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Vertical plasmonic coupling in double-layer graphene leads to two hybridized plasmonic modes: the
optical and the acoustic plasmon with symmetric and antisymmetric charge distributions across the inter-
layer gap, respectively. However, in most experiments based on far-field excitation, only the optical
plasmon are dominantly excited in the double-layer graphene systems. Here, we propose strategies to
selectively and efficiently excite the acoustic plasmon with single or multiple nanoemitters. The ana-
lytical model developed here elucidates the role of the position and arrangement of the emitters on the
symmetry of the resulting graphene plasmons. In addition, we present an optimal device structure to
enable an experimental observation of the acoustic plasmon in double-layer graphene toward the ulti-
mate level of plasmonic confinement defined by a monoatomic spacer, which is inaccessible with a

graphene-on-a-mirror architecture.
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I. INTRODUCTION

Various two-dimensional (2D) materials, including
graphene [1-8] and black phosphorus [9—11] have
emerged as promising plasmonic platforms due to their
ability to confine light into deep subdiffraction volumes
and modulate plasmon properties through doping. In par-
ticular, subwavelength light confinement via polaritons
[12—14] in 2D materials has been a focus of intense
research [15-20] since it will open up opportunities to
develop advanced optoelectronic devices operating at mid-
infrared frequencies, such as metasurfaces [21-23], pho-
todetectors [24,25], and biosensors [26—29]. Furthermore,
the acoustic plasmon [18,30-38], the hybridized bonding
plasmon modes that are supported by spatially separated
2D materials, offers a practical route to push the light
confinement toward its ultimate limit. In contrast to its
counterpart with symmetric charge distributions (antibond-
ing), the antisymmetric charge distribution of the acoustic
plasmon between two 2D layers helps confine most elec-
tromagnetic energy within the interlayer gap. As a result,
the plasmon confinement can be pushed to the extreme
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limit, beyond that of conventional 2D plasmons, as defined
by the separation between the 2D layers.

To date, the acoustic plasmon has been primarily
observed in a setup involving a single layer of graphene
near a metal film [18,35,36]. In this configuration, the
graphene layer is paired with its image in the metal film
due to the electromagnetic mirroring effect. However,
since the mirror image of the real graphene has an oppo-
site charge distribution, the graphene-metal system can
only support the acoustic plasmon, and the optical plasmon
becomes a dark mode. In a double-layer system, in con-
trast, the optical plasmon is preferably excited due to the
system’s symmetry, while the acoustic plasmon becomes
difficult to excite [39]. Therefore, experimental observa-
tion of the acoustic plasmon in double-layer systems has
been challenging.

In this work, we show how to selectively excite acous-
tic versus optical plasmon modes in the double-layer
graphene system. First, we develop a theory to calculate
plasmon excitation by single or multiple nanoemitters of
deep subwavelength dimensions. Second, building upon
the physical understanding facilitated by theory, we design
a far-field resonator that can selectively and efficiently
excite the acoustic plasmon in the graphene double-layer
system, allowing us to reach the ultimate monoatomic
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layer limit of the plasmon confinement inaccessible with
the graphene-on-a-mirror system.

II. MATHEMATICAL FORMULATION

Let us consider two infinite graphene sheets with a gap
of g between them, as shown in Fig. 1(a). The optical
conductivity of the graphene sheets, designated by o, is
calculated using the local approach [8], taking into account
a doping level u of 0.4 eV, a damping rate n of 10 meV,
and the temperature 7 of 300 K with the integer v =1,
2 used to distinguish between the two graphene layers
located at z =0 and z = g. A Hertzian dipole used to
excite plasmons can be located in one of three regions sep-
arated by the two graphene sheets. Here we consider the
general case with three dipoles in each region, all oscil-
lating in the x direction and with current densities of Jj,
where [/ = I, I, III is a region index. The positions of the
dipoles are determined by z = A;. The solution for a sin-
gle dipole can be obtained by setting two of the three
dipole magnitudes to zero. The electromagnetic fields can
be decomposed in a Fourier expansion in in-plane momen-
tum ¢q. For each value of ¢, the forced wave equation for the
electric fields (£;,) in a medium with relative permittivity
€) is given as

d2E, iy}
ol g = sy I=TILT, (1)
0z2 WEEQ

where y; = ,/¢* — €,k with the in-plane momentum of the
plasmon ¢ and ky = 27w /Ag with Ay being the free-space

wavelength. The solutions for Eq. (1) are given as
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where & = iJ;,yi/2wei€p. By applying electromagnetic
boundary conditions at the interfaces z =0 and z = g,
the magnitudes of the electric fields in the gap region,

represented by E = (gﬁ’i), can be related to the system

matrix, M, and the source matrix, S through the equation
E = M!S where
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where I[1) = ioy1/wer€g, Iy = iorym/wemeo, a1 = yuer/
vien, @ = ymen/ynem, A= (IT;+1a;—1, and
B =TI; + 1 — a,. The zeros for the determinant of M give

the plasmon dispersion of a double-layer system, which is
given as

[T + Doy + 1][T + T +ap]
[(TT + Day — [T + 1 —ap]

e g (5)

Figure 1(b) shows the plasmon dispersion in a graphene
double-layer with a gap size of 10 nm and &1 = ey = ey =
1. The more confined mode corresponds to the acoustic
plasmon, while the other is the optical plasmon. From Eyj
and Eypp, £7 and Eyy are given as

—y1lh —yulh
Ey = Enp + Enp + G M — gemrulml (6)
- —yitlg—h
Em = Enpe "8 + Eyne”™s — gpe vitlg—hul
4 gnle*nnlg*hlnl. (7)

The mathematical derivation for the case of a vertically
aligned dipole can be found in Appendix A. A measure of
the character of the plasmons excited from a nanoemitter
x can be defined by the in-phase relative amplitude of E,
at the two graphene layers. The in-phase and out-of-phase
plasmon contributions can be computed using the Fourier
spectrum of E,. For example, the Fourier spectra of E,
fields at the two graphene surfaces, i.e., z = 0 (upper sur-
face) and z = g (lower surface), excited with a horizontally
polarized emitter at # = 10 nm, are shown in Fig. 1(c). The
peaks at larger momenta correspond to acoustic plasmon
contributions, while peaks at smaller momenta come from
optical plasmon contributions. The red-colored portion of
the plot shows out-of-phase components, while the blue-
colored portion indicates the in-phase component, which
also agrees with the symmetry of the acoustic and optical
plasmon. Here, we define the measure of acoustic plasmon
content x,, from the Fourier spectra of graphene plasmons
excited with a nanoemitter as follows:

fq;u |Eu,x|dq - f‘:p% |Eu,x|dq
Xv = 5
VT T 1Eoxldq + [y |Euxldg

®)

where v = 1,2 refers to the cases of z=0 and z = g,
respectively, and &, = {¢,|7/2 < ¢, < 37/2} with ¢,
being the relative phase of E,, to the other layer. The
measure of the acoustic plasmon content for the entire sys-
tem is given as x = (x1 + x2)/2. Note that x — 1 when
the acoustic plasmon dominates while xy — —1 when the
optical plasmon dominates.

III1. SINGLE NANOEMITTER EXCITATION

The symmetry of plasmons excited by a single
nanoemitter depends on the nanoemitter’s polarization and
its relative position to the two graphene layers. When
a nanoemitter is placed far away from the system, i.e.,
(h <« —g) or (g < h), the optical plasmon is preferably
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FIG. 1. Symmetry of graphene plasmons. (a) Schematic illustration of a graphene double-layer system. Three horizontally polarized

Hertzian dipoles are placed in regions I, II, and III, respectively. (b) The plasmon dispersion of the double-layer system. “SPE” stands
for single-particle excitation. kr denotes the Fermi wave vector. (c) The Fourier spectra of graphene plasmons excited with a single

emitter placed 10 nm away from the upper graphene layer.

excited irrespective of the polarization of an emitter since
the fields radiated by an emitter reach the two graphene
layers with similar magnitudes and phases [Figs. 2(a)
and 2(b)]. As a nanoemitter approaches a graphene layer,
the radiated fields at both layers become more asymmet-
ric, resulting in increased excitation of acoustic plasmons.
However, even when the emitter is extremely close to one
of the two graphene layers, x remains around 0.5, suggest-
ing a significant contribution from the optical plasmon.
On the other hand, x can be effectively tuned between
41 when an emitter is placed between the two graphene
layers. In contrast to the horizontal polarization, where the
radiated fields at the two graphene layers are in phase,
a vertically polarized dipole mandates the radiated fields
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FIG. 2. Plasmon excitation with a single emitter. Measure of
the acoustic plasmon content as a function of the distance from
the top graphene layer of (a) horizontally and (b) vertically
oriented dipole. Spatial distributions of electric fields in the x
direction when 4 = 0 excited with a (c) horizontally and (d)
vertically oriented dipole. In all cases, g = 10 nm and Ay =
8 pm.

at the two graphene layers to be out of phase, resulting
in a value of x close to unity. The analytical results can
be verified with numerical simulations of near-field dis-
tributions for the cases where the emitter with horizontal
[Fig. 2(c)] and vertical [Fig. 2(d)] polarization is placed in
the middle of the two graphene layers. In this study, the
numerical results are obtained through the utilization of
commercial electromagnetic simulation software that oper-
ates on the finite-element method (COMSOL Multiphysics).
To perform the numerical simulations, a graphene layer is
modeled as a thin film having a finite thickness of 0.34
nm. The permittivities of the graphene layer are calculated
by utilizing the conductivities acquired through the local
approach.

IV. MULTIPLE NANOEMITTER EXCITATION

Although a single nanoemitter with vertical polarization
placed between two graphene layers can exclusively excite
the acoustic plasmon, implementing such a configuration is
impractical due to the difficulty in embedding a nanoemit-
ter with a precise orientation between the two layers. Here
we show that multiple nanoemitters can excite the acoustic
plasmon with high efficiency, irrespective of their polar-
izations, making them a more attractive case for practical
implementations. The case of two nanoemitters provides
insight into how using multiple nanoemitters can influ-
ence the character of the excited graphene plasmons. Let us
examine the situation where both nanoemitters are located
a few nanometers above the double-layer system. As the
distance between the two nanoemitters s increases, the rel-
ative phases of the plasmons excited by the two dipoles
€' change, leading to the oscillatory behavior of x as a
function of s, as shown in Fig. 3(a). x is maximized when
the constructive interference condition gs = 2mm is met,
with m being an integer. Notice, however, that plasmon
damping limits the maximum achievable values for x.
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FIG. 3. Plasmon excitation with multiple emitters. (a) Measure

of the acoustic plasmon content as a function of the spacing s
between two dipoles. s is normalized to the wavelength of the
acoustic plasmon Ap = 119 nm. (b) Symmetry as a function of
the number of dipoles. The distance between neighboring dipoles
s is 119 nm. The spatial distributions of electric fields are in the
x direction when (¢) N = 2 and (d) N = 21. In all cases, g = 10
nm, Ao = 8 wm, and the distance of a dipole from a graphene
layer is 5 nm.

Likewise, a periodic arrangement of multiple nanoemit-
ters can reinforce the constructive interference between
acoustic plasmons excited by the nanoemitters, thus
increasing the acoustic contribution. The electric fields
when N nanoemitters are located in the region I with a
periodic spacing of s can be calculated by altering & to
the expression given below.

N

iJIxVI . 1
= ——" — (N +1 . 9
& 2wqﬂ);exp [zqs{ SV >+n}} 9)

The results shown in Fig. 3(b) demonstrate that the con-
tribution from the acoustic plasmon indeed increases as N
increases. Due to plasmon damping, however, the value
of x remains below unity even for large Ns. The results
obtained from horizontal and vertical scenarios are compa-
rable, demonstrating the robustness of the approach using
multiple nanoemitters. The near-field distributions from
the numerical simulations indicate that the acoustic con-
tributions prevail for larger values of N [Figs. 3(c) and

3(d)].

V. EFFICIENT FAR-FIELD EXCITATION OF
ACOUSTIC GRAPHENE PLASMONS

Motivated by the multiple-emitter approach, we sug-
gest a resonator design that can excite the acoustic plas-
mon with high efficiency and selectivity. Narrow slits in
a graphene layer can function as near-field emitters by
scattering far-field radiation. By incorporating a periodic

arrangement of narrow slits into a graphene layer, the mul-
tiple emitters mentioned in the previous section can be
effectively realized under far-field excitation. In the res-
onator design comprised of two identical graphene ribbon
arrays, depicted in the upper panel of Fig. 4(a) (referred
to as “Resonator 17), the far-field radiation impinges on
the narrow slits in the upper and lower graphene layers
with similar magnitudes and phases, similar to the sce-
nario where two identical emitters are placed on the upper
and lower graphene layers. As a result, the optical plas-
mon is expected to be excited, while the acoustic plasmon
is expected to remain in a dark mode. In contrast, the
asymmetric design presented in the lower panel referred
to as “Resonator 2,” implements the previously discussed
multiple-emitter design by incorporating a graphene rib-
bon layer and a continuous graphene sheet.

In Fig. 4(b), the far-field spectra numerically calcu-
lated for a photon momentum of 27 /p with a period-
icity of 119 nm show that the plasmon resonances for
“Resonator 1 and “Resonator 2 are located at different
frequencies, indicating their distinct plasmonic character-
istics. The higher-frequency resonance of ‘“Resonator 2”
is expected to originate from the acoustic plasmon since
the more confined mode has higher energies for a given
momentum, as shown in Fig. 1(b). To elucidate the origins
of the resonances, the near-field distributions are calcu-
lated [Figs. 4(c) and 4(d)]. On the first-order resonance of

(a (b):,
$ Farfield waves —

s w

—

oS
®

Graphene

9]

o
Y

Resonator 1

=

s w

 py —

A
Resonator 2

@ Resonator 1

Normalized transmittance

0.2+

q]

Resonator 2 500 1000 1500 2000

(c) (d)

Resonator 1

Wave number (cm™)

100 Resonator 2

2 (nm)

X (nm) X (nm)

FIG. 4. Far-field excitation of the acoustic plasmon. (a)
(Upper) The resonator design is based on the double graphene
ribbon arrays. (Lower) The alternative resonator design uses a
continuous graphene sheet with a graphene ribbon array. (b) The
numerical results for the far-field spectra are obtained from the
two designs. The red curve shows the case of the alternative
design based on a continuous graphene layer. The spatial dis-
tributions of electric fields in the x direction for (c) the double
ribbon arrays and (d) the asymmetric double-layer design. In all
cases, g = 10, w = 99, and s = 20 nm.
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FIG. 5. Ultimate monoatomic plasmon confinement limit. (a)
The schematic illustration of the double layer of graphene sep-
arated with a monoatomic layer. (b) The schematic illustration
of the graphene-on-a-mirror system with a monoatomic layer
spacer in between. This configuration is effectively equivalent to
a double layer of graphene separated with a double-atomic-layer
spacer. (c) The lateral plasmon confinement as a function of g at
Ao = 8 m.

“Resonator 1 at a wave number of 1250 cm™!, the near-
field distributions (£,) of the graphene plasmons in the
upper and lower graphene layers are symmetric, indicat-
ing that the resonance originates from the optical plasmon
[Fig. 4(c)]. On the first-order resonance of “Resonator 2”
at a wave number of 830 cm™!, the near-field distributions
are asymmetric, indicating that the resonance is domi-
nated by the acoustic plasmon [Fig. 4(d)]. The resonance
at a wave number of 1750 cm™! results from the second-
order interference of the acoustic plasmon. The numerical
results demonstrate that our resonator design effectively
and selectively couples far-field radiation to the acoustic
plasmon.

VI. ULTIMATE PLASMON CONFINEMENT

The excitation of the acoustic plasmon in the double-
layer graphene system provides an opportunity to probe
the fundamental limit of graphene plasmons. As shown
in Fig. 5(a), the lateral confinement of the graphene plas-
mon, as measured by its effective index (¢/ko), increases
with decreasing g, and the ultimate limit can be achieved
with a monoatomic film, such as a monolayer of hexagonal
boron nitride (A-BN) [40]. This is experimentally demon-
strated in the conventional graphene-metal architecture,
where a monolayer of #-BN is placed in between, as shown
in Fig. 5(b). In this configuration, the interlayer separa-
tion is effectively double-atomic-layer thickness due to the
electromagnetic mirroring effect. On the other hand, our
double-layer graphene system can access the fundamental
limit of lateral plasmon confinement at monoatomic layer
thickness [Fig. 5(c)]. In practice, the achievable plasmon

confinement is limited by nonlocal effects arising from
nonlocal conductivities, which can be calculated using
the random-phase approximation [3] [18,41,42]. Using
the asymmetric resonator design shown in Fig. 4(a) and
a monolayer of #2-BN as an optical spacer between the
two graphene layers, we expect the far-field observation
of the ultimate plasmon confinement for the double-layer
graphene system will be experimentally possible.

VII. CONCLUSIONS

We demonstrate that the symmetry of the graphene
plasmons can be switched with a judicious geometrical
arrangement of single or multiple nanoemitters. Further-
more, our analytical theory allows us to optimize the
excitation scheme to efficiently and selectively launch
acoustic graphene plasmons from far-field radiation. Also,
the analytical results inspired us to design an acoustic
graphene plasmon resonator consisting of a continuous
graphene layer and a graphene ribbon array. Our prac-
tical resonator design will enable us to experimentally
observe the ultimate level of plasmon confinement defined
by a monoatomic layer, inaccessible with a conventional
graphene-metal coupled architecture. Also, the efficient
and robust excitation of the acoustic plasmon will benefit
fundamental studies such as nonlocality [43] and nonlin-
earity [44] as well as a variety of applications, including
active metasurfaces [45], biosensors [46], and photodetec-
tors [47].
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APPENDIX A: VERTICAL DIPOLE EXCITATION

To derive the mathematical expression for surface plas-
mons excited by dipoles polarized along the z direction
with current densities J;;, a similar approach as in the hor-
izontal case can be followed. In this case, however, it is

064039-5



IN-HO LEE et al.

PHYS. REV. APPLIED 19, 064039 (2023)

mathematically more convenient to begin with magnetic
waves. The forced wave equation for magnetic waves can
be expressed as

9% Hy,
072

— y,zHl,y = —iJ;.q5(z—h;) I=LILIL (Al)
The solutions for Eq. (A1) are given as
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Hyje YmG—2) + &jfje vzl

H, =

(g <2
(A2)

where & =iJ;.q/2y;. By applying electromagnetic
boundary conditions at z = 0 and z = g, the magnitudes of

the magnetic field strengths in the gap region can be deter-

mined. The magnitudes represented by H = (zﬁi) can be

related to the system matrix, M, and the source matrix,
S through the equation H = (M)~'S, where

M, — (ITy + Doy + 1
LT[ 41— e e —(Ty + 1 + ay)es
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where 4 = (ITy + )y — 1, and B =11, + 1 — op. From
Hip and Hyyp, the magnitudes of magnetic fields, H; and

Hyy, are given as follows:

1 —ylh
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o2

Then the electric fields can be calculated by Ampére’s
circuital law.

APPENDIX B: PURCELL FACTOR

In this section, we determine the contributions from the
acoustic plasmon by utilizing the Purcell factor and com-
paring our results with those shown in Fig. 2 to validate
our method further. For a line of a vertical dipole located
at a distance / from a graphene layer, the Purcell factor P is

(@)

900}
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T 500}
400}
300t

1 N N N N N N N N N
10°™40 20 30 40 50 60 70 80 90 100
h (nm)

70 20 30 40 50 60 70 80 90 100
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FIG. 6. Purcell factor. (a) The integrand of Eq. (A1) R(g) as a

function of ¢. (b) The spontaneous emission rates as a function

of the distance between a dipole and a graphene layer (/). (c) The
acoustic plasmon content, yx, as a function of 4.

linked to the reflection coefficient 7(g) for a given in-plane
momentum through the equation

[e'9) 2
P=1-—4Re / _r(q) ezikzz/q—dq ,
oo ATk, ko?

where k, = ,/k} — ¢%. The zeros of r(q) provide the dis-

persion relation of graphene plasmons. The contribution
of the optical and acoustic plasmon to the Purcell factor

(B1)
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denoted as P and P,, respectively, can be calculated by
fitting the related reflection resonances to Lorentzians. As
a result, the acoustic plasmon content xp can be expressed
as xp = (P, — P1)/ (P> + Py).

The calculated results are summarized in Fig. 6 for the
following representative values: u = 0.4 eV, T =300 K,
g = 10 nm, and Xy = 8 wm. Figure 6(a) presents the inte-
grand of Eq. (B1) denoted by R(g) as a function of the
in-plane momentum for the case # = 10 nm, which clearly
reveals that nearly all of the dipole emission goes into two
well-defined plasmonic modes with momenta k; & 14.6k,
and k, ~ 67.2k,. Figure 6(b) shows the total Purcell factor
as a function of the distance between the emitter and one
of the graphene layers. At small distances, the field emitted
by the dipole couples more strongly to the more confined
mode (the acoustic plasmon), but as / increases, the cou-
pling to the acoustic plasmon decreases more rapidly than
the coupling to the optical plasmon, which dominates the
Purcell factor for g < A. This progression explains the
dependence of xp on & shown in Fig. 6(c), which agrees
well with the results shown in Figs. 2(a) and 2(b).
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