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Hyperbolic materials are receiving significant attention due to their ability to support electromagnetic fields
with arbitrarily high momenta and, hence, to achieve very strong light confinement. Here, based on first-
principles calculations and many-body perturbation theory, we explore the characteristic of two-dimensional
plasmon modes and its hyperbolic properties for two phases of single-layer boron hosting tilted Dirac cone,
namely, the hr-sB and 8Pmmn borophene. In-plane anisotropy in borophene is manifested in the structural,
electronic, vibrational, and optical properties. We find two hyperbolic regimes for both phases of borophene,
where the high-energy one is located in the visible range. The hr-sB borophene is characterized with an intrinsic
high carrier density and it supports strong hyperbolic plasmon modes in the visible part of the spectrum.
The 8Pmmn borophene, on the other hand, resembles the prototypical Dirac material graphene and on carrier
doping acquires anisotropic Dirac plasmons in the mid-infrared. We have also investigated the impact of the
electron-phonon coupling and Landau damping on these hyperbolic plasmon modes. Our results show that
borophene, having high anisotropy, intrinsic high carrier concentration, low-loss hyperbolic Dirac plasmon
modes, and high confinement can represent a promising candidate for low-loss broadband surface plasmon
polariton devices.
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I. INTRODUCTION

Natural hyperbolic materials, with anisotropic dielectric
constants where the real parts of the principle components
have opposite signs, have recently attracted much atten-
tion [1–6]. These materials support electromagnetic modes
with large wave vectors and exhibit directionally propagating
polaritons with extremely large photonic density of states
(DOS) [2,7–9]. Polaritons in natural materials can be formed
when the light interacts with the intrinsic plasmons, phonons,
or excitons [10,11]. In contrast to the artificial metasurfaces,
where hyperbolic dispersion is limited to wave vectors smaller
than the inverse of the structure size, natural hyperbolic ma-
terials support high electromagnetic confinement and contain
no internal interfaces for the electrons to scatter off [2]. Nat-
urally occurring hyperbolic plasmonic media are rare, and
thus far they were experimentally verified to exist only in the
WTe2 thin film [12,13]. However, recent theoretical studies
have predicted attractive hyperbolic properties not only in
WTe2 [14] but also in black phosphorous [8,15,16], cuprates,
MgB2 [2], electrides [17], MoTe2 [18,19], layered hexagonal
crystal structures [20], and MoOCl2 [21]. In most cases, ideal
natural hyperbolic plasmonic material is required to possess
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high structural and electronic anisotropy, high carrier density,
and low plasmonic losses. Here we propose two phases of
borophene with such electronic and optical properties that
might be naturally suitable to serve as an efficient hyperbolic
plasmonic material.

Recently, two-dimensional (2D) boron with high free
charge carrier concentration emerged as a perfect 2D metal
with extraordinary electric, optical, and transport proper-
ties [22–31]. In fact, borophene, as an intrinsic 2D metal
with both high carrier density and high confinement, can be
a promising candidate for optical devices based on low-loss
broadband surface plasmon polaritons [29,31]. Until now, a
number of monolayer boron sheets have been theoretically
predicted and three types of borophene fabricated in the ex-
periment, i.e., strip, β12, and χ3 borophene [32,33].

In this paper, we investigate two phases of borophene,
namely, 8Pmmn and hr-sB. The first one represents a poly-
morph of borophene that hosts an anisotropic tilted Dirac
cone [34–37]. The Dirac cone was thus far confirmed to exist
in the β12 phase of borophene on Ag(111) [38] and indicated
in reconstructed borophene polymorph on Ir(111) [39]. The
second one, i.e., hr-sB, is a newly predicted boron monolayer
with two types of Dirac fermions coexisting in the sheet;
one type is related to Dirac nodal lines and the other is re-
lated to tilted semi-Dirac cones with strong anisotropy. This
new allotrope possesses a high stability compared with the
experimentally available δ6, β12, and χ3 sheets [40]. Here
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we investigate characteristics of 2D Dirac plasmons and its
hyperbolic properties for these two phases of borophene in the
framework of density functional theory (DFT) and many-body
perturbation theories. Our results show that both phases of
borophene support strong Dirac hyperbolic plasmons due to
their highly anistropic optical properties. Owing to the high
intrinsic carrier concentration, hyperbolic Dirac plasmons in
the hr-sB borophene are present also in the visible range. In
addition, we explore the coupling of Dirac plasmons with
phonons as well as with the electron-hole pairs from first
principles. This allows us to study the decay rates of plas-
mons in borophene and assess its efficiency both qualitatively
and quantitatively. Interestingly, we find extremely negligi-
ble plasmonic losses in the 8Pmmn borophene, which are
actually comparable to the losses in prototypical Dirac ma-
terial graphene. Therefore, these novel 2D hyperbolic Dirac
materials are promising and appealing for applications in plas-
monics.

This paper is organized as follows. The theory and com-
putational details are presented in Sec. II where we discuss
the optical absorption, phonon-induced damping, and electron
excitation spectrum in the system. Our numerical results and
discussions are given in Sec. III demonstrating the electron
band structure and hyperbolic optical features of monolayer
borophene systems. Our main results are summarized in
Sec. IV.

II. THEORY AND COMPUTATIONAL METHODS

Our first-principles calculations are based on the DFT
within the Quantum ESPRESSO package [41] using Perdew-
Zunger functional for exchange-correlation functional. The
plane-wave energy cutoff is fixed to 50 Ry. The 2D layers are
modeled in periodic cells with 20 Å vacuum in the direction
normal to the layer to reduce the interaction between periodic
images. The convergence criterion for energy is set to 10−8 eV
and the atomic positions are relaxed until the Hellmann-
Feynman forces are less than 10−4 eV/Å. The 2D Brillouin
zone (BZ) is sampled using 48 × 24 × 1 and 30 × 40 × 1 k-
point meshes for the hr-sB and 8Pmmn phases of borophene,
respectively. To accurately determine the electron-phonon
coupling (EPC) constants, we employed recently developed
Wannier interpolation technique [42], which has been im-
plemented in the EPW code [43]. To do so, the electronic
structure, dynamical matrices, and electron-phonon matrix
elements obtained from DFT and density functional pertur-
bation theory (DFPT) [44] were used as the initial data for
Wannier interpolation within the maximally localized Wan-
nier functions formalism.

A. Optical absorption, phonon-induced damping, and electron
excitation spectrum

In this section, we present a brief theoretical description
of optical absorption quantities in the long-wavelength limit
(q ≈ 0) by making use of the current-current response tensor
�μ(q, ω) calculated within DFT, where the electromagnetic
interaction is mediated by the free-photon propagator. The
thorough description of the method can be found in our previ-
ous works [45–47].

The optical conductivity can be calculated as σμ(ω) =
−i limq→0 �0

μ(q, ω)/ω, while the optical absorption is
given by A(q, ω) = −4h̄Im �μ(q, ω)/ω [45,46,48], where
�0

μ(q, ω) is a bare current-current tensor, while �μ(q, ω) is a
fully screened tensor.

To investigate the effects of phonons on the plas-
mon dispersion, we implement the formalism presented in
Refs. [48,49]. Optical excitations are first convenient to de-
compose into the intraband (n = m) and interband (n �=
m) contributions, i.e., �0

μ = �0,intra
μ + �0,inter

μ . The electron-
phonon scattering mechanism is then considered in the
intraband channel.

In the optical limit when q ≈ 0, the noninteracting inter-
band current-current response tensor is

�0,inter
μ (ω) = 2

V

∑
k,n �=m

h̄ω

En(k) − Em(k)

× ∣∣Jμ

nmk

∣∣2 fn(k) − fm(k)

h̄ω + iη + En(k) − Em(k)
, (1)

where Jμ

nmk are the current vertices, En(k) are the Kohn-Sham
energies, fn(k) is the Fermi-Dirac distribution function at
temperature T , μ are the polarization directions, and V is
the normalized volume. Further, the summation over k wave
vectors is carried on a 200 × 70 × 1 (180 × 240 × 1) grid for
hr-sB (8Pmmn) phase of borophene, n band index sums over
30 electronic bands.

The corresponding intraband contribution of current-
current response tensor can be written as the following
[48,50]:

�0,intra
μ (ω) = 2

V

ω

ω[1 + λph(ω)] + i/τph(ω)

∑
k,n

∂ fnk

∂Enk

∣∣Jμ

nnk

∣∣2
.

(2)

Here the effects of the EPC are contained in the temperature-
dependent dynamical scattering time and energy renormal-
ization parameters, i.e., τph(ω) and λph(ω), respectively. The
dynamical scattering time is given by [51,52]

h̄/τph(ω) = π h̄

ω

∫
dα2F ()

[
2ω coth



2kBT

−(ω + ) coth
ω + 

2kBT
+ (ω − ) coth

ω − 

2kBT

]
,

(3)

where kB is the Boltzmann constant and α2F () is the Eliash-
berg spectral function [48,49]

α2F (ω) = 1

2πN (eF )

∑
qν

δ(ω − ωqν )
γqν

h̄ωqν

, (4)

in which ωqν and γqν are the frequency and linewidth for
phonon mode ν at wave vector q; N (eF ) is the DOS at the
Fermi level. Finally, the dynamical energy renormalization pa-
rameter λph(ω) is obtained by performing the Kramers-Kronig
transformation of 1/τph(ω).

The total EPC constant can be determined by either BZ
summation or the frequency-space integration:

λ =
∑
qν

λqν = 2
∫

α2F (ω)

ω
dω, (5)
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where λqν is the mode- and momentum-resolved EPC con-
stant. Notice that the phonon properties (i.e., phonon energies
and electron-phonon matrix elements) needed for calculat-
ing α2F (ω) are obtained within the EPW code [43]. The
calculations of the EPC constants and Eliashberg function
are performed on dense grids of 400 × 200 (120 × 160) k-
and 80 × 40 (30 × 40) q-points for hr-sB (8Pmmn) phase
of borophene, which ensures the numerical convergence of
the results presented in this work. Having considered these
results, we can calculate the scattering rate by using Eq. (3)
and finally the phonon-induced plasmon decay for both phases
of borophene.

The electronic excitation spectra within the random-
phase approximation (RPA) for finite momentum (q > 0) are
calculated by means of charge-charge correlation function
formalism. The dielectric function in the RPA is given by

εGG′ (q, ω) = δGG′ −
∑
G1

vGG1 (q)χ0
G1G′ (q, ω), (6)

where the charge-charge correlation function is given by

χ0
GG′ (q, ω) = 2

V

∑
k,nm

fn(k) − fm(k + q)

h̄ω + iη + En(k) − Em(k + q)

× Mnk,mk+q(G) M∗
nk,mk+q(G′). (7)

Here G is the reciprocal lattice wave vector and vGG′ is the
bare Coulomb interaction. The charge matrix elements are
defined as

Mnk,mk+q(G) = 〈ψnk|e−i(q+G)r|ψmk+q〉V , (8)

where ψnk(r) are Kohn-Sham wave functions. The electron
energy loss spectrum is obtained by calculating

EELS = −Im[1/εGG′ (q, ω)]G=G′=0, (9)

which, in addition, contains plasmon poles at h̄ωpl as well as
the screened interband and intraband excitations. The corre-
sponding calculations are performed within the GPAW [53]
code using the PAW pseudopotentials with energy cutoff of
600 eV, LDA functional, and a 30 × 20 × 1 (20 × 30 × 1)
electron-momentum grid for hr-sB (8Pmmn). The denser k
grids are used for the summations performed in Eq. (7),
namely, 300 × 200 × 1 and 200 × 300 × 1 for hr-sB and
8Pmmn, respectively. We include up to 30 electronic bands,
η = 30 meV for the broadening parameter, and the cutoff is
10 eV for the G vectors. Notice we are convinced that ground-
state properties (i.e., electronic band structure) obtained from
the two separate DFT codes are practically identical.

III. RESULTS AND DISCUSSION

A. Electronic structure and vibrational properties of borophene

In Fig. 1 we display the optimized structure and elec-
tronic bands along the high-symmetry points for the hr-sB
and 8-Pmmn phases of borophene. The unit cells of both
phases are rectangular and contain eight atoms. In contrast to
the 8Pmmn phase with buckled structure, the hr-sB phase is
purely planar with stripes of hexagons and rhombs along the
x axis [see Fig. 1(a)]. The boron atoms are called Bh and Br

in the hexagon and rhomb stripes, respectively. The 8Pmmn

FIG. 1. Top and side views of optimized (a) hr-sB and
(b) 8Pmmn borophene structures. The primitive unit cell in both
structures is marked by the black rectangle. The electronic band
structure along the high-symmetry direction of hr-sB and 8Pmmn
are shown in (c) and (d), respectively. Panels (e) and (f) show the
Fermi surfaces of a pristine hr-sB and hole-doped 8Pmmn (EF =
−250 meV). The boron atoms in the hexagon stripes (Bh) (inner
atoms BI ) and in rhombus stripes (Br) (ridge atoms BR) are indicated
in purple and yellow, respectively, in the hr-sB (8Pmmn) phase.

borophene structure contains two types of nonequivalent B
atoms, namely, the ridge atoms (BR) and the inner atoms
(BI ) [see Fig. 1(b)], leading to various physical and chemical
properties. Figure 1(c) shows the anisotropic band structure
of hr-sB with a Dirac nodal line and tilted semi-Dirac cones
coexisting around the Fermi energy [38]. Two linear bands
are crossed between the � and X points as well as between
the S and Y points, forming Dirac points slightly below and
above the Fermi level, respectively. These two structures are
part of the Dirac nodal line, which can be seen from the Fermi-
surface plot in Fig. 1(e). The tilted Dirac cone is at the edge of
the Brillouin zone (BZ). The orthorhombic 8Pmmn borophene
possesses a tilted anisotropic Dirac cone along the �Y path,
where the Dirac point crosses the Fermi level [see Fig. 1(d)
and the corresponding Fermi surface with EF = −250 meV
in Fig. 1(f)]. It is worth mentioning that the Dirac cone of
the 8Pmmn borophene emerges from the symmetry of the
hexagonal and topologically equivalent lattice to uniaxially
strained graphene lattice [35].

In contrast to graphene where the two crossing linear bands
both come from the pz orbitals, in 2D boron allotropes the pz
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FIG. 2. The phonon band structure and momentum-resolved
λq,ν along the high-symmetry points for (a) pristine hr-sB and
(b) hole-doped (EF = −250 meV) 8Pmmn phases of borophene. The
Eliashberg function α2F (ω), phonon-induced decay rate 1/τph(ω),
and energy renormalization parameter ωλph(ω) for (c),(d) hr-sB and
(e),(f) hole-doped 8Pmmn. The phonon DOS for pristine hr-sB and
hole-doped 8Pmmn are indicated with red dashed lines.

orbitals are not the only dominating contribution to the Dirac
cone. In the hr-sB sheet, the two crossing bands between
the � and X points come from different orbitals originating
in various atomic sites, i.e., the pz orbitals of Bh atoms and
the px/y orbitals of Br atoms have dominating contributions.
Along the XS direction, the pz orbitals of both Br and Bh

atoms are contributing to the Dirac bands. Furthermore, the
Dirac cones in 8Pmmn are arising from the pz orbitals of the
BI atoms with a much lesser contribution of the px orbitals. In
this phase, the BR atoms do not contribute to the formation of
the electronic states in the vicinity of the Fermi level, which
is in line with previous theoretical work [40].

The study of the EPC represents a fundamental and fas-
cinating issue and it is the first step toward the calculations
of the plasmon decay rates in the two phases of borophene.
The dynamical matrices and phonon-perturbed potentials are
calculated on a �-centered grid within the framework of
DFPT. In Figs. 2(a) and 2(b), we show the phonon disper-
sions and momentum-resolved λq,ν along the high-symmetry
points (superimposed as a color code to the corresponding
dispersions) and DOS for two chosen phases of borophene.
Note that for the 8Pmmn borophene, the hole-doped case
with EF = −250 meV is considered. Such doping is regularly
achieved in 2D materials, such as graphene, via the gate-
tuning techniques [54], chemical dopings via intercalates or

adsorbates [48,55], as well as the presence of the dielectric
or metallic substrate [56,57]. No imaginary vibrating mode is
seen for the hr-sB phase of borophene, indicating the stability
of this structure. In 8Pmmn all the phonon modes are positive
frequencies, except the transverse branch near the � point.
Moreover, the results show that the EPC strength is remark-
able along the XS direction and near the � point for hr-sB,
while the EPC strength in 8Pmmn is weak and appears for
the modes at the � and Y points. The prominent peaks in the
phonon DOS of hr-sB structure are located around 50, 90,
and 150 meV and are due to the dispersionless nature of the
phonon band structure around these energies. In the 8Pmmn
phase, the dispersionless phonon structures are also behind
the peaks in the phonon DOS.

The Eliashberg function, α2F (ω), the phonon-induced
decay rate 1/τph(ω), and energy renormalization parameter
ωλph(ω) for the two phases of borophene are illustrated in
Figs. 2(c)–2(f). The feature of the Eliashberg function for
the hr-sB structure does not follow the phonon DOS for
energies below 50 meV, but it resembles the phonon DOS
above 50 meV. The most intense peaks come from the opti-
cal phonons near the � point and along the XS path, where
momentum-resolved λq,ν appears to be the strongest [see
Fig. 2(a)]. Similarly, the characteristics of the Eliashberg func-
tion for 8-Pmmn are quite different from the ones shown in the
phonon DOS and are mainly connected to the EPC strengths
λq,ν [Fig. 2(b)]. Regarding the total EPC strength, we have
obtained the values of λ = 0.25 and λ = 0.008 for hr-sB
and 8Pmmn phases of borophene, respectively. Both of these
values are smaller than what is reported for WTe2 (λ = 0.43),
which is another promising hyperbolic 2D material [14]. In
hole-doped graphene with EF = −250 meV, the theoretically
obtained EPC strength is λ = 0.018 [58], which is still larger
than what we obtain for the hole-doped 8-Pmmn borophene. It
is surprising that the EPC in 8Pmmn is extremely small and it
is therefore expected that the corresponding phonon-induced
plasmon decay is also quite small.

B. Optical conductivity and hyperbolic regions

We now turn to the study of anisotropic optical proper-
ties in borophene. The appearance of hyperbolic regions for
certain photon energy can be inspected by calculating the
optical conductivity for different light polarization directions.
The corresponding hyperbolic condition for specific photon
energy h̄ω is defined as

Im [σx(ω)] × Im [σy(ω)] < 0. (10)

We display the imaginary (top) and the real (bottom) parts
of optical conductivity along two principal axes for hr-sB
(left) and 8Pmmn (right) phases of borophene in Fig. 3. The
hyperbolic regimes are depicted with the shaded area. The
imaginary part of optical conductivity along the y axis for the
hr-sB phase changes its sign around 1.0 eV and stays negative
up to 1.58 eV. This demonstrates the first hyperbolic region
in the hr-sB borophene. Interestingly, the second hyperbolic
regime falls between 1.84 and 2.21 eV, i.e., in the visible
range. The hyperbolicity condition for the 8Pmmn phase of
borophene is also met in the visible part of the spectrum,
i.e., there is one small hyperbolic region around 1.66 eV and
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FIG. 3. The imaginary (top panel) and real parts (bottom panel)
of the optical conductivity along the x (black line) and y (red line)
directions for (a),(c) hr-sB and (b),(d) 8Pmmn. The shaded areas
show the hyperbolic regions in both phases of borophene.

one with the energy window going from 1.85 to 2.39 eV. In
addition, the 8Pmmn borophene displays hyperbolic behavior
also at the lower energies between 0.085 and 0.27 eV (mid-
infrared).

From the results of the real parts of the optical conduc-
tivity, indicating the allowed intraband and interband optical
transitions, one can examine the origin of these hyperbolic
regions. For instance, in the hr-sB phase, there are interband
excitations between 1.5 and 2.5 eV, which are intense and
allowed for the y direction while forbidden and negligible
for the x direction. In the case of the 8Pmmn phase, similar
peaks are present for both directions, however, characterized
with very different intensities. In addition, the 8Pmmn phase
has strongly anisotropic intraband transitions (see the Drude
peaks for the x and y directions below 0.2 eV). All these
results suggest an extremely promising hyperbolic optical
property of these two phases of borophene.

We further inspect the optical absorption of hr-sB that
shows intense peaks due to interband transitions at energies
below 3 eV, which can therefore interact with the Dirac
plasmons. In Fig. 4 the real part of the interband optical
conductivity Re σ inter

μ (ω) is shown for particular interband
transitions for x and y polarizations, coming from three va-
lence bands (VB − 2, VB − 1, and VB) below and three
conduction bands (CB, CB + 1, and CB + 2) above the Fermi
level. The most intense absorption peaks in the presented
energy range stem from the interband transitions from VB to
CB, from VB to CB + 1, as well as from VB − 1 to CB. We
single out three interband excitations relevant for the Dirac
plasmon: (i) the prominent interband peak at ∼0.5 eV that
is present for the �X direction, (ii) the absorption peak at
∼1.5 eV for the �Y direction, and (iii) the interband contin-
uum that starts at ∼1 eV for the �X direction. According to
Fig. 4(b), the interband peak (i) comes entirely from the VB
to CB transitions around the X point of the BZ. The feature
(ii) originates from interband transitions around the Y point
including VB-1, VB, CB, and CB+1. The continuum (iii) is
due to interband transitions between VB-2 and CB as well as
between VB-1 and CB, both around the S point of the BZ.

FIG. 4. (a) The electronic band structure of hr-sB where three
bands just below (VB − 2, VB − 1, and VB) and three bands just
above the Fermi level (CB, CB + 1, and CB + 2) are illustrated with
different colors. The different contributions to the interband optical
absorption Re σ inter

μ (ω) of hr-sB coming from the transitions between
the bands indicated in panel (a) when the polarization direction is
along (b)–(d) �X and along (e)–(g) �Y. Total optical absorption is
shown with the black line.

C. Anisotropic dispersion and damping of Dirac plasmon

In this section, we first study the plasmon dispersion of
the hr-sB and 8Pmmn phases of borophene in the optical
limit (small q) for light polarization along the �X and �Y
directions, where the electron-phonon interaction is included.
To do so, we utilize the current-current (transverse) response
formalism. We consider hr-sB phase in the pristine (undoped)
form; however, in the case of 8Pmmn, the Fermi level is
shifted 250 meV below the Dirac point to increase the carrier
concentration. Figures 5(a) and 5(b) illustrate the plasmon
dispersion of two phases of borophene along the two in-plane
principal axes. The characteristics of the plasmon dispersion
are very similar to the typical 2D Dirac semimetal in the
long-wavelength limit, showing ∼√

q dependence. However,
there is a crucial difference here, namely, the very pronounced
anisotropy in plasmon dispersion along the �X and �Y di-
rections. This can be followed back to the strong anisotropy
in the electronic structure [59] as well as to the anisotropy
in the allowed optical (both intraband and interband) transi-
tions along the two in-plane directions [as seen in Figs. 3(c)
and 3(d)]. The similar behavior of 2D anisotropic plasmon
dispersions has been reported in WTe2 [14] and black phos-
phorous [8,16,46,60]. It should be pointed out that such strong
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FIG. 5. Plasmon dispersions as a function of q (in 10−3 bohr−1)
with incorporating the EPC at T = 0 K for (a) pristine hr-sB and
(b) hole-doped 8Pmmn (EF = −250 meV) phase of borophene along
two principal axes, i.e., �X and �Y directions.

anisotropy could lead to hyperbolic plasmons in 2D mate-
rials [14]. Therefore, the combination of a high anisotropy
and strong metallic character could make both phases of
borophene promising 2D hyperbolic materials.

In the following, we discuss the temperature dependence
of the plasmon linewidth due to the EPC. Both phases of
borophene are additionally compared with the prototypical
Dirac material graphene with EF = −250 meV [58], as well
as with the pristine WTe2 monolayer, which also supports
hyperbolic plasmon modes [14]. The damping rates h̄/τph, as
a function of the temperature for two phases of borophene and
graphene when h̄ω = 0.1 eV and h̄ω = 0.2 eV, are plotted
in Figs. 6(a) and 6(b). Additionally, the damping rate for
WTe2 when h̄ω = 0.1 eV is shown in the Fig. 6(a). Compared
with the 8Pmmn borophene and graphene, the hr-sB phase of
borophene shows the largest damping rate due to the EPC and
steepest temperature increase. Nevertheless, the EPC damping
rate in the hr-sB phase is still smaller than that in the WTe2

monolayer. For the presented plasmon energies, plasmon in
graphene has the lowest damping rate. This is because under
these conditions (i.e., T � 300 K and h̄ω � 0.2 eV), graphene
plasmon is only weakly coupled to acoustic phonons [58],
while in both phases of borophene due to more complex
structure, there are multiple low-energy optical and acoustic
phonons that can couple to Dirac plasmon [see Fig. 2].

To perform a more thorough survey of plasmon damping,
we calculate the total damping of plasmon that additionally

includes Landau damping (coupling to electron-hole pair tran-
sitions) by making use of the following expression [61],

h̄�(q, ω) = 2π h̄qRe σμ(q, ω) (11)

where σμ(q, ω) contains both intraband σ intra
μ (q, ω) and in-

terband σ inter
μ (q, ω) terms. The total damping for all three

systems is illustrated in Figs. 6(c) and 6(d). For two phases
of borophene, h̄�(qpl, ωpl ) is plotted along the �X and �Y
directions. As expected, the total damping in the hr-sB phase
of borophene is considerably larger than in the 8Pmmn phase
and graphene, because both EPC and interband transitions
are stronger in hr-sB [compare the intensities of Re σμ in
Figs. 3(c) and 3(d)]. Interestingly, the total plasmon damping
of 8Pmmn and graphene are remarkably similar at h̄ωpl �
0.3 eV. Furthermore, the total damping of Dirac plasmon in
the hr-sB phase shows a specific sharp increase at ∼0.5 eV,
followed by a decrease, but only in the �X direction. This
interesting feature comes from the above-mentioned interband
feature (i) that is only allowed for the x polarization [compare
Re σx(ω) and Re σy(ω) around 0.5 eV in Figs. 4(b) and 4(e)].
Note that this coupling between Dirac plasmon and interband
transitions (i) also results in avoided crossing in plasmon
dispersion along the �X direction, as observed in Figs. 5(a)
and 6(e).

Figures 6(e)–6(g) show the plasmon dispersions of pristine
hr-sB as well as hole-doped 8Pmmn and graphene (EF =
−250 meV) along two principal axes at T = 300 K. The
temperature dependence of the plasmon energy comes from
the Fermi-Dirac distribution function and also from the EPC
through 1/τph(ω) and λph(ω) functions. The temperature
dependence of the plasmon dispersion due to the EPC is
remarkable for the hr-sB borophene. On the other hand, the
temperature dependence of the plasmon dispersion is weak in
8Pmmn and graphene owing to the weak coupling of plasmon
and phonons in these two materials. To have an insight into
the temperature dependence of the plasmon, we illustrate the
plasmon dispersions at T = 0 K for hr-sB and 8Pmmn with
the white dashed line in Figs. 6(e) and 6(f) respectively. For
8Pmmn, it is obvious that the change in dispersion is negligi-
ble. On the other hand, it is considerable for hr-sB, especially
along the �X where it changes from 0.73 to 0.80 eV at largest
q vector (8× 10−3 bohr−1) when the temperature rises from
T = 0 K to T = 300 K.

Overall, these results show an impressive anisotropy in
borophene of both plasmon dispersion and plasmon damping
along the �X and �Y directions. We would like to point out
here that these anisotropic properties should not be altered
significantly in the presence of the substrate, such as Ag(111),
or in the presence of the random disorder. According to
Refs. [30,62], the electronic structure and plasmonic response
of borophene is altered due to the proximity of the metallic
substrate; however, the corresponding anisotropy is preserved
since the dielectric screening of the substrate is isotropic. We
further expect that the plasmon modes would be confined ver-
tically and as a consequence slow down the plasmon velocity
when the system is placed nearby a metal [63]. Furthermore,
the substrate effects might be reduced by the intercalation
of other atoms between 2D material and the surface, which
partially recovers the free-standing nature of the adsorbed
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FIG. 6. Plasmon damping rates owing to the EPC h̄/τph(ω) as a function of the temperature for hr-sB, 8Pmmn, and graphene when energy
is (a) h̄ω = 0.1 eV and (b) h̄ω = 0.2 eV. The corresponding damping rate for the WTe2 monolayer is shown for comparison as well [14],
where h̄/τph = 73 meV for T = 300 K (not shown). Total damping of plasmon which additionally includes Landau damping along the x and
y directions and T = 300 K for (c) graphene and 8Pmmn (EF = −250 meV) as well as for (d) hr-sB. Plasmon dispersions of (e) hr-sB, (f)
8Pmmn, and (g) graphene as a function of q (in 10−3 bohr−1) when the EPC is included at T = 300 K. The white dashed lines in (e) and (f)
show the plasmon dispersions at T = 0 K for hr-sB and 8Pmmn, respectively.

layers [64,65]. As for the impact of disorder, due to its ran-
dom distribution, it is expected to introduce an additional
broadening [66,67], but not to alter the anisotropic proper-
ties of borophene. In addition, we examine the anisotropic
electron excitons in the two phases of borophene in the short-
wavelength regime (finite q). To provide a dispersion relation
of the plasmon modes in borophene when q > 0, we calculate
the charge-charge response function and the corresponding
dielectric function ε(q, ω) [68–70]. The electron energy loss
function Im[1/ε(q, ω)] for two phases of borophene is il-
lustrated in Figs. 7(a) and 7(b) for q � 0.06 bohr−1 and
ω � 4.0 eV. Note that for the smallest momentum the Dirac
plasmon dispersion obtained by the charge-charge (longitudi-
nal) response formalism is in good agreement with the results
obtained by means of the current-current (transverse) response
theory. For larger momenta, the remarkable anisotropy of
Dirac plasmon in borophene is even more pronounced, es-
pecially for the hr-sB phase, where plasmons energies, for
instance, at q = 0.06 bohr−1 are h̄ωpl ≈ 2 eV and h̄ωpl ≈
0.8 eV along the �X and �Y directions, respectively. Also,

the plasmon energy in the hr-sB phase reaches the visible
range along the �X direction due to intrinsic high carrier den-
sity as well as the low intensity of interband transitions (and
therefore minor interband screening) for the x polarization
[see Fig. 3(c)]. Relevant low intensity interband transitions are
here interband continuum (iii) at around 1 eV discussed above
[see Figs. 4(c) and 4(d)]. On the other hand, a strong interband
feature (ii) at around 1.5 eV screens and pushes the Dirac
plasmon to lower energies for the y polarization. For both
phases of borophene, the interband screening makes the Dirac
plasmon dispersionless and most importantly flat. This makes
the group velocity of plasmon small, which might be impor-
tant in the context of real-space localization of plasmon wave
packets [71]. Apart from the Dirac plasmons, here we can
perceive the presence of the anisotropic screened interband
excitations (i.e., interband plasmons). Particularly interesting
are the interband excitations in the 8Pmmn phase that fall into
the visible range due to their high intensity and anisotropy.
In addition, an acoustic plasmon is present in the 8Pmmn
phase and it comes from the anisotropic Fermi velocity along
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FIG. 7. The electron energy loss function Im[1/ε(q, ω)] as a function of energy h̄ω and momentum q along the �X and �Y directions for
(a) the pristine hr-sB and (b) the 8Pmmn (EF = −250 meV) borophene. The orange dots follow the plasmon peaks in these two systems. Both
phases show strongly anisotropic Dirac plasmon (DP) mode. (c) The total damping for two phases of borophene and graphene as a function of
plasmon frequency h̄ωpl and along the corresponding high-symmetry directions. The mid-infrared and visible regions are highlighted with the
red- and gray-shaded areas, respectively.

two principal directions (i.e., the anisotropic Dirac cone)
[72].

Ultimately, we inspect the total plasmon damping for q >

0, which is shown in Fig. 7(c). It turns out that in the hr-sB
phase, the Dirac plasmon along the �X direction is strongly
damped for energies in the visible range (i.e., h̄� > 1 eV). The
corresponding plasmon along the �Y direction, which falls
into the mid-infrared region, is, on the other hand, moderately
damped. In accordance with our conclusions for the plasmon
damping in the long-wavelength limit, the plasmon decay
rates of the hole-doped 8Pmmn borophene and graphene are
similar. The unique considerable difference is the anisotropy
of plasmon damping for the 8Pmmn borophene.

IV. CONCLUSION

By using the DFT-based calculations, we have exam-
ined optical properties and collective electron excitation
modes (i.e., plasmons) in two phases of single-layer boron
(borophene) that host Dirac fermions with tilted Dirac cone,
namely, the so-called hr-sB and 8Pmmn borophene. Ac-
cording to our numerical results, both of these phases are
dynamically stable and are characterized with a strongly
anisotropic electronic structure and optical absorption. In fact,
hyperbolic plasmonic surfaces appear in the visible range. The

hr-sB phase, with tilted Dirac cone and nodal line, supports
strong hyperbolic Dirac plasmons already in the pristine form
owing to the excessive concentration of carriers at the Fermi
energy. The 8Pmmn borophene is a semimetal with Dirac
point crossing the Fermi level and therefore supports plasmon
modes only on carrier doping. For the hole-doped 8Pmmn
phase, we have determined hyperbolic Dirac plasmons in the
mid-infrared region. By analyzing the coupling of Dirac plas-
mon with phonons and electron-hole pair excitations, we show
that the 8Pmmn phase has a very low plasmonic damping rate.

Both of these phases of borophene outperform typical 2D
Dirac material, i.e., graphene, as an optical and plasmonic
device owing to intrinsic metallic character, strong anisotropy,
the appearance of hyperbolic plasmonic surfaces, low plas-
mon losses, and plasmons in the visible range.
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