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The emergence of two-dimensional (2D) hyperbolic materials, characterized by opposite-sign optical
conductivities along two orthogonal axes within a specific band (known as the hyperbolic region), opens
an avenue for optical device engineering. Broadening the hyperbolic region is essential for cutting-edge
photonic applications. In this study, based on a correlation between the hyperbolic region and anisotropic
electronic structures, we propose a strategic framework for identifying 2D natural hyperbolic materials
(NHMs) with broadband hyperbolicity. Using this framework, we engineered a 2D lattice incorporating
p and d orbitals, and discovered a series of 2D NHMs, MYZ (M = Co, Pd, Ru, Rh; Y = S, Se, Te; and
Z = Cl, Br, I). These materials exhibit broadband hyperbolicity that extends from the near-infrared to the
visible-light spectrum. We have confirmed the directional propagation of surface plasmon polaritons on
these 2D materials based on Maxwell’s equations. Our findings pave the way for future exploration and
practical deployment of 2D NHMs in advanced technological applications.
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I. INTRODUCTION

Surface plasmon polaritons (SPPs), which occur at
the interface between a metallic material and a dielec-
tric medium, represent collective oscillations of the free
electrons in a metallic medium coupled with an electro-
magnetic field, enabling subwavelength waveguiding and
substantially amplifying light-matter interactions [1–4].
The dispersion relation of SPPs is distinct from that of light
in a dielectric medium or plasmons in metals alone. Mate-
rials that support SPPs with hyperbolic isofrequency con-
tours (IFCs) within a specific band (hyperbolic region) are
classified as hyperbolic materials. This unique hyperbolic
dispersion leads to exceptional optical phenomena, such
as all-angle negative refraction [5,6]. Initially achieved
in artificially engineered metamaterials, hyperbolic IFCs
have opened the door to a wide range of applications,
such as superresolution imaging [7,8], enhanced light-
matter interactions [2,3,9], near-field radiative heat transfer
[10,11], plasmonics, surface-enhanced spectroscopy
[12,13], and advancements in terahertz devices [14,15], as
well as photonic band gap engineering [16–18].

The emergence of two-dimensional (2D) materials has
revolutionized the search for hyperbolic materials, driven
by their distinctive electronic structures and unique plas-
monic characteristics. These materials present a low damp-
ing rate, high confinement, and exceptional tenability
[19–22]. Unlike engineered metasurfaces, 2D natural
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hyperbolic materials (NHMs) benefit from their atomic-
scale periodicity, which facilitates the production of large
wave vectors without the complexity of intricate surface
patterning [23]. The hyperbolic IFC fosters the propaga-
tion of large wave-vector waves, leading to an increased
photonic density of states [24,25]. Particularly intriguing
is the ability of 2D hyperbolic materials to guide direc-
tional SPPs confined to subwavelength dimensions, which
enhance light-matter interaction at the nanoscale. These
distinctive properties have profound implications for a
diverse array of applications, spanning sensing, nonlinear
optics, and integrated photonic circuits [26–28].

Several 2D materials such as black phosphorus [29,30],
WTe2 [31,32], and α-MoO3 [33,34] have been identi-
fied, either theoretically or experimentally, as NHMs. The
hyperbolic behavior observed in these materials is primar-
ily ascribed to their highly anisotropic electronic struc-
tures. However, a comprehensive understanding of the
connection between the hyperbolic region and these elec-
tronic structures is not fully established. Enhancing the
hyperbolic bandwidth of 2D materials to satisfy the exact-
ing demands of functional devices remains an intricate and
demanding endeavor.

In this study, we set up a direct connection between
the hyperbolic region and the anisotropic electronic struc-
ture of 2D materials, providing a foundational prin-
ciple for the engineering of the hyperbolic region
in 2D NHMs. We construct a 2D lattice model
of p and d orbitals, which exhibits a pronounced
anisotropic electronic structure and significant hyperbolic
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characteristics stemming from anisotropic orbital ordering.
Utilizing this model, we identify a series of 2D NHMs,
denoted as MYZ (M = Co, Pd, Ru, Rh; Y = S, Se, Te;
and Z = Cl, Br, I), that display broadband hyperbolicity
through first-principles calculations. The hyperbolic dis-
persion in these materials extends from the near-infrared
to the visible-light spectrum. Additionally, we confirm
the directional propagation of SPPs on these 2D materi-
als by applying Maxwell’s equations. Our findings offer a
promising platform for both the investigation and practical
deployment of 2D NHMs.

II. METHOD AND COMPUTATIONAL DETAILS

First-principles calculations are performed using the
Vienna ab initio simulation package (VASP) [35] in com-
bination with the grid-based projector-augmented wave
(GPAW) code [36,37]. Density-functional theory (DFT)
with the PAW method [38] is employed to account for ion-
electron interactions. The Perdew, Burke, and Ernzerhof
generalized gradient approximation exchange-correlation
functional [39] is utilized to ensure self-consistency. Plane
waves with an energy cutoff of 500 eV are employed
to expand the Kohn-Sham wave function. To eliminate
interactions between neighboring images, we introduce
a vacuum space with a thickness of 30 Å along the z
direction. Structural relaxation and electronic properties
calculations are performed using a 7 × 11 × 1 k-points
mesh and an energy convergence criterion of 10−6 eV
is set. Atomic coordinates and lattice vectors are fully
relaxed until the Hellmann-Feynman forces a threshold
of 0.01 eV/Å, without any symmetry constraints. These
computational settings effectively converge to determine
optimized lattice parameters and electronic properties of
the investigated 2D materials.

III. RESULTS AND DISCUSSION

A. Theory for hyperbolicity in 2D materials

1. 2D optical conductivity model

We begin with a minimal model for the optical conduc-
tivity tensor for an anisotropic medium:

σ =
(

σxx 0
0 σyy

)
. (1)

Within the limits of homogeneity and local response,
the optical conductivity tensor becomes a function of
frequency ω, no longer dependent on the wavevector
q [40,41]. They can be evaluated using the following
expression:

σjj (ω) = σ intra
jj (ω) + σ inter

jj (ω)

= i
(ω + iγ )

∑
k,l

(
∂Ek,l

∂kj

)2 (
− ∂f

∂Ek,l

)

+ i
∑
k,l�=l′

f (Ek,l′) − f (Ek,l)

Ek,l′ − Ek,l

×
∣∣〈k, l| υ̂j |k, l′〉∣∣2

(Ek,l′ − Ek,l) − (ω + iη)
, j = x, y. (2)

The first and second terms denote the contributions
stemming from intraband and interband transitions, as
described by the Drude model [42] and the Kubo formal-
ism [43], respectively. Ek,l and |k, l〉 denote the eigenvalue
and eigenvector of the state of band l at k point, υ̂j =
∂/∂kj represents the velocity operator, f (Ek,l) is the Fermi-
Dirac distribution function, and γ and η are the damping
rates of the intraband transition and interband transition,
respectively.

At T = 0 K, −∂f /∂Ek,l can be replaced by δ(Ek,l − EF)

according to the Sommerfeld expansion [44,45], where
EF is the Fermi energy, and the contribution of intraband
transitions to optical conductivity simplifies to

σ intra
jj (ω) = i

π

Djj

(ω + iγ )
, (3)

with Djj = πρ(EF )ῡ2
j . ρ(EF) = ∑

k,l δ(Ek,l − EF) is the
electron density of states at the Fermi level. ῡ2

j is the aver-
aged square of Fermi velocity along the j direction, defined
by ῡ2

j = (1/(2π)2)
∑

l

∫
glυ

2
j (k)δ(Ek,l − EF)d2k/ρ(EF)

[46]. Here, υj = ∂Ek,l/∂kj represents the electron veloc-
ity along the j direction and gl denotes the degeneracy of
band l.

Taking into account the electron transition between two
bands, l, l′ ∈ (1, 2), that predominate in the contribution
to optical conductivity within a specific frequency range,
and presuming that the peak values of

∣∣〈k, 1| υ̂j |k, 2〉∣∣2 are
focused in a distinct region of k space characterized by the
transition energy of Ek,2 − Ek,1 = ωb, the contribution of
interband transitions can be distilled to a simpler form:

σ inter
jj (ω) ≈ i

π

Sjj ω

ω2 − ω2
b + iηω

, (4)

with

Sjj = 2π
∑

k

f (Ek,1) − f (Ek,2)

Ek,2 − Ek,1
× ∣∣〈k, 1| υ̂j |k, 2〉∣∣2.

Thus, the total optical conductivity, resulting from both
interband and intraband transitions, can be expressed as

σjj (ω) ≈ i
π

Djj

(ω + iγ )
+ i

π

Sjj ω

ω2 − ω2
b + iηω

. (5)

This expression has garnered extensive use in deciphering
experimental results [47]. The correlation between elec-
tronic structures and the two parameters established in this
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study offers a compelling strategy for modulating optical
conductivity in 2D materials.

2. Hyperbolic region in 2D materials

We then consider the eigenmodes of SPPs con-
fined within a 2D material (x-y plane) characterized by
ei(qxx+qy y)e−pz (for z > 0) and ei(qxx+qy y)epz (for z < 0). The
dispersion relations of the SPPs are characterized by the
following expression [29,48]:

(q2
x − k2

0)σxx + (q2
y − k2

0)σyy = 2ipω(ε0 + μ0σxxσyy/4).
(6)

In this expression, ε0, μ0, and k0 = ω
√

ε0μ0 represent the
permittivity, permeability, and wave number in vacuum,
p =

√
q2

x + q2
y − k2

0. For scenarios with low damping,

Imσ 	 Re σ , Eq. (6) reduces to

(q̃2
x − 1)/Imσyy + (q̃2

y − 1)/Imσxx = κ(q̃2
x + q̃2

y − 1)1/2,
(7)

with q̃x = qx/k0, q̃y = qy/k0, and κ = (2ε0/(μ0 Im σxx ×
Im σyy) − 1/2) × (ε0/μ0)

−1/2. Notably, in the frequency
region of Im σxx × Im σyy < 0 (hyperbolic region), Eq. (7)
leads to hyperboliclike IFCs, as illustrated in Figs. 1(a)
and 1(b). Furthermore, in the limit of |q̃x| 	 1 and |q̃y | 	
1, there are two asymptotic lines given by q̃2

x/Im σyy +
q̃2

y/Im σxx = 0. This observation implies that the direction
of propagation for SPP beams, which is determined by the
group velocity normal to the contour line, can be character-
ized by an angle of ϕ = ±tan−1|Im σyy/Im σxx|1/2 relative
to the x direction.

In Figs. 1(c) and 1(d), the relationship between the
hyperbolic region and the zero crossing points (ω0,j ) of
optical conductivity, as defined by Eq. (5), is depicted for

(a) (c)

(b) (d)

(a
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ts
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FIG. 1. Schematic representations of IFCs and hyperbolicity. Diagrams of hyperbolic IFCs given by Eq. (7) with (a) Im σxx < 0
and Im σyy > 0 and (b) Im σxx > 0 and Im σyy <0. The red dotted lines indicate the asymptotic lines of the dispersion relations.
The relationship between the hyperbolic region and the zero crossing points (ω0,j ) of optical conductivity given by Eq. (5) for (c)
Dxx = Sxx = 1, Dyy = 0.1, Syy = 1 and (d) Dxx = 1, Sxx = 0.01, Dyy = 0.1, Syy = 1. The damping rates for the intraband transitions and
interband transitions are set to γ = 0.01 eV and η = 0.2 eV, respectively. The interband transition energy is set to ωb = 2.0 eV.
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two distinct scenarios. In Fig. 1(c), the optical conductiv-
ity in the y direction is primarily influenced by interband
transitions, whereas both the intraband and interband tran-
sitions have comparable impacts on optical conductivity in
the x direction. Figure 1(d) highlights the predominance
of intraband transitions affecting the optical conductivity
in the x direction, while the interband transitions dominate
the optical conductivity in the y direction.

Neglecting damping (γ = η = 0), the zero crossing
points (ω0,j ) of Eq. (5) satisfy

ω0,j = ωb√
1 + Sjj /Djj

. (8)

It becomes evident that a larger disparity between Sxx/Dxx
and Syy/Dyy results in a broader hyperbolic region.
Notably, Sjj /Djj ∝ ∣∣〈k, 1| υ̂j |k, 2〉∣∣2

/ῡ2
j . The anisotropy of

ῡ2
j is determined by the distribution of Fermi veloc-

ity around the Fermi contour, while
∣∣〈k, 1| υ̂j |k, 2〉∣∣2 is

related to the symmetries of |k, 1〉 and |k, 2〉. The connec-
tion between the hyperbolic region and electronic struc-
tures presents a viable strategy for engineering of 2D
hyperbolic materials. Intuitively, a Fermi contour with
pronounced anisotropy that gives rise to a significant
difference between ῡ2

x and ῡ2
y is conducive to the emer-

gence of a broadband hyperbolicity.

B. A tight-binding model for an anisotropic p-d lattice

To design a highly anisotropic electronic band structure,
we employed dx2−y2 and px orbitals, and placed them alter-
nately in a 2D rectangular lattice, as depicted in Fig. 2(a).
Notably, this model exhibits significant anisotropic orbital
ordering due to the anisotropic px orbitals separated by
dx2−y2 orbitals. The electron hopping between adjacent
sites along the x direction is characterized by t, while
the next-nearest hoppings are characterized by t′ and t′′,
as illustrated in Fig. 2(a). The on-site energy difference
between the dx2−y2 and px orbitals is denoted by �.
Notably, electron hopping along the y direction between

(a)

(b)

(c)

(d)

FIG. 2. Tight-binding model for the 2D lattice of dx2−y2 and px orbitals. (a) Schematic representation of orbital arrangement and
hopping between them. (b) Tight-binding band structure with t′ = t′′ = 0.1t and Δ = t. The dotted line represents the position of the
Fermi level. (c) The averaged square of Fermi velocity (ῡ2

F ,j ) along the x and y directions with respect to the tight-binding parameters.
(d) The contours of the Fermi surface. The rectangle indicates the Brillouin zone characterized by the high-symmetry points: �(0,0),
X (π /a, 0), Y(0, π /b), and S(π /a, π /b).
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adjacent sites is prohibited, owing to the orthogonality
between dx2−y2 and px along this direction [49]. This leads
to a tight-binding (TB) Hamiltonian as follows:

HTB(k) =

⎡
⎢⎣

�/2 f12 f13 0
f12 −�/2 0 f24
f13 0 �/2 f12
0 f24 f12 −�/2

⎤
⎥⎦ , (9)

with f12(k) = 2t cos(kxa/2), f13(k) = 2t′[cos(kxa/2 +
kyb/2)+ cos(kxa/2−kyb/2)], and f24(k)=2t′′[cos(−kxa/

2 + kyb/2) + cos(kxa/2 + kyb/2)]. Diagonalizing the TB
Hamiltonian, we can get the electronic band structure, as
depicted in Fig. 2(b). In the �-X direction, which corre-
sponds to the x direction, we observe two dispersive bands,
distinguished by their high electron velocities. Consider-
ing the correlation between Drude weight Djj and electron
velocity ῡ2

j , this results in a high electron optical conduc-
tivity along the x direction. In the �-Y direction, however,
the bands are rather flat, indicating low electron velocities
and thus low optical conductivity along the y direction.
This phenomenon can be attributed to the prohibited p-d
electron hopping along this direction. The anisotropy of the
electronic band structure is more evident from the shape of
Fermi contours. Setting the Fermi level to the position that
crosses the dispersive bands with EF = −t, we obtain two
slender-olive-like Fermi contours, as depicted in Fig. 2(d).
Because the direction of Fermi velocity is perpendicular to

the Fermi contour, such a slender-olive-like Fermi contour
results in a larger ῡ2

F ,x than ῡ2
F ,y , as illustrated in Fig. 2(c).

Although this TB mode does not include the contribution
of interband transition to optical conductivity, the large
difference between ῡ2

F ,x and ῡ2
F ,y definitely promotes a pro-

nounced anisotropic electronic response and consequently
a broad hyperbolic region.

C. Electronic structure and optical conductivity of
Pd-S-Cl monolayer

To verify the hyperbolic nature of our TB model, we
examine a Pd-S-Cl monolayer sourced from the Com-
putational 2D Materials Database [50]. This monolayer
exhibits a rectangular lattice with the layer group of
pmmn (no. 46). The optimized lattice constants are respec-
tively a = 5.20 Å and b = 3.46 Å, encompassing two Pd,
two S, and two Cl atoms within each unit cell. It con-
sists of a buckled Pd-S atomic layer sandwiched by the
two outermost Cl atomic layers, as depicted in Fig. 3(a).
Within the Pd-S layer, each Pd (or S) atom is fourfold-
coordinated by S (or Pd) atoms. Along the y direction,
each Cl atom is bonded to two Pd atoms. The stability of
the Pd-S-Cl monolayer is verified from the phonon spec-
trum and molecular dynamics simulations, as depicted in
Fig. S1 in the Supplemental Material [51]. Notably, the
buckled Pb-S layer bears a resemblance to the lattice struc-
ture in our TB model. Notably, similar lattice structure of

(a)

(b)

(c)

(d)

FIG. 3. Lattice and electronic structures of Pd-S-Cl monolayer. (a) Lattice structure of Pd-S-Cl monolayer viewed from [001],
[100], and [010] directions. (b) The electronic band structure of Pd-S-Cl monolayer. The energy at the Fermi level is set to zero.
(c) The isosurfaces of the charge density for the states at the Fermi level. (d) The contours of the Fermi surface.
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2D Cr-S-Br materials has been synthesized and extensively
investigated in experiments [52–54].

The electronic structures of the Pd-S-Cl mono-
layer obtained from DFT calculations are presented in
Figs. 3(b)–3(d). The electronic bands in the proximity to
the Fermi level, as depicted in Fig. 3(b), exhibit signif-
icant anisotropy, with pronounced dispersion along the
�-X direction and flatter profiles along the �-Y direc-
tion. Specifically, along the �-X direction, two disper-
sive bands cross the Fermi level, whereas a band gap of
about 1.23 eV emerges along the �-Y direction, resem-
bling the bands of the TB model. Further analysis indicates
that the two dispersive bands (3 and 4) are contributed
mainly by the dx2−y2 orbital of Pd and the px orbital of
S atoms, as illustrated in Fig. S2 in the Supplemental
Material [51], which form a conducting channel along
the x direction, as evidenced by the Kohn-Sham electron
wave functions, as depicted in Fig. 3(c). The pronounced
anisotropy in electronic structure near the Fermi level is
also evidenced by the emergence of two slender-olive-like
Fermi contours, as illustrated in Fig. 3(d). These find-
ings are well consistent with the TB model. Interestingly,
anisotropic electronic properties characterized by a quasi-
one-dimensional system have been observed in the van
der Waals layered Cr-S-Br semiconductor [52–54]. Our
TB model captures the anisotropic electronic band struc-
tures of monolayer Cr-S-Br. The semiconducting nature

of Cr-S-Br is attributed to the lower valence electron
count of Cr atoms compared with Pd. In particular, the
observational evidence highlights the presence of steady-
state hyperbolic exciton polaritons in Cr-S-Br, which is
attributed to the anisotropic exciton resonances [55].

We then evaluate the optical conductivity tensor of
the Pd-S-Cl monolayer using Eq. (5) with both Ek,l and
|k, l〉 being obtained from first-principles calculations. The
real and imaginary components of the optical conduc-
tivity tensor are separately illustrated in Fig. 4(a). The
imaginary component of optical conductivity (Im σjj ) sig-
nifies a material’s response to an electric field, whereas
the real component (Re σjj ) quantifies the extent of energy
dissipation caused by light absorption along the j direc-
tion. Within the frequency range of 0.50 < ω < 2.85 eV,
the Pd-S-Cl monolayer exhibits a hyperbolic feature with
Imσxx > 0 and Im σyy <0, spanning from the near-infrared
region to the visible regime. Furthermore, within this
hyperbolic region, both Reσxx and Re σyy remain small,
except for a peak in Re σxx near 2.6 eV. The small real
parts of optical conductivity signify minimal light absorp-
tion losses, benefiting the propagation of SPPs in the
monolayer. The lattice parameters and hyperbolic proper-
ties of MYZ (M = Co, Pd, Ru, Rh; Y = S, Se, Te; and
Z = Cl, Br) monolayers are presented in Table S1 in the
Supplemental Material [51]. Notably, the optical conduc-
tivity spectra, despite their inability to be straightforwardly

(a)

(d) (e)

(b) (c)

FIG. 4. The relation between conductivity and electronic structures of Pd-S-Cl monolayer. (a) The conductivity of Pd-S-Cl mono-
layer in units of σ0 = e2/16�. Contributions of (b) intraband transitions and (c) interband transitions. (d) Bloch electron wave functions
of the six bands at the � point. (e) Squares of the TDMs of the interband transitions along the x and y directions for the six bands
identified in (d).
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fitted using Eq. (5) due to the multiple peaks resulting from
complex interband transitions, exhibit the characteristics
outlined in Fig. 1(d). This highlights the distinct contri-
butions of intraband transitions and interband transitions
along the x and y directions, a characteristic trait for these
2D hyperbolic materials.

Further insight into the roles of intraband and inter-
band transitions within the optical conductivity tensor
is provided in Figs. 4(b) and 4(c). In the context of
intraband transitions, Im σxx manifests significant metal-
lic response characteristics along the x direction, whereas
Im σyy remains negligible, signifying dielectric responses
along this direction. These features are well consistent with
the anisotropic electronic band structure of the Pd-S-Cl
monolayer. In the case of interband transitions, multi-
ple peaks emerge in the Re σyy spectrum, whereas Re σxx
becomes negligible, as depicted in Fig. 4(c). These peaks
verify the substantial contributions of interband transitions
to the optical conductivity tensor along the y direction,
leading to the reduction of Im σyy values to negative within
a specific frequency region, according to Eq. (5).

The peaks of Re σyy originate from electron transi-
tions from the fully occupied bands (1 and 2) to the
empty bands (5 and 6), as labeled in Fig. 3(b), and

thus are constrained by the symmetries of these bands.
Further analysis indicates that the electron wave func-
tions of bands 1 and 2 have even parity in both the
x and y directions, whereas those of bands 5 and 6
exhibit even parity along the x direction but odd par-
ity along the y direction, as depicted in Fig. 4(d).
Therefore, only 〈k, 1| ν̂y |k, 5〉, 〈k, 1| ν̂y |k, 6〉, 〈k, 2| ν̂y |k, 5〉,
and 〈k, 2| ν̂y |k, 6〉 have nonzero values, leading to the
anisotropic interband transitions in the Pd-S-Cl mono-
layer. This is also consistent with the direction-dependent
squares of the transition dipole moments (TDMs) for the
interband transition, as illustrated in Fig. 4(e). For the
interband transitions 1 → 5, 1 → 6, 2 → 5, and 2 → 6,
the TDMs along the y direction have greater values than
along the x direction. These results demonstrate the pro-
nounced contribution of interband transitions to electron
optical conductivity along the y direction compared with
that along the x direction, resulting in Syy 	 Sxx. Com-
bining with the different intraband transition contributions
along the x and y directions, Dxx 	 Dyy , owing to the
slender-olive-like Fermi contours, we have ω0,y �ω0,x,
and subsequently a broad hyperbolic region. One should
notice that Im σxx of the Pd-S-Cl monolayer maintains pos-
itive values within the frequency region considered in this

(a) (b)

(c) (d) (e)

FIG. 5. Surface plasmon polaritons on Pd-S-Cl nanosheet. (a) Schematic representation of the excitation of surface plasmons on a
Pd-S-Cl nanosheet using a vertically polarized electric dipole. (b) Isofrequency profiles of the surface plasmons on a Pd-S-Cl nanosheet
at frequencies of �ω = 0.12, 1.04, and 1.70 eV. (c)–(e) The spatial distribution of the electric field (E) for the surface plasmons at
different frequencies.
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work, owing to the weak interband transition effect along
the x direction. The interband transitions contribute to the
shift of Im σyy from negative to positive values, establish-
ing the upper boundary of the hyperbolic region, consistent
with the case of Fig. 1(d).

D. Hyperbolic SPPs in Pd-S-Cl monolayer

We conduct numerical simulations to investigate the
directional propagation of SPPs in the Pd-S-Cl monolayer.
The model consists of a Pd-S-Cl sheet with dimensions
of 100 × 20 nm2, positioned within a vacuum envi-
ronment. We employ a z-polarized dipole source located
1 nm above the sheet to excite SPPs, as illustrated
in Fig. 5(a). The numerical solution of Maxwell’s
equations is accomplished using a finite-difference time-
domain method [56]. We select three specific frequencies,
ω = 0.12, 1.04, and 1.70 eV. The corresponding opti-
cal conductivity tensors at these frequencies are obta-
ined from first-principles calculations, which are σ xx =
2.108 mS + 0.383i mS and σ yy = 0.107 mS + 0.011i mS,
σ xx = 0.0026 mS + 0.392i mS and σ yy = 0.0026 mS −
0.0559i mS, and σ xx = 0.00039 mS + 0.2217i mS and
σ yy = 0.00037 mS − 0.1826i mS, respectively. For the last
two frequencies within the hyperbolic region, the IFCs of
SPPs exhibit hyperbolic characteristics in the momentum
space, as depicted in Fig. 5(b). For ω = 0.12 eV, the IFC
exhibits a slender dumbbell shape orientating along the y
direction, owing to the exceptionally high anisotropy of
the conductivities along the x and y directions, Im σxx 	
Im σyy . These features are in consistent with Eq. (7).

The directional propagation of the SPPs in the Pd-S-Cl
sheet can be evidenced by the spatial distribution of elec-
tric field obtained by solving Maxwell’s equations using
the finite-element method, as illustrated in Figs. 5(c)–5(e).
For the SPPs at ω = 0.12 eV, the electric field is con-
fined within two narrow beams orientating along the
x direction. This aligns with the slender dumbbell IFC ori-
entating along the y direction. For ω = 1.04 and 1.70 eV
within the hyperbolic region, the electric field is confined
within four beams with an angle of 2ϕ = 16.23° and 78.95°
between them, which are consistent with the theoretical
predictions based on ϕ = ±tan−1|Im σyy/Im σxx|1/2. These
observations substantiate the directional propagation of
SPPs within the Pd-S-Cl monolayer.

E. Hyperbolicity of MYZ monolayers

The Pd-S-Cl monolayer boasts a wealth of ana-
logues, MYZ (M = Co, Pd, Ru, Rh; Y = S, Se, Te; and
Z = Cl, Br, I). These analogues share similar lattice struc-
tures and exhibit anisotropic electronic band structures
along the �-X and �-Y directions, as depicted in Fig. S3
in the Supplemental Material [51]. Notably, for Pd-Y-Z and
Ru-Y-Z monolayers, the electronic band structures near the
Fermi level can be effectively described by the TB model.

Co-S-Cl
Co-Se-Cl

Co-Te-Cl
Co-S-Br
Co-Se-Br

Co-Te-Br
Co-Sl
Co-Sel

Co-Tel
Pd-S-Cl

Pd-Se-Cl
Pd-Te-Cl

Pd-S-Br
Pd-Se-Br
Pd-Te-Br

Pd-Sl
Pd-Sel
Pd-Tel

Ru-S-Cl
Ru-Se-Cl
Ru-Te-Cl
Ru-S-Br

Ru-Se-Br
Ru-Te-Br
Ru-Sl

Ru-Sel
Ru-Tel

Rh-S-Cl
Rh-Se-Cl

Rh-Te-Cl
Rh-S-Br

Rh-Se-Br
Rh-Te-Br
Rh-Sl
Rh-Sel

Rh-Tel

FIG. 6. The hyperbolic regions of MYZ monolayers with
M = Co, Pd, Ru, Rh; Y = S, Se, Te; Z = Cl, Br, I obtained
from first-principles calculations.

It is not surprising to observe hyperbolic regions in these
analogues, as depicted in Fig. 6 and Fig. S4 in the Supple-
mental Material [51]. Most of these 2D materials showcase
hyperbolic regions that span the entire near-infrared to
visible spectrum, underscoring their potential for develop-
ing hyperbolic media and device applications. The broad
hyperbolic regions identified in these 2D materials validate
the design principles of 2D hyperbolic materials proposed
in this work, providing a rich pool of candidates for the
exploration of 2D hyperbolicity.

Finally, it is important to emphasize the correlations
between the Drude weight (Djj ) and Fermi velocity (ῡ2

j ),
and between the hyperbolicity band and the ratios of Djj
to Sjj as expressed in Eq. (8). These correlations offer
an effective strategy for rapidly prescreening 2D materi-
als with broadband hyperbolicity based on their electronic
band structures. Specifically, if a 2D material exhibits
dispersive bands with high Fermi velocity in one direc-
tion and relatively flat bands with low Fermi velocity in an
orthogonal direction, it would possess highly anisotropic
Drude weights. This would promote the formation of a
broad hyperbolic region, assuming Sjj exhibits weak or
inverse anisotropy, as illustrated in Figs. 1(c) and 1(d).
Obviously, this principle is effectively applicable to these
MYZ monolayers. Given that the electronic band structures
of 2D materials are readily available in numerous mate-
rial databases, our findings offer a practical method for
large-scale screening of 2D hyperbolic materials.
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IV. CONCLUSIONS

In summary, our study has demonstrated a definitive
relationship between the anisotropic electronic structure
and hyperbolic region in 2D NHMs. By introducing
the averaged square Fermi velocity as a descriptor for
electronic structure anisotropy, which correlates with the
Drude weight (Djj ) in optical conductivity, we have been
able to provide a deeper understanding of 2D NHMs. Our
proposed 2D lattice model, composed of p and d orbitals,
reveals a pronounced anisotropic electronic structure and
a significant hyperbolic nature due to anisotropic orbital
ordering. Utilizing this model, we have revealed a series
of 2D NHMs, denoted as MYZ (M = Co, Pd, Ru, Rh;
Y = S, Se, Te; and Z = Cl, Br, I), which showcase broad-
band hyperbolicity as confirmed by first-principles calcu-
lations. The hyperbolic dispersion in these materials spans
from the near-infrared to the visible-light spectrum. Fur-
thermore, we have validated the directional propagation
of SPPs on these 2D materials by applying Maxwell’s
equations. The exceptional hyperbolicity observed in these
materials can be ascribed to the highly anisotropic elec-
tronic structures, which are a consequence of anisotropic
orbital ordering within the lattices. Our research not only
elucidates the fundamental mechanisms that govern hyper-
bolic behavior in 2D materials but also provides a solid
foundation for future research and potential applications
of 2D NHMs in various technological domains.
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