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Research efforts of cavity quantum electrodynamics have 
focused on the manipulation of matter hybridized with pho-
tons under the strong coupling regime1–3. This has led to 
striking discoveries including polariton condensation2 and 
single-photon nonlinearity3, where the phonon scattering 
plays a critical role1–9. However, resolving the phonon scatter-
ing remains challenging for its non-radiative complexity. Here 
we demonstrate nonlinear phonon scattering in monolayer 
MoS2 that is strongly coupled to a plasmonic cavity mode. By 
hybridizing excitons and cavity photons, the phonon scatter-
ing is equipped with valley degree of freedom and boosted with 
superlinear enhancement to a stimulated regime, as revealed 
by Raman spectroscopy and our theoretical model. The valley 
polarization is drastically enhanced and sustained throughout 
the stimulated regime, suggesting a coherent scattering pro-
cess enabled by the strong coupling. Our findings clarify the 
feasibility of valley–cavity-based systems for lighting, imag-
ing, optical information processing and manipulating quan-
tum correlations in cavity quantum electrodynamics2,3,10–17.

The part-light, part-matter quasiparticles called cavity polaritons 
are formed under the strong coupling regime where the coupling 
rate is faster than the decay rates of light and matter. The manipu-
lation of matter with light in cavity quantum electrodynamics has 
been a major research focus for photonic applications and quan-
tum materials1–3. Unprecedented material properties through the 
hybridization of light and matter lead to intriguing phenomena 
such as polariton condensation2 and single-photon nonlinearity3. 
Convoluted with overwhelming fluorescence actions in cavi-
ties1–3, the hidden non-radiative phonon scattering via ubiquitous 
lattice-displacement and light coupling plays a critical role in the 
physical behaviours of cavity polaritons1–7. For example, it plays one 
of the dominant roles in the non-radiative damping that is critical 
for polariton condensation1,2,4, enhances the quantum correlation of 
emitters in cavities3,5,6 and even enables the possibility of light-induced 
high-transition-temperature (high TC) superconductivity8,9. Under 
the strong coupling regime, the phonon scattering could also be fun-
damentally altered and thus suggest distinct underlying mechanisms 
of cavity polaritons. However, resolving the phonon scattering has 
been challenging for the complexity of its non-radiative nature. In 
this work, we demonstrate the nonlinear valley phonon scattering in 
monolayer MoS2 under the strong coupling regime.

The strong coupling system is based on a plasmonic cavity 
embedded with monolayer MoS2. The superb capability of plas-
monic structures to concentrate light into deep-subwavelength 

volumes dramatically enables the strong coupling regime into the 
atomic monolayer limit18 and single-molecule level19. Monolayer 
transition metal dichalcogenide (TMD) MoS2 is selected here for 
three reasons: first, the large oscillator strength in the monolayer 
limit ensures the strong coupling regime20; second, the rich valley 
physics in monolayer TMDs provides a new valley degree of free-
dom (DOF) and valley selection rule to investigate the phonon scat-
tering21,22; and third, the typical phonon scattering in monolayer 
TMDs can be directly probed using Raman spectroscopy21,23. Under 
the strong coupling regime of such a cavity system, hybrid quasi-
particles of plasmon-cavity exciton polaritons (PEPs, also known 
as plexcitons) are formed. When the phonon scattering is probed 
via Raman spectroscopy, the exciton constituent of PEPs introduces 
valley phonon scattering behaviours corresponding to strong valley 
electron–phonon interactions21,23,24, while the plasmon cavity con-
stituent enhances phonon modes by the factor of |Ep/E0|4 (Ep/E0 is 
the electric field ratio of the plasmon field Ep to free space field E0) 
and can even induce stimulated phonon scattering25,26. The unique 
hybrid nature of the phonon scattering results from the synergy of 
the exciton resonance and plasmonic enhancement of the polari-
tonic states. Rather than only the Raman intensity enhancement 
seen in other strong coupling systems27,28, the phonon scattering 
reveals coherent valley scattering behaviours: it breaks down the 
classical Raman selection rule and drastically enhances valley polar-
ization by 2.5 times, which is non-degradable throughout the stimu-
lated regime. These findings provide a practical route towards the 
valleytronics in demand for the coupled valley–cavity systems10–14. 
They also directly lead to explorations of more specific phonons 
under the strong coupling regime, such as longitudinal optical pho-
nons with unique chirality15 and Fröhlich interactions16 for quan-
tum coherence and entanglement3,5,6.

The sample structure and experimental configuration are illus-
trated in the schematic of Fig. 1. The plasmon cavity structure with 
the TMD monolayer is shown in Fig. 1b. The cavity samples are 
composed of core–shell structured nanospheres (Supplementary 
Fig. 1) and a chemical vapour deposition (CVD) MoS2 mono-
layer film on a gold (Au) substrate (Supplementary Fig. 2). The Au 
substrate consists of a 3 nm Al2O3 film and 200 nm Au film on a  
SiO2/Si substrate. More details of sample preparation are dis-
cussed in the Methods. The electric field distribution of the highly 
compact plasmon cavity mode is simulated as in Supplementary  
Fig. 3a, ensuring efficient coupling with TMD excitons. New PEP 
states (Fig. 1a) are formed by the strong coupling between TMD 
valley excitons and a plasmon cavity mode. The PEP states here 
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involve strong phonon scatterings, including Raman-active phonon 
modes21,23,24,29 (lattice vibrations) and silent phonon modes21,23. To 
clarify the phonon scattering processes, the strong coupling regime 
is first characterized, and the phonon modes are then investigated 
via PEP-resonant Raman spectroscopy.

Strong coupling between monolayer excitons and plasmon cav-
ity modes is determined via dark-field scattering spectroscopy. 
The exciton A energy of monolayer MoS2 is identified as ~665 nm 
(~1.865 eV) and as the dashed line in the differential reflectiv-
ity spectrum of Fig. 2a, which is resonant with the plasmon cavity 
mode. Due to the highly confined in-plane electric field compo-
nent efficiently coupled to exciton dipoles of monolayer MoS2 
(Supplementary Fig. 3), the dark-field scattering spectrum features 
two split peaks separated by ~130 meV (Fig. 2a), indicating the 
strong coupling between the plasmon cavity mode and exciton A. 
To characterize the strong coupling regime, the dark-field spectra 
are taken for plasmon cavities with various detunings (δ = Eplm − Eex) 
ranging from positive through negative values. These detunings 
are realized by varying the size of gold nanospheres with a mea-
sured fundamental mode (control experiment in Supplementary 
Fig. 5). In Fig. 2b, nine typical dark-field spectra are selected, as the 
plasmon cavity modes are progressively varied across the exciton 
A energy. Two prominent split modes at both sides of the exciton 
(dashed line) vary the peak intensities and positions. From negative 
to positive detunings (spectra from top to bottom), the intensity of 
the lower-energy (longer-wavelength) mode becomes weaker, and 
the peak approaches the exciton line but never crosses it, and vice 
versa for the other mode. With two red curves as the guidelines, the 
strong coupling regime is evidenced by the anticrossing feature of 
these two modes. In addition, the simulation of these spectra is also 
carried out (Supplementary Fig. 3c) and consistent with the experi-
ment. The dispersion data of PEPs based on tens of samples are 
summarized in Fig. 2c, and are well fitted with a coupled-oscillator 
model for a Rabi splitting of 130 ± 6 meV (Methods). The strong 
coupling is verified by comparing this splitting with the linewidths 
of the plasmon and exciton (Methods), and is further confirmed by 
the photoluminescence (PL) features (Fig. 2a).

The phonon scattering processes under the strong coupling 
regime are then directly probed by polarization-resolved Raman 
spectroscopy. For demonstration purposes, we focus on three  

phonon modes: the E′, A′

1 and 2LA(K) modes. For monolayer MoS2, 
the Raman-active E′ and A′

1 modes are two of the most prominent 
phonons, representing the in-plane and out-of-plane lattice vibra-
tions, respectively (Fig. 3a)21,23,24,29. The silent mode 2LA(K) is 
round-trip intervalley scattering between the K and K′ valleys by two 
longitudinal acoustic LA(K) phonons with wavevectors q ∼ Κ and 
q ∼ – Κ (Fig. 3b), which is strongly correlated with valley polariza-
tion and can be activated by the resonance pump condition through 
the double resonance Raman (DRR) process21,23. To better resolve 
the phonon scattering, the Raman spectroscopy is carried out at 
77 K at different conditions (Fig. 3c and Supplementary Figs 6–9). 
In Fig. 3c, the measured Raman spectra are categorized into three 
sets of plasmon-enhanced, exciton-resonant and polariton-resonant 
spectra. For the plasmon-enhanced condition (plasmon case), 
the pump laser at an off-resonance wavelength of 532 nm is 
applied to a monolayer MoS2 plasmonic cavity with resonance 
peaked at 555 nm, which is not coupled to MoS2 excitons (Fig. 3c  
bottom spectra). The observed E′ (388 cm−1) and A′

1 (408 cm−1) 
modes both show enhanced intensities with the same polariza-
tion selection rule in comparison with that on a Si/SiO2 substrate 
(Supplementary Figs. 6 and 7). For the exciton-resonant condition 
(exciton case), the Raman spectra are taken under on-resonance 
excitation (633 nm) at 77 K for bare monolayer MoS2 without a cav-
ity (Fig. 3c middle spectra). The Raman intensities for E′ and A′

1 
are much weaker than in the plasmon case, and the Raman-silent 
mode 2LA(K) emerges around 460 cm−1. All the Raman modes have 
shown valley polarization dependence. For the polariton-resonant 
condition (polariton case), Raman spectra are taken on a mono-
layer MoS2 plasmonic cavity at 77 K by on-resonance excitation 
of 633 nm (Fig. 3b top spectra). Interestingly, all of the E′, A′

1 and 
2LA(K) modes have amplified intensities and strong valley polariza-
tion dependence.

In the plasmon case, the coupling between circular polarization 
and Raman modes is determined by the transverse/longitudinal 
nature of specific modes. For example, the transverse mode E′ could 
rotate the linear polarization by 90° with respect to the linearly 
polarized pump light, while the longitudinal A′

1 could preserve the 
linear polarization without change23,26,29. For the circularly polarized 
pump, E′ could flip the handedness and A′

1 could preserve it23,26,29. 
The polarization selection rule could be further understood by  
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Fig. 1 | Schematics of demonstrating phonon scattering under the strong coupling regime. a, Energy diagram of the PEP states (pol+ and pol– are the 
upper and lower polaritons, respectively) that originate from strong coupling between the plasmonic cavity mode and excitons in monolayer MoS2.  
b, Illustration of the sample structures. Core–shell structured nanospheres on gold substrate with an Al2O3 spacer layer form compact plasmonic cavities. 
Transferred monolayer MoS2 is sandwiched inside a plasmonic cavity where the strong coupling regime is reached. The highly confined electric field in 
such a cavity ensures efficient coupling with MoS2 excitons. When PEPs are generated via resonant pump, the phonon scattering behaviours (sketched 
intuitively as arrows) are found to be determined by the hybrid properties of PEPs.
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classical Raman theory (Methods)23,29. In addition, the Raman 
intensity enhanced by plasmon Ip scales as Ip ∝ I0|Ep/E0|4 (I0 is the 
intensity without plasmonic enhancement). This polarization selec-
tion rule only works for off-exciton-resonance pump scenarios.

In the exciton and polariton cases, the coupling between circular 
polarization and Raman modes mainly involves valley exciton reso-
nances, instead of coming from optical excitations (Supplementary 
Fig. 10). When the pump laser is resonant with excitons, the inten-
sity (Iex) follows quantum theory21,23,

Iex ∝ Γg→exΓe−phΓex→g (1)

where the Γg→ex and Γex→g represent optical transitions (excita-
tion and relaxation) between the ground state (g) and excitonic 
states (ex), and Γe−ph represents the electron–phonon interactions 
(Supplementary Note 1). In addition, due to valley exciton transi-
tions (Supplementary Fig. 8), the coupling of opposite circular 
polarization for the E′ mode would be changed to the enhanced 
coupling of the same circular polarization. All the phonon scatter-
ing (Raman intensity) is also enhanced, and especially the silent 
modes based on electron–phonon interactions (Γe−ph) may also be 
activated. For the polariton case, the Raman modes would follow 
the quantum theory of the resonance scenario (exciton constituent) 
but be amplified by strong field confinements (plasmon constitu-
ent). The Raman modes thus follow,

IPEP ∝ Γg→pol+Γe−phΓpol−→g|EPEP/E0|4 (2)

involving the optical transitions between ground state (g) and 
polaritonic states (pol±). Here IPEP and EPEP represent the Raman 
intensity and the electric field in the polariton case, respectively.

The observation in Fig. 3c can be understood for the strong cou-
pling of valley excitons. In the plasmon case, the Raman scattering 
process is enhanced only by plasmons, as in Ip ∝ I0|Ep/E0|4, following 
the Raman selection rule (Supplementary Fig. 6). The E′ mode is 
observed in the opposite circular polarization with the pump, and A′

1 
shows the same polarization with the pump23,24,29. Due to the smaller 
enhancement in the exciton case, E′ and A′

1 are much weaker than 
in the plasmon case, while they show the same circular polarization 
with the pump laser. This dependence is mainly determined by the 
valley selection rule, following the Γg→ex and Γex→g terms through the 
DRR process24,29. The activation of non-zero q mode 2LA(K) leads 
to the intensity of the exciton DRR process (IDRR–ex) as21,

IDRR−ex ∝ Γg→ex′1Γe−2LAΓex→g (3)

This equation is similar to equation (2). The ex′1 and ex represent 
the excited exciton state (first pumped intermediate state) and final 
exciton state (radiation state), respectively; and Γe−2LA represents 
the unique 2LA(K) phonon scattering mediated by an intermediate 
exciton state ex′2 (Fig. 3b and Supplementary Note 1). The activation 
of 2LA(K) helps preserve the valley polarization of the excitons by 
competing with other depolarization scattering processes22.

In the polariton case, the 2LA(K) mode is also activated by 
polariton resonances and dramatically enhanced by the plasmon 
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Fig. 2 | Determination of the strong coupling regime in a MoS2 monolayer embedded in plasmonic cavities. a, Upper panel: for the monolayer MoS2 
on a silicon substrate, the differential reflectivity spectrum shows the energies of excitons B and A (exB and exA); the PL shows a dominant peak for exA. 
Middle panel: normalized dark-field scattering spectrum of a plasmonic cavity with monolayer MoS2 shows two polariton peaks. Dark-field image of the 
nanosphere is shown in the inset with a 2 μm scale bar. Lower panel: the corresponding PL spectrum of the cavity sample in the middle panel. The main 
peak, ~680 nm, corresponds to the lower polariton state. This spectrum consists of dominant PL emissions of the plasmonic cavity and a very small portion 
of uncoupled exA emission (Supplementary Figure 4). The black dashed line labels the exA energy, and the green dashed line labels the lower polariton 
energy. b, Measured dark-field scattering spectra of nine typical cavity samples with monolayer MoS2 at various detunings (δ = Eplm − Eex). Black dashed line 
labels exA energy. Two prominent split modes lie on both sides of exA. Red curves are guidelines indicating two anticrossed modes. c, PEP dispersion.  
The coloured dots are experimental spectral peaks representing the polariton modes, where the colour bar represents the detuning. A coupled-oscillator 
model is carried out to fit the polariton branches. The model demonstrates a Rabi splitting of 130 ± 6 meV for the strong coupling regime.
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constituent of polaritons for the intensity of the PEP DRR process 
(IDRR–PEP) as,

IDRR−PEP ∝ Γg→pol+Γe−2LAΓpol−→g|EPEP/E0|4 (4)

Here Γe−2LA represents 2LA(K) phonon scattering mediated by 
an intermediate polariton state pol′

+
 (Supplementary Note 1). The 

DRR resonances are very different here: the outcoming photons 
could be resonant with the lower polariton state, while the incoming 
photons are resonant with the upper polariton state. This intensity 
dependence indicates orders of magnitude enhancement of 2LA(K) 
in the polariton case, which means dominant round-trip intervalley 
scattering over other processes of depolarization to further preserve 
the valley DOF. This microscopic picture reveals a distinct dark side 
from the fluorescence properties of valley-polarized polaritons in 

the strong coupling regime10–14, and directly leads to our observa-
tion of helicity as summarized in Fig. 3d. The plasmon case shows 
almost perfect helicity of the E′ and A′

1 modes determined by the 
Raman tensors. The exciton case demonstrates valley-dependent 
helicity of all the observed modes. The polariton case takes major 
features from both aforementioned cases: Raman modes follow 
the valley selection rule and demonstrate enhanced helicity by 2.5 
times. The valley selection rule and enhanced Raman modes indi-
cate facilitated valley-dependent phonon scattering by the hybrid 
nature of PEPs.

The PEP resonance effect also elicits stimulated phonon scat-
tering under the strong coupling regime, evidenced by the super-
linear feature of pump–power dependence. Similar to the set-up 
in power-dependent Raman measurements25, the pulsed laser 
has an 80 MHz repetition rate, and is set to centre at 633 nm and 
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filtered into a linewidth of 0.7 nm (~15 cm−1). The pump laser 
is resonant with polariton modes at 77 K and results in a consis-
tent Raman shift with the continuous-wave resonance pump case 
(Supplementary Fig. 11). The power dependence of all the Raman 
modes shows superlinear dependence in Fig. 4, which is indepen-
dent from the linear PL background. By fitting the power-law equa-
tion (I ∝ Pn, where I is the intensity and P is the power density), the 
power index n is always greater than 1 for the E′, A′

1 and 2LA(K) 
modes, indicating stimulated Raman scattering25,26,30. The nonlinear 
phonon scattering is modelled and generalized in a DRR scenario 
(Supplementary Note 2 and Supplementary Fig. 12) and would 
disappear at off-resonance pump cases (Supplementary Fig. 9). 
Because of further enhancement of the 2LA(K) phonon scattering, 
the optical valley helicity of the Raman modes remains unchanged 
in the nonlinear regime without influence by the strong polari-
ton–polariton interaction through excitonic exchange interaction 
(Fig. 4c and Supplementary Fig. 13). The nonlinear power depen-
dence persists until the intensity drops at the maximum power due 
to the parametric instability regime25,26 without any sample dam-
age (Supplementary Fig. 14). Moreover, this power dependence is 
largely affected by the cavity detuning (Supplementary Fig. 15), and 
is the most prominent on the resonance of the close-to-zero detun-
ing cases. The valley-dependent stimulated scattering phenomenon 
thus provides a direct picture for the intervalley scattering and 
non-radiative relaxation processes. It is also worth noting that the 
weak coupling regime cannot lead to this observation. The control 
experiments (Fig. 4c and Supplementary Fig. 16) and simulation 
(Supplementary Fig. 17) of the weak coupling case clarify the fun-
damental difference between strong coupling and weak coupling for 
this scenario. This PEP resonance case represents a new degree of 
freedom for the nonlinear process of valley phonons, such as shift-
ing the cavity detuning, varying the coupling strength and tuning 
the pump wavelength26.

In summary, stimulated valley phonon scattering by the strong 
coupling regime is demonstrated in plasmonic cavities embedded 

with monolayer TMD. The polariton-resonant Raman spectroscopy 
reveals hybrid properties of electron–phonon interactions such as 
strong valley dependence and optical nonlinearity. This demonstra-
tion influences the exploration of more specific phonons15,16 under 
the strong coupling regime and valley polariton condensation in 
two-dimensional materials20. For instance, the chiral longitudinal 
optical phonons can also be further studied for intervalley scatter-
ing via Fröhlich interactions, and for valley coherence and quantum 
entanglement in the framework of cavity quantum electrodynam-
ics3,6, when the quantum emitters of two-dimensional materials are 
coupled to a similar cavity configuration17. This work also suggests 
possibilities to directly study complex quantum behaviours for prac-
tical quantum applications in computing and communications2,3.
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Methods
Sample preparation. Silica shell-isolated gold nanoparticles (SHINs) are 
chemically synthesized following a reported procedure31. Au nanoparticles are 
first synthesized based on a seeded growth method. Briefly, to prepare the seed 
solution first, 200 ml of chloroauric acid (0.01 wt%) is added into a flask and 
heated to boiling. Then 2 ml of sodium citrate (1 wt%) is quickly added into the 
boiling solution. The solution is kept boiling for 30 min and then cooled as seeds. 
To synthesize gold nanoparticles, 3 ml Au seed solution and 20 ml water are added 
into a flask, and ascorbic acid (1 wt%) and sodium citrate (1 wt%) are then added. 
The mixture is stirred in an ice bath. Chloroauric acid (0.825 wt%) is dropped in 
by a step motor. The synthesis of gold particles is accomplished by keeping the 
solution in a water bath at 70 °C for 15 min. The amount of ascorbic acid, sodium 
citrate and chloroauric acid are adjusted to control the average size of the particles, 
which determines the resonance wavelength of the plasmonic cavities, as listed in 
Supplementary Table 1. To synthesize the SHINs, the prepared Au nanoparticle 
solution is placed in a flask under stirring. Then 0.4 ml of 1 mM (3-aminopropyl) 
trimethoxysilane solution is added and stirred for 15 min. Then 3.2 ml of 0.54% 
sodium silicate solution is added to the flask. After stirring overnight at room 
temperature, the Au@SiO2 SHINs with a shell of ~2 nm thickness are obtained.

The substrate is a continuous Au film covered by a thin layer of Al2O3, 
where the 200-nm-thick Au film is grown by electron beam evaporation 
(Edwards Vacuum, FC-2000) and the 3 nm Al2O3 is prepared by atomic layer 
deposition (Picosun Oy R-200 Advanced). The monolayer MoS2 is synthesized 
at 650 °C by ambient pressure CVD using perylene-3,4,9,10-tetracarboxylic 
acid tetra-potassium salt as the seed on a SiO2/Si substrate. Sulfur powder and 
molybdenum oxide (MoO3) are used as precursors for the synthesis. The MoS2 
monolayer is then immersed in deionized water and lifted off from the substrate 
into water. The Al2O3/gold substrate is then used to ‘fish out’ the MoS2 film. The 
SHIN particle solution is directly dropped onto the substrate and then dried under 
vacuum conditions with a vacuum desiccator.

The SHINs are characterized by transmission electron microscopy (TEM, 
JEM-2100) and bright-field and dark-field microscopy, as shown in Supplementary 
Figs. 1 and 2, respectively. The TEM images confirm uniform particles with an 
average core size of around 150 nm and shell thickness of 2 nm. Due to the strong 
light scattering of these particles, the formed plasmonic cavities can be identified 
via a dark-field microscope, which shows individual bright red dots in the image, 
indicating the resonances of cavities around 620–700 nm. The MoS2 monolayer 
sample is characterized by PL (Horiba Labram HR Evolution) and differential 
reflectivity spectrum, as shown in Fig. 2 and Supplementary Fig. 4. The features 
are in good agreement with previous studies, indicating the exciton A resonance 
around 1.865 eV (665 nm).

Optical measurement. The scattering spectroscopy of individual plasmonic 
cavities is measured via a home-built confocal set-up, shown in Supplementary 
Fig. 18a. White light from a halogen lamp passes through a dark-field block, which 
consists of a light stop and ring mirrors to block the reflections, and is focused 
onto samples by a dark-field objective (numerical aperture, 0.8, ×50). The signal is 
collected by the same objective, and directed to a spectrometer.

The Raman spectroscopy is performed based on polarization-resolved 
Raman spectroscopy, which consists of the following components as shown 
in Supplementary Fig. 18b: 633-nm/532-nm continuous-wave lasers as pump 
sources; polarizers to set the linear polarization of incident light and measured 
signals; a motorized half-wave plate to tune the linear polarization of the pump; a 
quarter-wave plate with linear polarized light for the circular polarization; a long 
working distance objective (×40) with a numerical aperture of 0.6 (Nikon S plan) 
for microscopic imaging and micro-spectroscopy; a cryostat (Janis ST-500) to 
hold the sample at 77 K with liquid nitrogen flow; edge filters to remove any pump 
signals in the detection path; and the polarizer and half-wave plate in front of the 
spectrometer to analyse the emission polarizations. In the nonlinear power-law 
measurement, the pump is replaced by a tunable Ti:sapphire pulsed laser 
(Chameleon Ultra, 80 MHz repetition rate) with an optical parametric oscillator. In 
this case, the pump laser is narrowed to linewidth of 0.7 nm by a pair of clean-up 
filters. The motorized half-wave plate is used to automatically control the incident 
power. For all evaluation of optical helicity as well as the integral intensity of 
Raman modes, the background of the Raman spectrum is subtracted following 
an adaptive iteratively reweighted penalized least squares method32, which is 
commonly used in spectral analysis, including Raman and surface-enhanced 
infrared absorption spectroscopy.

Simulation methods. The electromagnetic simulation is performed based on a 
commercial finite element methods software, COMSOL Multiphysics. The SHIN 
is modelled as a core–shell sphere and placed on a MoS2 layer with a thickness of 
1 nm, atop a 3-nm-Al2O3/500-nm-Au substrate. The size parameter of SHIN is set 
according to the TEM images and slightly adjusted to match the experimental data. 
The refractive index of SiO2 is set to be constant at 1.4525; the complex index of 
MoS2 is based on Supplementary Fig. 19; and the permittivity of gold and Al2O3 
is adopted from a reference33 and assumed to be independent of temperature. 
For CVD growth of the monolayer MoS2, the dielectric function is described by 
superposed Lorentzian oscillators for excitons A and B. The excitonic energy, 

linewidth and oscillation strength parameters are evaluated from fitting the 
room temperature experimental reflectance spectrum for monolayer MoS2 on Si/
SiO2 at normal incidence. Following a standard hyperbolic cotangent relation 
and a phenomenological description of phonon-induced broadening introduced 
by reference34, the temperature-dependent excitonic energy and linewidth are 
obtained and applied to the Lorentzian model to derivate the dielectric function of 
CVD MoS2 at cryogenic conditions.

To calculate the elastic scattering of SHIN, a scattering-field formulation is 
used, where the background field that exists in the absence of SHIN is defined 
analytically via evaluating reflections and transmissions at the interfaces. A perfect 
match layer was used to mimic the open boundaries. A finer mesh size of 0.5 nm 
was used around the SHIN.

Analysis of strong coupling regime by coupled-oscillator model. The strong 
coupling regime can be understood by a model of two coupled oscillators, 
where the excitons and plasmonic cavity modes are considered as two harmonic 
oscillators:

(

Eex + iΓex VA

VA Eplm + iΓplm

)(

α

β

)

= E
(

α

β

)

Here the plasmonic cavity mode Eplm could vary with different sizes of the 
Au nanospheres. The exciton energy Eex is set to be 1.865 eV from the differential 
reflectivity spectrum. The Γplm and Γex are the half-width at half-maximum 
(HWHM) of the cavity photon and exciton, respectively. E are the eigenvalues 
corresponding to the energies of polariton modes. α and β construct the 
eigenvectors. VA is the coupling strength. The eigenvalues E have two sets to 
represent the upper E+ and lower E− polariton branches:

E± =

(Eex + Eplm
2

)

+ i
(

Γex + Γplm

2

)

±

√

V2
A +

1
4
(δ + iΓplm − iΓex)2

where δ = Eplm – Eex and h̄ΩRabi = 2
√

V2
A −

1
4 (Γex − Γplm)2  (where ℏ is the 

reduced Planck constant and ΩRabi is the Rabi frequency) is the Rabi splitting 
at detuning δ = 0. Note that α and β satisfying |α|2 + |β|2 = 1 also represent the 
Hopfield coefficients of the plasmonic cavity photon and exciton for each  
polariton state.

Based on the experimental data, the zero detuning δ = 0 can be directly 
recognized when E± have the same energy spacing from Eex = 1.865 eV with 

linewidth as the average of exciton and plasmon 
(

Γex+Γplm
2

)

. The HWHM of 
zero-detuned polaritons is 38 meV, and that of excitons is around 30 meV 
(Fig. 2a), while the HWHM of plasmons is estimated to be around 45 meV. Since 
the linewidth difference of a plasmon and exciton is very small (~15 meV), the Rabi 

splitting h̄ΩRabi = 2
√

V2
A −

1
4 (Γex − Γplm)2 ≈ 2VA is estimated as 130 ± 6 meV 

based on measurement of more than ten zero-detuned cavity samples. The strong 

coupling regime requires V2
A > Γ

2
ex+Γ

2
plm

2 , which is fully satisfied in the systems 
studied based on these data. Together with this criterion, the features of the 
strong coupling regime in Fig. 2 are also similar to recent reports about the strong 
coupling regime of monolayer TMDs35,36.

To fit the polariton states at non-zero detunings, the detuning δ cannot be 
directly obtained from experimental data. But δ can be either determined from 
estimated plasmon cavity resonance Eplm (based on the simulation method) or 
derived from this coupled-oscillator model. In this model, the upper and lower 
polariton separation (ΔE = E+ − E− =

√

4V2
A + δ2) can be approximated as 

ΔE ∼= 2VA + δ2/4VA when δ is small compared with 2VA. Thus δ can be derived 
from the energy spacing ΔE as 2VA = 130 meV. The determination of δ from 
this model is valid for all the studied samples, and the polariton dispersion fits 
well with experimental data, as shown in Fig. 2c. Note here the plasmon cavity 
resonances Eplm from the detunings δ are also consistent with the estimated values 
based on the simulation of Supplementary Fig. 3.

Analysis of Raman modes. For the phonon scattering processes, classical Raman 
theory determines the Raman intensity I0 for off-resonance scenarios as,

I0 ∝ |ẽsRẽi|2 (5)

where ẽs, ẽi  represent the electric field vectors of scattered and incident photons, 
respectively; R represents the Raman tensors of the modes.

The Raman tensors of the E′ and A′

1 modes are given by,

RE′ =









0 d 0

d 0 0

0 0 0









, RA′1
=









a 0 0

0 a 0

0 0 b
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Here, d, a and b represent the elements in the Raman tensors in Cartesian 
coordinates. Based on the anisotropy of these Raman tensors, the E′ mode could 
rotate the linear polarization by 90° for the normal incidence of linearly polarized 
pump light along the z direction, while the A′

1 mode could preserve the linear 
polarization. For circularly polarized pump light in the z direction, the vector is 

written as σ ± ¼ 1ffiffi
2

p
1
i
0

0
@

1
A

I

. The E′ mode could flip the handedness, and the 

A′

1 mode could preserve the same handedness of the circular polarization. This is 
clearly observed in the plasmon case in Fig. 3, but does not apply any more when 
the exciton resonance comes into play, since the coupling of valley polarization 
becomes the dominant process.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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