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Supplementary Note 1: The quantum exceptional point (QEP) of the coupling system.
Supplementary Fig. 1a shows the real (solid curve) and imaginary (dashed curve) parts of the eigenenergies shown in Eq. (1) in main text as functions of the coupling strength
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= 60 meV. Obviously, the energy level splitting occurs when the condition of 
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 is satisfied, and the hybrid system enters the strong coupling regime. In Supplementary Fig. 1b we present the critical coupling-energy 
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 of the QEP versus the plasmon decay 
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 and the exciton decay 
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, which is calculated by Eq. (2) in main text. When the exciton decay 
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is close to the plasmon decay 
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of the system will be reduced very low. Therefore, manipulating and matching the dissipative decays (
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) between the exciton and the plasmon mode is very beneficial for achieving the single-exciton strong coupling at room-temperature.
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Supplementary Figure 1 | The eigenenergies 
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 and the QEP
[image: image14.wmf] 

QEP

g

.  a Real (solid curve) and imaginary (dashed curve) parts of the eigenenergies (
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) in Eq. (1) as a function of  the coupling strength
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= 180 meV, 
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= 60 meV. b The critical coupling-strength 
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 versus the plasmon decay 
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 and the exciton decay 
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. QEP is the quantum exceptional point where the eigenenergies and corresponding eigenstates simultaneously coalesce. 
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Supplementary Figure 2 | Morphology characterization of the single Au@Ag NR attached by a ~1 -nm-thick TDBC J-aggregate layer. High resolution TEM (HRTEM) images of the edges for a single Au@Ag NR/ J-aggregate hybrid (a) and a bare Au@Ag NR (b), respectively. 
Supplementary Note 2: Quantum theory for strong couplings between plasmons and QEs.
For a quantum system with N emitters interacting with a metallic nanoparticle, if we assume that the nanoparticle can support a well-defined bosonic dipolar plasmon mode and neglect higher-multipole modes, we can describe the plasmon mode with bosonic annihilation and creation operators. Additionally, we describe each quantum emitter as a fermionic system with only two possible states (the ground and excited states). The Hamiltonian describing the quantum system can be written as1,2
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The Hamiltonian describing the noninteracting evolution of the fermion and the plasmon is now
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where 
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 is the number of the quantum emitters and 
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) is the annihilation (creation) operators for the i-th quantum emitter fermion of energies 
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, respectively. The plasmon-fermion interaction is modeled by the Hamiltonian
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Where 
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is the plasmon–emitter coupling strength, which is given by 
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is the effective mode volume of the plasmons, 
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is the plasmon-mode field normalized to its maximum value, 
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 is the emitter position from the point of the maximum field 
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, i.e., the interaction distance between the quantum emitter and the plasmon mode. 
The Hamiltonian that contains the inelastic interactions with a continuum of modes becomes
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where 
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 is the annihilation operators of the continuum modes that couple to the 
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Assuming that only plasmons coupled efficiently to the external photons, the optical extinction spectrum can be deduced from the Zubarev’s Green function3 
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We can thus obtain the optical extinction spectrum as
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If we assume that the quantum emitters are indistinguishable from each other, we have for 
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, thus, the extinction spectrum is given by
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 is the dissipative decay of the plasmon mode and exciton, respectively. In Eq. S8, we have taken 
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Supplementary Note 3: The normalized EF of the plasmon mode fd(r) calculation.
Since the individual Au@Ag NR/J-aggregates measured in the dark-filed scattering system were laid on the surface of the bulk substrate or FP cavity, the refractive index around the Au@Ag NRs is inhomogeneous compared to those located in homogeneous dielectric environment, which influences the EF distributions near the upper and lower surfaces of the NR. To clarify the impact of this important detail, we calculated the normalized EF, 
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, for both the upper and bottom corners of the cuboid Au@Ag NR by considering the inhomogeneous refractive index environment. At the same time, we considered the influence of the coated molecules, that is a 2-nm dielectric layer was used to coat the NR with an equivalent refractive index of 1.26.
Supplementary Figure 3a shows that the calculated EF enhancement (|E/E0|) for the bottom (
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 (dashed white arrows shown in the inserts) represent the directions of the vertices of the corner along the maximum EF on Si3N4 substrate (Supplementary Fig. 3a) and on FP cavity (Supplementary Fig. 3c), respectively. The two rapidly descending curves 
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 show that no matter which direction you follow, the EFs attenuate sharply along with the distance increasing, but their decay rates are a bit different. In calculating the average coupling factor 
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Supplementary Figure 3b shows another case where the normalized EFs for the upper (
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) corners of the cuboid NR fixed on Si3N4 substrate as functions of the exciton distance from the vertices of the corners along the two directions as the same shown in Supplementary Fig. 3a. Here, the inserts are EF distributions around both the bottom and upper corners of the cuboid Au@Ag NR. By comparing the calculated results of the two cases, we found that the EF distribution of the NR fixed on Si3N4 substrate is indeed inhomogeneous, which is manifested in the normalized EF intensity, 
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, on the bottom and upper corners. In experiment, we choose the average value of 
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 to the coupling factor 
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. It should be reminded that the resonance wavelength (λLPM) of the bear cuboid Au@Ag NR located on Si3N4 substrate is at ~589 nm, which is on resonance to the J-aggregate exciton absorption at ~588 nm. 
When we locate the cuboid Au@Ag NR on the top surface of the leaky FP cavity, the normalized EF intensity 
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 exhibits a similar decline trend with that observed on the Si3N4 substrate.  Due to the nonuniform ambient refractive index, the EFs of the upper corners are still smaller than those of the bottom ones, which is very evident in the Supplementary Fig. 3c, d. Similarly, the average value 
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 is used in our subsequent solutions. It should be noted that the LPMs supported by the cuboid Au@Ag NR exhibits a very concentrated EF distribution, which results in an ultrasmall mode volume and lowered dissipative decays (Fig. 3 in main text) after being tailored by the leaky FP cavity, providing a promising platform for implementing the quantum manipulation of light-matter interactions.
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Supplementary Figure 3 | The normalized EF, fd(r), for the cuboid Au@Ag NR localized on the surface of the bulk Si3N4 substrate and FP cavity. a, b Calculated 
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) and (b) the upper (
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) corners of the cuboid NR fixed on Si3N4 substrate as functions of the exciton distance from the vertices of the corners along the directions
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(dashed white arrows shown in the inserts) represent the directions of the vertices of the corner along the maximum EF on Si3N4 substrate (Supplementary Fig. 3a) and on FP cavity (Supplementary Fig. 3c), respectively. The inserts are the EF distributions for both the bottom and upper corners of the cuboid NR. c, d Calculated fd(r) for the cuboid NR located on FP cavity. In the calculation, 
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= 3008 nm and the silicon as a semi-infinite substrate. The cuboid Au@Ag structural parameters: the capsule-shaped Au NR (length, 58 nm; diameter, 16 nm) serve as the core of the cuboid NR, and the Ag nanoshell is 5 nm in length and 9.5 nm in width. The cuboid NR have eight slightly rounded corners (the curvature radius at each corner is 1.5 nm).  
Supplementary Note 4: Mode volume calculation. 
The mode volume, Vm, of the LPMs supported by the Au NR and Au@Ag NRs were calculated by using the formula4
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where 
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 is the Drude damping term, and Re[] and Im[] are, respectively, the real and imaginary parts5,6.
The 3D simulation structures of the cuboid Au@Ag NR localized on the surface of the Si3N4 substrate and FP cavity are shown in Supplementary Fig. 4a, b (right side), respectively. In simulations, a plane wave polarized in the x direction serve as a light source for irradiation. The Au NR acting as nanocore and Ag was modeled as a cuboid shell with slightly rounded corners. Specifically, take into account of a layer of dye molecules coated around the NR in experiment, we used a dielectric layer of 2 nm to act as this molecule layer, the refractive index of this dielectric layer was set as 1.26, a typical value for loose molecular layers. At the same time, the refractive index of the Si3N4 and the SiO2 was set to 2.0 and 1.5, respectively. Supplementary Figure 4a, b show the mode volume of the LPMs supported by the Au@Ag NRs located on Si3N4 substrate and on FP cavity, respectively. By comparison, we found that the mode volume (Vm~99 nm3) of FP microcavity-engineered plasmonic resonances is still very small and there is a little increase compared to the that (~91 nm3) located on Si3N4 substrate. The EF distributions of the NRs were calculated using finite element method (COMSOL Multiphysics 5.4a) via solving 3D Maxwell equations. 
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Supplementary Figure 4 | Numerical calculations of mode volume (Vm) and EF distributions of Au@Ag NRs. a, b Mode volume of the Au@Ag NR localized on Si3N4 substrates (Supplementary Fig. 4a, purple triangles) and FP cavity (Supplementary Fig. 4b, black balls). The simulated Au@Ag NRs are chosen to map the span of dimensions observed in the experiments.   c (i) Simulated EF distributions of the Au@Ag NR (localized on Si3N4 substrate) viewed from the x-y plane covered by a layer of dye molecules. The cuboids structural parameters: the capsule-shaped Au NR (length, 58 nm; diameter, 16 nm) serve as the core of the cuboid NR, and the Ag nanoshell is 5 nm in length and 9.5 nm in width. The cuboid NRs have eight slightly rounded corners (the curvature radius at each corner is 1.5 nm). (ii) The EF distributions of the cuboid Au@Ag NR viewed from the yz-cross section. (iii) The energy density in the Au@Ag NR viewed from the xy-cross section. d EF distributions of the cuboid Au@Ag NR localized on a leaky FP cavity (Si/SiO2/Si3N4), leaving all other parameters unchanged. Here, 
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Supplementary Note 5: Calculation of transition dipole moment 
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The dipole moment μc of J-aggregate exciton can be determined by 
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Supplementary Figure 5 | Extinction spectrum of the TDBC J-aggregates at 1.0×10-4 M. The measurement was conducted with the solution placed in a 0.4 cm thick quartz cuvette. The inset is the chemical structure of TDBC molecule.
Supplementary Note 6: The calculation of coupling strength g.
The 
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Due to the inhomogeneous refractive index environment, in both of the two cases, the calculated results show that the EF distribution of the NR fixed on Si3N4 substrate and FP cavity are also inhomogeneous, making the coupling strength (
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Supplementary Figure 6 | The average coupling strength.  a Calculated 
[image: image137.wmf]g

 for both the upper (
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) corners of the cuboid Au@Ag NR fixed on Si3N4 substrate as functions of the exciton distance. b Calculated 
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) and bottom (
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) corners of the cuboid NR located on FP cavity as functions of the exciton distance.
Supplementary Table 1: Calculated 
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 for the cuboid Au@Ag NR fixed on the Si3N4 substrate and FP cavity at the different exciton distance. 
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	0.10
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	10.1
	19.1
	25.8
	11.1
	18.5

	0.85
	23.7
	8.6
	16.2
	21.7
	9.4
	15.5

	1.0
	18.7
	6.9
	12.8
	17.0
	7.5
	12.3

	1.5
	9.6
	3.6
	6.6
	8.4
	3.5
	6.0

	2.0
	5.8
	2.2
	4.0
	4.9
	1.7
	3.3


Note that, the dipole moment 
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 associated with the J-aggregate emitter was set to 0.44 e
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Supplementary Figure 7 | Typical scattering spectra of three single-exciton-coupled NRs with different detuning isolated from the ensembles treated with 1.0-uL dye solution. Experimental (solid curves) and theoretical (dashed curves) results for the normalized scattering spectra of the single-exciton-coupled NRs with the detuning of (a) 
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﹥0, (b) 
[image: image155.wmf]d

= 0 and (c) 
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﹤0, respectively, which measured on the ITO substrate. Here, the detuning parameter 
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 is given by 
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, where 
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 and 
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 are the energies of the plasmon mode and emitter fermion, respectively; The insets are SEM (i), dark-field (ii) and Spectral images (iii) of the corresponding hybrid NRs. The scale bar is 50 nm.
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Supplementary Figure 8 | Statistics of the decay linewidth, 
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g

, of the Au@Ag NRs fixed on ITO substrate and FP cavity, respectively.  a Distributions of the Plasmon linewidth 
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g

 for the single bear Au@Ag NRs with the λLPM of ∼570-595 nm (on ITO). b Distributions of the decay linewidth 
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 for the single Au@Ag NRs fixed on FP cavity with the λLPM of ∼570-595 nm.
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Supplementary Figure 9 | Typical scattering spectra of three individual Au@Ag NR/J-aggregate hybrids with different detuning isolated from the ensembles treated with 3.0-uL dye solution. Experimental (solid color curve) and theoretical (dashed green curve) results for the normalized scattering spectra of the Au@Ag NR/J-aggregate hybrids with the detuning of (a) 
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﹤0, respectively, which measured on the ITO substrate. Here, the detuning parameter 
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 is given by 
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 and 
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 are the energies of the plasmon mode and J-aggregate exciton, respectively; The insets are SEM (i), dark-field (ii) and spectral images (iii) of the corresponding hybrid NRs. The scale bar is 50 nm.
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Supplementary Figure 10 | The contrastive experiment and theory results for the single Au@Ag NR/J-aggregate hybrids isolated from the sample treated with 3-μM dye solution. 
a, Normalized scattering spectra of the individual Au@Ag NR/J-aggregate hybrids isolated from the ensembles treated with 3.0-μΜ dye solution, and ordered according to the detuning. b Extinction spectra calculated using Eq. (3) with 
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= 3.6 for the same samples as in (a). In the calculations, 
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 ~ 158 meV (a mean value for the bare Au @ Ag NRs, Supplementary Fig. 8a), 
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 ~ 36 meV, and 
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~ 29.7 meV were used. 
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Supplementary Figure 11 | Scattering measurements of the Au@Ag NRs located on a same leaky FP cavity. a-c Normalized scattering spectra (solid color curves) for different Au@Ag NRs located on the same FP cavity with 
[image: image179.wmf]34

SiN

t

= 216.9 nm and 
[image: image180.wmf]2

SiO

t

= 3008 nm, respectively. Dashed color curves are corresponding theoretical results calculated using the structural parameters extracted from measurements. The dashed gray curves represent the experimental reflectance of bare FP cavity. The inserts are corresponding SEM images for the measured cuboid Au@Ag NRs, the scale bar is 50 nm. 
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Supplementary Figure 12 | Scattering measurements of the Au@Ag NRs located on different FP cavities with varying cavity length, 
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SiO

t

. a-c Normalized scattering (solid color curves) for Au@Ag NRs located on the different FP cavities with 
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= 210.7, 212.8, 213.4 nm and 
[image: image184.wmf]2

SiO

t

= 2977, 2989, 3014 nm, respectively. Dashed color curves are corresponding theoretical results calculated using the structural parameters extracted from the measurements. The dashed black curves represent the experimental reflectance of the three bare FP cavities. The inserts are corresponding SEM images for the measured cuboid Au@Ag NRs, the scale bar is 50 nm. 
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Supplementary Figure 13 | Typical scattering spectra of the single-exciton-coupled NRs with different detuning on the FP cavity.   Experimental (solid black curve) and Fitting (dashed color curve) results for the normalized scattering spectra of the single-exciton-coupled NRs with different aspect ratios (AR, the ratio of length-to-width of the NR) of the cuboid NRs, which measured on the leaky FP cavity. 
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Supplementary Figure 14 | Au NR synthesis. a TEM images of the purified Au NRs. b Extinction spectrum of the purified colloidal Au NRs in solutions.
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Supplementary Figure 15 | Au@Ag NR synthesis samples. a TEM images of the Au@Ag NRs with λLPM ~ 590 nm. b Extinction spectrum of the Au@Ag NRs in solutions.
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Supplementary Figure 16 | Schematic of the fabrication process for preparing Si/SiO2/Si3N4. a Clipping of silicon wafers. b Deposition of the stoichiometry SiO2 layer. c Deposition of the stoichiometry Si3N4 layer. 
Supplementary Table 2: Longitudinal LPMs and dimensions of the Au@Ag NRs and Aspect Ratio on ITO substrate and on FP cavity.
Table S2a: Au@Ag NRs on FP cavity
	Nanoparticle
	Longitudinal LSPR (nm)
	Length

(nm)
	Width
(nm)
	Aspect

Ratio
	cavity

	Au@Ag
	588
	65.4 ± 6.7
	35.2 ± 4.7
	1.84 ± 0.14
	FP

	
	627
	70.4 ± 5.1
	35.6 ± 4.4
	2.11 ± 0.13
	

	
	670
	78.7 ± 4.5
	34.1 ± 4.9
	2.42 ± 0.19
	


Table S2b: Au@Ag NRs on ITO substrate
	Nanoparticle
	Longitudinal LSPR (nm)
	Length

(nm)
	Width
(nm)
	Aspect

Ratio
	Substrate

	Au@Ag
	588
	66.5 ± 6.7
	35.8 ± 4.7
	1.87 ± 0.15
	ITO

	
	627
	71.8 ± 5.9
	35 ± 4.3
	2.12 ± 0.17
	

	
	670
	79.3 ± 4.2
	34.7 ± 4.0
	2.44 ± 0.12
	


Supplementary Table 3: Summary of exciton number (
[image: image189.wmf]N

) involved in strong coupling in the plasmonic nanocavities. 
	References a
	Structures
	Coupling type

	Resonance

Wavelength
(nm)
	Coupling energy
(meV)


	Exciton sources
	(N)

	T. W. Ebbesen, Phys. Rev. B 71, 035424 (2005).
	Ag nanohole array
	SPP-exciton

	693
	250
	J-aggregates
	~ 1.3×107*

	Y. Sugawara,

Phys. Rev. Lett. 97, 266808 (2006).

	Au nanovoids array

	LSPR-exciton
	670
	230
	J-aggregates
	~ 1.6×106*

	H. X. Xu, Nano. Lett. 17, 3809 (2017).

	Single silver nanorod

	LSPR-exciton
	636 
	49.5 
	Monolayer WSe2. 
	~ 4100†

	A. Benz, Nat. Commun. 4, 2882 (2013).
	Single metamaterial nanocavity

	Photon-exciton
	1.5-10 
	7.2
	Quantum well
	~ 2400†

	P. Vasa, Nat. Photonic.7, 128 (2013).

	Au nanoslit array
	SPP-exciton
	693 
	110
	J-aggregates
	~ 2000†

	N. J. Halas, Nano Lett 8, 3481 (2008).

	Au nanoshell ensemble

	LSPR-exciton
	693 
	120
	J-aggregates
	~ 368*

	N. J.  Halas, Nano Lett 13, 3281 (2013).
	Individual Au dimmer

	LSPR-exciton
	693
	230-400
	J-aggregates
	~ 203-614 *

	S. Balci, Opt. Lett. 38, 4498 (2013).  
	Ag triangular nanoprisim ensemble

	LSPR-exciton
	588 
	400
	J-aggregate
	~ 174*

	G. A. Wurtz, Nano Lett 7, 1297 (2007). 

	Au NR assembly

	LSPR-exciton
	622
	155
	J-aggregates
	~ 138*

	T. Shegai, Sci Rep. 3, 3074 (2013).


	Single Ag nanorod

	LSPR-exciton
	588
	100
	J-aggregates
	~ 110*

	T. Shegai, Phys. Rev. Lett. 114, 157401 (2015).
	Single Ag triangular nanoprisim

	LSPR-exciton
	588 
	100-280
	J-aggregates
	~ 70-85†

	T. Shegai, Nano Lett 3, 1777 (2018).
	Single silver triangular nanoprisim

	LSPR-exciton
	636
	100
	Monolayer WS2
	~ 10-20†

	H. J. Chen, Nano Lett. DOI:10.1021/acs.nanolett.7b01344 (2017)
	Single gold nanorod

	LSPR-exciton
	636
	91– 133
	Monolayer WS2
	~ 5-18†

	Min Qiu Phys. Rev.Lett. 124, 063902 (2020).
	Single Au triangular nanoprisim

	LSPR-exciton
	632
	76-163
	Monolayer WS2
	~ 2-10†

	J. J. Baumberg, Nature. 535, 127 (2016).


	Single NPoM nanostructure


	LSPR-exciton
	650 
	90-300


	MB molecules
	~1-10†

	Gilad Haran, Nat. Commun. 7, 11823 (2016)
	Single silver bowtie plasmonic cavity


	LSPR-exciton
	660 
	120-200
	Quantum dots
	~1-3†

	Xuehua Wang, Phys. Rev.Lett. 118, 237401 (2017).

	Single cuboid Au@Ag nanorod


	LSPR-exciton
	574 
	78-220
	J-aggregates
	~ 1-7†

	Our work 

	Single cuboid Au@Ag nanorod


	ELMP-exciton
	588
	58-120
	J-aggregates
	~ 1†


*Exciton numbers estimated according to the experimental parameters given by the authors in their works. †Exciton numbers given by the authors directly in their works. aOnly the last name of the corresponding author or a respective corresponding author is given.
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