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Discovering the physical requirements for meeting the indefinite permittivity in natural material, as well as
proposing a new natural hyperbolic media, offer a possible route to significantly improving our knowledge
and ability to confine and control light in optoelectronic devices. We demonstrate the hyperbolicity in a class of
materials with hexagonal P6/mmm and P6;/mmc layered crystal structures, and its physical origin is thoroughly
investigated. By utilizing density functional theory and solving the Bethe-Salpeter equation, we find that the
layered crystal structure and symmetry-imposed constraints in Li;N give rise to an exceedingly strong anisotropy
in optical responses along in- and out-of-plane directions of the crystals, making it a natural hyperbolic in a
broad spectral range from the visible spectrum to the ultraviolet. More excitingly, the hyperbolicity relation to
anisotropic interband absorption, in addition to the impressive dependency of the conduction band on the lattice
constant along the out-of-plane direction, provide the hyperbolicity tunability in these hexagonal structures under
strain, doping, and alloying. Our findings not only suggest a large family of real hexagonal compounds as a
unique class of materials for realization of the highly tunable broadband hyperbolicity, but they also offer an

approach to search for new hyperbolic materials.
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I. INTRODUCTION

Because of the manipulation of relative permittivity
through materials engineering, metamaterials have become a
subject of intense interest in various science and engineering
research communities aiming to conduct their interaction with
electromagnetic and optical signals [1]. Relative permittivity,
€1(w) + iex(w), is the main optical quantity that describes
the interaction between matter and electromagnetic waves.
In hyperbolic metamaterials, €;(w) exhibits different signs
along different directions, revealing the extreme anisotropy of
the electronic structure. Anisotropic optical materials exhibit
numerous novel properties and potential applications, such as
negative refraction [2,3], subwavelength imaging [4-6] in the
far-field, and an optical nanoscale cavity [7,8].

Electronic structure anisotropy is typically achieved in
artificially engineered metamaterials that have complicated
nanofabrication requirements, the high degree of interface
electron scattering, and the feature size of the components.
Circumventing these limitations, natural hyperbolic materi-
als provide an extended hyperbolic frequency window with
low losses, high light confinement, and a larger photonic
density of states [9-14]. Heretofore, several materials, such
as graphite, MgB,, cuprate, ruthenate, and tetradymite, have
been predicted as natural hyperbolic materials [9,15-18],
while experimentally they were observed only in a few of
them, e.g., in MoOj surfaces [11,13], structured hexagonal
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boron nitride [12], and T;-WTe, thin films [19]. Previous
materials investigations revealed that the layered crystal struc-
tures exhibit excellent intrinsic out-of-plane optical anisotropy
providing the required conditions for achieving natural hyper-
bolic materials [20-22].

In the same way, a recent study showed that the layered
nature of group-I nitrides with hexagonal P6/mmm («-type)
crystal structure gives rise to an exceedingly strong anisotropy
in the electronic structure [23]. The «-LizN-type structure
possesses a layered structure composed of alternating planes
of hexagonal Li;N and pure Li*-ions with weak interactions
along the stacking direction. It should be noted that a similar
behavior has been also reported in its counterparts, namely
the high-temperature superconductor MgB, and AlB, [24,25].
In particular, the weak Coulombic interactions between ad-
jacent layers compared with interactions in a layer lead to a
less dispersive valence-band maximum (VBM) along I'-A. It
enhances the anisotropy of the electronic structures, causing
the highly anisotropic optical responses along the in- and
out-of-plane directions of the crystals. Furthermore, the bi-
nary alkali pnictide A3B (A = Li, Na; B =N, P, As, Sb, Bi)
with hexagonal P63/mmc (B-type) structure meets a similar
layered structure and nearly flat bands along the I'-A, which
are responsible for the anisotropy of the electronic structure
[26,27]. At this stage, we show via a thorough investigation
of the electronic and optical properties of «-Li3N that due
to these anisotropic responses, materials with «- and S-type
crystal structures belong to the rare class of natural hyperbolic
materials. We emphasize that all the «- and B-type structures
have qualitatively the same physics as a-LisN does (see the
supplemental material [28]).

©2021 American Physical Society
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As a prominent member of this class, LizN has been stud-
ied extensively as a distinguished superionic conductor while
its optical properties remain unexplored. Using first-principles
calculations and the Bethe-Salpeter equation approach, we
show that Li;N is a natural hyperbolic in a broad spectral
range from the visible to the ultraviolet spectra. Interestingly,
it exhibits a type-II hyperbolic response in the lower and
upper parts of the hyperbolic window, while in the mid-
dle one it exhibits a type-I hyperbolic response. We find
that the hyperbolicity in Li3N is related to anisotropic inter-
band absorption between the valence and conduction bands
imposed by symmetry constraints and transition selection
rules.

As a standard feature of this new class of natural hyperbolic
materials [22,25,26], the valence and conduction band gap of
LisN is highly impressionable and susceptible to the lattice
constant c¢. These unique conditions provide the possibility
of hyperbolicity tunability in LisN with strain, doping, and
alloying. In fact, our calculations show that the hyperbolic
window of LizN and the relative intensity of the subdiffraction
and diffraction-limited waves in transmission through LizN
can be efficiently tuned by applying strain along the z-axis
and doping in addition to using its ternary compounds such
as Li;K(Na)N. Although LisN and Li,K(Na)N possess the
same structure, the larger ionic radius of K(Na) leads to band
crossing along the z-direction [23], which extends the hyper-
bolic window in the visible regime; this is highly desirable in
light device applications. In addition to LisN and the related
alloys, the anisotropic electronic structure of «- and B-type
compounds gives rise to both type-I and type-II hyperbolic
frequency windows, as well offering hexagonal P6/mmm and
P63 /mmc layered structures as a unique class of materials for
realization of the highly tunable broadband hyperbolicity and
relevant device applications.

The structure of the paper is as follows. In Sec. II,
we briefly introduce the simulation methods. Section III
is devoted to the numerical results of the study, fo-
cusing on the electronic and optical properties of the
«-Li3N crystal structure. Finally, we summarize our results
in Sec. IV.

II. THEORETICAL AND COMPUTATIONAL METHODS

The electronic and linear optical properties of the insulator
crystal structures (e.g., LizN) are calculated in the frame-
work of density functional theory (DFT) and many-body
perturbation theory. DFT is based on the accurate all-electron
full-potential linearized augmented plane wave (FP-LAPW)
method as implemented in EXCITING code [29]. Ground-state
properties are calculated using the hybrid density functional
(HSEO06) [30,31] in addition to the PBE-type [32] generalized
gradient approximation functional to satisfy the high-accuracy
requirements. The hole doping induced in a-Li3N is simulated
by shifting the Fermi level downward according to a standard
rigid-band model. A 20 x 20 x 20 Monkhorst-pack k-point
mesh is properly used in the computations. For Li3N, the
optical spectra are obtained by solving the Bethe-Salpeter
equation (BSE) [33] and the equation of motion of the two-
particle Green’s function [34,35]. The matrix eigenvalue form

of the BSE is thus given by [36-39]
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where v, ¢, and k indicate the valence band, conduction
band, and k-points in the reciprocal space, respectively. Eigen-
values E* and eigenvectors A%, represent the excitation
energy of the jth-correlated electron-hole pair and the cou-
pling coefficients used to construct the exciton wave function,
respectively. In the Tamm-Dancoff approximation, the effec-
tive two-particle Hamiltonian for a spin-degenerate system is
given by

HPSE = Hhoe 23t 4 HY, )

where the kinetic term #%4¢ is determined from vertical tran-
sitions between noninteracting quasiparticle energy, and it
corresponds to the independent-particle approximation. The
screened Coulomb interaction H“ and the bare electron-hole
exchange H* are responsible for the formation of bound ex-
citons. Having calculated the eigenvalues and eigenvectors of
the BSE, the long-wavelength limit of the imaginary part of
the dielectric function €;;(w) is given by [36,39,40]
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where 8}( with [ = ¢, v is the eigenvalue of the Kohn-Sham
(KS) equation. The imaginary part of the DFT dielectric func-
tion shows the excitations in the system. The optical properties
of semimetal structures such as doped LisN, Li,KN, and
Na3N are considered using time-dependent density-functional
theory (TDDFT) [41]. The inverse dielectric matrix € is
related to the susceptibility y (Refs. [36,42]) by the rela-
tion € (g, w) =1+ v(g)x(gq, w), where v(q) is the bare
Coulomb potential. In TDDFT, the susceptibility x (g, ®) is
obtained by making use of the linear response to TDDFT
through the solution of the Dyson equation;

x (g, @) = x0(g, @) + x0(q, @)[v(q) + fxe(@Ix(q, @), (5)

where xo(q, w) is the KS susceptibility expressed in terms of
the KS eigenvalues and eigenfunctions, while fx.(g) is the
exchange-correlation kernel, for which we make use of the
adiabatic local-density approximation (ALDA). The neglect
of the fx.(g) term corresponds to the random-phase approxi-
mation (RPA) [36]. The macroscopic dielectric function €y, is
therefore defined as

en(q,w) = lim ————, 6

(g, ®) Lim eéio,Geo(q’ ) (6)
where ' = q + G, and q represents the momenta inside the
first Brillouin zone.

III. NUMERICAL RESULTS AND DISCUSSIONS

Lithium nitrite («-LizN) crystallizes in the hexagonal
P6/mmm structure («-LizN-type crystal structure) as shown
in Fig. 1. The a-LisN structure possesses a layered structure
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FIG. 1. The crystal structure (left panel) and the first Brillouin
zone (right panel) of w-Li3N with P6/mmm symmetry. The mirror
reflection plane is shown by M..

composed of alternating planes of the hexagonal Li;N and
pure Li*-ions. In the Li;N layers, each N (0, 0, 0) is at the
center of a symmetrical hexagon formed by the six neighbor-
ing Li-ions (1/3, 2/3, 0) and (2/3, 1/3, 0) in units of lattice
vectors. From now on, these Li atoms are denoted as Li(1),
and the Li atom above the N atoms is denoted as Li(2). In
this structure, the three lithium atoms donate their 2s electrons
to the nitrogen, resulting in LiT-ions and an N*~-ion. For the
LisN crystal structure, we obtain the lattice constants a = b =
3.648 and ¢ = 3.885 A, which are completely consistent with
the ones reported in experiment [43—45].

The calculated orbital resolved band structure of LisN
shows that the conduction-band minimum (CBM) around the
I' point is parabolic and mainly contributed by Li-s orbital
while the valence-band maximum (VBM) along the I'-A is a
doubly degenerate band and mostly composed of N-p orbital.
The weak interactions along the z direction lead to a less dis-
persive p, VBM along the I"-A and enhances the anisotropy of
the electronic structures. This is the common feature of the -
and S-type crystals and response structure for the anisotropic
optical properties.

As this novel natural hyperbolic class of materials contains
also the semimetals with a Dirac node along the I'-A, we
depict the band structure of NaszN as a semimetal member
example in Fig. 2, providing a general overview of these
electronic structures. In spite of the crystal structure similar-
ity between Nas;N and Li3;N, as shown in Fig. 2, the CBM

crosses the doubly degenerate VBM along the I'-A generating
a triply degenerate nodal point (TDNP). However, due to the
similarities of the optical properties of LisN and Naz;N, we
focus on the LizN structure. The results for NazN and some
other members are given in the supplemental material [28].
In LizN, the PBE gap is 1.04 eV while the HSE06 gap is
2.12 eV, otherwise the band structures calculated by HSE06
are remarkably similar to those obtained within the PBE in
the vicinity of the Fermi energy [see Fig. 2(a)]. The dielectric
tensor of the hexagonal Li3N is diagonal and retains two
independent components: €,, = €,, parallel to the Li;N plane
(in-plane), and €, perpendicular to the Li;N plane (out-of-
plane).

The BSE (RPA) computed optical spectra of LizN are
illustrated in Fig. 3. These calculations are performed by
including the HSEO6 correction to the PBE one. In a gen-
eral comparison, the optical spectra of both Ime; and Ree;;
show considerable anisotropy between the in-plane and out-
of-plane components with distinct resonances in various
directions. The polarization dependence of the optical ab-
sorption originates from the structural anisotropy of LizN.
In fact, the symmetry and space orientation of the valence
and conduction bands would impose constraints on the op-
tical transition selection rules [46], causing the polarization
dependence of the optical absorption. The strength of the
interband transition contribution to Ime;; is proportional to the
product of the joint density of states (JDOS) and the electric
dipole transition moment matrix (v, |#|¥.), where v, and ¥
are the wave functions of the valence and conduction bands,
respectively, and 7 is the position operator.

As the VBM is mainly composed of N-p orbital and the
CBM is constructed from Li-s orbital, the electric dipole tran-
sition moment matrix is (s|7|p). The nonzero elements and
the electric dipole transition are determined by the optical
selection rules. At the I' point, the parity selection rule is
fulfilled due to the opposite parities of the VBM and CBM. As
the crystal structure has a mirror symmetry, R, = o, the VBM
and CBM have the same eigenvalues with respect to the mirror
reflection operation R, at the I' point. Therefore, at the I
point the electric dipole transition is symmetry-allowed for the

41( r

K r M K H A T

FIG. 2. The calculated bulk electronic band structure of (a) LizN and (b) NasN (in PBE). The value of the Fermi energy for 0.1 holes/u.c.
is shown by a green solid line. The PBE gap of LizN is 1.04 eV while the gap is 2.12 eV within the HSE06. Other than the band-gap value, the
structures calculated by HSEO6 are remarkably similar to those obtained within the PBE in the vicinity of the Fermi energy.
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FIG. 3. The imaginary (a,b) and real (c,d) parts of the in-plane (top) and the out-of-plane (bottom) components of the macroscopic
dielectric function LizN. The optical spectra of both Ime;;(w) and Ree;;(w) show considerable anisotropy between the in-plane and out-of-plane
components with distinct resonances in various directions. The polarization dependence originates from the structural anisotropy of Li;N. The
BSE results are qualitatively different from those obtained within the RPA, especially in the lower part of the absorption. Moreover, the static
dielectric constants along the in-plane and out-of-plane are 5.78 and 5.64 for LizN, respectively.

in-plane polarized light, while the transition in the out-
of-plane direction is symmetry-forbidden under the mirror
symmetry R,. These symmetry constraints are responsible for
an anisotropy between the in-plane and out-of-plane com-
ponents of the dielectric tensors. The Ime,, has two main
structures above 2 and 6 eV, while the Ime_; has one structure
above 2 eV and decays more rapidly. As a result, the Ree,,
oscillates between positive and negative values providing the
required conditions for achieving a hyperbolic regime. Inter-
estingly, Li3N is transparent in most parts of the UV spectrum
for the out-of-plane polarization direction. As shown in Fig. 3,
the BSE results are qualitatively different from those obtained
within the RPA, especially in the lower part of the absorption
where the absorption onset is dominated by two intense peaks
formed by bound excitons with large oscillator strengths. The
analysis of the k-space distribution of the exciton weights
shows that the first excitation originates from the VBM to
the conduction band at the I point where the lowest-energy
excitation is produced by the transition between the highest
occupied band and the lowest-unoccupied band at the I" point.
The next excitations are mainly constituted by transitions
between the first (second) highest occupied band and the
lowest unoccupied band along the path I'-A (I"-K), close to
the I" point. Moreover, the static dielectric constants along
the in-plane and out-of-plane are 5.78 and 5.64 for LizN,
respectively. In considering the Ree;; of LizN, Figs. 3(c) and
3(d) show the negative values of the out-of-plane component
of the real part of the dielectric function only from 3.94 up
to 7.66 eV, which correspond to a high reflectivity region.

Most excitingly, the in-plane component of Ree;; is mostly
positive in this region, while it goes through a high reflectivity
region outside of the region. As the in-plane and out-of-plane
components of Ree;; cross zero at different frequencies, LizN
fulfills the necessary conditions for type-I (Ree,, > 0 and
Ree,, < 0) and -II (Ree,, < 0 and Ree_, > 0) indefinite per-
mittivity media.

There are three clear type-II hyperbolic frequency regimes
in the visible region (from 3.1 to 3.54 eV) and ultraviolet (UV)
regime, including a narrow (from 8.23 to 8.5 eV) and a wide
(from 8.67 to 12.48 eV) window as shown in Fig. 4(a). The
wide type-I hyperbolic frequency regime is located between
4.51 and 7.66 eV. The type-I hyperbolic window supports
propagating diffraction-limited and subdiffraction waves,
while the type-II hyperbolic region only supports the latter.
The relative intensity of the subdiffraction and diffraction-
limited waves in transmission through Li;N can be tuned
by modifying the type of hyperbolic window providing a
unique platform to the definitive experimental study of exotic
phenomena such as the anti-cutoff [47]. An ideal hyperbolic
material should be nearly lossless in the hyperbolic window.

We show, on the other hand, the energy loss function of
LisN in Fig. 4(b). The energy loss function, L(e(gq, ®)) =
Im( — 1/e(q, w)), which determined the energy loss of a fast
electron moving across a medium, is a complicated mixture of
interband transitions and plasmons. Interband transition peaks
are related to the peaks of Ime;, while the plasmon peaks
correspond to zeros of the Ree;;. The plasmon peak of the loss
function is larger if Ree;; is zero and Ime;; is a significantly

035425-4



NATURAL HYPERBOLICITY IN LAYERED HEXAGONAL ...

PHYSICAL REVIEW B 103, 035425 (2021)

20

b - 8ZZ (a) 1

15 - exx )

310 :
= |

w 5 i

)
o I
0
-5t i
0 3 6 9 12 15

ho (eV)

3l — in-plane (b) |
— out-of-plane 1

Loss function
N

—_

0 3 6 9 12 15
ho (eV)

FIG. 4. (a) The real part of the dielectric tensor and (b) the energy loss function to in-plane (x-polarized) and out-of-plane (z-polarized)
incident light for Li3N. The spectral regions for type-I and -II hyperbolicity are marked with a green and yellow background, respectively.
Three type-II hyperbolic frequency regimes are in the visible region (from 3.1 to 3.54 eV) and the ultraviolet (UV) region, including a narrow
(from 8.23 to 8.5 eV) and a wide (from 8.67 to 12.48 eV) window. Interband transition peaks in panel (b) are related to the peaks of Ime;(w),
while the plasmon peaks correspond to zeros of Ree;;. Notice that the plasmon excitation is located out of the hyperbolic windows.

small value. As shown in Fig. 4(b), both components of the
loss function show negligible values in the entire hyperbolic
energy window except a broad plasmon peak with a small
intensity above 7.5 eV. This plasmon excitation is actually
located out of the hyperbolic windows. Therefore, Li3N is a
low loss in hyperbolic frequency regimes making it an ideal
natural hyperbolic material. The origins of the hyperbolic
response regimes can be detected by considering the optical
transitions between the valence and conduction bands in the
hyperbolicity windows, shown in the electronic band structure
in Fig. 3.

Due to the Kramers-Kronig relation [48] between the real
and imaginary parts of the dielectric function, the high oscil-
lator strength resonances of Ime,, and Ime, at 2.8 and 3.7 eV
are responsible for the negative permittivity in Ree,, and Ree_,
at 3.1 and 3.9 eV in Fig. 4(a). These intense peaks in Ime,,
and Ime_, are related to the interband transitions between the
valence and conduction bands along I'-A and L-A (see Fig. 2).
The band structure of the system determines the occupied and
unoccupied bands nearly parallel to each other in these do-
mains, and therefore they have the same dispersions, resulting
in a constant energy difference between the conduction and
valence bands [|Vk(E. — E,)| = 0] [49]. As the JDOS can be
expressed in terms of |Vk(E. — E,)| [49],

1 f dSi
272 ) |IVk(E. — E))|’

where Sy is the constant energy surface defined by E. — E, =
const, thereby the JDOS and absorption are significantly large
along the I'-A and L-A directions.

As before, the polarization dependence of the negative
permittivity window (absorption) along the I'-A and L-A di-
rections is dictated by symmetry constraints and transition
selection rules. The point groups along the high-symmetry
lines I'-A and L-A are D¢, and C,,, which have a horizontal
mirror plane o4 (R, = 0;) and a vertical mirror plane o,
respectively. The VBM and CBM have the same eigenvalues
with respect to the mirror reflection operation R, along the I'-
A direction, while they maintain the same parity with respect

(N

to the vertical mirror plane o, along L-A. These constraints
make the z-polarized transitions (x-polarized transitions) for-
bidden along I'-A (L-A), causing the strong anisotropic
dielectric tensors that represent the required condition for
hyperbolicity.

Furthermore, under tensile-strain along the z-axis, the band
gap of Li3 N becomes smaller so the onset of the hyperbolic re-
gion moves to lower energy and gets inside the visible region
as described in Fig. 5. In addition, the hyperbolic windows
are redshifted and become broader (narrower) in the visible
(UV) region by increasing (decreasing) the lattice constant
c. Inversely, under compressive strain, the spectral range of
hyperbolicity moves to the UV region and becomes smaller
due to the band gap increasing.

Having extensively explored the optical properties of LizN,
we now investigate the possible existence of hyperbolicity
in related alloys such as Li;KN crystal structures. The lat-
tice constants and internal coordinates of Li,KN were fully
optimized, and the obtained results (a = b = 3.713 and ¢ =
5.701 A) are completely consistent with the previous report
[50]. Our calculations show that replacing a Li-ion on top of
N with potassium (K) atoms reduces the interactions between
the N-p, and K-s orbitals, leading to the reversal of the band
ordering between the conduction and valence bands at the
center of the first BZ of LizN (see Fig. 6). In comparison
to LizN, the spectral range of hyperbolicity is smaller and
located below 6 eV in Li;KN. In Li, KN, the type-I hyperbolic
frequency regime is broader than the type-II hyperbolic win-
dow with a hyperbolicity onset in the visible region at 2.3 eV,
which is highly desirable in light device applications. The
transition from type-I to type-II occurs at 2.79 eV, where Ree,,
and Ree,, become zero with an opposite sign slope. The same
scenario happens at 4.2 eV and type-II transforms into type-I
indefinite permittivity media. The type-I hyperbolic frequency
regime extends up to 5.3 eV. This interesting arrangement of
various types of hyperbolic regimes makes Li, KN an ideal
tunable natural indefinite permittivity media where the type
of hyperbolicity can be selected by tuning the energy of light.
Furthermore, the loss function components show small values,
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FIG. 5. The imaginary (a,b) and real parts (c,d) of the dielectric tensor to the in-plane (x-polarized) and out-of-plane (z-polarized) incident
light for +6% (a,c) and —6%(b,d) strained Li;N under tensile-strain along the z axis. The spectral regions for type-I and -1I hyperbolicity
are marked with a green and yellow background, respectively. The band gap becomes smaller in +6% strained Li;N (a,c) so the onset of the
hyperbolic region moves to lower energy and gets inside the visible region. In addition, the hyperbolic windows are redshifted and become
broader (narrower) in the visible (UV) region by increasing (decreasing) the lattice constant c.

which means that there is almost no energy loss when the
material is hyperbolic.

Finally, we consider the tunability of the optical properties
of LisN by regulating its Fermi level with doping. We consider
0.1 holes per unit cell by setting the Fermi energy to 0.17 eV
below the VBM (see Fig. 2). As the Fermi level crosses two
valence bands perpendicular to the z-direction, an intense
peak appears in Ime,, at ~0.1 eV (Fig. 7). In comparison
to pristine LizN, under hole doping the x-polarized interband
absorption above 2 and 6 eV becomes weaker and broader
than the corresponding ones in pristine LizN. As a result, the
negative values of the in-plane component of the real part
of the dielectric function are less pronounced in hole-doped
LisN causing the blueshift in type-II hyperbolic regimes. Our
results show that the type-II hyperbolic frequency regime
appears in the UV region (from 8.9 to 12.1). However, the
main intense peak of Ime,, is preserved and redshifted in
hole-doped LisN. Therefore, the type-1 hyperbolic frequency
regime is located between 3.8 and 7.2 eV. The loss function of
hole-doped Li3;N reflects perfectly the anisotropic electronic
structures. Up to 5 eV the out-of-plane component of the loss
function is nearly zero while the in-plane component has two
small peaks. From 6 to 10 eV, the situation gets reversed and
the out-of-plane component of the loss function exhibits a
small peak in the vanishing region of the in-plane component.
However, neglecting the peak around 7 eV, the loss function
is negligible up to 11 eV.

IV. DISCUSSION AND CONCLUSION

Natural two-dimensional materials with anisotropic opti-
cal response are considered to be promising candidates for
hosting a hyperbolic isofrequency surface. In addition, two-
dimensional materials are characterized with highly confined
and low-loss polaritons that can be additionally tuned with
field effect techniques as well as with strain. In the present
work, we provide a detailed ab initio study on an anisotropic
optical response in hexagonal crystal structures. Using density
functional theory and symmetry analysis, we have proposed
a- and B-type hexagonal layered crystal structure as a new
class of hyperbolic material where the hyperbolicity arises
from weak Coulombic interactions between adjacent layers
compared with interactions within a specific layer, in addition
to symmetry constraints and transition selection rules. A com-
prehensive study of optical properties introduces this class
of materials as a new natural hyperbolic material in which
the type of hyperbolicity can be selected by changing the
frequency of light. More excitingly, the hyperbolicity in these
materials can be tuned using lattice strain along the z-axis
and doping as well. Furthermore, the many-body effects on
the dielectric functions are discussed. We have also shown
that this class of materials are a low loss in hyperbolic
frequency regimes, making them ideal natural hyperbolic
materials. Our findings here can be explored by current
experiments.
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FIG. 6. (a) The calculated bulk electronic band structure and (c) the energy loss function to the in-plane (x-polarized) and out-of-plane
(z-polarized) incident light for Li, KN. (b) The imaginary and (d) real parts of the dielectric tensor to the in-plane (x-polarized) and out-of-plane
(z-polarized) incident light for Li,KN. The spectral regions for type-I and -II hyperbolicity are marked with a green and yellow background,
respectively. The type-I hyperbolic frequency regime is broader than the type-II hyperbolic window with a hyperbolicity onset in the visible

region at 2.3 eV. The transition from type I to type II occurs at 2.79 eV, where Ree,,(w) and Ree,,(w) vanish with an opposite sign slope.
Furthermore, the loss function components show small values, meaning that there is no energy loss when the material is hyperbolic.

Ultimately, we would like to emphasize potential viable ap-
plications of «- (8-) type hexagonal layered crystal structures
in comparison with layered transition metal dichalcogenides
(TMDs) [51]. First of all, as discussed in this paper, this

new class of hyperbolic materials exhibits both type-I and
type-II hyperbolicity over the wide range of frequencies
rarely found in nature [51]. As a result, the type of hy-
perbolicity can be selected by tuning the energy of light.

I —iri-planel:
—out-of-plane

- (b) »

(c)

»
*
-
[$))
T

Loss function

ho (eV)

ho (eV)

FIG. 7. (a) The imaginary and (b) real parts of the dielectric tensor to the in-plane (x-polarized) and out-of-plane (z-polarized) incident light
for hole-doped (0.1 holes/u.c.) Li3N. The spectral regions for type-I and -II hyperbolicity are marked with a green and yellow background,
respectively. (c) The energy loss function for in-plane and out-of-plane incident light. Under hole doping, the x-polarized interband absorption
above 2 and 6 eV becomes weaker and broader than corresponding ones in pristine Li;N. The negative values of the in-plane component of
the real part of the dielectric function are less pronounced in hole-doped Li;N. The loss function reflects the anisotropic electronic structures.
Up to 5 eV, the out-of-plane component of the loss function is nearly zero while the in-plane component contains two low intensity peaks.
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Secondly, a previous study showed that the low losses, which
are mainly responsible for the large Purcell factor in the
hyperbolicity regime, only meet at the metallic TMDs where
the conduction bands are sufficiently separated from other
bands by finite energy band gaps. However, our calculations
show that a- (B-) type crystal structures, both metallic and
semiconductor, are nearly lossless in the hyperbolic win-
dows. Most importantly, in «- (8-) type crystal structures,
the impressive dependency of the conduction band on the
lattice constant ¢ provides the hyperbolicity tunability in

these hexagonal structures under strain, doping, and alloying,
which are more plausible than heterostructures of standard
TMDs.
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