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We investigate the collective plasma oscillations theoretically in multilayer 8-Pmmn borophene structures, where the
tilted Dirac electrons in spatially separated layers are coupled via the Coulomb interaction. We calculate the energy disper-
sions and Landau dampings of the multilayer plasmon excitations as a function of the total number of layers, the interlayer
separation, and the different orientations. Like multilayer graphene, the plasmon spectrum in multilayer borophene consists
of one in-phase optical mode and N — 1 out-of-phase acoustical modes. We show that the plasmon modes possess kinks at
the boundary of the interband single-particle continuum and the apparent anisotropic behavior. All the plasmon modes ap-
proach the same dispersion at a sufficiently large interlayer spacing in the short-wavelength limit. Especially along specific
orientations, the optical mode could touch an energy maximum in the nondamping region, which shows non-monotonous
behavior. Our work provides an understanding of the multilayer borophene plasmon and may pave the way for multilayer

borophene-based plasmonic devices.

Keywords: plasmon, 8-Pmmn borophene, multilayer, two-dimensional materials
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1. Introduction

Graphene and the booming two-dimensional (2D) ma-
terials have been the superstars for their novel properties in
condensed matter physics since 2004.!'1 Now the 2D materi-
als include not only graphene and the derivatives of graphene
but also transition metal dichalcogenides (TMDs),!>7! black
phosphorus, 8121 indium selenide,!'3! stanene,!'*!"1 and
many other layered materials.!'®>3 Due to various advan-
tages of the 2D materials, such as long lifetime,** gate
tunability,[>>2 and optoelectronic applications,!>?”! they be-
come promising materials for a wide range of nanophotonics
and optoelectronics.[2>-28-30]

Plasmon, the elementary excitation of the interacting
electron/hole gas, with novel plasmonic phenomena like se-
lective absorbance and scattering, subwavelength bound state,
and local field enhancement, plays a fundamental role in re-
searching the dielectric and optical properties of metals and
semiconductors. ! Resulting from the unusual linear disper-
sion of the Dirac massless electrons, graphene plasmons show
the exceptional properties of electrical tunability, low intrin-
sic loss, and high optical field localization. In recent years,
plenty of graphene-based plasmonic devices have been pro-
posed theoretically and demonstrated experimentally, such as
photodetectors,3>33] terahertz lasers,**! resonators,®! and
biosensors. 338 Along with graphene, plasmons in the other
2D materials, e.g., MoSz,Bg] WTez,[40] 2H-TaSez,[41] and
phosphorene*>#3 also attracted more and more interests.

Several 2D boron structures have been predicted and ex-
perimentally fabricated.[***! As one of the most stable struc-
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tures, the 8-Pmmn borophene, an orthorhombic lattice with
three-mirror symmetry planes perpendicular to each other and
a glide plane at one of the mirror symmetry planes,#®47] be-
longs to the space group Pmmn (No. 59 in Ref. [48]). The 8-
Pmmn borophene reveals the tilted Dirac cone and anisotropic
massless Dirac fermions by first-principles calculations,#%->]
which sharply contrasts the up-right Dirac cone and isotropic
Dirac fermions in graphene. There have been reported that
plasmon dispersion possesses the anisotropic behavior®'l and
the tilt-induced kink!3?31 in 8-Pmmn borophene. However,
the dependence on electron concentration of both the plas-
monic resonance frequency and magnitude is relatively weak
in monolayer 8-Pmmn borophene, limiting its applications in
nanophotonics. One may expect the transparent photonic de-
vices based on 8-Pmmn borophene/insulator stacks by deposit-
ing alternating wafer-scale borophene sheets and thin insulat-
ing layers, which could be grouped into photonic-crystal-like
structures.

This paper presents a detailed study of the multilayer op-
tical and acoustical dispersion in 8-Pmmn borophene. Within
the quantum theory of the electron liquid, based on the ma-
trix Dyson equation for the Coulomb propagator in multilayer
borophene, we calculate the dispersion and Landau damping
of plasmons and understand their dependence on the in-layer
electron density, number of layers, and interlayer spacing. The
plasmon spectra consist of one optical mode with a square-root
dispersion and N — 1 acoustical modes with linear dispersion.
We show that the plasmon modes possess kinks at the bound-
ary of the interband single-particle continuum, and the Lan-
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dau damping drastically increases within the interband single-
particle continuum. All the plasmon modes approach the same
dispersion at a sufficiently large interlayer spacing in the short-
wavelength limit. The plasmons in multilayer borophene show
the apparent anisotropic behavior, and the optical mode could
touch an energy maximum in the nondamping region along
specific orientations.

2. Model

The Hamiltonian of 8-Pmmn borophene is given by[>*+3!

Hy = (vyOypx +vyOypy +MvyOopy) s (1)
where p, , are the momentum operators, Oy, are 2 x 2 Pauli
matrices, and Opis a 2 x 2 identity matrix. The anisotropic
velocities are vy = 0.86 x 10 m/s, vy = 0.69 x 10% m/s, and
1 = 0.46 is the tilt parameter of Dirac cone.®* The energy
dispersion and corresponding wave functions of monolayer 8-
Pmmn borophene are given by

&k = iNvyky + shy /v2KZ + v%k)z, 2)

1 1
Ysk = \ﬁ (seiek > ) 3)

where s = + (—) is the band index for conduction (valance)
band and 6 is the polar angle of the wave vector k respect to
x-axis. Since the Dirac cone is tilted and the Fermi surface is
not a circle but an ellipse, we define the Fermi vector kg by
letting the area of the elliptic Fermi surface the same as the
area of a circle whose radius is kp. The Fermi energy €g can
be expressed by the effective Fermi vector kg as[>®!

e =1 (vyry) ke (1-2) . @)

The tilted Dirac cone reduces to up-right Dirac cone (e.g.,
the case of graphene) when n = 0 and v, = vy = V.

We consider the structure of multilayer 8-Pmmn
borophene with interlayer spacing d as shown in Fig. 1. The
bare Coulomb interaction is a symmetric tensor

vij(q) = vgexp(—|i— jlqd) Q)

with respect to the layer indices i = j =1, 2, ..., N. The
off-diagonal (diagonal) elements represents the interlayer (in-

Fourier transform of intralayer Coulomb interaction with Kk
being the static dielectric constant. Here we assume that
the dielectric background of the environment surrounding
borophene layers is homogeneous and can be well described
by an average effective dielectric constant. Since the effec-
tive dielectric constant does not alter the dispersion of plasmon
qualitatively, we can take the effective dielectric constant as 1,
which merely means a renormalization of unit.>?

Fig. 1. Schematic diagram of plasmon for N-layer 8-Pmmn borophene.
(b) The tilted and anisotropic Dirac cone in 8-Pmmn borophene.

Within a practical setup, the interlayer spacing of d mul-
tilayer 8-Pmmn borohpene should be sufficiently large so that
the electron tunneling between layers is neglectable. There-
fore, only the diagonal elements of the polarizability remains
and I'1 (q, CO) = 5ini (q, (D)

The noninteracting Lindhard polarization function of
each layer of 8-Pmmn borophene is given by

—Ny'k+q

IT'(gq,®
L2 Z hw++sskfs/k+q

fss’ (k7Q)> (6)

where g = 2 is the degeneracy from spin, ny represents Fermi
function which reduces to step function in zero temperature
and @+ = @+ 16 with § — 0. From the wave functions of the
8-Pmmn borophene, the overlap function is given by

foy (kyq) = = (1455 cos Oy ) (7

| —

where Oy = 0, — 61, 6, and 6y, are the polar angle of wave
vector g and k + g, respectively.

The dynamical polarization function of monolayer

tralayer) Coulomb interaction and v, = 2me? ) (kq) is the‘ borophene can be calculated by!®?!
242 — Q w1/ (14n cos 6) Q / ,
Rell! (g, 0) = — & { T4 9 |2) +fao | (@) + K cos by
Amhivoy | 4 Vg - Q2 (Q+k)>— (k)
w1/ (1=ncosb) (—Q + k) + k' cos O
+faof ) (o ®)
(—Q+k)?*—(K)
j Q
ImIT' (g, @) = 8q” _sen(Q) 02 —q)— i Y O (u—k—kncos6y)

16h2vxvy VQR2—q*

X ((1+cos (8 —6y)) 8 (2 +k—k)+

8mhvyvy

k

(1—cos(6—6y)) 6 (2+k+k))
—O (1 —k+kncos6) ((14cos(6—6p)) 8 (-2 +k—K)

+ (1—cos (8 —60y)) 8 (—Q+k+K)), (9
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where Q = hiw — hvegn cos 6,. Note that we have already as-
sumed that the dielectric background is homogeneous. Then
the plasmon dispersion can be calculated by the evaluating ze-
ros of the dynamical dielectric function € (g, w), i.e.,

Ree(q,w) =0 (10)

with

e(q.0)=IIY, [1- fy(gd)v(q) IT' (g, ®)] =0,  (11)

where f% (gd) is the plasmon mode relation as N (i =1) or
aiyqd (i #1). The coefficient c; determines the velocity of
the ith acoustic plasmon mode.

The Landau damping function of plasmon modes can be
well described by the broadening function of the respective
plasmon dispersion>7!

I (q) =TI (qv 60) |0)=(0,-(q)7 (12)
where the function
ImIT (g, ®
I(q.0) (9:0) (13)

~ 9Relli (q,w) /0w

gives the damping of plasmons due to the properties of the
intra/interband single-particle continuum.

3. Results and discussion

In the following paragraphs, we present our numerical re-
sults for the energy dispersion and Landau damping of multi-
layer 8-Pmmn borophene with the different number of layers
N, interlayer separation d and polar angle 6,. We calculate the
energy spectrum from the general formula (10). In all figures,
we adopt the units & and kf for plasmon energy and momen-
tum, respectively. For the electron density n = 10'? cm™2, we
have &r = 106 meV and kg = 2.507 x 106 cm ™! .

In Fig. 2, we plot the plasmon dispersion of N-layer 8-
Pmmn borophene with N =2, 3, 4, and 5, d = 2 nm and
0, = m/5. The plasmon dispersion in a monolayer is shown by
a black dashed line for reference. There are two kinds of plas-
mon modes in N-layer 8-Pmmn borophene, one in-phase op-
tical mode and N — 1 out-of-phase acoustical modes. The in-
phase optical mode shifts to higher energies when the number
of layers increases. With increasing N, the number of the mul-
tilayer acoustical modes increases correspondingly, and the
energy of upper-lying modes enhances. In contrast, the lowest-
lying mode approaches the single-particle continuum bound-
ary. The enhancement enables the top acoustical mode to cross
the monolayer mode of five-layer borophene in the interband
single-particle continuum. Notice that only two of the four
acoustical modes are suppressed in five-layer compared with
the acoustical mode in double-layer. In the short-wavelength
limit, the behavior of multilayer plasmon modes shows a dra-

matic difference, which is in sharp contrast to graphene.>’]

The optical mode has a kink at the boundary between the in-
terband single-particle continuum and the nondamping region.
However, the acoustical modes show rather faint evidence of
the kink.

2.0

1.5
= ) =
W W
— 10 py
= =
3 3

0.5

(1)

q [kF]
= =
o S
= =
3 3

0 0.5 1.0 1.5
q [kl

q [k

Fig. 2. Plasmon dispersion for N-layer (N = 2, 3, 4, 5) 8-Pmmn borophene
with d =2 nm, n = 10" em~2 and 6, = /5. The black dot-dashed
line show the boundaries of intra- and inter-band single-particle continuum.
Black dashed line is plasmon mode in monolayer 8-Pmmn borophene. Color
solid line represent the plasmon modes.

In Fig. 3, we study the Landau damping of the corre-
sponding multilayer plasmon modes shown in Fig. 2. The en-
ergy enhancement for all multilayer modes results in a more
extensive broadening of the corresponding plasmon disper-
sion, which dues to the increasing distance of the plasmon
modes from the boundary of the intraband single-particle con-
tinuum. The Landau damping also shows the kink at the mo-
mentum corresponding to the boundary between the nondamp-
ing region and interband single-particle continuum, similar to
the plasmon dispersion. The damping increases drastically in
the interband single-particle continuum, which is in agreement
with a previous study about the loss function of plasmons in
monolayer borophene. 5!

In Fig. 4, we study the plasmon dispersion of three-
layer borophene with various interlayer separations d. The
most apparent behavior is that the energy of in-phase opti-
cal mode decreases while the energies of out-of-phase acous-
tical modes increase with increasing d. However, all multi-
layer plasmon modes in the short-wavelength limit remain al-
most the same when the interlayer spacing is sufficiently large
(e.g., d = 10 nm), which reproduces the result in graphene

r.1571 This means all multilayer modes for g >> kg

multilaye
coagulate around the monolayer plasmon mode independent
of the number of layers if the interlayer separation is large
enough. The physical reason lies in that the influence of the

interlayer tunneling vanishes, and the plasmon branches from
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different layers behave independently. However, the kink of
the optical mode is robust against the increasing interlayer sep-
aration. In contrast, the acoustical modes develop rather faint
kinks on the boundary of the interband single-particle contin-
uum.

1.0
0.8 P
= =
W W
= 0.6 =
= =
~ 04 -
0.2
N=2
0
0 0.2 0.4 0.6 0.8 1.0

q [kg]

I(q) [er]
I(q) [ex]

0 0.2 04 0.6 0.8 1.0
q [kg]

0 0.2 04 0.6 0.8 1.0
q [kg]

Fig. 3. The damping function for N-layer (N = 2, 3, 4, 5) 8-Pmmn
borophene with d =2 nm, n = 10'2 cm~2 and 0, = /5. Black dashed
line shows the Landau damping function in monolayer 8-Pmmn borophene.
Color solid line represents the Landau damping function.

2.0 2.0
1.5 1.5
= - = )
L, L,
§ 1.0 3 1.0
3 3
0.5 0.5
0 0
2.0
1.5
= = N
L, L,
§ 3 1.0
3 3
0.5
d=10 nm
ol
0 0.5 1.0 1.5 0 0.5 1.0 1.5

q [k q [kr]

Fig. 4. Plasmon dispersion for threelayer 8-Pmmn borophene with n =
10'2 cm~2 and 0, = 7/5. Under the condition of d =2 nm, 3 nm, 5 nm,

10 nm. All other parameters and notations are the same as plasmon mode in
Fig. 2.

Figure 5 shows the anisotropic spectra of the three-layer
plasmon modes with different polar angle 6, (6, = nm/5, n =
0, 1, 3, and 5). We can find that the plasmon modes possess
different behavior in different directions. Compared with the
case of 6, = 0, the boundary of the intraband single-particle

continuum is pushed down, and the energy of the plasmon
modes decreases out of the long-wavelength limit. As 6, in-
creases from 0 to 7, the kinks become more and more appar-
ent, especially for the acoustical modes. Note that the optical
mode touches an energy maximum in the nondamping region,
and the acoustical modes tend to behave like the optical mode
when the 6, approaches @. These anisotropic plasmons are
caused by strong tilt Dirac dispersion of 8-Pmmn borophene.

2.0 2.0
1.5 1.5
= =
o, o,
= 10 = 1.0
3 3
0.5 0.5

2.0

w(q) [ex]
w(q) [ex]

q [kg] q [kg]

Fig. 5. Plasmon dispersion for three-layer 8-Pmmn borophene with n =
102 cm~2 and d = 2 nm. (a)—(d) correspond to directions 6, = nx/5, with
n=0, 1, 3, 5. All other parameters and notations are the same as plasmon
mode in Fig. 2.

4. Summary

In this paper, we have investigated the collective plasma
oscillations theoretically in multilayer 8-Pmmn borophene
structures, where anisotropic and tilted Dirac electrons in spa-
tially separated layers are coupled via the Coulomb interac-
tion. We calculated the energy dispersions and Landau damp-
ings of the multilayer plasmon excitations as a function of the
total number of layers N, the interlayer separation d, and the
polar angle 6,. The multilayer plasmon spectrum consists of
one in-phase optical mode and N — 1 out-of-phase acoustical
modes. The energy of the in-phase branch and upper-lying
out-of-phase branches of the multilayer plasmon increase with
increasing the number of 8-Pmmn borophene layers, while the
other branches decrease. The optical mode has an apparent
kink at the boundary of the interband single-particle contin-
uum, but the acoustical modes show rather faint evidence of
their kinks. The Landau damping also shows a similar kink
at the boundary and drastically increases within the interband
single-particle continuum. As the interlayer separation d in-
creases, all the plasmon modes approach the same dispersion
in the short-wavelength limit and sufficiently large interlayer
spacing. We also show the anisotropic behavior of the plasmon
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in multilayer borophene. The optical in-phase mode touches
an energy maximum in the nondamping region, and the lin-
ear dispersion of the acoustical out-of-phase modes becomes
square-root dispersion when the 6, approaches 7. The pre-
sented numerical calculations provide an understanding of the
multilayer borophene plasmon depending on the tunable pa-
rameters. Our work may pave a way for the plasmonic devices
based on multilayer 8-Pmmn borophene.
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