naturally occurring materials,*® such as graphite or
graphite-like material (MgB,)*>** and crystal with perovskite-
layer crystal structure (cuprate and ruthenate),* = as shown
in Figure 4, possess very similar structure to that of the layered

Cylindrical
multilayered
structure

wires-array
structure

Graphite-like crystal
\ structure

Perovskite-layer
crystal structure

e

Figure 4. Typical structures of the intrinsic hyperbolic media. (a)
Multilayered structure, cylindrical multilayered structure, and wire
array structure,"¥*'0712%3¢ (1) Common layered structures in
different anisotropic crystals.

J

hyperbolic metamaterials, in spite of the different size scales of
the layer. In contrast to the birefringent anisotropic structures,
two-dimensional conductivity mechanisms of these materials
make them act as conductors or superconductors in the
macroscale. In the single-crystalline state, the dielectric property
in the direction along the conductive layer is entirely different
from those in the direction perpendicular to the layer, resulting
in an indefinite dielectric tensor in the crystal. In this paper, we
discuss naturally existing materials with strong dielectric
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anisotropy and analyze the feasibility to realize functional
structures utilizing their indefinite dispersive properties. We
propose a generalized phenomenological model for indefinite
permittivity in natural materials, facilitating the development of
new hyperbolic materials. We perform comprehensive theoreti-
cal and experimental studies and show that many existing
natural materials, which scientists were familiar with for decades
in different contexts, fall into the same large and important
category: indefinite or hyperbolic materials that provide novel
optical properties and functionalities such as negative
refraction, high density of states, and subwavelength resolution.

B GRAPHITE AS A HYPERBOLIC MATERIAL

Graphite is a semimetal with a uniaxial-layered crystalline
structure. Carbon atoms of monocrystalline graphite are
arranged in parallel graphene layers, forming a regular
hexagonal network, as shown in Figure Sa. Each of the carbon
atoms possesses one free 7-electron with metallic conductance.
Carbon atoms in layers form very strong covalent o-bonds,
while the layers are weakly held together through van der Waals
interactions. Therefore, the conductance along the orientation
normal to the graphene layer is dielectric. We use spectroscopic
ellipsometry (WVASE, J. A. Woollam) to measure the
anisotropic permittivity &, (permittivity along the graphite
atom plane) and &, spectra (permittivity perpendicular to the
graphite atom plane) of a highly ordered pyrolytic graphite
(HOPG) sample in the range 240—400 nm, as shown in Figure
Sb. These measurements indicate that the real part of the
permittivity &, is negative, whereas €., is positive at ultraviolet
(UV) wavelengths below 282 nm, leading to the indefinite
permittivity of graphite in this wavelength range.**

If the crystal is oriented as shown in Figure Sc, the optical
axis is parallel to both the sample surface and the plane of
incidence so that the incident p-polarized light corresponds to
the extraordinary wave and is modulated by the anisotropic
dielectric constants of the crystal. In this case, the EFC of the
uniaxial media is hyperbolic, as shown in Figure 1 and Figure
2¢, and the Poynting vector S, is parallel to the normal of the
EFC. As a result, negative refraction is achieved from this
hyperbolic dispersion, even though the phase velocity remains
positive. Figure 5d shows the distribution of the magnetic field,
confirming the predicted phenomenon of negative refraction at
the interface.**

B MAGNESIUM DIBORIDE AS A HYPERBOLIC
MATERIAL

Magnesium diboride (MgB,) is a graphite-like material
possessing structural and electronic characteristics quite similar
to graphite. The crystal structure of MgB, may be regarded as
that of graphite intercalation compounds (GICs) with carbon
replaced by boron (its neighbor in the periodic table, Figure
6a)." The Mg atoms are completely intercalated in the
graphite-like boron planes. The anisotropic dielectric properties
are determined by two distinct types of electronic bands: the
strongly covalent almost two-dimensional (2D) bands derived
from the hybridized sp,p, B orbitals and 3D bands made of p,
orbitals, as shown in Figure 6b,c.*"* In contrast to graphite,
where the o-bonding states are completely filled, providing a
strong covalent bonding, the in-plane o-bands of MgB, retain
their 2D covalent character, but exhibit a metallic hole-type
conductivity.*® The coexistence of 2D metallic-type covalent
band in-plane and 3D interlayer conducting bands is a peculiar
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Figure 5. Indefinite properties of graphite.** (a) The crystal and bond (7, 6) states of graphite. (b) Spectral dependence of the anisotropic dielectric
constants of graphite (subscript 1 denotes the real part and subscript 2 denotes the imaginary part); graphite is a hyperbolic medium in the
wavelength range 240—280 nm. (c) The orientation of graphite leading to the negative refraction. (d) Simulation results of the negative refraction in
graphite at 254 nm.
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Figure 6. Indefinite property of the MgB,. (a) The structure of MgB, contains graphite-like layers of B, which are intercalated by hexagonal close-
packed layers of Mg. (b) 6-Bonding states at the Fermi level formed by the hybridized sp,p, B orbitals and (c) 7-bands made of p, B orbitals. (d)
Spectral dependence of the anisotropic dielectric constants along the a- and c-axis in MgB, (subscript 1 denotes the real part of the permittivity).**
The dielectric tensor is indefinite in the frequency range higher than the 627 THz. (e) Simulation results of a bulk MgB, working as a hyperlens at
702 THz.
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Figure 7. Indefinite permittivity of Bi,Sr,Ca,_;Cu,0,,.4,, (BSCCO) and GdBa,Cu;0,_,. (a) Crystal structures of Bi,Sr,Ca,_;Cu,O,,,4,, and
GdBa,Cu;0,_,. (b) Effective model used to describe the dielectric properties of the two crystals. (c) Spectral dependence of the anisotropic
dielectric constants along the a-, b-, and c-axis in Bi,Sr,Ca,_;Cu,0,,4., and GdBa,Cu;0,_, (subscript 1 denotes the real part of the permittivity).
(d) Schematic EFC along different orientations of YBa,Cu;0;,_, in the frequency range corresponding to indefinite permittivity. Because ¢, < 0, &, <

0, and &, > 0, the EFC is a hyperboloid of one sheet.

teature of MgB,, which can be approximately described by the
Drude model.*” Figure 6d shows spectroscopic ellipsometry
measurements of dielectric permittivities of MgB, between 627
and 900 THz at room temperature. These measurements
indicate that MgB, is expected to exhibit a negative refraction
for blue or violet light of a particular polarization. To confirm
this prediction, we use Ansoft HFSS (High Frequency
Structure Simulator) to do the numerical simulations of a
MgB,-based hyperlens at 702 THz, as shown in Figure 6e.

B CUPRATES AS HYPERBOLIC MATERIALS

Cuprates are a class of well-studied superconductors with high
critical temperature, T. (above the boiling point of liquid
nitrogen).s'o_57 The relationship between the high-T, mechan-
ics and their anisotropic structures was studied extensively.** %>
Usually, the hole band associated with the Cu—O planes results
in a high conductance, which makes the cuprate act as a quasi-
two-dimensional conductor.®>~®® However, there are still some
differences among different cuprates. Below, we analyze in
detail electronic structures of four main cuprate super-
conductors, YBa,Cu;0,_,, GdBa,Cu;0,_,, La,  Sr,CuO,, and
Bi,Sr,Ca,_;Cu,0,,,4,,» and reveal the indefinite dielectric
properties in these materials.

It is noteworthy that Bi,Sr,Ca,_,Cu,O,,,4,, and
GdBa,Cu;0,_, possess significantly different crystal structures,
as illustrated in Figure 7a, but nevertheless very similar
conducting mechanics. The conductance brought by the hole-
band along the Cu—O plane is much higher than the hopping
conductance along the c-axis, which results in a metallic
permittivity of the Drude model in the ab-plane but a dielectric
permittivity along the c-axis. As a result, both crystals can be
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described using an effective model consisting of alternative
metal/dielectric layers as shown in Figure 7b. We use a retrieval
method to retrieve the anisotropic dielectric constants between
the ab-plane and the c-axis by fitting the reflection spectra
obtained using Fourier transform infrared spectroscopy (FTIR)
on Bi,Sr,Ca,_;Cu,0,,.4,,>> and Perkin-Elmer 16U spectrom-
eter on GdBa,Cu,0,_,% to a model for dielectric function. To
obtain the permittivity, we use the Drude—Lorentz model with
the form”®
o’ A2
__r + Z #
n

@* + Tw , 10} ilC w

n n

e(w) =€, —

©)

where &, is the relativity permittivity as @ goes to infinity and
the second term on the right-hand side is the usual Drude term
with plasma frequency @, and damping frequency I'. The terms
in the summation correspond to optical-phonon modes (or, in
principle, other excitations) with A,, @, and I', giving the
strength, plasma frequency, and damping frequency of the
model, respectively. Therefore, dielectric dispersion is deter-
mined by the reflectance spectra fitting between the results
computed by eq 3 and measured in the experiment (Figures SS
and S6 in the Supporting Information show the fitting results
including reflectance spectra and complex dielectric constants
spectra).

The fitting results shown in Figure 7c confirm that different
components of dielectric permittivity have opposite signs,
resulting in hyperbolic EFCs for both materials, as illustrated in
Figure 7d.

Another example of a cuprate, yttrium barium copper oxide
(YBa,Cu;0,_,) that also possesses a layered structure is shown

dx.doi.org/10.1021/ph4000983 | ACS Photonics 2014, 1, 293—303
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Figure 8. Indefinite permittivity of YBa,Cu;0,_,. (a) The crystal structure of YBa,Cu;0,_,. (b) The effective model used to describe the dielectric
property of YBa,Cu;0;_,. (c) Spectral dependence of the anisotropic dielectric constants of YBa,Cu;0,_, along three crystal orientations (subscript
1 denotes the real part and subscript 2 denotes the imaginary part);67 the schematic EFC along different orientations of YBa,Cu;0,_, at the
frequencies marked by green and gray lines in (c) are shown in (d) and (e). (d) Because ¢, > 0, &, < 0, and &, > 0 at the green line, the EFC is a
hyperboloid of two sheets (the red curve and blue curve ab-plane and bc-plane, respectively). (e) At the frequency marked by the gray line, &, < 0, £,
< 0, and €, > 0, and the EFC is a hyperboloid of one sheet with the c-axis as the symmetry axis.

in Figure 8a. The main conducting direction in this case is the
ab-plane. However, due to the existence of the Cu—O chain
along the b orientation, there is also an anisotropy between the
a and b orientations.”*® We use an effective model of a
multilayered structure composed of alternating dielectric layers
and metal layers with arrays of ridges along the b direction (see
Figure 8b) to describe the dielectric property. Previous
work®””! shows that YBa,Cu,O,_, is a biaxial crystal with
anisotropic permittivities along the three crystal orientations, €,
&, and €, as shown in Figure 8¢, and become indefinite at the
frequency range of <348 THz. As a result, its EFC is hyperbolic
along three orientations in different frequency ranges, for
example, at 340 THz along the ab- and be-planes in Figure 8d
and 120 THz along the bc-plane in Figure 8e.

Yet another interesting member of the cuprate family is
La, ,Sry0sCuO,, which has the same structure as La,CuO, but
is doped heavily with Sr, as shown in Figure 9a, enabling a large
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hole-concentration. Despite the existence of the Cu—O plane,
the reflectivity spectra of La, ,Sry0sCuO, along the c-axis and
the ab-plane resemble those of the insulators.”> Using the
fitting approach mentioned above (see Supplementary Figure
S7), we obtain the anisotropic dielectric constants shown in
Figure 9b. The principal features of the spectra in both
directions look similar, composed by the superposition of
several Lorentz oscillators, due to the infrared-active phonon
resonances.”” Many frequency ranges of indefinite permittivity
are also produced by the overlapping resonance regions of the
Lorentz model along two directions, marked by the gray and
orange region in Figure 9b. Such series of Lorentz oscillators
resemble the dielectric properties resulting from Mie scattering
caused by subwavelengh particles. Therefore, we consider an
array of rectangular particles to describe the several phonon
oscillators, as illustrated in Figure 9c.

dx.doi.org/10.1021/ph4000983 | ACS Photonics 2014, 1, 293—303
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Figure 9. Indefinite permittivity of La, 4,Sr0sCuO,. (a) The crystal structure of La,4,Sry0sCuO,. (b) Spectral dependence of the anisotropic
dielectric constants of La, ¢,Sr,0sCuO, along two crystal orientations: the ab-plane and c-axis (subscript 1 denotes the real part of the permittivity).
(c) The effective model used to describe the dielectric property of La, ¢,Sry0sCuO,. High refractive index particles embedded in a low refractive
index matrix may result in a series of Lorentz resonances at the corresponding frequency, similar to the Mie resonances of different orders.
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Figure 10. Indefinite permittivity of the ruthenate. (a) The crystal structures of Sr,RuO, and Sr;Ru,0;. (b) The effective model used to describe the
dielectric property of Sr,RuO, and Sr;Ru,O,. (c) Spectral dependence of the anisotropic dielectric constants (ab-plane and c-axis) of the two
composites (subscript 1 denotes the real part of the permittivity). The plasma frequencies of Sr,RuQ, are @, 4, = 19.2 THz, @, = 325.8 THz and the
plasma frequencies of Sr;Ru,0; are w,, 4, = 22 THz, @, =294 THz. (d) Schematic EFC along different orientations of the ruthenate at the frequency
range with indefinite permittivity. Because €, = &, = g,, < 0, €, > 0, the EFC is a hyperboloid of one sheet.
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B RUTHENATES AS HYPERBOLIC MATERIALS

Finally we consider another group of materials with perovskite-
like layered crystalline structures. A Ruddlesden—Popper phase
crystal, most generally described by a homologous series as
A,;1B,0;,,1, is a typical representative of this group.”?
Perovskite layers are formed by the corner-shared BOg
octahedra in the ab-plane, and the number n determines the
thickness of the octahedral layer. Ruthenate, Sr,,;Ru,O3,,,, is
one of the most important Ruddlesden—Popper phase
materials, exhibiting electronic and magnetic properties cover-
ing a range from diamagnetic superconductor Sr,RuO, (n =
1),74’75 to paramagnetic conductor with antiferromagnetic
(AEM) correlation (n = 2),° to ferromagnetic (FM) metal
(n = 3, 0).”7 Yet another, previously overlooked peculiar
property of ruthenate is the anisotropic reflection property of
Sr,Ru0, (n = 1) and Sr;Ru,0, (n = 2), which is likely to be
attributed to its indefinite permittivity.

The crystal structures of Sr,RuO, and Sr;Ru,0O; are shown in
Figure 10a, having one layer RuOg octahedra thick and two
layers RuOg octahedra thick, respectively. Despite a similar
perovskite structure to the cuprate, both of the anisotropic
reflectance spectra in the ab-plane and along the c-axis of the
ruthenate are metallic.”®”? Therefore, we were able to fit their
dielectric permittivities using Drude models with two different
plasma frequencies, as shown in Figure 10c. This is quite
different from the cuprate with a dielectric property along the c-
axis in Figure 7c and Figure 8c. Indefinite permittivity and a
hyperbolic EFC can be achieved at the frequency range
between the two plasma frequencies, as illustrated in Figure
10d. Figure S9 in the Supporting Information shows fitting
results including reflectance spectra and complex dielectric
constants spectra.

B DISCUSSION

On the basis of the results above, we put forward the following
generalized model for the mechanisms of the intrinsic indefinite
permittivity in several families of naturally existing layered
structures. Three types of mechanisms were identified, Drude—
Drude type, Drude—Lorentz type, and Lorentz—Lorentz type,
as shown in Figure 11.

(a) b) y\ \w
e Z e —
?ﬁum a, =" Wy 7;;2 c=() fﬁ[ @,
(0] [0 w

Figure 11. Basic mechanisms of the intrinsic hyperbolic medium: (a)
Drude—Drude type; (b) Drude—Lorentz type; and (c) Lorentz—
Lorentz type.

For the Drude—Drude type, conductance along all
orientations of the crystal in the incident plane is metallic but
with different conductive ability. Thus, both of the dielectric
spectra can be described by Drude models with two different
plasma frequencies (a)Pl and a)PZ); see Figure 11a. As a result,
the permittivity tensor in the frequency range between @, and
@y, is indefinite, leading to the negative refraction of the
incident light waves. Crystals of MgB,, Sr,RuO,, and Sr;Ru,0O,
belong to this type.
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For the Drude—Lorentz type, the conductances along
different orientations are quite different from each other. One
is metallic and the other one is of an insulator, resulting in a
Drude dispersion and Lorentz dispersion with possible
resonances at high frequency, respectively. Consequently,
there are indefinite permittivities at the frequency range
below the plasma frequency of the Drude mode; see Figure
11b. Crystals of GdBa,Cu;0,_, and Bi,Sr,CaCu,Oy,, belong to
this type.

For the Lorentz—Lorentz type, conductance properties along
all orientations are dielectric. Possibly due to the lattice
vibration or some other oscillators, there will be several Lorentz
resonances appearing in the dielectric spectrum along each
direction; see Figure 1lc. Therefore, it turns out that several
frequency ranges of indefinite permittivity may be produced by
the overlapping of the resonant regions from one Lorentz
model in one direction and nonresonant region from the other
Lorentz model in the perpendicular direction, such as the
phenomenon in La, ,SrysCuO,.

The indefinite mechanism in YBa,Cu;O,_, crystal along
different orientations can be classified as two types. Anisotropy
between the ab-plane and c-axis results in the indefinite
permittivity of a Drude—Lorentz type, for the metallic behavior
in the ab-plane and the dielectric behavior along the c-axis.
Moreover, the anisotropy in the ab-plane itself caused by the
Cu—O chain along the b-axis results in the indefinite
permittivity between the a- and b-axis of a Drude—Drude
type. Therefore, such a crystal may contain two or more types
of indefinite permittivity along different orientations.

Finally, we prove that the above phenomenological
generalized model indeed accurately describes the underlying
physical mechanism behind the indefinite properties of
materials. Let us consider in detail the indefinite properties of
graphite. As we discussed above, for the electric field polarized
in the basal plane, 7-electrons that arise from each atom can
move freely within the two-dimensional graphene layer, which
accounts for a negative &, below approximately 0.9 eV (or 1.4
um). Thus, &, can be expressed as a Drude model with a plasma
frequency of approximately 0.9 eV.** For photon energies
above 0.9 eV, the interband transition (6—x) along with the
intraband transition contributes to €,.*' The intraband part of
the dielectric function is described by the Drude model,
whereas the other part can be described using a modified
Lorentz model.** At a photon energy of around 5 €V (240 nm),
the hybrid resonance involving both 7-and o-electrons results in
a negative &, with a plasma frequency of about 7 eV.*' For the
electric field polarized perpendicular to the basal plane, the
transitions between the z-bands are forbidden,® and e, is
always positive. Therefore, the indefinite permittivity at the
range below 0.9 eV belongs to the Drude—Lorentz type, while
the one discussed in this paper belongs to a “Drude combined
with Lorentz”—Lorentz type. Considering that the negative ¢,
below 0.9 eV has a very large imaginary part,*>** which results
in a high loss, the spectral region around S eV (248 nm) is
intended to be used as the operating band. Therefore, a crystal
may contain various types of indefinite permittivity at different
frequency ranges in the same orientation. A recently reported
paper shows that a triglycine sulfate single crystal also exhibits
the Drude—Lorentz type indefinite dielectric property in the
THz range and the Drude—Drude type indefinite dielectric
property in the far-infrared range.*®

Another example of the natural indefinite material is @-Al, O3,
which exhibits an indefinite permittivity in the infrared range
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due to the polar lattice vibrations in different directions, parallel
or perpendicular to the crystal axis of anisotropic crystals.*®
Despite its rhombohedral crystal structure that is common in
insulated crystals, the indefinite permittivity of the a-Al,O;
crystal can be described by the Lorentz—Lorentz model. This
also shows that the universal compatibility of our model can
also involve indefinite crystals with nonlayered crystal structure
types.

It is noteworthy that hyperbolic materials are not limited to
those with indefinite dielectric properties. It is also possible to
find indefinite magnetic properties in naturally existing
materials. Typical magnetic materials are ferrite materials,
which may exhibit indefinite permeability from the radio to
microwave range.87’88 Moreover, recent studies on ultrafast
manipulation of magnetic states in perovskite transition metal
oxides indicate a possibility of achieving high-frequency
magnetism.89

Besides the indefinite properties, another type of anisotropy
with nonzero off-diagonal elements in eq 1 could also be very
useful. Indeed, such materials, referred to as chiral materials,
were first discussed to realize negative refraction.”®®! Moreover,
recently they were shown to greatly enhance repulsive optical
gradient force.”> Therefore, understanding the mechanisms
behind crystals’ resonances opens the possibility of finding such
chiral materials in nature.

Bl CONCLUSIONS AND OUTLOOK

In conclusion, although the optics of hyperbolic materials is still
a relatively young research field, in addition to fascinating
physics underlying the unique properties of hyperbolic
materials, this field already proved its great potential for a
number of applications. While first discussed in detail in the
context of metamaterials, it turns out that indefinite properties
also appear in natural crystals. Not underestimating the design
flexibility provided by the metamaterial approach, we should
highlight that the availability of naturally existing hyperbolic
materials offers several advantages, being the availability of large
samples, elimination of the need for often expensive and time-
consuming nanofabrication, and elimination of losses associated
with fabrication imperfections.

In this paper, we investigated the indefinite dielectric
properties in several kinds of layer structured crystals: graphite,
MgB,, cuprates, and ruthenates. The two-dimensional con-
ductivity mechanisms of the parallel atomic plane are
responsible for the indefinite permittivity of these layered
structure crystals. Indefinite permittivity in single crystals of
graphite and MgB, was demonstrated by ellipsometry measure-
ments in the visible—UV range, and electromagnetic parameter
retrieval from the reflectance spectra showed the indefinite
permittivity in cuprate and ruthenate in the infrared to THz
range. The indefinite properties of these crystals cover the
range from THz to UV frequencies (the entire list of the eight
materials’ indefinite frequency range can be found as
Supplementary Table S1), opening nearly unlimited possibil-
ities for device applications. As a homogeneous material,
intrinsic hyperbolic materials hold the advantage of no wave
scattering caused by the inner structures in the artificially
engineered materials and eliminating the need for complicated
design and fine fabrication techniques inevitable in manmade
materials, therefore opening a new route to practical
applications of their unique properties.

By summarizing the mechanisms for the dielectric aniso-
tropy, we classified the intrinsic indefinite properties of crystals
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into three types. More complicated indefinite dielectric
dispersions, such as in the crystals of graphite, YBa,Cu;0,_,,
can be analyzed by combining the three basic types. Other
crystals such as Al,O;, despite having of no standard layered
structure, can also be described by these generalized models.
Layered crystals discussed in this paper containing a 2D
conducting system can be approximately described by the
multilayered effective model, while the crystals with a 1D
conducting structure, following the model of a wire array, are
still under exploration. Further understanding of the basic
indefinite dielectric mechanism paves the way for the
exploration of other intrinsic hyperbolic materials and their
potential applications.

B METHODS

The materials we report here are studied by two methods. One
is the direct characterization by an ellipsometer, applied to a
graphite crystal and MgB, crystal. The ellipsometer may show
the anisotropic dielectric spectra along different crystal
orientations directly and then determine the indefinite
frequency band. The other method is to compute the
anisotropic permittivity by fitting the modeling reflectance to
the experimental reflectance, applied to the cuprates and
ruthenates. The detailed ellipsometry measurement and fitting
method can be found in the Supporting Information.
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