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Tuning magnetic Mie-exciton interaction from the intermediate to strong coupling regime in a WSe,
monolayer coupled with dielectric-metal nanoresonators
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Manipulation of coherent light-matter interactions at the nanoscale with the suppression of the incoherent
damping process is of great importance for both fundamental research and future applications of quantum
information devices. Here, we propose a low-loss dielectric nanoparticle-on-mirror (NPoM) system for flexible
control of the coherent interaction between magnetic Mie resonances and the excitonic mode in a monolayer
of WSe,. We demonstrate that the dielectric NPoM system simultaneously enables a large field enhancement
and low absorption in the dielectric nanoresonator, thus greatly facilitating the coherent magnetic Mie-exciton
coupling. Importantly, the efficiency of radiating the magnetic mode to the far field can be readily manipulated
by changing the thickness of the dielectric spacer and the particle size, therefore offering flexible tuning of
the interaction from the intermediate to strong coupling regime. Moreover, the highly directional emission at
the Mie resonance dramatically suppresses the incoherent damping process between the two individual systems
via the continuum reservoir. Such a NPoM-based hybrid system is expected to offer not only the possibility to
manipulate light-matter interactions but also new avenues for low-loss, high-efficiency coherent light control at

the deep nanoscale.
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I. INTRODUCTION

Light-matter interactions at the nanoscale in a strong cou-
pling regime have inspired intensive studies due to their
importance both in fundamental research and in nanophotonic
applications such as nanolasing, all-optical switching, and
quantum information processing [1-3]. In the strong coupling
regime, coherent energy transfer occurs between the optical
excitations and quantum emitters, leading to the formation of
new hybrid modes featured by mixed light-matter characteris-
tics [1,4-6]. However, achieving strong light-matter coupling
is not an easy task at the nanoscale. To reach strong cou-
pling, the coupling strength, determined as g = v/Np, - E
Hen/N/V , should be sufficiently large to exceed the damping
of the two subsystems. Therefore, strong field confinement
with a small mode volume V and large number N of emitters
with a large dipole moment y, are primarily required.

In this sense, a variety of organic and inorganic mate-
rials sustaining an ensemble of emitters such as quantum
dots and wells, dye molecules, and two-dimensional (2D)
materials have been used to couple exciton to plasmonic
nanostructures due to the ability of surface plasmons to
squeeze light into a deep subwavelength mode volume [7—-15].
Special interest has been focused on the integration of metal-
lic nano-objects with 2D transition-metal dichalcogenides
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(TMDs), a new, promising type of atomic crystal with unique
optical and optoelectronic properties owing to their atom-
ically thick features [16]. A monolayer TMD, such as a
direct band gap semiconductor, possesses unique advan-
tages over organic semiconductors for the study of strong
light-matter interactions, such as large dipole moments, chem-
ical inertness, and optical stability [6,17]. Recent studies
have demonstrated strong coupling between TMD monolay-
ers and a variety of plasmonic systems, including metallic
hole arrays [18], a nanodisk lattice [19], and single metal-
lic nanoparticles (NPs) [20-23]. In particular, the so-called
NP-on-mirror (NPoM) system [24], i.e., a plasmonic nanocav-
ity formed by single NPs on a metal film separated by a
thin dielectric film, is becoming a promising candidate for
strong TMD-plasmon coupling [25-29]. These heterostruc-
tures benefit from the capability of squeezing light within
the dielectric gaps with an extremely small mode volume,
therefore providing much improved TMD-plasmon coupling
strengths up to several hundred meV with only a few excitons
involved in the interactions [22]. We previously demonstrated
a record of exciton-plasmon coupling energy up to 140 meV
in a pure metallic NPoM system integrated with a WS,
monolayer [30].

However, conventional plasmonic NPs suffer from intrinsic
Ohmic losses. The resultant Joule heating in the structure and
its local environment leads to a unwanted change in the exci-
tonic response [31,32]. Moreover, the dominant nonradiative
decay also leads to quenching effects when an excitonic sys-
tem is placed in close proximity to metallic NPs. Plasmonic
NPs are not compatible with most semiconductor device pro-
cessing technologies, thus hindering their applicability.

©2022 American Physical Society


https://orcid.org/0000-0001-8191-3976
https://orcid.org/0000-0002-6418-9629
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.155403&domain=pdf&date_stamp=2022-04-06
https://doi.org/10.1103/PhysRevB.105.155403

SHIYU SHEN et al.

PHYSICAL REVIEW B 105, 155403 (2022)

H Au W SiO,

2r

—>

Energy (eV)

68 72
r (nm)

64 76 48 52

56

r (nm)

3 (@ fi\\ —3m

8 : —10nm|

5 |

197) 1

- 1

o 1

N 1

= 1

g :

2 B N
1.6 1.8 2.0

Energy (eV)
10nm — scat. =--abs.

3nm —

0.1 20m — scat. -=-abs.

Cross section (um?)
<
S
i

2.0

60
Energy (eV)

FIG. 1. (a) Schematic of the HID-NPoM system with the cross-sectional view in the x-z plane. Normalized scattering spectra (color scale)
of the bare NPoM system as a function of the Si nanodisk radius with a film thickness of (b) # = 10nm and (c) t = 3nm. (d) Normalized
scattering spectrum for # = 3nm (black line) and + = 10nm (red line) at zero detuning. (¢) The corresponding scattering (solid lines) and

absorption (dashed lines) cross sections at zero detuning.

High-index dielectric (HID) nanostructures are another
type of optical nanocavity and are becoming a promising
alternative platform for the study of light-matter interactions
owing to reduced Ohmic losses and complementary metal-
oxide semiconductor compatibility [33—-36]. HID nanostruc-
tures possess multipolar electric and magnetic eigenmodes
that can be tailored through the manipulation of the particle
size and composition [37-42]. The interplay and interfer-
ence between these multipole modes are capable of tailoring
the scattering resonance for an enhanced local density of
electromagnetic states and directional radiation [35,43]. De-
spite these advantages, all-dielectric systems usually exhibit
weaker local field confinement compared to the metallic
counterparts because their sizes must generally be wave-
length scale or larger [44]. This problem can be solved by
placing HID on a metal film to form a dielectric NPoM,
ie., a HID-NPoM system. Strong field enhancement and
extreme localization with the low absorption in dielec-
tric nanoresonators have been theoretically demonstrated
and experimentally verified [44—48]. Importantly, the hybrid
dielectric-metal resonances supported by the HID-NPoM sys-
tem exhibit highly controllable unidirectional radiation and
high scattering efficiency, which may offer flexible control
over the coupling of HID with quantum emitters. So far,
extensive studies on the resonance coupling of HID with ex-
citons in J-aggregate molecules and 2D materials have been
reported [20,49-52]. To the best of our knowledge, strong
coupling of TMD excitons in HID-NPoM systems has not
been reported.

In this work, we propose a hybrid system consisting of
HID particles on a mirror integrated with a TMD monolayer
and prove its advantages in manipulating both coherent and
incoherent couplings between the Mie resonance and TMD
excitons. We demonstrate that strong field confinement and
low absorption in the dielectric nanoresonator can be si-
multaneously obtained, which greatly facilitates the strong
magnetic Mie-exciton coupling. Importantly, flexible tuning
of the interaction between the Mie resonance and the excitonic
mode from the intermediate to strong coupling regime can
be realized by tuning the radiation efficiency of the magnetic
mode to the far field. We also reveal a dramatic suppression
of the incoherent energy transfer process between the two
subsystems via the continuum reservoir, which is attributed to
the highly directional emission characteristic inherited from
the HID-NPoM system.

II. RESULTS AND DISCUSSION
A. Optical properties of the bare NPoM system

The proposed HID-NPoM system, as schematically de-
scribed in Fig. 1(a), is composed of a Si nanodisk prepared
on a gold mirror which is coated with a thin dielectric layer of
hexagonal boron nitride (hBN) and a monolayer of tungsten
diselenide (WSe;) on a SiO, substrate. To investigate the
interaction between the NPoM system and the TMD mono-
layer, we performed simulations of this structure using the
finite-difference time-domain method. In our calculations, the
frequency-dependent refractive index of hBN is taken from
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FIG. 2. The distribution of (a) and (c) the electric field and (b) and (d) magnetic field at the magnetic Mie resonance w), for the pure NPoM
system with (a) and (b) # = 10nm and (c) and (d) + = 3 nm. The arrows denote the vectors of the current density. (e) and (f) Scattering power
of different multipole moments and (g) and (h) charge distribution with a film thickness of (e) and (g) + = 10nm and (f) and (h) r = 3 nm.

Ref. [53]. A finite radius value is used to round all edges
of the nanodisk, aiming to take into account the real shape
in practical fabrication while avoiding numerical artifacts. A
perfect matching layer is also considered for the simulation
domain to avoid nonphysical reflection around the nanodisk.
The thickness of monolayer WSe; is set to 1 nm. In order to
improve the accuracy of the simulation, we set the size of the
z direction of the grid covering the whole structure to 0.5 nm.

We first simulate the optical response of the bare NPoM
structure in the absence of the TMD monolayer. The system is
illuminated by a linearly polarized light at normal incidence.
Figure 1(b) gives the normalized scattering spectra (in a 2D
color scale) as a function of the radius of the disk r with
a fixed height of the Si disk of 2 = 50nm and thickness of
the dielectric spacer t = 10 nm. Prominent peaks with central
resonance energy ranging from 1.7 to 1.85eV can be clearly
seen as the radius of the disk increases from r = 63 nm to
r = 77nm. These peaks, generally identified as typical Mie
resonances, exhibit two main aspects: (i) the resonance shifts
almost linearly to red as the disk becomes larger (increas-
ing radius r), and (ii) the resonance line (dashed white line)
shifts exactly across the transition energy of the A exciton in
the monolayer of WSe, [dashed green line in Fig. 1(d)] at
hwa =~ 1.74eV (714 nm).

Importantly, the resonance position and the spectral profile
including the amplitude and width (corresponding to scat-
tering efficiency) can be readily tuned by controlling the
geometry parameters of the system such as the thickness of the
dielectric spacer. Figure 1(c) gives the normalized scattering
spectra for a thickness of # = 3nm. Note that the radius of
the Si disk was chosen such that the Mie resonance can still
cover the spectral region of interest to facilitate its interac-
tion with the TMD excitons. As the thickness ¢ decreases

from 10 to 3nm, the scattering spectra become narrower,
which can be clearly visualized by comparing two normalized
scattering spectra for these two cases with Mie resonances
occurring at fiwa, as shown in Fig. 1(d). Moreover, the scat-
tering intensities also dramatically decrease, corresponding to
a great suppression of radiation efficiency, as demonstrated
by the solid black and red curves in Fig. 1(e). Interestingly,
the dissipation in the NPoM system barely changes since
the absorption cross sections (dashed red and black curves)
almost remain constant at resonance hiwa. This is distinctly
different from pure metallic NPoM nanostructures, in which
the decrease in the dielectric spacer leads to a dramatically
enlarged dissipation loss inside the metal due to the much
enhanced field confinement [27,28,30]. We will discuss the
underlying mechanism of the change in the spectral response
in later sections with the help of numerical near-field analysis
and an analytical multipolar expansion approach.

To give deep insight into the excitation of the Mie res-
onances, we further analyzed the near-field response of
the NPoM system at the resonance positions. Figures 2(a)
and 2(b) demonstrate the local electric and magnetic field dis-
tributions at the scattering peak (1.74 eV) with a film thickness
of t = 10nm and radius of the disk » = 70 nm, respectively.
Apparently, the electric field is mainly concentrated at the
bottom edges of the nanodisk, as well as in the dielectric
spacer, while the magnetic field concentrates in the center
area of the dielectric spacer and extends into the disk and
Au mirror, with the current flow (black arrows) circulating
around the structure. This can be explained as follows: a
current loop is induced around the Si nanodisk and its mir-
ror image by the external magnetic field. This diamagnetic
response generates a magnetic dipole that is orientated along
the y direction [54-56]. This dipole is then coupled to the
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film-coupled system to induce a strong magnetic field within
the hBN layer.

A similar near-field distribution can also be found when
the dielectric spacer becomes thinner (t+ = 3 nm). In this case,
a strong electric field, more than 24 times larger than the
incident field intensity, is obtained in the gap region at the
resonance energy (1.74eV), as shown in Fig. 2(c). The field
enhancement is larger than that obtained in most all-dielectric
systems [57]. The magnetic field [Fig. 2(d)] is also concen-
trated in an even smaller region inside the spacer with the
same spatial profile as in Fig. 2(b). All these near-field char-
acteristics strongly indicate that the scattering peaks originate
from the magnetic Mie resonance.

B. Multipolar expansion of the Mie resonance

To confirm the occurrence of the magnetic excitation
of the Mie resonance and to fully understand the spectral
response, as well as its dependence on the structural con-
figurations, we utilized a multipolar expansion method to
quantitatively describe the excitations of different electro-
magnetic modes that may contribute to the Mie resonance.
The analysis is helpful for understanding the far-field spectral
characteristics of the Mie resonance and its interaction with
the excitonic mode. More details of the formalism of the
multipolar expansion are given in Appendix A.

Figure 2(e) shows the calculated scattering power for all
multipole modes as a function of wavelength (energy) for
thickness # = 10 nm. Two main features can clearly be seen:
(i) the scattering power of the toroidal dipole (T), magnetic
quadrupole (Qm), and electric quadrupole (Qe) modes is very
weak compared with that of the other magnetic dipole (M)
and electric dipole (P) modes, meaning that the contribu-
tion of these three modes to the far-field radiation is small,
and importantly, (ii) the M mode dominates in the scattering
power, particularly at the scattering peak, where the P mode
shows a much reduced value of the scattering power (dashed
black line). As the thickness ¢ decreases to 3 nm, the dom-
inating magnetic component (solid black line) still occurs,
as shown in Fig. 2(f). However, the scattering intensity is
greatly reduced by at least fourfold at the resonance frequency
wMm ~ wa With respect to that for the case of 10 nm [Fig. 2(e)].
This is expected because the scattering cross section reduces
accordingly as the radius of the nanodisk decreases. All
these features confirm that the scattering peaks for both cases
originate from the excitation of magnetic dipole resonances.
Decreasing the thickness of the dielectric spacer by shrinking
the size of the nanodisk causes the magnetic dipole to radiate
less efficiently to the far field, thus accounting for the narrow-
ing of the resonance. Moreover, a considerable suppression of
the scattering intensity of the electric mode (solid red line) can
be seen, particularly at the resonance frequency. This can be
attributed to the coupling of the electric dipole to its image
charge. This coupling then generates a quadrupolelike charge
distribution, leading to reduced coupling efficiency to the far
field [45]. It is important to note that this effect cannot be
regarded as the main reason for the narrowing of the scattering
spectra in the present case because the contribution of the
electric dipole to the far field is negligible. We will show later
that the tunability of the scattering efficiency plays a very im-

portant role in controlling Mie resonance-exciton interaction
in different coupling regimes.

C. Resonance coupling of the magnetic dipole
mode to the WSe, monolayer

We now discuss the interaction between the magnetic Mie
resonance and the excitonic excitations. To simulate the opti-
cal response of the WSe, monolayer, we consider its dielectric
function as a Lorentz oscillator (see more details in Ap-
pendix B).

Figure 3(a) plots the 2D color map of the scattering spectra
as a function of disk radius in the range of 63 to 77 nm
with + = 10 nm. We can see two prominent bending branches
appear in the scattering spectrum, indicating the occurrence of
coherent magnetic Mie-exciton coupling with the formation
of new low-energy polariton (LP) and high-energy polariton
(UP) states. The coupling properties of the detailed optical
features of the newly formed states (energetics, spectral width,
coupling strength, etc.,) can be further quantitatively evaluated
by fitting the simulated scattering spectra S(w) = |s(w)|* to a
Fano-like line shape with the scattering coefficient s(w) given
in Appendix C.

The extracted dispersion is given together with the 2D plots
of the scattering spectra in Fig. 3(a), demonstrating a clear
anticrossing behavior of the UP (dark blue stars) and LP (light
blue stars) branches separated by the dispersion lines (dashed
white lines) of the individual systems at zero detuning with
wa = wy (r = 70nm). The coupling strength can be further
evaluated by employing the widely used coupled oscillator
model (COM) given in Appendix C. In the COM, we use
the excitonic transition energy fiwa = 1.742 eV with spectral
width A"y = 2ys = 11.4 meV. For the bare NPoM system,
the dispersion fiwp(r) as a function of the radius of the nan-
odisk and a constant spectral width il'y; = 2hiy = 208 meV
is extracted from the simulated scattering spectra given in
Fig. 1(c). Here, I'; and y; represent the damping rate, and they
satisfy the equation I'; = 2y;. The indices j = A, M give the
individual excitonic and magnetic Mie systems, respectively.

The result calculated by solving the COM gives a consider-
able coupling strength, which is consistent with the simulated
Rabi splitting estimated directly from the mode splitting en-
ergy at zero detuning in the scattering spectra [Fig. 3(a)].
Although clear mode splitting with separable peaks can be
seen in the spectral diagram, it is not sufficient for strong
coupling. In the present case, the coupling strength is smaller
than half of the sum of the individual damping rates, i.e.,
Qr < (¥a + ym)/2, but larger than half of their difference
(2R > |¥a — yml|/2). This means that the hybrid system is
well in an intermediate coupling regime [58]. Here, Q2% is the
Rabi frequency for describing the coherent coupling strength
g (more details are given in Appendix C).

As discussed in the previous section, reducing the thick-
ness of the dielectric spacer can greatly alter the radiation
efficiency of the NPoM system. This is expected to, in turn,
influence its interaction with the WSe, monolayer. To in-
vestigate this effect, we applied the COM to the hybrid
system with # = 3 nm. With an optimized coherent coupling
energy /iQ2rx = 43 meV and an incoherent coupling constant
hiy. = 0.8meV (y, is a cross-damping term describing the
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since the criterion Qr > (ya + ym)/2 is fulfilled. Therefore,
the NPoM system is advantageous for realizing a flexible way
to control the coherent light-matter interaction in different
coupling regimes. Here, in the strong coupling regime, the
obtained coupling strength is two times larger than that re-
ported in Ref. [20], in which a Si nanosphere directly lies on a
TMD monolayer. Such a large coupling strength benefits from
the unique configuration of the NPoM system, which pro-
vides a relatively strong field confinement inside the dielectric
spacer, therefore greatly enhancing the resonance coupling.
It was reported that, in both metallic and dielectric NPoM
nanostructures, strong field confinement generally happens in-
side the gap region, with the localized electric field polarized
normal to the structure plane (the z direction) [30,45]. The
z-polarized electric field is not helpful for enhancing coherent
coupling because the TMD monolayers possess excitons with
in-plane dipole moments ps [29,30]. The inner product of
ua with the in-plane electric field eventually determines the
coupling strength. Here, to maximize the coherent coupling,
we have carefully designed the NPoM structure, including the
selection of the appropriate disk size and thickness of the
dielectric spacer to achieve an optimized field confinement
under the Si nanodisk, although the enhancement factor of the
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in-plane electric field (x and y components) is relatively small
compared to its plasmonic NPoM counterpart [22,30,54]. In
Figs. 3(d)-3(f), the near-field feature of the coupling system
is demonstrated by plotting the electric components in the x-y
plane right below the nanodisk at the magnetic Mie resonance
hwy for disk radius r = 54nm and dielectric thickness of
t = 3nm. We find that (i) the x [Fig. 3(d)] and y [Fig. 3(e)]
components of the electric field are mainly concentrated at
the edges of the nanodisk, providing more than a nine- and
fourfold enhancement of the amplitude with respect to that of
the incident electric field, and (ii) the electric component in the
z direction is much stronger with a maximum enhancement
factor of 20, which is consistent with the results reported in
other NPoM systems [30].

Interestingly, compared to the hybrid system in the in-
termediate coupling regime with # = 10nm, the coupling
strength becomes even slightly smaller in the strong cou-
pling regime. Generally, in NPoM nanostructures, particularly
metallic NPoM systems, plasmon field confinement dramat-
ically improves with a much reduced mode volume as the
dielectric spacer becomes thinner, down to several nanome-
ters [28,30]. This greatly enhances light-matter interaction
with enlarged coupling strength. Here, in our case, improved
field localization also occurs when the film thickness de-
creases to 3 nm, as shown in Figs. 2(a) and 2(c). However, the
coupling strength does not increase accordingly and instead
slightly decreases. This can be qualitatively explained, and the
details are shown in Appendix C.

In contrast to the considerable coherent coupling energy,
the other key feature of the present hybrid systems is the
negligible incoherent coupling strength, which is as small
as ~1 meV. Generally, an incoherent coupling process oc-
curs in the interacting subsystems and plays an important
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FIG. 4. (a) The color map of the far-field radiation for the
bare NPoM system at the Mie resonance with a film thickness of
t = 3nm. (b) The corresponding radiation pattern in the x-z plane for
the cases of t = 10 nm (dashed red line) and + = 3 nm (solid black
line).

role in light-matter interactions, and we give more details in
Appendix D.

In the present case, the physical mechanism behind the
much reduced incoherent strength can be understood in two
ways. First of all, the excitation of magnetic Mie resonance
leads to great suppression of the electric dipole radiation, as
demonstrated in Figs. 2(e) and 2(f). In both the intermediate
and strong coupling regimes, photons cannot be emitted from
the NPoM system to the vacuum continuum reservoir via
electric dipolar radiation, thus prohibiting the reabsorption of
photons by the excitonic system. The other aspect is the highly
directional dipolar orientation at the Mie resonance, which
can be quantitatively demonstrated by simulating the far-field
emission pattern of the bare NPoM system. Figure 4(a) shows
the radiation pattern at the magnetic Mie resonance for the
case of + = 3nm. High directivity along the z direction can
clearly be seen in the small azimuth angle, as labeled by
the red circle. The detailed radiation characteristics can be
further clearly visualized by the directivity cross section in
the x-z plane, as displayed in Fig. 4(b). Obviously, a single
lobe (solid black line) is oriented along the z direction in the
disk plane. Its radiating orientation is confined mainly within
the angle range of —15° to 15°. The completely suppressed
incoherent coupling strength can be readily explained based
on Eq. (D1): the incoherent damping pathway via the contin-
uum reservoir can be almost completely closed owing to the
dipole moment ) pointing normal to the in-plane excitonic
dipole pa, leading to a minimized amplitude of the inner
product in Eq. (D1). It is noted that the radiation lobes (dashed
red and solid black lines) for different thicknesses ¢ com-
pletely overlap, which means that shrinking the thickness of
the dielectric spacer does not change the dipolar orientation,
therefore causing the complete suppression of the incoherent
damping channel to persist. This is in contrast to the plas-
monic NPoM nanostructure reported in our previous work, in
which the radiation directivity persists for a broader range of
angles and changes with varying thickness of the dielectric
spacer, leading to a larger incoherent coupling strength [30].
In this regard, the metallic film-coupled dielectric NPoM
system in the present case exhibits excellent performance
in terms of enhancing coherent light-matter interaction at
the nanoscale while prohibiting the unwanted incoherent
damping pathway.

III. CONCLUSIONS

In conclusion, we proposed a low-loss HID-NPoM sys-
tem for flexible control of coherent interaction between
magnetic Mie resonances and the excitonic mode in a mono-
layer of WSe,. We demonstrated that the dielectric NPoM
system simultaneously enables large field enhancement and
low absorption in the dielectric nanoresonator, thus greatly
facilitating the strong magnetic Mie-exciton coupling. The
efficiency of radiating the magnetic mode to the far field
can be readily manipulated by changing the thickness of the
dielectric spacer and the particle size to manipulate the in-
teraction between the Mie resonance and the excitonic mode
from the intermediate to strong coupling regime. Moreover,
the highly directional emission at the Mie resonance dra-
matically suppresses the incoherent energy exchange process
between the two subsystems via the continuum reservoir. Such
a NPoM-based hybrid system is expected to offer not only the
possibility to control light-matter interactions at the nanoscale
but also new avenues for low-loss, high-efficiency nanopho-
tonic and quantum optical devices.
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APPENDIX A: MULTIPOLAR EXPANSION

A standard multipolar expansion for a single particle to
evaluate the contributions of multipole components was em-
ployed, including the electric dipole (P), magnetic dipole
(M), toroidal dipole (T), electric quadrupole (Qe), and mag-
netic quadrupole (Qm) contributions to the far-field radiation.
Under Cartesian coordinates with index o, 8 = x,y, z, the
electric dipole P,, the magnetic dipole M,, the toroidal dipole
T, the electric quadrupole Qif;, and the magnetic quadrupole
QL"/;) can be expressed as [59,60]

P, = —/d3r]a, M, = —/dgr(r X ])a,

I, = — 10¢ d3r[(r J)ra_zr Jals

(e) 1 d 2 o
Qaﬁ— dio r ra]ﬂ++rﬁ]a_§8aﬂ(r']) s

oy = lc / d*r[(F x Jarg + (F x Jpral. (A1)
Here, c¢ is the speed of light, and w is the driving fre-
quency of the electric field E,. n denotes the refractive index.
Jo = —iweg(n* — 1)E, represents the current density. In the
present case, multipole decompositions of scattered waves are
considered by writing the induced electric current density as

jor) = fvf J(#8(r" — F)dr. Here, the delta function §(+ — )
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is extended in a Taylor series around a point vector 7 located
in volume V.

The calculation in Eq. (Al) is performed by numerical
integration in the simulation, which is extended over the entire
unit cell. The scattering powers of each multipolar compo-
nent can be readily obtained as Ip = (2w*/3c?)|P|?, IM =
Qw*/3¢)IMP, It = 2°/3¢%)|T?, Ige = (0°/5¢°)10%; %,
and Iom = («® /40c5)|Q&mﬁ)|2. The method applied here is ad-
vantageous because regardless of the complexity of the charge
and current distribution, we can treat the induced field as
the superposition of the field generated by the corresponding
point multipole set [61]. This approach has been extensively
utilized both in single-particle nanostructures [62—64] and in
periodic array structures [65-67].

APPENDIX B: THE DIELECTRIC FUNCTION OF WSe,

To simulate the optical response of the WSe, monolayer,
we consider its dielectric function as a Lorentz oscillator with
the following form:

f

e(E)=c¢€ —.
E)=e+ e iTAE

B1)
Here, g is the dielectric perm1tt1v1ty of the background. Ex
and f denote the resonance energy and the reduced oscillator
strength of the exciton, respectively. ' is the damping rate of
the oscillator. All these parameters in our simulation are taken
from Ref. [68]. We take the average value of hl'p = 2(fiya) =
11.4 meV as the resonance width of the A exciton in mono-
layer WSe,, which is evaluated based on TM excitation PL
measurements [69].

APPENDIX C: DETAILS FOR EVALUATING
THE OPTICAL PROPERTIES OF THE HYBRID SYSTEM

To further effectively evaluate the optical properties in
Fig. 3(a), the scattering coefficient s(w) is given as [30]

s(w) = ap + Z

k=UP,LP

b i
_ biyee™ 1
w — wg + l)/k

Here, a; is the background amplitude; by, yx, and ¢, are
the amplitude, damping rate, and spectral phase of the hy-

J

brid modes, respectively. The extracted dispersion is given
together with the 2D plots of the scattering spectra in Fig. 3(a),
demonstrating clear anticrossing behavior of the UP (dark
blue stars) and LP (light blue stars) branches separated by
the dispersion lines (dashed white lines) of the individ-
ual systems at zero detuning with wp = wy (r = 70 nm).
The coupling strength can be further evaluated by employ-
ing a widely used coupled oscillator model (COM), given
as [12]

(& 21 8DG) =)

Here, the coherent coupling strength g characterized by the
Rabi frequency Qg evaluated as g = /iQ2r is included as
an off-diagonal element in the coupling matrix. A cross-
damping term y. is also included to describe the incoherent
coupling process. Both coupling terms play a crucial role in
reproducing and understanding the simulated optical char-
acteristics of the hybrid system (see Appendix D). wp =
wym — iya and @y = wy — iym represent the complex reso-
nance frequencies of the WSe, excitons and the magnetic
dipole mode, respectively. Their real parts represent the
eigenenergies of the monolayer WSe, exciton and the mag-
netic dipole mode, as shown by the white dashed lines in
Fig. 3(a). The imaginary parts represent population damp-
ing with damping rate I'; =2y;. The indices j =AM
give the individual excitonic and magnetic Mie systems,
respectively. Here, only the radiative damping process con-
tributes to the total damping rate in the scattering spectra.
a and B are eigenvector components; the absolute squares
of the eigenvectors |a|?> and |B|> are the weighting frac-
tions of the hybrid system, which satisfy |a|*> + |B|*> = 1.
The eigenvalues E provide the dispersion of the UP/LP
states.

We solved Eq. (C2) and very nicely reproduced the dis-
persion of the hybrid modes [black dashed lines in Fig. 3(a)]
with an optimized coupling energy nQ2gr = 50 meV and the
cross-damping term /iyc = 0.9 meV. The real and imaginary
parts of the complex eigenvalues are given as

(C2)

Comparing Fig. 3(a) with Fig. 3(b), we explain that the
coupling strength decreases as the thickness of the dielectric
layer decreases based on the expression of the coupling
strength (g = VN, I, - E): enhanced field confinement does
not necessarily guarantee the increase of the coupling
strength since the value of g is also dependent on the number
of excitons N. As the film thickness decreases, the atop
nanodisk also becomes smaller. The effective area that is in
contact with the WSe, is reduced, which reduces the number
of excitons N involved in the coherent coupling. This may
account for the slightly decreased coupling strength.

~ N2
w .
TM> + (1912 = [ycl?) — 2iycRe(p).

Ei=h5i=h<WTaW)ih\/<wA—

(€3)

(

APPENDIX D: COUPLING-INDUCED INCOHERENT
DAMPING PROCESS

Microscopically, one of the interacting subsystems spon-
taneously emits photons first to the vacuum continuum
reservoir. These photons are, in turn, reabsorbed by the other
subsystem without conserving any phase relationship [70].
This energy exchange process is actually a coupling-induced
phenomenon and offers an incoherent damping pathway,
thereby manipulating the radiative damping rates and lead-
ing to sub- and superradiant hybrid modes [6,12,30,58]. This
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coupling-induced cross-damping term y, is expressed as [70]

Ye < A/ yl,radVZ,rad(ﬂl : /’12) (Dl)

Here, yj,sa and ft; (j =1,2) denote the radiative damp-
ing rates and effective electric dipole moments of the

individual subsystems. A prominent coupling-induced damp-
ing phenomenon has been observed in a variety of interacting
systems, including plasmonic nanoresonators coupled to or-
ganic semiconductors [12] and single metallic nanoparticles
interacting with TMD excitons [6,30].
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