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Abstract: Converting transverse photons into longitudi-
nal two-dimensional plasmon-—polaritons (2D-PP) and vice
versa presents a significant challenge within the fields of
photonics and plasmonics. Therefore, understanding the
mechanism which increases the photon — 2D-PP conversion
efficiency could significantly contribute to those efforts. In
this study, we theoretically examine how efficiently incident
radiation, when scattered by a silver spherical nanopar-
ticle (Ag-NP), can be transformed into 2D-PP within van
der Waals (vdW) heterostructures composed of hexagonal
boron nitride and graphene (hBN/Gr composites). We show
that the Dirac plasmon (DP) excitation efficiency depends
on the Ag-NP radius as R°, and decreases exponentially
with Ag-NP height h, so that for a certain Ag-NP geome-
try up to 25 % of the incident electrical field is channeled
into the DP. We demonstrate that the linear plasmons (LPs)
excitation efficiency can be manipulated by changing the
graphene—graphene distance A (or hBN thickness) or by
changing the number of graphene layers N. By increasing
A and/or N the LPs move towards smaller wave vectors
Q and become accessible by the Ag-NP dipole field, so that
for N > 5 the excitation of more than one LP is possible.
These results are supported by recent scattering-type scan-
ning near-field optical microscopy (s-SNOM) measurements.
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Furthermore, we show that Ag-NPs with specific param-
eters preferentially hybridizes with DPs of a particular
wavelength A, facilitating selective excitation of DPs. The
obtained tuning possibilities could have a significant impact
on applied plasmonics, photonics or optoelectronics.

Keywords: s-SNOM; graphene; hBN; photons; optical excita-
tions; Dirac plasmon polariton

1 Introduction

Longitudinal collective electromagnetic modes in atomi-
cally thin 2D crystals known as 2D plasmon-polaritons (2D-
PP) were extensively studied in the last decade. Namely, 2D-
PPs carry a strong evanescent electric field that propagates
only close to the 2D crystal, hence their trajectory along the
2D crystal can be efficiently manipulated akin to a nanoscale
waveguide [1]. Even more, the intensity, frequency and
range of 2D-PPs strongly depend on the effective number of
charge carriers in the valence band, which in 2D crystals
can be changed electrostatically but also using different
types of 2D crystals. These properties have facilitated the use
of conductive 2D crystals in numerous applications across
optoelectronics, photonics [1]-[3], plasmonics [4]-[6], as a
photodetectors, sensors and in telecommunications [1], [7],
[8]. Considering that 2D-PPs are evanescent (or dark) modes,
they can neither radiate nor be excited directly by radia-
tion. Therefore the capability of converting 2D-PPs into light
and vice versa is particularly valuable for the aforemen-
tioned applications. For this reason alone, increasing the
conversion efficiency is a pivotal challenge within the plas-
monics and photonics communities [5], [9]-[15]. Moreover,
with the advent of vdW heterostructures, extensive manip-
ulation of the plasmonic properties became possible, both
through stacking different types of 2D crystals that form a
heterostructure, as well as through electrostatic or chemical
doping [4], [16], [17]. Namely, the use of different 2D semi-
conducting layers enables the creation of diverse dielectric
environments that could significantly change the plasmonic
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properties arising from conductive layers [18]. While previ-
ous theoretical work has focused on the intensity, dispersion
[19]-[21], propagation length [22], [23] and damping of 2D
plasmons [24], studies on the excitation efficiency of 2D-PP
using external radiation are less common [10], [25]-[27].
Our work aims to deepen the understanding of light-2D-PP
switching efficiency, particularly in vdW composites, which
could enable on-demand selective coupling between light
and 2D-PP, as mentioned above.

In this paper, we study the intensities of the electro-
magnetic modes in the vdW heterostructure composed of
alternatively stacked doped graphene [Gr(n)] and hexago-
nal boron-nitride (hBN) single-layers (SL). Here n denotes
the concentration of electrons in the graphene z* band. The
electromagnetic modes are driven by a nearby silver (Ag)
spherical nanoparticle (Ag-NP) illuminated by monochro-
matic radiation. The electronic response in hBN and Gr
SLs are described using random phase approximation (RPA)
optical conductivities ¢° calculated from first principles
[28], [29]. To describe the electromagnetic modes and their
coupling to external radiation we applied the propagator
technique; solving the Dyson equation for the propagator of
the electromagnetic field (or photon propagator) I" [29]-[31].
Here, the photon propagator I" is the fundamental variable
from which we derive all other studied quantities.

We briefly define the nomenclature of electromagnetic
modes in a vdW composite composed of N graphene (Gr)
and N — 1hexagonal boron nitride (hBN) single layers (SLs),
distinguishing one Dirac plasmon (DP) and N —1 linear
plasmons (LPs). We explore Ag-NP absorptivity when placed
near the vdW composite, as well as the electrical fields
scattered at screened Ag-NP and reflected from the vdW
composite. We show that although Ag-NP is a very weak IR
absorber; it channels the electromagnetic field very well into
2D-PP so that even 25 % of the incident field is converted
into DP. We demonstrate the selective hybridisation of Ag-NP
with DP of certain wavelength A, regardless of the doping
n or the number of layers N. We also explore the spatial
distribution of the electrical field carried by DP and LPs and
explore the parameter space (n, N) for which the efficient
excitation of LPs is feasible. Finally, we obtain a very good
agreement with recent experimental measurements of the
DP and LP in a Gr/hBN/Gr composite [32].

The paper is organized as follows: Section 2 outlines
the system’s geometry and includes the derivation of the
photon propagator I', RPA optical conductivity ¢°, and scat-
tered electrical field E*°. In Section 3 we present the com-
putational details, followed by a discussion of results in
Section 4. Finally, Section 5 summarizes our conclusions.
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2 Theoretical formulation

In the scattering-type scanning near-field optical micro-
scopy (s-SNOM) experiment the incident monochromatic
radiation of frequency w, and wave vector q, = (Qy, g,),
where (;, = w, /¢, excites localised dipole active modes (for
example Mie resonances or plasmons) in the subwavelength
AFM tip. This results in the scattering of the incident radi-
ation to all radiative (far field) |Q| < w,/c and evanes-
cent (near field) |Q| > w,/c partial waves which can excite
corresponding electromagnetic modes in nearby vdW het-
erostructure. By imaging the scattered electrical field and its
Fourier transform one obtains information about the elec-
tromagnetic modes in the vdW heterostructure. Here we
study the electromagnetic modes in Gr/hBN heterostructure
obtained by alternate stacking of N Gr and N — 1hBN single-
layers (SL), which occupy the planes z, =0, z,_; = —A,
z,_1 = —2A, ..., asillustrated in Figure 1. For the separation
between crystal planes, we have taken a constant value
A. The AFM tip is here approximated by a silver spherical
nanoparticle (Ag-NP) of radius R at height h relative to the
topmost Gr layer, occupying z = 0 plane, as also illustrated
in Figure 1. Before explaining the simulation of the s-SNOM
experiment, i.e. the derivation of the scattered electric field
or Ag-NP absorbance, we shall first derive the propagator

©:0-e

V4
Ag-NP z
h

GI (z,=0) F9-99-29-99-49-49-49-49-_43~
X y
hBN (2, ,=-0) 59-89-83-85-55-55-85-95-93-1

GI (z, =-20) 53-89-89-89-89-89-93-89-89—
I A
hBN (z, ,=-30) 59~89-89-89-95-85-85-85-83-

Gr (z, ;=-40) 59—-89-83-83-99—-83-4%3-93-8%—

Figure 1: Geometry of the system. The electromagnetic modes

in Gr/hBN composite are driven by a silver nanoparticle (Ag-NP)
illuminated by monochromatic light of frequency w,, wave vector q,
and of polarisation e.
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the electric field I', as a starting variable from which all
other values and conclusions are derived.

2.1 Calculation of photon propagator

Building upon the foundational research detailed in prior
studies [28]-[31], it is established that the intensity of elec-
tromagnetic modes in 2D crystals within the (Q, w) phase
space is determined by the real part of the electromagnetic
field (or photon) propagator, denoted as %F”V(Q, ). This
procedure non-selectively scans all possible radiative (@ >
|Q]c) and evanescent (w < |Q|c) modes, yet it does not pro-
vide a measure of the actual excitation efficacy by exter-
nal experimental probes. To address this gap, our research
explores the efficiency with which external radiation can
excite strong non-radiative modes, specifically plasmons, in
conductive 2D crystals through the mediation of metallic
spherical nanoparticles. In the following paragraphs, we
show how this can be modelled by computing the scat-
tered electrical field derived from the photon propagator
I". We first assume the dielectric response the vdW com-
posite is translationally invariant along the x —y plane,
which means lateral crystal local field effects are neglected
(G|| = 0), while maintaining the dispersity of the dielectric
response in the vertical z direction (G, # 0). In this con-
text, G = (G||, G,) represents 3D reciprocal vectors. Then
the propagator I" can be obtained by solving the following
Dyson equation

r,,Q.0,22)=T (Q,z2)+ 2 / dz,dz,

x FZQ(Q’ CO, Z’ Zl)agﬂ(Q, a)’ Zl’ Zz)

XTIy, (Q.@,2,,2"). m

Moreover, by applying a 2D approximation, the
unscreened conductivity of a vdW composite, which
consists of n parallel stacked 2D crystals that occupy the
planesz = z;; Vi€ [1, ..., n], becomes

n
00, Q. ®,2,7) = Y 6%(Q, 08z - 2)5(2 —z), ()
i=1
where 0 (Q w) = O_o ’(Q w)4,,, represents the unscreened
2D conduct1v1ty in the ith 2D crystal. After we insert Eqgs. (2)
in (1) we obtain the following Dyson’s equation for I'" [31]

[.Q =T Qo+ Y ZF XD

a=x,y,zk=1

X 62K(Q, @) ,,/(Q, ), ®3)
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where f‘?j(Q,a)) 19Q, w, z;, z;) and the bare electromag-
netic field propagator is defined explicitly [28], [29], [33], [34]
as

(-0 n_ _Ami 2z
I"Q,w,z,z') = p 6(z—-2Nz-z2— a)ﬂ
x{E+Ere ) e @
The s(TE) polarisation contribution is
2
R o 2 ﬂy _ﬁxﬁy
Ef = <cﬁ> —BBy ﬂi 0} 6)
0 0
while the p(TM) contribution is
ﬁj ﬂxﬂy _Qﬁxsgnzz’
EP(Z»Z,) = ﬁxﬂy ﬂ)Z, _QﬂySgnZZ’ s (6)
_Qﬁxsgnzz’ _QﬁySgnzz’ QZ
where sgn,, = sgn(z — z), Q = Q(cosby, sinby),
Q=,/Q*+ @, B, =Ppcosd, f,=psind, and the

complex wave vector in perpendicular (z) direction

is = — Q% The RPA 2D conductivity of the ith
2D crystal can be split into intraband and interband
contributions [28],

GZ,I(Q, CO) — Glntra’ l”(a)) + O.lntEI" i#(Q, CO)

™

Here the intraband (n = m) or Drude conductivity is,

2
1ntra ( CO) e nM (8)

m o+ mmtra

where the effective number of charge carriers is

aan 'M
(G= 0) 9)
;KelZSBZ aEnK nK e
The interband (n # m) conductivity is
sinter(Q, ) = i’ S = Juerg
g n#mKeELSBZ Enx — EmK+Q
nK mK+Q(G - 0)| (10)
ho + EnK EmK+Q + mlnter
where the current vertices are defined as
—i(Q+G)r i
nK mK+Q(G) /dre Qo ]nK mK+Q( ) (11)

Q

and the current produced by transitions between Bloch
states [nK) - |mK + Q) is
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, en (.
]:K,mK+Q(r )= 2im {#7x 09, Prkso(©)

= [0, @) Prxsqm}-

Here Q=S X [ is the normalization volume, S is
the normalization surface, [ is supercell lattice constant
in the z direction (used in DFT calculation of the self-
standing 2D crystal), (n, m) are band indices, K are 2D wave-
vectors in the first surface Brillouin zone (1. SBZ) and f,x =
[eEn—Er)/KT 1] " is the Fermi-Dirac distribution at a finite
temperature T.It should be emphasized that all quantities in
the equations below Eq. (7) should be superscripted with the
index i because they refer to the ith self-standing 2D crystal,
but we omit it for clarity.

The above 2D approximation makes it possible to
express all studied quantities in terms of 2D conductivities
ag’i of self-standing 2D crystals which are stacked to form
the vdW heterostructure. This procedure saves computa-
tional time and memory resources tremendously, but coin-
cidentally still provides plausible results. However, the 2D
approximation is completely justified only if the electronic
band structures of neighbouring 2D crystals in the vdW
composite weakly overlap, which also means that the layers
of the same component should never be adjacent to each
other [29]-[31]. For example, when Gr or transition metal
dichalcogenides (TMDs) are stacked in multilayers the origi-
nal band structure is not preserved. In the graphene bilayer,
two extra parabolic bands appear at the K point, while
the TMD bilayers usually transform into indirect band-gap
semiconductors. As a result, the 2D approximation holds
true for vdW heterostructures such as Gr/hBN/Gr/..., where
the conductive zero-bandgap Gr layers are interspersed
with wide-bandgap semiconductors such as hBN. In such
configurations, the onset for the electron-hole excitations
in the hBN spacer layers begins at @ ~ E,, which does not
interfere with Gr’s response at energies far below the gap
E,. Considering that (due to hBN being a wide band gap
semiconductor) the band structures of the individual layers
(Gr and hBN) do not overlap at all near the bandgap, when
Gr and hBN layers are stacked on top of each other, their
band structure is replicated with minimal distortion — espe-
cially the shape of the 7 bands is conserved. This allows us
to apply our 2D model without ambiguity.

We emphasize here that simpler analytical or
semi-analytical TBA models could be used instead to
obtain graphene and hBN optical conductivities [35],
[36]. However, for lower doping and in the intermediate
frequency range (0.5 < w < 1.5eV), this can reduce the
accuracy of the results (as discussed in Section S5A
of Supplementary Materials [37]). Therefore in this work
the more accurate ab initio conductivities were calculated,
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as they are only slightly more computationally demanding
for smaller unit cells, such as that of graphene or hBN.

2.2 Simulation of the s-SNOM experiment

Suppose that Ag-NP is illuminated by incident monochro-
matic radiation of unit amplitude
E, = e el(®r—ao0), 12)
Since the wavelength of the incident radiation is
much larger than the dimension of the nanoparticle (4, =
2zc/wy > R) and also much larger than the unit cell of
vdW composites (1, > a, ]), from now on we shall use the
dipole approximation (¢, = 0). This is a standard procedure
that does not affect the validity of the obtained results.
The electromagnetic energy absorption rate in Ag-NP is
then [38]

Ayp(@y) = wyeJa,, (wy)e, (13)

where the Ag-NP screened (or dressed) polarizability tensor
is

a,(w) 0 0
dw)=| 0 olw 0 | (14)
0 0 a,(®)
where @)
ay(w
a,(w) = ik : (15)
" 1+ iwag(@))5 (@, h)
Here the bare polarisability of Ag-NP is
€po(@) — 1
=R 16
ay(w) erg@) + X (16)

where € ,(w) represents the Ag macroscopic dielectric func-
tion, and R is the nanoparticle radius. The coupling strength
between the plasmonic modes in Ag-NP and the electromag-
netic modes in the vdW composite is

an

ind _ dQ ind 2iph

Mo = [ 4% rQwe,

where h is the vertical distance of the nanoparticle from the

origin z = 0, and the surface electromagnetic field propaga-
tor is defined as

(18)

Ff;\?(Q’ ) = F/Avnn(Q’ ) — r (Q, w).

puvnn

Here Ffmm and I',,,, represent propagators of bare
and screened electromagnetic fields in the topmost Gr layer

(z = 0), respectively.
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The reflected field propagator in Eq. (18) in principle
represents the reflection coefficient of the entire vdW com-
posite r;d;“’ which can be expressed in terms of the reflectiv-
ities of individual layers (i = Gr, hBN) [34], [39]

. 2 .

ri(Q, w) = —ﬁ”—gcf;(w)

i _ 2| iy Q@

Q@) ==~ 1fo(@) ?Gz(w) )

where the screened conductivities are
0,i
; o, ()
ol(w)=—F———; U=X,V,Z
H _70 0,i 4 s Vs &
1 Fﬂ uOu (w)

and where the bare electrical field propagators are

_ 2xp 0
=T e =

2w 0
yy

1%

=

as described in detail in Section S5C of Supplementary
Materials [37].

The derivation of the screened polarisability (Eq. (15)) is
schematically illustrated in Figure 2(a). The Ag-NP dynami-
cal dipole a e induces the electromagnetic field at the vdW
surface which subsequently scatters and reflects multiple

(a)

e

Gr/hBN

Figure 2: Schematic representation of (a) screened or dressed Ag-NP polarisability a; (b) the electrical field scattered on screened Ag-NP,

N. Golenic¢ et al.: Optically driven plasmons in graphene/nBN == 2769

times generating a screened or dressed dynamical dipole @e.
The standard definition of electrical field at (p, z) driven by
point dipole pe~i at (p = 0, h) is [29]

E(p, 2, ) = —i, / JTQ)ZeiQPf(Q,wO,Z, wp,

where the propagator of the total electromagnetic field
(propagating the interaction betweenz =hand 0 <z < h)

1S
1Q. w5, 2, 1) = 1°(Q, y, 2, h) + P PIIQ, ). (19)

After inserting the definition of the bare propagator
(Egs. (4)-(6)), the total propagator (Eq. (19)) is explicitly

1Q, @y, 2, h) = e [[0(Q, wy)e#7 + [d(Q, wo)eif”],
20)
where

>

? - Q)Z( _Qny
2
-0, % -9

Qb Qb

Qb
by |

1°Q, w,) = — 2%

21
P,

Gr/hBN

Gr/hBN

Escydw an d;

(c) the electrical field, first scattered at screened Ag-NP and then reflected from the vdW composite, E*®. The latter field represents the 2D-PP

fingerprint, induced by a screened dipole ae.
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Because in our case the dipole is the polarisable Ag-
NP at (p = 0, h) driven by external radiation, the following
substitution can be performed

p - alwye, (22)

and the scattered electrical field at (p, 0 < z < h) becomes

E¥(p,z,p) = B (p, 2, wy) + EYY(p, z,0).  (23)

The first term, schematically shown in Figure 2(b), rep-
resents the electromagnetic field scattered on the screened

Ag-NP

. dQ oo .isth—
ESC’NP(p, z, 600) = —iw, / (2732 elQpel/j(h z)

x 1°(Q, wy)a(wy)e. 4)

The second term, depicted schematically in Figure 2(c),
represents the field initially scattered by the screened Ag-NP
and subsequently reflected from the vdW composite

. dQ iop..
Esc,vdw ,Z,wy) = —iw / elQpelﬁ(h+z)
(p 0) 0 (271')2

x ['M(Q, wy)d(wy)e. (25)

More specifically, the first term represents the usual
dipole electrical field which also takes into account the mod-
ification of the dipole polarisability due to the presence of
the vdW surface. The second term represents the electrical
field which produces the current in the vdW crystal induced
by the screened dipole. In other words, the second term
gives us information about the electric field carried by the
2D-PPs induced in the vdW crystal. Therefore, in the fol-
lowing, the 2D-PP will be analysed through the scattered
field (Eq. (25)), and the modification of the Ag-NP polariz-
ability will be analysed through the absorptivity (Eq. (13)).
Moreover, it should be emphasized that the 2D-PP excitation
efficiency strongly depends on screening affecting the polar-
isability a. We shall see below that it is the hybridization
of Ag-NP with 2D-PP that enhances the polarisability in the
infrared (IR) range and thereby increases the 2D-PP exci-
tation efficiency. Lastly, we disregareded processes where
the incident field initially scatters (or rather reflects) on the
vdW composite. This omission is fully justified since the field
reflected from the Gr/hBN composite is very weak, resulting
in minimal scattering on the Ag-NPs and thus negligible
excitation of 2D-PPs.

3 Computational details

The KS wave functions ¢,x and energies E,x used to
calculate the RPA conductivities ¢ (Egs. (N-(1D) in Gr
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and hBN SLs were determined using a plane-wave self-
consistent field DFT code (PWSCF) within the Quan-
tum Espresso 6.4 package [40]-[42]. For both 2D crys-
tals (Gr and hBN), as well as bulk Ag crystal, the core-
electrons interaction was approximated by the norm-
conserving pseudopotentials [43], [44] and the exchange-
correlation (XC) potentials were approximated by the
scalar-relativistic Perdew—Burke—Ernzerhof (PBE) gener-
alized gradient approximation (GGA) functional [45]. The
Gr and hBN ground state electronic densities were calcu-
lated by using the 12 X 12 X 1 Monkhorst-Pack (MP) K-
mesh [46], the plane-wave cut-off energy was converged to
50 Ry and the density cut-off to 400 Ry. Both Bravais lat-
tices were hexagonal, with cell parameters corresponding
to ag, = 2.46 A and a; 5y = 2.51 A, respectively. The superlat-
tice constant was [ = 12.3 A for both crystals. Optical con-
ductivities of both graphene and hBN layers were calcu-
lated from Eqs. (7)-(11), where for hBN only the interband
contribution (Eq. (10)) was taken into account. Therefore,
the hBN conductivity was in fact calculated within the ran-
dom phase approximation, while the ladder contribution
cladder regponsible for excitonic effects [29], was neglected.
For both crystals the wave vector K summations in Egs. (9)
and (10) were performed by using a 201 X 201 X 1K-mesh.
The band summations were performed over 20 and 30
bands for Gr and hBN, respectively. Also, for both layers
we used the same phenomenological damping constants
Nintra = 10 meV and #;,.., = 50 meV. The hBN band-gap was
set to the DFT value EEBN = 4.5 V. Here we assume that the
vdW crystal and Ag-NP are surrounded by vacuum (i.e. € =
1) and that Ag-NP is described by the macroscopic dielectric
function

exgl@) =1/e;l o (@~ 0,0), (26)

where q and G are the 3D transfer wave vector and
the reciprocal lattice vector, respectively, corresponding
to bulk Ag crystal. The dielectric matrix is & =1— ¥ }°
where }° is 3D irreducible polarisability [30], [31] and bare
Coulomb interaction is Vge (q) = lqi—’;lz Ogg- The ground
state electronic densities of bulk Ag crystals were calcu-
lated by using the 8 X 8 X 8 K-mesh and the crystal struc-
tures were simulated by cubic FCC with lattice constants
a = 4.143 A. The converged plane-wave cut-off energy was
80 Ry. The wave vector k summation and band summa-
tions (n,m) in the y° are performed using 81 X 81 X 81k-
meshes and over and 33 bands. The damping parameter
was 40 meV while the temperature was set to T = 10 meV
and the crystal local field effects cut-off energy was set
to be zero. For these parameters, the EELS spectrum ~
J1/ €, exhibits a strong peak at w,, ~ 3.6 eV corresponding
to Ag bulk plasmon [47]. Dielectric functions of noble metals
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(Ag, Au, Cu, ...), due to the interband transitions between
the multitude of d bands near the Fermi energy, devi-
ate significantly from dielectric function of simple metals
(Na, Li, Al, ...) [48]. Therefore, the dielectric function
of silver must be calculated using an ab initio model as
demonstrated in Section S5B of Supplementary Materials
[37]. Moreover, a very careful treatment of the d bands
energy is required, otherwise the d interband continuum
and thus the bulk and surface plasmons will have the wrong
energies.

To ensure that the 2D approximation can be safely
applied and therefore validate the results obtained, we
performed ground state calculations of trilayer Gr/hBN/Gr
composite. To ensure proper treatment of the long range
London dispersion which is important to obtain the cor-
rect interlayer distance in the structural optimization, we
employed the vdW-DF-cx functional [49]. The choice of pseu-
dopotenials was the same as for hBN and Gr as noted above.
The relaxation of atomic positions was performed self-
consistently until forces on all atoms were below 1 mRy/a.u.
while keeping the parallel (a,b) cell parameters strained
to the graphene cell size as relaxing parallel cell parame-
ters did not yield any difference in results. The perpendic-
ular cell size was set to ¢ = 7a to prevent spurious inter-
action occurring between periodic replicas. The distance
between graphene and hBN layers was found to be A =
3.2 A after the relaxation. The Brillouin zone was sampled
withal3 X 13 X 1 MP mesh and wavefunction/density cut-
offs were converged to 65/280 Ry for the Gr/hBN/Gr trilayer.
In addition, ground state calculations for Gr and hBN were
also repated with the vdW-DF-cx functional for the band
structure comparison with a 13 X 13 X 1 MP mesh. Their
wavefunction/density cutoffs were converged to 55/240
Ry and 80/320 Ry, respectively. The Methfessel-Paxton
electron smearing parameter was kept at 10 mRy for all
calculations.

In the 2D model, the separation between Gr and hBN
planes A was kept constant and set to 3.2 A as obtained in the
DFT structural optimization calculation for the Gr/hBN/Gr
heterostructure. However, we emphasize that the results
were quite insensitive to a small variation in A.

4 Results and discussions

To clarify the 2D plasmon mode nomenclature in the Gr/hBN
composite we first analyse a very simple toy model. We
start from the most simple model system — a single-layer
doped graphene (N =1). Moreover, we suppose that the
electromagnetic modes propagate in the x direction Q =
(Q, 0), taking into account that Gr is difficult to polarise in
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the z direction (6% = 0), and neglecting polarisability due
to interband excitations oj({‘;er = 0). In this case, Dyson’s
equation (Eq. (3)) becomes

ef =10

where the dielectric tensor is the following 2 X 2 matrix

@7)

y
€, represents the dielectric response, and €, =0 is the

restoring force condition for the emergence of the p(TM)
polarised mode (whose electrical field is parallel to its prop-
agation, so that ¢, is also called the longitudinal dielectric
function). €, represents the dielectric response, and e, = 0
restoring force condition for occurrence of s(TE) polarised
mode (whose electrical field is perpendicular to its prop-
agation, so that €y is also called the transverse dielectric
function). In the evanescent region @ < Qc, after inserting
Eq. (8) and taking the zero damping limit #;,.,, = 0, the lon-
gitudinal dielectric function becomes

and where ¢, = 1+ ZZoinra gnd ¢, =1 + Z25inra_ Here,
' ® °Ox y 123

2

_ P
€y = 1- ﬂ;, (28)
whereas the transverse dielectric function becomes
@
€y = 1 + W’ (29)

where f = /0% — %2 and w, = %. It’s important to

mention that the quantity w, (because n is the surface
charge density) does not have the dimension of frequency
[1/time] but instead [+/length/time]. However, we still keep
this notation for consistency with past research (e.g. the
bulk plasmon frequency is traditionally defined as w, =

v/4rne*/m). Here we also leveraged the isotropic nature
of graphene, where n, = n,. Because (in this model) the
condition €, = 0 never occurs, graphene does not support
transverse eigenmodes. In the non-retarded limit, ¢ — oo
and [3 — Q, the condition €, = 0 is satisfied if

Q) = a)p\/é,

which is the dispersion relation of the longitudinal
DP. A detailed analysis of Dirac plasmon intensity
and scattered field in single-layer graphene (N =1)
for different doping concentrations n is presented in
Section S2 of Supplementary Materials [37].

We now proceed to consider a more complex system,
the Gr(n)/hBN/Gr(n) trilayer. Given that the Gr/hBN separa-
tionis defined by A, it follows that the Gr/Gr separation is 2A

(30)
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(see Figure 1). Because we assumed that both graphenes are
equally doped and we neglected the interband polarisability
(which means that the polarization of hBN is completely
neglected), according to Dyson’s equation (Eq. (3)) the lon-
gitudinal dielectric tensor is

A W 1 e—zim
eL(Q,a))=|]—ﬂ—p .

31
o | g2 . (31

By solving the eigenvalue problem €, E = 0 we obtain
two plasmon modes, whose dispersion relations (in the non-
retarded limit) are

@,(Q) = w(Q)\/ 1+ A,

and which produces the electrical field which in the neigh-
bouring graphene sheets oscillates in-phase E, = (1,1) and
out-of-phase E_ = (1, —1). Because in the long wavelength
limit (Q — 0) one obtains w,(Q) X w,+/2Q and w_(Q) ~
, \/ﬂ Q. Given that the 2D plasmon in graphene originates
from intraband transitions within the band that forms a
cone in the vicinity of the Dirac point (K point of the Bril-
louin zone), that band significantly shapes its dispersion so
that this plasmon is identified as the Dirac plasmon (DP)
[50]. In the case of multilayer graphene, the hybridization
of 2D Dirac plasmons (in individual graphene layers) occurs,
yielding a series of 2D plasmons whose count increases pro-
portionally to the number of graphene layers. The plasmon
with the largest (square-root-like) dispersion, in this case
w,, is a plasmon composed of coherent (in-phase) oscilla-
tions of Dirac plasmons in individual graphenes, and that is
why this plasmon is also commonly referred to as the DP.
Lower frequency plasmons have linear dispersion relations
and are here referred to as linear plasmons and in this case
w_ is a LP. It should be emphasized that LPs arise as a result
of the hybridization of DPs in individual graphenes and
should not be confused with the definition of an acoustic
plasmon (AP), the plasmon that arises as a result of the
hybridization of a 2D plasmon and a surface plasmon [51]
or as a result of the hybridization of two or more elec-
tronic plasmas of different Fermi velocities in the same or
several bands within the same 2D crystal [52]. According
to this toy model, in the long-wavelength limit Q < 1/A,
by increasing A (or hBN thickness) the LP phase velocity
increases, while for DP it remains unchanged. However,
for larger wave-numbers Q ~ 1/A (see Eq. (32)) the DP still
significantly depends on A. For example, for thicker lay-
ers the DP and AP degeneracy (w_(Q) ~ w,.(Q)) will occur
for smaller wave vectors Q then for thinner layers (see
Section S4 of Supplementary Materials [37]). In the s-SNOM
experiment the excitation frequency is fixed at @, so that in

(32)
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SL Gr, according to Eq. (30), the light will scatter mostly into
the wave vector

Q, = wg/a’, (33)

Accordingly, in the Gr/Gr bilayer, the light will be scat-
tered into two wave vectors @, which, according to Eq. (32),
scaled to wave vector Q,,, are

- _ 1 n, Q; 1
= = ~ X and = =, (34)
Qp \Jpg, VA Qp 2

According to Eq. (34), the DP wave vector Q, scaled to
wave vector @, evidently displays universal behaviour so
we predict that the peak at Q. / Q, that appears in s-SNOM
measurements is weakly dependent on A or graphene dop-
ing n. On the contrary, the peak at Q* will increase with dop-

ing and decrease with A. To prove these claims we explore
the Fourier transform of the scattered field at z = 0 driven
by a x polarised unit point dipole at a height h relative to
the Gr/hBN/Gr composite, which according to Eq. (25) and
ae - Xis
EYWY(Q,, wy) = —iw e TR, , ). 35)
In accordance with experiment [32] the excitation fre-
quency is chosen to be Aw, =117 meV, h =25nm and
the Gr/hBN composite consists of 12 nm thick hBN dielec-
tric slabs sandwiched by two graphene SLs. Adapted
to our model the experimental system corresponds to
Gr(n)/hBN,,/Gr(n) composite consisting of 37 hBN layers and
two Gr layers at a distance 2A = 12.7 nm. Here we assumed
that the hBN film is a bulk crystal so that hBN layers are
3.33 A apart, the hBN-Gr distance at the bottom and top is
3.2 A and both graphenes are equally doped by electrons of
concentration n. Figure 3 shows the Fourier transform of the
scattered field (Eq. (35)) in Gr(n)/hBNj,/Gr(n) composite for
different electron concentrations; n =5 X 102 cm™2 (red),
n=1 x 10 cm~2 (orange),n = 5 X 10 cm~2 (green) and
n=1 x 10 cm~? (blue). It can be seen that the change in
the position of the DP peak is very small even though the
doping is multiplied up to 20 times. On the contrary, the
position of the LP peak moves significantly to the right as
doping increases. The experimental result taken from Ref.
[32] is represented by black squares. The experimental Q,
is also rescaled to correspond to our definition (Eq. (33)).
Remarkably, we observer an excellent agreement with the
experimental DP, even though the experimental doping is
not known, confirming the universality of DP. Moreover,
the consistency between our theoretical predictions and the
experimental LPs allows us to estimate the experimental
doping to be around n ~ 1 X 10" cm—2
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Figure 3: The Fourier transform of scattered electrical field
SREW(Q,, w,) driven by a x polarised unit point dipole at a height

h = 25 nm above the Gr(n)/hBN5;/Gr(n) composite for different electron
doping concentrations; n =5 X 10" cm=2 (red),n =1 X 10" cm~2
(orange),n =5 X 10" cm~2 (green)and n =1 X 10™ cm~2 (blue).
The experimental data was adapted from Ref. [32] and is represented
by black squares.

As the number of graphene layers increases, the num-
ber of linear plasmons multiplies, while the DP branch
increasingly shifts towards higher energies. Figure 4(a)
shows the intensity of the surface electromagnetic modes
(—E)%Fg;d in units Gal = h/2z¢€?) in Gr(n)/hBN composite for
N =5 scanned over (Q,, ®) phase-space. Each Gr layer is
doped by electrons of concentrationn =1 X 10™ cm~2.One
can see a very steep peak corresponding to the DP and four
linear plasmons LP;, LP,, LP; and LP, whose intensity can be
even stronger than the DP. Figure 4(b) shows the intensity
—S%F;‘)‘(d scanned over the (Q,, Qy) phase-space, for a fixed
driving frequency @, = 0.6 eV, also denoted by a dotted
horizontal line in Figure 4(a). We observe five concentric
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circular patterns which have the strongest intensity for
|cos ()Q) =~ 1, while for )cos 0Q| ~ 0 they vanish, indicating
the longitudinal character of five plasmons. The solid cyan
line in Figure 4(b) represents the Fourier transform of the
scattered field Ef("’VdW(QX, @,) (see Eq. (35)), which shows 5
peaks corresponding to 5 plasmons, exactly how they would
appear in a SNOM measurement for this system. A detailed
analysis of the dependence of the of the plasmon scattered
field EX"™Y w.rt. doping n and the number of layers N is
presented in Section S1 of Supplementary Materials [37].

In the subsequent paragraph, we will examine the effi-
ciency with which external radiation, after scattering off
Ag-NPs, couples to DP or LPs in various Gr/hBN composites.

Figure 5(a) shows the normalised electromagnetic
energy absorption rate in Ag-NP of radius R = 20 nm at a
height h = 30 nm above the Gr(n)/hBN composite (N = 2)
for different doping concentrations; n = 0 cm=2 (brown),
n=5x 10%cm=2 (red), n=1 X 108 cm~? (orange),
n=>5 x 108 cm=? (green) and n=1 x 10 cm~2 (blue).
The dashed lines represent the results from the Drude
model (¢° = ¢i"@) while the solid line represents the
results from the full RPA model (¢° = 6™ + g™™er), The
black solid line (shaded in grey) shows the absorption
of Ag-NP in a vacuum. The absorbance of Ag-NP in a
vacuum is, in the shown frequency range, negligible. The
weak contribution we see is essentially the tail of the Mie
plasmon resonance at w = 3.4 eV. However, when the Ag-NP
is brought into close contact with the Gr/hBN composite,
there is a marked increase in its absorbance, which exhibits
a pronounced dependence on doping levels. In the case
of pristine graphene (n = 0), there is a modest interaction
between the Ag-NP and the interband = — z* excitations
in Gr, resulting in relatively low absorbance — merely

— 10

0 02 0.4 0.6 08
[nm"]

Figure 4: The intensity of the surface electromagnetic modes —%Fix';d in Gr/hBN composite for N = 5 scanned over (a) (Q,, @) space and over
(b) (Q,, Q,) space for a fixed driving frequency w, = 0.6 eV denoted by a dotted horizontal line in (a). The solid cyan line in (b) represents the Fourier
transform of scattered field, £°°*"(Q,, ). Each Gr layer is doped by electrons of concentration n =1 X 10" cm~2. The intensities are in units

G;' = h/2me? and the scattered field is in arbitrary units.
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Figure 5: The normalised electromagnetic energy absorption rate in Ag-NP of radius R = 20 nm at height h = 30 nm from Gr(n)/hBN composite for
(a) different doping concentrations; (brown) n = 0, (red)n = 5 X 10" cm=2, (orange)n =1 X 10" cm=2, (green)n =5 X 10" cm=2; (blue)

n=1 x 10" cm=2,for N = 2, and (b) for different thicknesses; (red) N = 1, (orange) N = 2, (green) N = 3, (blue) N = 4, (magenta) N = 5 and (violet)
N = 6. The dashed and solid lines represent in (a) the Drude and full RPA results, respectively; and in (b) the results for electron concentrations
n=1x 10¥cm=2andn =1 X 10™ cm~2 in the full RPA model, respectively. The absorption of Ag-NP in a vacuum (shaded in grey) is shown for

comparison. (c) The dimensionless scattered field ££°**"

atr = 0in the Gr(n)/hBN composites of thicknesses (red) N = 1, (orange) N = 2 and (blue)

N = 3 for Gr electron doping of n = 1 X 10" cm~2 (dashed lines)and n =1 X 10" cm=2 (solid lines). The scattered field £ () for N = 1 and
n = 0 and field Ej‘*o (Eq. (24) where a — a) are denoted by solid brown and black lines, respectively.

around 10 % of the quantum conductance of graphene
(ao = ’;—‘;:) However, for doped Gr layers, the absorbance
exhibits broad maxima which increase both in intensity and
frequency with doping. Specifically, the electronic plasma in
the Ag-NP predominantly hybridizes with the Dirac plasmon
(DP), and to a lesser extent with the linear plasmons (LPs)
in the composite. This interaction results in the Ag-NP
supporting not only the strong intrinsic Mie plasmon
at 3.4 eV but also an additional, weaker infrared-active
plasmon. In addition, as doping is increased, the DPs are
becoming stronger and blue-shifted, so the infrared active
plasmon follows the same trend. In the Drude model, where
the DPs (without Landau damping) are much stronger,
the absorption is also visibly stronger. Figure 5(b) shows
the same as Figure 5(a) for different thicknesses; N =1
(red), N =2 (orange), N = 3 (green), N =4 (blue), N =5
(magenta) and N = 6 (violet). The dashed lines represent
the results for electron concentration n =1 x 10 cm™2
and solid lines for n=1 x 10 cm=2. As the thickness
of the composite increases, the spectral weight of the DP
(coherent plasma oscillation along all Gr layers) increases,
so that the hybridization with Ag-NP, and thus absorption,
increases. A similar effect can be seen in Figure 5(a),
because doping also raises the DP spectral weight. In
Figure 5(a) and (b), we observe a notable universality:
independent of the thickness N or doping level n, the Ag-NP
consistently and primarily hybridizes with a specific group
of Dirac plasmons (DPs). Specifically, the wavenumber of
the DP, inferred from the peak absorption energy of the
Ag-NP, is approximately |Q| = Qp ~ 0.052 nm~!, which
corresponds to a DP wavelength of 4;, ~ 120 nm. Lastly, the

Ag-NP absorptivity, which reaches a maximum value of ¢,
is still very weak.

The efficiency at which the external field is scattered
on the Ag-NP or the vdW composite can be characterized
by the ratio of incident and scattered fields E*“N*"® () /E,.
Given that the incident field Eq. (12) is assumed to have
unit amplitude, it is sufficient to directly observe the fields
ESSNPVAW (), which are consequently also dimensionless.
Figure 5(c) shows the dimensionless scattered electrical
field V™Y at r = 0 (which is exactly below the dipole in
the z = O plane) in the Gr(n)/hBN composites of thickenesses
N =1 (red), N =2 (orange) and N =3 (blue), as well as
Gr being doped at n =1 X 10 cm~2 (dashed lines) and
n=1 X 10" cm~? (solid lines). For reference, the scattered
field EX""(w) for N =1 and n = 0 and the field scattered
on the unscreened Ag-NP E° (Eq. (24) where a — a,) are
denoted by solid brown and black lines, respectively. The
polarization of the incident field is e = x.

The scattered field EX*°(w) is structureless amounts to
about 15 % of the incident field. The scattered field 5> \* ()
was not shown because it differs negligibly from E*?, i.e.
screening does not affect the Ag-NP reactive response signif-
icantly. On the other hand, scattered fields Eff"’dw(a)) (which
can also be called reflected fields) exhibit both maxima
and minima, right around the corresponding absorption
maxima in Figure 5(a) and (b). This behavior is a defini-
tive indicator of the excited DP field, a conclusion further
supported by the absence of max/min behavior at a dop-
ing level of n = 0. Interestingly, in the static limit @ = 0,
we observe the perfect screening regime, i.e. the scattered
field E5°° and the reflected field EX***" cancel out. In other
words, the dipole forms its own exact mirror image within
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the vdW heterostructure. Looking quantitatively, we see
that (at the maximum) about 25 % of the incident field
is converted into the DP, and this number does not vary
significantly with either N or n. However, the conversion
efficiency can be further modified by using different h and
R parameters. Although the influence of nanoparticle size
R on the plasmon excitation efficiency is very important,
this dependence is almost trivial and scales with the volume
of the nanoparticle, i.e. EX'™  R3. Namely, from Eq. (25)
it can be seen that the excitation efficiency depends on
R only through the Ag-NP screened polarisability a. But
the vdW composite has a very weak effect on the Ag-NP
bare polarisability, i.e. the approximation a = «, is fully
justified. This can clearly be seen from the fact that the
vdW composite has negligible influence Ag-NP absorptiv-
ity (see Figure 5(a) and (b)). Accordingly, this means that
ESW js proportional to a,, and since a, is, according to
Eq. (16), proportional to R*; EXVY is apparently also pro-
portional to R® (see Section S3A of Supplementary Materials
[37]). Similar conclusions apply to the dependence of the
scattered field EX"®" on the height parameter h. If we
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assume a = o, then a does not depend on h. Moreover,
because the modes that contribute to the scattered field are
mostly in the evanescent region (o < Qc, # = i’ and '
VQ? — w?/c* € R), an exponential factor (e~#'") appears
under the integral in Eq. (25). Based on this, the scattered
field should decrease exponentially (at least approximately)
as the height parameter h is increased, for a fixed Ag-
NP radius R (see Section S3B of Supplementary Materials
[37D). In the following paragraphs, we will present the effi-
ciency of DP and LP excitation and visualize them in real
space.

The universality highlighted in Figure 5(a) and (b) is
clearly illustrated in Figure 6(a)—(c), which displays the
intensities of the surface electromagnetic modes —f)‘il";‘(d for
three different layer thicknesses (N =1, 2, and 3) at a dop-
ing concentration of n =1 x 10% cm~2. This pattern is also
evident in Figure 7(a)—(c) for a higher doping concentra-
tion of n =1 X 10" cm~2. In the six subfigures we denote
by horizontal (cyan dotted) lines the excitation frequencies
w, = 0.21eV,0.26 eV, 0.29 eV, 0.38 eV, 0.5 eV and 0.58 eV cor-
responding to Ag-NP absorption maxima in Figure 5(b). The
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Figure 6: The intensities of the surface electromagnetic modes —%Fj(';d (in units 651 = h/2me?) in gr(n)/hBN composite for (a) N = 1, (b) N = 2 and
(c) N = 3. The dimensionless scattered field EjC’VdW(p,z = 0, w,) driven by Ag-NP illuminated by x polarised radiation for (d) N = 1and w, = 0.21 eV,
(e)N =3 and w, = 0.15eVand (f) N = 3 and w, = 0.075 eV. Driving frequencies e, are also denoted by horizontal cyan line in (a) and yellow and red

lines in (c). The graphene dopingisn =1 X 10" cm=2.
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Figure 7: The intensities of the surface electromagnetic modes —9’{1“;’;‘1 (in units 651 = h/2me?)in gr(n)/hBN composite for (a) N = 1, (b) N = 2 and
(¢) N = 3. The dimensionless scattered field E°*"(p, z = 0, ;) driven by Ag-NP illuminated by x polarised radiation for (d) N = 1and w, = 0.38 eV,
(e)N =3and w, = 0.3 eVand (f) N = 3 and w, = 0.15 eV. Driving frequencies w, are also denoted by horizontal cyan line in (a) and yellow and red

lines in (c). The graphene dopingisn =1 x 10" cm—2.

DP wave vectors Q, (also denoted by vertical dotted lines
in Figures 6 and 7) corresponding to these frequencies are
0.055 nm~7, 0.055 nm~1, 0.050 nm~7, 0.057 nm~?, 0.055 nm !
and 0.053nm~!, respectively. Accordingly, it is obvious
that the Ag-NP preferentially hybridizes with plasmons of
wave number wave numbers |Q| = Qp ~ 0.052nm-1, cor-
responding to a wavelength A, ~ 120 nm.

Figure 6(d) shows the dimensionless scattered field in
the z = 0 plane EE""V(p, z = 0, @) driven by Ag-NP illumi-
nated by x polarised incident radiation of frequency w, =
0.21 eV (denoted by horizontal cyan line in Figure 6(a)), for
n=1 x 10® cm~? and N = 1. The parameters for the Ag-
NP radius of R =20 nm and a height of h = 30 nm were
consistently applied throughout Figures 6(e) and (f) and
7(e) and (f). We observe a spreading wave pattern in the
shape of a rhombus near the source, which later turns
into circles. The wavelength, also denoted in this figure is
exactly 4, =120 nm. The scattered fields corresponding to
driving frequencies @, = 0.26 eV and 0.29 eV (denoted in
Figure 6(b) and Figure(c)) are almost identical to the one
shown in Figure 6(d), so we omitted those results for brevity.

Figure 7(d) shows the same quantity as Figure 6(d), but for
a driving frequency of w, = 0.38 eV (denoted in Figure 7(a))
and doping n =1 X 10" cm~2. We observe a propagating
wave with a wavelength of A, =116 nm, which, due to
increased doping and consequently a greater oscillatory
strength of the DP, extends well beyond the DP shown in
Figure 6(d). Again, we omit the redundant results for the
scattered field corresponding to the driving frequencies of
w, = 0.5eV and o, = 0.58 eV (denoted in Figure 7(b) and
(¢)). This concise analysis confirms that Ag-NP selectively
excites plasmons of a specific wavelength, independent of
the doping level n or the number of layers N.

For the above-selected excitation frequencies, the con-
tribution of LPs in the scattered field is negligible as the
Ag-NP excites LPs with large wave vectors Q > 1/h ineffi-
ciently (due to the attenuation factor e/’" ~ e=?"in Eq. (25)).
Therefore, to observe LPs, one should reduce the driving
frequency w, enabling the excitations of LP with a smaller
wave vector Q. Figure 6(e) and (f) show the scattered field
EXW(p,z = 0,w,) forn = 108 cm2 N = 3and for driving
frequencies @, = 150 meV and 75 meV, respectively. These
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driving frequencies are also denoted by yellow and red
(horizontal, dotted) lines in Figure 6(c). In Figure 6(e) one
can see circular waves around the source (forming broad
wave minimum) and broad rhombic wave at around 450 nm
from the source. These wave patterns represent LP, (cir-
cular waves) modulated by the DP (rhombic wave). The
wavelength of a circular wave 4;p ~ 40nm, and the wave-
length of a rhombic wave A, ~ 640 nm are consistent with
Figure 6(c), where it can be seen that the yellow line inter-
sects LP, at Q ~ 0.15nm ™" (corresponding to A;p ~ 42nm)
and the DPat Q ~ 0.01 nm~" (correspondingto A ~ 628 nm).
Following previous conclusions, the circular wave patterns
in Figure 6(f) undoubtedly represent LP,, while the DP is
already very weak and its wavelength is far beyond the
frame shown. The LP, modulation can of course be ampli-
fied if we increase the Gr doping.

Figure 7(e) and (f) show the scattered field
EYW(p,z=0,w,) for n=1x 104cm™2 N=3 and
for driving frequencies @, =300meV and 150 meV,
respectively, also denoted by yellow and red lines
in Figure 7(c). In Figure 7(e) one can clearly see LP,
(short wavelength patterns) modulated by the DP (long
wavelength patterns). Figure 7(f) shows a weak LP,, which
is, according to the red line in Figure 7(c), the only mode
which can be efficiently excited at that frequency. The LP,
is not seen because, for selected frequencies, it is either
very weak or has a large wave vector Q so that the dipole
(whose field decreases as e~9") cannot excite it.

The way one can control the LPs excitation efficiency
is by changing the thickness A. For example, for N = 2 the
LP dispersion relation is w_(Q) =~ o \/Z_AQ (see Eq. (32)) so
that by increasing A, the LP moves towards higher energies
and smaller wave vectors Q and is therefore reachable by
the dipole field. This was the case in Figure 3 when two Gr
layers were separated by a thick hBN film. In case we want to
efficiently excite more than one LP, we have to increase (as
much as possible) the number of Gr layers N in the Gr/hBN
composite. This could be the case already for N = 5. Con-
sidering the plasmon intensities shown in Figure 4, for the
driving frequencies @, < 300 meV it is possible, following
the conclusions relating to Figure 7(e), to excite even three
linear plasmons; LP,, LP; and LP,.

It is also important to consider that hBN supports polar
LO phonon which can hybridize with Dirac plasmon in
graphene sheets and thereby influence the electrodynamic
properties of the vdW composite [53], [54]. In order to
investigate how hybridization of LO phonons and plasmons
affects the efficiency of Dirac plasmon launching, we per-
formed a calculation in which hBN LO phonon is included
via a local conductivity
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described by three parameters:
group velocity v, =12 x 10™*¢,
1387cm~!, and the phenomenological damping
constant 7-!=10cm=! [55]. Our calculations (see
Section S6 of Supplementary Materials  [37])  indicate
that for dopings n > 1 x 10 cm~2 the oscillatory strength
of the Dirac plasmon significantly prevails over the
oscillatory strength of the LO phonon, so that the phonon
weakly affect the plasmon spectrum and thus the plasmon
excitation efficiency. Conceivably, for much lower doping
values, when plasmon and photon oscillatory strengths
become comparable, hBN phonon can more significantly
affect the vdW composite electrodynamic properties. The
same applies when graphene is physisorbed on a thicker
hBN slab or at some insulating surface such as SiO, [53],
[54]. For example, in Ref. [56] it can clearly be seen that
the Dirac plasmon (for n =1 x 10% cm~?) hybridizes far
more weakly with the LO phonon in the hBN monolayer
compared to the hybridisation with two SO phonons at the
Si0, surface.

In summary, the manipulation of composite thickness
and graphene doping presents a versatile approach to mod-
ulate the excitation efficiency of 2D plasmons in vdW het-
erostructures. This tunability is pivotal for enhancing the
performance of devices in photonics, plasmonics, and chem-
ical sensing. While the silver nanoparticle (Ag-NP) utilized
in our calculations primarily functioned as an efficient light
scatterer rather than an absorber — owing to its plasmonic
resonance in the UV region — it was instrumental in direct-
ing electromagnetic energy into both Dirac plasmons (DPs)
and linear plasmons (LPs). Looking ahead, the substitution
of Ag-NP with large organic molecules that support IR-active
excitons — or leveraging IR-active molecular vibrational
modes — could offer a more efficient method for directing
radiation into various 2D plasmons. This approach may
further optimize the plasmonic interactions for infrared
applications, potentially leading to improved device perfor-
mance in the fields of spectroscopy, optoelectronics, waveg-
uiding, etc.

Finally, we note that retardation effects only have a
minor impact on most conclusions of this work, especially
for larger doping values (n > 1 X 10% cm~2) and the set of
geometric parameters (h, A, R) we explored. Even though
including retardation effects complicates the formalism
somewhat and is computationally more demanding, we
think it preferable (and justified) for two main reasons.
Frist, even though for our selected geometric parameters
the evanescent (near-field) effects are dominant, for other

the LO phonon
frequency ;=
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alternative geometries (e.g. larger h and/or A) radiative
(far-field) effects would prevail rendering the non-retarded
(¢ » oco0) formalism completely ineffective. Second, the
retarded formalism treats p(TM) and s(TE) modes at the
same level of accuracy, while in the non-retarded formalism
S(TE) modes are not even accounted for. Therefore, although
our study is limited to the study of p(TM) modes, extending
it to s(TE) modes is straightforward, an option not available
with the non-retarded approach.

5 Conclusions

In this study, we have demonstrated that subwavelength
Ag nanoparticles (Ag-NPs) can efficiently funnel incident
electromagnetic radiation into various 2D plasmons within
a Gr/hBN heterostructure. We observed that with increased
doping (n) and heterostructure thickness, up to 25 % of the
incident electric field can be converted into a Dirac plas-
mon. Our results further reveal that external radiation can
selectively excite a series of linear plasmons (LPs), with the
degree of excitation controllable by adjusting the number of
graphene layers (N) or the interlayer spacing (A). This tun-
ability was corroborated by the strong correlation between
our simulations of a graphene bilayer system (Gr/hBNj,/Gr)
and recent experimental data. A notable finding of our work
was the observed universality in the interaction bhetween
Ag-NPs and DPs; Ag-NPs with specific dimensions (R and h)
consistently hybridize with DPs of a particular wavelength
(4p), independent of N or n. This phenomenon enables tar-
geted excitation of DPs by fine-tuning R and h. The ability
to control these interactions through multiple parameters
(n, A, N, R and h) holds significant potential for advancing
plasmonics, photonics and optoelectronics, particularly in
applications where selective and efficient photon-to-2D plas-
mon-polariton conversion is crucial.
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