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Abstract

Acoustic plasmons in graphene exhibit strong confinement induced by a proximate metal surface and hybridize with phonons
of transition metal dichalcogenides (TMDs) when these materials are combined in a van der Waals heterostructure, thus forming
screened graphene plasmon-phonon polaritons (SGPPPs), a type of acoustic mode. While SGPPPs are shown to be very sensitive to
the dielectric properties of the environment, enhancing the SGPPPs coupling strength in realistic heterostructures is still challenging.
Here we employ the quantum electrostatic heterostructure model, which builds upon the density functional theory calculations for
monolayers, to show that the use of a metal as a substrate for graphene-TMD heterostructures (i) vigorously enhances the coupling
strength between acoustic plasmons and the TMD phonons, and (ii) markedly improves the sensitivity of the plasmon wavelength
on the structural details of the host platform in real space, thus allowing one to use the effect of environmental screening on acoustic

plasmons to probe the structure and composition of a van der Waals heterostructure down to the monolayer resolution.
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1. Introduction

Graphene, a two-dimensional (2D) material made of car-
bon [1], has been extensively investigated over the past decades
in various fields of photonics and opto-electronics engineer-
ing [2], for use in photovoltaic cells [3], photodetectors [4, 5],
terahertz (THz) devices [6, 7], and light-emitting devices [8],
and many other examples. Furthermore, 2D transition metal
dichalcogenides (TMDs) of MX, form, where M is a transition
metal and X is a chalcogen element (e.g., MoS,, MoSe;, WS,,
WSe,), have also attracted significant interest for their excep-
tional opto-electronic characteristics [9, 10, 11, 12, 13, 14, 15,
16, 17, 18]. When graphene is combined with TMDs into van
der Waals heterostructures (vdWhs), which can be done either
by vertically stacking layers of different TMDs, [9, 19, 20, 13,
14, 18, 21, 22] or by arranging them side by side to form lat-
eral vdWhs [23, 24, 25, 21, 26, 27, 22], it becomes possible
to engineer a range of multi-layered artificial materials, each
exhibiting unique properties that can be tailored practically at
will.
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In the field of plasmonics, the excitation of electrons in
graphene by light in the THz to mid-infrared range is known
to lead to optical graphene plasmon-polaritons [10, 28, 15, 29],
i.e. collective oscillations of the two-dimensional electron lig-
uid in graphene [30, 31], commonly referred to as Dirac plas-
mons [32]. In this context, significant progress has been made
towards the development of new plasmon-based devices using
2D nanomaterials and graphene, driven by their vast promising
applications in sensors [33], light-emitting devices [34], nano-
optical systems [35, 36], spectroscopy [37], molecular finger-
prints [38], and radiative heat transfer [39]. Furthermore, the
possibility to excite plasmons in graphene combined with dif-
ferent 2H-TMDs, where 2H refers to the hexagonal symme-
try [20], thus forming different vdWhs, opens up innovative av-
enues for developing low-dimensional technologies [40]. This
potential stems from the high sensitivity of graphene plasmons
to modifications in their surrounding environment [41, 42],
strong electric field confinement, and low losses [29]. Further-
more, graphene plasmons exhibit tunability through the modu-
lation of the Fermi level, e.g. via back-gating techniques [43],
thereby adjusting the density of charge carriers. All these prop-
erties make graphene an exceptionally suitable base for the de-
velopment of a wide array of optoelectronic devices.

Although the coupling of surface plasmon polaritons with
matter and/or other quasi-particles (phonons and excitons, for
example) has been investigated in different systems, such

August 1, 2024



a THzlaser  S-SNOM c
< e Scattered < 125 Graphene/Metal
) Graphene
£
3 100
=
E>° 75
Q
c
T 501 3
{ =)
S =
A WP 1 € 75 ©
9 9 D 9 90 ‘® 'O o S
OO & (7 & 3
SO OO > e X >0 0 2 4 6 8 10

Metal surface Wave vector, q (x 10° A)

Figure 1: (Color online) (a) Schematic illustration of the scatter-type scanning
near-field optical microscopy setup (s-SNOM) and an acoustic Dirac plasmon
wave in a van der Waals heterostructure. The heterostructure is composed of a
monolayer graphene (G) on top of N-layer of transition metal dichalcogenides
(TMDs) with a metal surface (M) underneath. The TMDs have the N-MX;
form, where N represents the number of layers and M = Mo, W; X = S. (b)
Lateral view of a G/3-MX,/M vdWhs. The presence of the metal surface gives
rise to screened graphene plasmon-phonon polaritons (SGPPPs), the highly
confined acoustic plasmon modes.

(c) Dispersion of optical Dirac plasmons in a free-standing
graphene monolayer, with a well-known +/g dependence (solid
green curve), and acoustic Dirac plasmons due to the presence

of a nearby metal surface (solid orange curve) with a linear
dependence on the wave-vector g. Both results are for a Fermi
energy set at Er = 100 meV. The dotted gray line delimits the

intraband transition.

as three-dimensional gold nanoparticles [44], thermal emitter
atomic system [45], graphene-based vdWhs [42, 46], plasmon-
exciton polaritons in 2D semiconductors/metal [47] and molec-
ular sensing [38], a comprehensive study examining how a
proximate metallic surface influences the interaction between
graphene plasmons and TMD phonons in a vdWhs, on a layer-
by-layer basis, remains to be conducted. Therefore, our study
specifically addresses this gap, building on recent advance-
ments such as the broadband enhancement of Cherenkov ra-
diation using dispersionless plasmons in graphene/MX,/metal
configuration, as reported in Ref. [48], to provide novel in-
sights into the plasmon-phonon interactions in such vdWhs on
metallic substrates. To do so, in this work, we investigate a
vdWhs composed of multiple TMDs layers covered by mono-
layer graphene on top, as a plasmonic material, and placed
over a metal substrate, as illustrated in Fig. 1(a,b), which al-
lows us to explore electromagnetically screened graphene plas-
mons (SGPs) [49, 50, 51, 52]. These SGPs are represented by
acoustic modes that are highly confined in the out-of-plane di-
rection, thus boosting the coupling strength with out-of-plane
TMDs phonon modes. Also, in the THz regime, SGPs do not
experience Landau damping. The presence of the metal re-
sults in an efficient screening of the graphene plasmons, con-
fining the SGPs into the narrow space between the graphene
and the metal without reducing their lifetime [49]. This results
in a highly efficient plasmonic nanocavity with embedded ac-
tive hybrid plasmon-phonon coupling due to the phonons in

TMDs [53, 28]. This hybrid excitation arises when phonons
in the TMDs are coupled to the acoustic electron oscillations in
graphene [28], giving rise to the screened graphene plasmon-
phonon polaritons (SGPPPs). Experimentally, they can be both
excited and detected using scatter-type scanning near-field op-
tical microscopy (s-SNOM) techniques [54, 55, 50].

This scenario allows us to investigate the coupling strength
between graphene plasmons and TMDs phonons in such a po-
laritonic platform and explore the possibility of enhancing the
plasmon wavelength resolution in the real space [56, 42]. To do
so, we employ the quantum electrostatic heterostructure model
(QEH) [57], which integrates the random phase approximation
(RPA) with density functional theory (DFT), for evaluating the
plasmon-phonon dispersion. This DFT-based model enables us
to explore how the properties of plasmons are influenced by the
number of TMD layers in the heterostructure and the graphene
Fermi energy. Additionally, the use of QEH also allows one to
properly account for substrate-induced effects [58], such as the
metal substrate screening, for example. Interestingly, integrat-
ing a metal substrate not only gives rise to SGPs, as expected,
but also substantially increases the coupling strength between
SGPs and TMD phonons, amplifying it by an order of magni-
tude, leading to the ultra-strong coupling regime. Taking ad-
vantage of the sensitiveness of the plasmon-phonon coupling to
the number and composition of TMD layers in the vdWhs, en-
hanced by the metal substrate, we demonstrate the possibility of
using SGPs to probe the structure and composition of the TMD
stack below the graphene layer at the ultimate resolution limit
of a single monolayer.

The paper is organized as follows. In section 2.1, we in-
troduce the DFT-based QEH model for simulating the hybrid
plasmon-phonon polaritons dispersions. In section 3.1, we
show the electric field distribution induced by the acoustic
plasmon within a heterostructure comprising graphene with a
nearby metal substrate. This analysis encompasses varying the
separation of graphene from the metal substrate and different
excitation frequencies. Subsequently, we demonstrate in sec-
tion 3.2 how the metal surface influences the loss function. In
section 3.3, we reveal the strongly enhanced plasmon-phonon
coupling strength attributed to the presence of a nearby metal
surface. The influence of doping on the SGPPPs spectra is dis-
cussed as well. Finally, in section 3.5 we show the application
of SGPPPs in assessing vdWhs composition with ultimate reso-
lution. Our findings and conclusions are summarized in section
4.

2. Methods

2.1. Computational model for plasmon-phonon dispersion

The QEH model is employed to calculate the plasmonic
properties of the vdWhs [57]. It incorporates the full elec-
tronic response of the vdWhs where it combines RPA and first-
principles DFT with the Perdew—Burke—Ernzerhof exchange
energy formulation [57]. Within this approach, the QEH en-
ables one to take into account doping contribution, screening
response from optical phonons of TMDs in the IR-regime and



the bulk substrate [59]. Its major advantage is that it uses the
dielectric building blocks (DBBs) of 2D materials that were
previously obtained with thorough ab initio calculations, thus
making the QEH a fast and precise open computational model
(since all DBBs are available from the Computational 2D Mate-
rials Database project (C2DB) [59, 60]). This integration facil-
itates an in-depth investigation of the interaction between SGPs
and the active IR TMD phonon modes in horizontally aligned
vdWhs.

Not less important, the QEH method has been demonstrated
quite efficient even in complex scenarios involving a large num-
ber of vdWhs layers, yielding highly satisfactory results when
compared with s-SNOM-based experiments for graphene on
top of hexagonal boron nitride (h-BN) or graphene encapsu-
lated by hBN, as demonstrated e.g. in Ref. [56]. The QEH
model has also been successfully used to support experimen-
tal results through calculations of electron energy loss spec-
troscopy, e.g. of multilayer MoS, [61].

Next, we provide a comprehensive overview of the method-
ology used in this paper. For a more detailed description of the
QEH method, including information on the DFT methods and
k-point optimization related to the dielectric building blocks
(DBBs) of the C2DB, we refer the reader to Refs. [57, 58]
and their Supplementary Materials.

To investigate the loss function and plasmon dispersion in
vdWhs, the QEH employs the density-density response func-
tions y;(z, 7, qj, w) from each distinct layer (indexed as i-th)
within the DBBs of the C2DB database. Therefore, the QEH
combines all these response functions of individual layers, or
DBBs, through the long-range Coulomb interactions. To do so,
the QEH solves a Dyson-like equation, resulting in the compre-
hensive density-density response function for the entire vdWh,
given by:

Xia,jp = XiaOia,jp t Xia Z ViakyXty.js- (1)
k#iy

In Eq. (1), @ = 0, 1 represents the monopole and dipole compo-
nents, respectively. Note that the variables q and w are implied
but not explicitly shown, for brevity. The Coulomb interac-
tion matrices are defined as Vo1, (q)) = f Pia(2, q)Pry (2, qp)dz,
where @y, (z, q)) represents the potential which arises due to the
density profile py,(z,qy), calculated by solving a 1D Poisson
equation with open boundary conditions. Employing this ap-
proach enables the determination of the vdWhs’ inverse tenso-
rial dielectric function, defined as:

€a 5@ @) =85 + Y Via s @iy p(@, @) . (2)
ky
In Eq. (2), there are three main elements: (i) 4, j3 €nsures that
the matrix retains its identity property when there is no inter-
action between different layers, for the same layer; (ii) Vi, g
represents the Coulomb interaction between different layers and
how these interactions affect (iii) the overall dielectric response
of the heterostructure, xy,, ;3.
Therefore, the loss function can be determined via

L(g), @) = ~Im [Tr(ﬁw))] 3

Phonon frequencies (meV)

1 (E”) 2(E) 3(AD 4 (AY)
MoS, 34.19 46.35 47.59 56.16
WS, 35.56 42.85 50.12 51.00

Table 1: Optical phonon frequencies for free-standing monolayers MoS, and
WS,, considered in the QEH calculations. The vibrational optical phonon
modes of the monolayers are represented by E” (R), E’ (IR and R), A7 (R)
and A7 (IR), where IR (R) means that the mode is active for infrared (Raman)
excitations [62, 64, 65, 66, 67, 68].

and the collective modes, such as the plasmon dispersion, are
obtained as the maxima of the loss function.

An important aspect in vdWhs is the interaction between
TMDs phonons and SGPs when those are combined. These
hybrid modes modify the plasmon dispersion within the (g, w)-
plane when the SGPs match with the IR-active phonon fre-
quency of the TMD, giving rise to SGPPPs. To accurately
capture this aspect, the QEH takes into account the vibrational
phonon modes of the constituent 2D materials, obtained previ-
ously by ab initio calculations at I'-point, and their Born effec-
tive charges [58]. The Born effective charges, defined as ten-
sors, that represent the changes in 2D polarization density P;
arising from atomic displacement, are defined as:

Acell ﬁ

Zigi = .
hal e Ouy; E=0

“

Here, A, denotes the in-plane area of the 2D layer, a refers to
an atom, and i, represent Cartesian coordinates [58].

Regarding the phonons, in 2H-TMDs, four types of phonon
modes are observable at the I'-point within the infrared (IR)
spectrum, but only two of them are capable of interacting with
graphene plasmons through long-range Frohlich interactions
near their respective phonon frequencies [62, 63]. These are
the in-plane E’ mode, active in both IR and Raman (R) spec-
troscopies, and the out-of-plane AJ mode, which is IR-active.
Table 2.1 summarizes these phonon frequencies and modes for
monolayer MoS, and WS,. It is important to mention that for
TMD layers stacked in even numbers, the E’ and A7 modes
from a single-layer MX, (1L-MX2) split into E, (IR-active)
and E;, (Raman-active) modes for the former, and A,, (IR-
active) and A%g (Raman-active) modes for the latter. In the bulk
form of MXj, the out-of-plane A} mode further splits into Ay,
(IR-active) and Bég (optically inactive or silent) modes. For a
detailed exploration of phonon modes at the I'-point in multi-
layered 2H-TMDs, we refer to Refs. [14, 63].

Another fundamental variable in 2D systems is the lattice po-
larizability. In the QEH model, at the optical limit (q = 0), the
polarizability is given by [58]:

&2

A

D Ziakl(C =M@ = iyo) NaknZipr s (5)

lat _
@ (w)=
cell y i pi

where C represents the force constant matrix at the optical limit,
M is the matrix of atomic masses, and 7y is a relaxation rate.
For a detailed derivation of Eq. (5) we refer to the Supporting
Information of Ref. [58]).



Finally, incorporating both electron and phonon contribu-
tions, the total monopole and dipole components of the DBBs
for i-th layer are [58]:

Xio (@), ) = x5 (ag, @) - gfo)" (), (6a)
and
xit® (@, ) = x5 (@, @) - o (@) (6b)
where a!* denotes the 2 X 2 in-plane submatrix of o',

3. Results and discussion

3.1. Acoustic graphene surface plasmons adjacent to a metal

Let us first provide a concise overview of the characteris-
tics of acoustic graphene plasmons in a vdWhs, in the pres-
ence of a metal, as illustrated in Fig. 1(a,b). Figure 1(c) shows
how the presence of the metal modifies the plasmon dispersion,
as obtained via QEH method, by comparing the plasmon dis-
persion as a function of the in-plane wave vector g for a free-
standing graphene monolayer (solid green curve) with that of
graphene placed directly above a metal substrate (solid orange
curve), both at a Fermi energy of Ep = 0.1 eV. For this anal-
ysis, and throughout this paper, considering the QEH simula-
tions, the distance between the substrate and the layer immedi-
ately above it is set to 3 A. The dotted gray line in Fig. 1(c)
marks the boundary of intraband transitions. Below this line,
the group velocity of the plasmons in graphene falls below that
of the electrons, leading to the damping of plasmon waves. The
presence of a metal surface near the graphene monolayer fun-
damentally changes the plasmon dispersion [47, 49, 50, 51, 52]:
in the absence of a metal, it scales with /g, while the presence
of a metal substrate reshapes it into an acoustic plasmon mode
with hw o v,q instead, where v, is the SGPs group velocity, as
seen in Fig. 1(c). Considering a vdWhs with a few-layer TMD
slab between the graphene layer and the metal substrate, for
sufficiently large thickness of the TMD, the confinement of the
SGPs diminishes and the dispersion of SGPs will scale simi-
larly to monolayer graphene plasmons. In other words, pushing
the metal surface further from the graphene monolayer reduces
the electron interaction with its mirror charge, thus leading to
weaker screening by the metal. Conversely, when the distance
d between the graphene layer and the metal substrate (approx-
imately the thickness of the TMD slab in the vdWhs) is com-
parable to the confinement length of the graphene plasmons,
defined as 27/q, the system starts to exhibit the characteris-
tics of a nanoresonator [69], as a result of the interaction of
the graphene plasmons with their mirror image in the metal.
Consequently, SGPs emerge, where this plasmon mode resem-
bles the antisymmetric plasmon mode found in a double-layer
graphene configuration with twice the distance d between the
carbon layers [70, 46].

To provide a better insight into the behavior of the system,
we perform numerical finite-element method simulations of the
plasmon-induced electric field distribution for a heterostructure
made by monolayer graphene on top of a TMD slab with a
thickness of 10 nm, which corresponds to approximately 15
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Figure 2: (Color online) Color map showing the normalized out-of-plane com-
ponent of the electric field E, in a graphene/TMD slab/metal system, at Fermi
energies (a) Er = 0.1 eV and (b) EF = 0.5 eV. The system consists of graphene
on top of a slab with a thickness of 10 nm (equivalent e.g. to = 15 MoS; lay-
ers) and dielectric constant € = 4. Below the TMD slab is a metal, represented
by the hatched area, where the electric field lines are screened. The plasmon
wavelength is represented by Ap.

layers of MoS,, with a metal substrate. To do so, we consid-
ered graphene as a conducting interface/boundary that sustains
the confined electronic-magnetic field mode [28], with a Drude
surface conductivity defined as [71]

EEr i

o(w) = — —.
(@) mh? w+it!

@)
In Eq. (7), 7 = 0.1 ps is the lifetime for electrons, with its
value set to reproduce a realistic scenario commonly used in
optical experiments [72]. For the sake of simplicity, we define
the dielectric constant in the region in-between graphene and
the metal surface as € = 4¢y. The metal is described by the
following Drude model

2
“u ®)

ey(w)=1- m,

where wy; and yy, are the intrinsic plasmon frequency of the
metal and the damping constant, correspondingly. Considering
the metal as a perfect electric conductor, its dielectric constant
ey — —oo, reflecting that the intrinsic plasmon frequency of the
metal, wyy, is significantly greater than the excitation frequency,
w, 1.e. wy > w.

Under normal-incidence of an electromagnetic plane-wave
E = Eu/®=“)% in this system, the resulting x— and
z—components of the electric field are plotted in Fig. 2 for an
excitation frequency (w) of 1 THz. To further increase the con-
finement of SGPs, one can also tune the graphene Fermi energy.
The highly vertical electric field polarization of such confined
plasmons is expected to strengthen the coupling to out-of-plane
TMD phonon modes, since both the plasmon and the phonon
modes would oscillate in the same direction. Figures 2(a) and
2(b) show the calculated z—component of the electric field for
Er = 0.1 eV and Er = 0.5 eV respectively. The in-plane x-
component has been omitted, being very weak.

Increasing the Fermi energy leads to an increase in the SGPs
wavelength (1p), as shown in Figs. 2(a) and 2(c). Conversely,
decreasing the distance between graphene and the metal, in-
creases the confinement but significantly diminishes Ap, since
the hybridization between the SGPs and their mirror charge
intensifies, resulting from the amplified resonance due to the



metal screening [38, 52, 50]. In this case, tuning the Fermi en-
ergy plays a crucial role in enhancing the sensitivity of SGPs.

3.2. Effects of the metal surface on the loss function

In Fig. 3(a), we present the loss function of SGPs modes,
obtained by the QEH calculations, for a G/5-MoS,;/M vdWhs,
where M represents the metal, with graphene Fermi energy
Er = 0.1 eV. The region where the group velocity of SGPs
is slower than the Fermi velocity, i.e. the intraband region [73],
associated with electronic transitions between levels within the
same energy band (see inset in Fig 3(a)) is delimited by the
dotted gray line. The SGPs exhibit linear dispersion before hy-
bridizing with the IR-active MoS, phonon modes, but only with
significant coupling to the out-of-plane A" phonon mode, since
both oscillate in the same direction. This hybridization, high-
lighted in Fig. 3(b), leads to SGPPPs and will be the focus of
our further investigation. In this case, the strongly coupled hy-
brid modes arise from the fact that the electric field of SGPs ex-
periences significant confinement in the z-direction due to the
screening by the metal surface, effectively mimicking a plas-
monic nanocavity [74]. The diagram in Fig. 3(c) illustrates
the coupling energy level splitting between the TMD phonons
and the plasmonic nanocavity, i.e. the SGPs, which can be in-
terpreted as two coupled harmonic oscillators [75, 76]. In this
case, the frequencies of the hybrid modes will change along
with the coupling strength, leading to anti-crossing in the dis-
persion. The plasmon-phonon interaction, represented by €,
defines the coupling strength [77] and, at the minimum energy
splitting, is calculated as [42]

1
Q= Zlw(g) = ©-(@)]min - ©))

Here, w.(q) and w_(gq) are the frequencies of upper and bottom
hybrid modes as illustrated in Fig. 3(b,c). For reference, the
plasmon dispersion without the contribution of TMD phonons
is represented by a solid purple line in Fig. 3(b). In this case,
to exclude the phonon contribution, the QEH calculation is per-
formed using only the in-plane high-frequency dielectric con-
stant of the individual layers at the optical limit, el‘lx’.

Finally, increasing the number of MoS, layers in the vdWhs
increases the phonon density. Fig. 3(d) illustrates the loss in-
tensity calculated for the wave vector g at the minimum energy
splitting, where one observes that left and right peaks move fur-
ther away as the number of layers increases, as a consequence
of the effective increase in coupling strength due to the larger
number of phonon modes.

3.3. Strongly enhanced coupling due to a nearby metal surface

The interaction between SGPs and TMD phonon states can
be categorized into three distinct coupling regimes: weak cou-
pling (WC), strong coupling (SC), and ultrastrong coupling
(USC). In order to determine the significance of the hybrid
modes, it is important to compare their coupling strength (€2)
with other key energy scales, for example, the phonon energy
(Awpp) and the linewidth of the interacting system [76, 42].
Within the WC regime [78], the interplay between phonon and

a o LosTunciommm1 P o Tosfunchommm1
70 65
G/SW
=
(] 4
g 60
3 \ 60
= 50 ‘ T
>
o
B 55
o
€ 30
o
o
w-
20 T T T 50 T T T
2 4 6 8 10 60 65 70 7.5 8.0
Wave vector, q (x 10" A) Wave vector, q (x 10" A)
C Hybrid modes d
- G/N-I\/loSz/MetaI
S
s
— N (%]
— Plasmonic 5
Phonop Tanocavity =
\ ; =
3 20
— ) ¢

T T T

52 56 60
Plasmon energy, iw (meV)

Figure 3: (Color online) (a) Loss function of the surface plasmon-phonon po-
lariton dispersion for a G/5-MoS,/M vdWhs with Er = 100 meV. The dotted
gray line delimits the intraband transitions. (b) Magnification of the yellow area
in (a) to emphasize
the coupling between the acoustic graphene plasmon and the
A’ out-of-plane MoS; phonon modes. Q represents the
acoustic graphene plasmon-phonon coupling energy,
calculated at the minimum energy splitting (MES), defined as
2Q = w; — w_.For reference, the purple solid line represents
the plasmon dispersion without the contribution of TMD
phonons (Q = 0). (c) Schematic illustration of a two-level
system that can represent the coupling of the out-of-plane
TMD phonon mode and the acoustic graphene plasmon modes
(plasmonic nanocavity). The green (orange) bars represent the
bottom (upper) hybrid modes. (d) Loss intensity for
G/N-MoS;,/M, for N from 1 to 5, where N represents the
number of MoS; layers, calculated at the MES (curves are
displaced vertically).

SGPs dispersions is minimal, resulting in no significant changes
to the dispersion profiles of either SGPs or phonons. In this
case, Q is sufficiently small to be neglected [76, 79]. In the SC
regime [80, 81, 82], mixed states can substantially modify plas-
monic dynamics, leading to a pronounced anticrossing of the
coupling modes in the (g, w)—plane, characterized by a vacuum
Rabi splitting [83, 84]. The latter is defined as the frequency
at which the probability amplitudes of two atomic energy lev-
els fluctuate in an oscillating electromagnetic field. Moreover,
when the interaction reaches sufficient strength, perturbations
between the wave functions lead to alterations in the energy lev-
els [85, 76]. The USC is a distinct regime of electromagnetic
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Figure 4: (Color online) (a) SGPPPs coupling strength () as a function of
the number of TMD layers (N), assuming the graphene layer at Fermi energy
Er = 100 meV on top of the N-MoS, (blue open symbols) and enhanced by
a metal surface (blue closed symbols). (b) Enhancement factor 8 due to the
screening by the metal. Panels (c) and (d) show the same as (a) and (b), but for
WSa. (e) SGPPPs coupling strengths normalized to their respective monolayer
phonon frequencies, defined as n = Q/hw 7 Three different regions, delimited
by gray horizontal lines, represent the WC (7 < 0.01), SC (0.01 < n < 0.1),
and USC (7 > 0.1) regimes [80]. The hatched area represents the bulk limit of
the SGPPPs coupling, reached for TMD thicker than ~ 100 layers.

interaction that enables a rich variety of intriguing physical phe-
nomena. Within this regime, the plasmon-phonon coupling ex-
tends beyond merely altering the energy dispersion, and gains
potential to modify the observable characteristics of the system.
To quantify the coupling regimes, we normalize the coupling
strength to its value at the phonon frequency of the minimum
energy splitting, as n = Q/hw,,. Then, the WC regime is de-
fined by n < 0.01, the SC regime by 0.01 < n < 0.1, and the
USC regime by n > 0.1 [80].

Figure 4(a) shows the coupling strength Q, i.e. the splitting
of the SGPPPs as a function of the number N of MoS, lay-
ers in the absence (open symbols) and in the presence (filled
symbols) of the metal. In both situations, the Fermi energy is
Er = 0.1 eV. In the absence of the metal, the coupling strength

in G/N-MoS, monotonically increases with N until it reaches a
maximum value, namely, its bulk limit value. In contrast, when
considering the presence of the metal substrate, the coupling
strength peaks at approximately ten layers of MoS,, as observed
in the results for G/N-MoS,/M in Fig. 4. This suggests that,
with the thickness of a monolayer of MoS; defined as 6.15 Ain
the QEH model, the effectiveness of screening provided by the
metal surface starts to diminish for TMD thickness exceeding
~ 60 A. Beyond this thickness, the increased separation result-
ing from the increasing number of layers prevails the screening
effect caused by the presence of the metal, thus leading to a
decrease in the coupling strength, until it converges to its bulk
value at large N. The enhancement of the coupling strength Q
driven by the metal surface for the case with several TMD lay-
ers (i.e. small N) is emphasized in Fig. 4(b), which presents the
enhancement factor defined as 8 = (Qy — Qwm)/C2M, Where
Owm (Qww) is the coupling strength in the presence (absence) of
the metal surface, as a function of the number of TMD layers.

Figures 4(c) and (d) show the same quantities as panels (a)
and (b), but for WS, instead of MoS;. In this case, simi-
lar results are obtained, except that the coupling strength Q is
approximately 4 meV larger when compared to the results of
MoS,, even in the absence of a metal surface. We attribute
this small difference to the fact that MoS, and WS, have dif-
ferent phonon masses. Namely, the plasmon-phonon coupling
strength Q can be understood by considering a simple system
of two coupled classical harmonic oscillators [42, 76], as illus-
trated in the inset of Fig. 4(d), where Q plays the role of the
coupling energy between the masses in the oscillator [76].

Figure 4(e) shows the SGPPPs coupling energies normal-
ized to the phonon frequencies wy; of a single TMD layer, i.e.
n = Q/hway, as a function of the number of layers N in N-
MoS;, and N-WS,. Three different regimes are delimited by
gray horizontal lines: WC (n < 0.01), SC (0.01 < n < 0.1)
and USC (n > 0.1) [80]. A notable result is achieved for the
coupling between SGPs and the IR-active out-of-plane WS,
phonon mode, which reaches the USC regime. When N ex-
ceeds approximately 100 layers, the system attains bulk char-
acteristics, leading to a convergence of both coupling scenarios
(with and without the adjacent metal surface).

3.4. The influence of doping on the SGPPPs spectra

One of the most attractive features of graphene plasmonics
lies in the possibility to manipulate and modulate nanoscale
optical properties in situ, by changing the graphene Fermi en-
ergy. This allows one to vary the carrier density within the
graphene monolayer, thereby enabling the tuning of the plas-
mon wavelength (4,,) to offset the reduction caused by the pres-
ence of the metal surface (cf. Fig. 2). Furthermore, increasing
the Fermi energy enhances the interaction of the electrons in
graphene and their mirror charge due to the screening of the
metal. To investigate this effect we consider G/10-MX,/M vd-
Whs, with results shown in Fig. 5. The coupling between SGPs
and out-of-plane IR-active A’/ phonon modes is reinforced by
the increased Fermi energy, similar to resonances in a photonic
nanocavity [74]. This situation is depicted in Fig. 5(a) by the
solid blue (orange) line and symbols, where the normalized
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Figure 5: (Color online) (a) The blue (orange) curve and symbols stand for
the normalized coupling between SGPs and out-of-plane IR-active A7’ MoS,
(WS,) phonon modes as a function of Er. The horizontal dashed blue and
orange curves are 1 calculated for Ef = 3 eV. The USC and SC regimes are
delimited by a horizontal dashed gray line. The insets provide a visual depiction
of the direction of vibration of the out-of-plane A’ and the in-plane E” TMDs
phonon modes. Panel (b) and (c) are the loss intensity calculated at the MES
for the SGPPPs (orange and blue curves), while the gray results are for the
graphene plasmons and in-plane E’ phonon mode.

coupling between SGPs and out-of-plane IR-active A7 MoS;
(WS,) phonon modes increases with increased Er. Note that
the results for SGPs and out-of-plane IR-active A7 WS, phonon
modes exclusively reside within the USC regime, i.e. it does
not present a transition from the SC to USC as for MoS,. The
horizontal dashed blue and orange curvess are the normalized
coupling at Er = 3 eV. Figure 5(b) are the loss intensities cal-
culated at the MES for the coupling between SGPs and out-of-
plane A7 phonon mode, represented by the orange lines, while
the gray results are for the SGPs and in-plane E’ phonon mode,
for G/10-WS,/M vdWhs. The results are for a Fermi energy at
0.1 and 1.0 eV. In fact, increasing E enlarges the gap between
the peaks of the out-of-plane coupled modes, thereby intensify-
ing the coupling effect. Conversely, as illustrated by the solid
gray lines in panels (b) and (c), the coupling between SGPs
and in-plane IR-active E’ phonon mode decreases due to the
increased confinement, resulting in a reduction of the in-plane
electric field component (see Fig. 2). Panel (c) is the same as in
(b), but for MoS,.

3.5. Assessing vdWhs composition using SGPPPs

The increased sensitivity of acoustic graphene plasmons on
the host platform presents an opportunity to explore the en-
hanced detection of the structure and composition of vdWhs,
similarly as studied earlier for the optical plasmons [42]. Fig-
ure 6 overviews the possible acoustic plasmon wavelengths for
G/N-MX; and G/N-MX;/M vdWhs, as a function of N. With-
out metal as a substrate, as illustrated by the blue open symbols
in Fig. 6(a), increasing the number of layers leads to a reduc-
tion in the plasmon wavelength. Specifically, at a constant fre-
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Figure 6: (Color online) (a) The plasmon wavelength as a function of the num-
ber of Mo$S; layers in a G/N-MoS, vdWhs without a metal (open symbols) and
with a metal as a substrate (solid symbols). The horizontal dashed blue line
marks the plasmon wavelength (1, = 695 nm) for bulk MoS,. Panels (b) and
(c) show the plasmon dispersion for G/N-MoS, and G/N-MoS,/M vdWhs, re-
spectively. The gray arrow in these panels illustrates the increasing number of
TMD layers, from N = 1 to 5. The results for WS, corresponding to panels
(a), (b) and (e), are shown in panels (d), (¢) and (f), respectively.

quency of iw = 25 meV (x 6 THz), usual in s-SNOM experi-
ments, adding more TMD layers leads to an increase in the plas-
mon wavevector g. This can be understood from the fact that
the plasmon frequency in such vdWhs is inversely proportional
to the square root of the environmental dielectric function, i.e.
hewpy o 1/ \f€eny. Here, €:ny(q, d) depends on the wavevector g
and the thickness d of the TMD, as discussed in Ref. [42]. To
emphasize this, the plasmon dispersion for G/N-MoS,, from
N = 1to 5, is presented in Fig. 6(b), and validates the en-
hanced screening effects from the TMD layers. Conversely,
when a metal substrate is introduced, forming vdWhs such as
G/N-MoS;,/M, the addition of TMD layers leads to diminished
screening effects from the metal. This causes an increase in
the plasmon wavelength with an increasing number of TMD
layers, illustrated by the solid blue symbols in Fig. 6(a). This
phenomenon is attributed to the dominant screening effects pro-
vided by the metal compared to those from the TMD. That is,
adding more TMD layers, which act as spacers, effectively re-
duces the metal-induced screening effects. Consequently, this
leads to a smaller wave vector ¢, as verified in Fig. 6(c), and,
thereby, a larger plasmon wavelength (1 = 2x/g). This anal-
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Figure 7: (Color online) Plasmon wavelength resolution (Ady.1 n) as a func-
tion of the Fermi energy, calculated as the difference between plasmon wave-
lengths found for N + 1 versus N TMD layers (for N = 1 to 5) for (a) G/N-
MoS,/M and (b) G/N-WSy/M vdWhs. Panel (c) presents the results for the
same TMD thickness range of N = 1 to 5, but for two different TMDs arranged
in a side-by-side heterostructure. A horizontal dashed gray line marks the typ-
ical resolution threshold for s-SNOM experiments (~ 20 nm), indicating that
structural detection with monolayer sensitivity is feasible based on our findings,
even for a vdWhs composed of different laterally stitched TMDs, as in panel
(c). The top sketches illustrate the vdWhs considered in each situation, with
their respective plasmon wavelength.

ysis is also applied to WS,, with similar findings displayed in
Fig. 6(d)-(f). Therefore, while the presence of adjacent metal
initially decreases the plasmon wavelength, it enhances its spa-
tial resolution, i.e. the distinction in plasmon wavelengths for
varied number of TMD layers becomes more pronounced, even
for a vdWhs composed of two different TMDs, as will be dis-
cussed next.

Figure 7 demonstrates that by adjusting the Fermi energy
one can enhance the spatial resolution of the plasmon wave-
length,defined here as the ability to distinguish between plas-
mon wavelengths for vdWhs with different numbers of TMD
layers. To determine this resolution, we have calculated the dif-
ference between the plasmon wavelengths for vdWhs with N
and N + 1 TMD layers at a given energy, i.e. as Adyyiny =
An+1 — Ay. Figures 7(a) and 7(b) show the results for vdWhs
featuring a single TMD, for G/N-MoS,/M and G/N-WS,/M,
respectively. The sketches above these panels illustrate the case
of N =1 and N = 2 stacked TMD layers, probed by a graphene
layer laid on top of them. An even more remarkable result is
found for the case of two different TMDs arranged in a side-by-
side heterostructure, as illustrated by the sketch above Fig. 7(c).
Results in this case show that the presence of the metal sub-
strate, combined with the tunability of the Fermi energy in
graphene, allows one to achieve single layer thickness resolu-
tion even for different materials beneath a graphene monolayer.
In this case, the resolution is calculated as Adyy, = |Ay — A/,
where Ay (dy,) is the plasmon wavelength considering a N-
layer MoS, (WS,) below the graphene.

4. Conclusions

In summary, we have performed first principles-based cal-
culations to investigate the effect of a proximal metal on the
plasmonic dispersion of a monolayer graphene placed on top
of a few-layer TMD, as well as on the coupling between the
resulting screened graphene plasmons and the TMD phonons.

The highly polarized electric field of the acoustic graphene
plasmon that emerges due to the presence of the metal sub-
strate leads to an amplified coupling strength with the out-of-
plane A phonons of the TMD by up to one order of magni-
tude, thus reaching the ultra-strong plasmon-phonon coupling
regime, which would be out of reach for this kind of mode in
the absence of the metal.

Our results also demonstrate the presence of a nearby metal
increases the difference between plasmon wavelengths for
graphene on different TMD materials, and/or on a different
number of TMD layers in the heterostructure. Such marked
improvement in the spatial resolution of plasmon wavelengths
in real space allows for their use in probing the structural and
compositional details of vdWhs down to the ultimate mono-
layer limit.

Such significant role of metal substrates in boosting graphene
plasmon resolution in real space opens up new avenues for en-
gineering advanced plasmonic devices, especially in the field
of ultrasensitive detection and high-resolution spectroscopy.
Taken together, our results not only advance the understand-
ing and control of the intricate interplay between plasmons and
phonons within vdWhs, but also provide guidance for the explo-
ration and realization of technological concepts based on such
an interplay in presence of the metal-induced screening.
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