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Strong coupling between plasmonic nanostructures and single emitters enables the generation 20 

of hybrid plexcitonic states at the single-photon level under ambient conditions, which is not 21 

only crucial for investigating fundamental phenomena in plasmonic cavity quantum 22 

electrodynamics but also serves as a cornerstone for the development of room-temperature 23 

quantum technologies. However, accurately probing the key parameters of vacuum Rabi 24 

splitting (VRS) and coupling constant 𝑔  in such intrinsically lossy, non-Hermitian single-25 

emitter strong coupling systems remains challenging, severely hindering their applications. 26 

This is primarily attributed to substantial plasmonic dissipation and the consequent damping 27 

linewidth mismatch between plasmons and emitters. Here we demonstrate that these challenges 28 

can be overcome by exceptional point-assisted photonic substrate engineering that spectrally 29 

narrows the plasmon mode and enables precise linewidth matching with the emitter. Using a 30 

deterministic plasmon-single-exciton strong coupling platform, we achieve quantum-31 
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precision-spectroscopy metrology of the VRS and at room temperature, characterized by the 32 

measured spectral splitting (SS) faithfully reflecting the intrinsic quantum eigenlevel splitting, 33 

with vanishing or perturbatively small systematic error. We attain a relative measurement error 34 

as low as ~0.86%, representing a 40-fold improvement compared with conventional SiO2 35 

substrates. Meanwhile, the 𝑔 value of this strong coupling system is also directly measured 36 

with a tiny error of ~0.60%, indicating a roughly 20-fold improvement in accuracy. Our results 37 

reveal a previously inaccessible regime of plasmon-single-emitter strong coupling and 38 

establish a powerful route towards room-temperature quantum-precision-spectroscopy 39 

metrology operating at the single-photon level.  40 

Introduction 41 

A single emitter strongly coupled to single-mode fields has been central subject of cavity 42 

quantum electrodynamics (cQED) and quantum optics, serving as the foundation for advanced 43 

quantum applications in many quantum information processing tasks1-4, including quantum 44 

computing5,6, quantum communications7,8, and high-precision quantum measurement9. In the 45 

strong coupling regime, energy is coherently exchanged between the emitter and the mode 46 

fields, resulting in mode hybridization and vacuum Rabi splitting (VRS) 10-15. Experimentally, 47 

the single-emitter strong coupling in nanocavities serves as ideal platform for qubit 48 

manipulation, with the VRS typically probed using spectroscopy12-21 under the assumption that 49 

the observed spectral splitting (SS) equals the VRS. This assumption generally holds for 50 

conventional cQED systems, including atomic and solid-state platforms operated under 51 

cryogenic temperatures and ultrahigh vacuum, where the dissipations are negligible13-15. 52 

In recent years, plasmonic nanocavities have advanced strong light-matter interactions into 53 

the ambient regime21-26, owing to their exceptional advantages in ultrasmall mode volume and 54 

strong spatial localization27. Notably, sustained research efforts have progressively reduced the 55 

number of emitters involved in strong coupling—from the initial hundreds of thousands28-32 to 56 

only a few33-37, and more recently down to the single-emitter16-18,38-41 and even single-exciton 57 

level19,42,43. Despite these remarkable advancements, theoretical investigations in plasmon-58 

single-emitter strong coupling systems have demonstrated that the common assumption of the 59 

measured SS accurately representing the VRS is generally invalid44,45. This discrepancy arises 60 

from the heavy losses of the plasmon mode, the pronounced damping mismatch between the 61 



plasmon and exciton, and the relatively small 𝑔 value between the two coupling subsystems. 62 

As a result, precise spectroscopic detection of the intrinsic VRS in plasmon-single-exciton 63 

strong coupling systems remains highly challenging. For instance, experiments by Zhong et al. 64 

demonstrated that the relative deviation between the measured SS and the intrinsic VRS in a 65 

plasmon-few-exciton coupling system can reach as high as 100.6%34. Additionally, our 66 

theoretical investigations44 reveal that apparent strong-coupling signatures, such as the SS, can 67 

be clearly observed even in the absence of genuine VRS in plasmon-single-emitter coupling 68 

systems, highlighting the phenomenon of “pseudo-strong coupling”. These findings underscore 69 

that achieving precise and reliable spectroscopic measurements of the intrinsic VRS in single-70 

exciton strong coupling systems is both fundamentally important and urgently required for 71 

advancing quantum nanophotonics. 72 

In this work, we suggest and develop a quantum-precision-spectroscopic metrology strategy 73 

for accurately probing the VRS and 𝑔 in plasmon-single-exciton strong coupling systems at 74 

room temperature. In intrinsically lossy light-matter platforms, spectroscopic fidelity is 75 

governed not only by the interaction strength but also by the non-Hermitian nature of the 76 

hybridized modes, where strong plasmonic dissipation and linewidth mismatch distort the 77 

spectral response and obscure genuine VRS. Within this non-Hermitian framework, the 78 

exceptional point (EP) defines the critical boundary between weak and strong coupling, at 79 

which both eigenfrequencies and linewidths coalesce, rendering the spectral response 80 

maximally sensitive to true light-matter hybridization. Using a deterministic single-exciton 81 

strong coupling platform based on an Au nanodimer cavity, we show that the photonic substrate 82 

engineering (Si/SiO2) spectrally localizes the plasmon mode, substantially compresses its 83 

damping linewidth and aligns it with exciton. This shifts the EP condition to a markedly 84 

reduced critical interaction strength, from 27.75 meV to 4.75 meV. Operating in this EP-85 

proximal regime restores quantitative correspondence between the measured SS and the 86 

intrinsic VRS, reducing the relative measurement error from approximately 35.1% to 0.86%. 87 

Meanwhile, the coupling constant 𝑔 has also been directly and precisely measured with a tiny 88 

error of ~0.60%. Our results establish EP-assisted photonic substrate engineering as a viable 89 

route to quantum-precision-spectroscopy metrology of VRS and 𝑔, opening pathways toward 90 

room-temperature quantum precision measurement at the single-photon level. 91 



Principles of quantum-precision-spectroscopy metrology of VRS 92 

In cQED, VRS arises from the strong coupling between a single two-level quantum emitter and 93 

a single-mode field. When multiple emitters participate, collective Dicke states46 and nonlinear 94 

effects emerge, obscuring the intrinsic light-matter interaction and preventing a faithful 95 

reflection of the fundamental VRS via SS measurements. Therefore, deterministic single-96 

emitter strong coupling is a prerequisite for eliminating multi-emitter effects and accurately 97 

restoring the genuine VRS. To meet this requirement, we construct a deterministic plasmon-98 

single-exciton strong coupling system consisting of a methylene blue (MB) molecule, hosting 99 

a single exciton, strongly coupled to an Au nanodimer cavity (Au NDC), as shown in Fig. 1a. 100 

Despite this deterministic single-exciton strong coupling platform, probing the VRS via SS 101 

reveals pronounced discrepancies between the measured SS and the VRS (Figs. 1a, b). This 102 

deviation is not an experimental artifact but an intrinsic feature of lossy, non-Hermitian 103 

plasmon-exciton systems—a phenomenon that has remained largely overlooked. We attribute 104 

this mismatch primarily to three factors: (1) strong plasmonic damping (߁௣), (2) a substantial 105 

damping linewidth mismatch between the plasmon mode (߁௣) and the exciton (߁௘), and (3) a 106 

relatively small 𝑔 value between the two coupling subsystems47.       107 

    108 

Fig. 1 | Non-Hermitian origins of measurement errors in probing VRS. a, Schematic 109 

diagram of spectroscopic probing of the VRS in a plasmon-single-emitter strong coupling 110 

system on a conventional substrate. b, Intrinsic VRS (ΩVRS, black line) and the apparent SS 111 



detected from the plasmon absorption channel (ΩSS
p , blue line) and the emitter emission channel 112 

(ΩSSe , brown line), plotted as functions of the damping ratio ߁௘/߁௣. The black shaded region 113 

denotes the experimentally relevant parameter space (20% ≤ ߪ ≤ 100%), corresponding to a 114 

non-perturbative error regime (NPER), whereas the red shaded region indicates a high-115 

precision quasi-exact regime (QER; 0 < ߪ ≤ 3%). ZEP denotes the zero-error point at which 116 

the measured SS coincides with the VRS. c, Real parts of the hybridized eigenenergies as 117 

functions of the 𝑔  value at different ratios of ߁௘/߁௣ . Green markers indicate the critical 118 

interaction strengths 𝑔EP at EP for each case (Supplementary Fig. S1a). Black markers denote 119 

the corresponding relative measurement error σ evaluated at 𝑔 = 40 meV and ߁௘ = 60 meV.  120 

In spectroscopy measurements of plasmon-single-emitter strong coupling, the SS observed 121 

in scattering—predominantly originating from the plasmonic channel and commonly probed 122 

in experiments—is given by44 (Supplementary Note 1)   123 

           ΩSSp = 2 {𝑔(1 + (௣߁/௘߁ ∙ (𝑔2 + ௣/4)1/2߁௘߁ − (𝑔2 + (௣/4߁௘߁ ∙ ௣}1/2߁/௘߁
.        (1) 124 

Notably, this quantity differs substantially from the intrinsic VRS of the coupled quantum 125 

system at resonance (ߝp =  e), which is defined as, 126ߝ

                                             ΩVRS = 2√𝑔2 − ௣߁)] −  ௘)/4]2 ,                                        (2) 127߁

and originates from the hybridized eigenenergies of ߝ± = ௣ߝ) + ௘)/2ߝ − ௣߁)݅ + ௘)/4߁ ±128 ΩVRS/2 14,44,48. It can be seen  that the SS observed from plasmon scattering channel ΩSSp  is 129 

substantially larger than that extracted from the emitter emission channel, ΩSSe =130 2√𝑔2 − ௣2߁) +  ௘2)/8 46, which has been confirmed in recent experiment49. More disturbingly, 131߁

both these two SSs exhibit pronounced deviations from the intrinsic VRS (Fig. 1b), reflecting 132 

the intrinsically non-Hermitian nature in the lossy strong coupling systems. Encouragingly, as 133 

the plasmonic damping linewidth is compressed to approach the exciton linewidth (߁p →  e), 134߁

the EP shifts to a substantially reduced critical interaction strength40, 𝑔EP = ௣߁| −  ௘|/4 (green 135߁

markers in Fig. 1c). This shift simultaneously enhances the intrinsic ΩVRS while suppressing 136 ΩSSp , leading to a pronounced reduction in the spectral measurement error of VRS, defined as 137 ߪ = ΩSS
p −ΩVRSΩVRS

× 100% . Moreover, the relation ΩSS
p ≈ ΩVRS ≈ 2𝑔  holds during this process, 138 

offering a pathway to directly measure the coupling constant 𝑔 by observing ΩSS
p .  139 



For representative experimental parameters 𝑔 = 40 meV and ߁௘= 60 meV, the measurement 140 

error of VRS approaches zero when the damping ratio is tuned to ߁௘/߁௣ ≈ 0.79, defined as the 141 

zero-error point (ZEP; Fig. 1b). When ߁௘/߁௣  is further adjusted within the ranges 0.79 ௣߁/௘߁ 142> < 1.0  and 0.68 ≤ ௣߁/௘߁ < 0.79 , the relative error remains confined to 0 < ߪ < 3% , 143 

defining a quasi-exact regime (QER; red shaded region in Fig. 1b). This represents a dramatic 144 

improvement over the commonly accessed experimental parameter space, where 20% ≤ ߪ ≤145 100%, corresponding to the non-perturbative error regime (NPER), in which the deviation 146 

between SS and VRS cannot be treated as a perturbative correction. Notably, in the QER of 147 0.79 < ௣߁/௘߁ < 1.0, the 𝑔 value can be directly and precisely measured using SS, where 𝑔 ≈148 ΩSS
p /2.  149 

In this work, quantum-precision-spectroscopy metrology refers to operation within the ZEP 150 

and QER, where the measured SS faithfully represents the intrinsic VRS of hybridized quantum 151 

levels, with vanishing or perturbatively small systematic error. To provide direct experimental 152 

guidance for achieving ultrahigh-precision VRS measurements using ΩSSp , we summarize the 153 

damping-linewidth matching conditions required to reach ZEP ( ߪ = 0 ) for different 154 

combinations of 𝑔  and ߁e . This analysis reveals an exponential dependence of the optimal 155 

damping ratio ߁௘/߁௣ on 𝑔 value (Supplementary Fig. S1b). 156 

Large error of VRS measured in plasmon-single-exciton strong coupling 157 

To experimentally demonstrate the limitations of conventional spectral readout of the VRS in 158 

plasmon-single-emitter strong coupling, we first construct a deterministic single-exciton strong 159 

coupling system with high fidelity in a plasmonic nanocavity, using host-guest chemistry and 160 

cucurbit[7]uril (CB[7])-mediated active self-assembly (Supplementary Note 2 and 161 

Supplementary Fig. S2). This method ensures: (1) integration of only a single molecule exciton 162 

within the plasmonic nanocavity, (2) precise placement of the exciton at the maximum electric-163 

field location, and (3) perfect alignment of the excitonic transition dipole moment (ࣆ௘) with 164 

the mode fields. These certainty features ensure strong coupling between the plasmonic field 165 

and a deterministic exciton, enabling reliable prediction of the intrinsic ΩVRS and providing a 166 

benchmark for precisely evaluating measurement errors inferred from SS. 167 

We next verify the single-exciton nature of the hybrid system using digital bianalyte surface-168 

http://www.baidu.com/link?url=IPJt4mURtS5AkUXEgAHVhMJ9N-d8hU0erSQ5i_WMyxx9fOOvOVn2IJnc-rfOlekD5uCKCtFQE7geXlxMn4PmH_


enhanced Raman scattering (bi-SERS) experiments. Figure 2 summarizes bi-SERS 169 

measurements performed on individual Au NDCs using an atomic force microscope-Raman 170 

(AFM-Raman) system (Supplementary Fig. S3), with methylene blue (MB) and proflavine (PF) 171 

serving as molecular probes. MB and PF share similar chemical structures and bind to CB[7] 172 

in an identical manner, making bi-SERS a reliable approach for identifying single-molecule 173 

events in plasmonic nanocavities38,50,51. Through host-guest chemistry52, individual 174 

CB[7]@single MB and CB[7]@single PF complexes are prepared and mixed with colloidal 175 

Au nanoparticles at low concentrations (averaging ~0.43 CB[7]@single MB and ~0.43 176 

CB[7]@single PF per Au nanoparticle, with an MB/PF-to-CB[7] molar ratio of 1:2). 177 

Subsequent CB[7]-mediated active self-assembly leads to the formation of Au NDCs with 178 

single molecules embedded at the gap hotspot53. 179 

 180 



Fig. 2 | Digital bi-SERS identification of single-molecule events in Au NDCs. a, Schematic 181 

of surface-enhanced Raman spectroscopy (SERS) measurements on individual Au nanodimer 182 

cavities (Au NDCs) under four cases. b-e, Representative SERS spectra from individual Au 183 

NDCs corresponding to (b) single PF events, (c) single MB events, (d) mixed PF and MB 184 

events, and (e) empty events (no target molecules), as defined in a. Each acquisition voxel is 185 

classified as “1” or “0” depending on the presence or absence of a single-molecule event. Insets 186 

show AFM images of the measured samples (scale bar: 100 nm). f, Heatmap showing the 187 

occurrence frequencies of the four cases, constructed using MܲB = MBܫ)/MBܫ +  PF are the intensities of the SERS peaks of MB and PF, respectively. Blue squares 189ܫ MB andܫ PF) , where 188ܫ

indicate MܲB = 1, green squares indicate MܲB = 0. g, Heatmap derived from f by merging blue 190 

and green squares into black squares to represent single-molecule events. Squares with 191 

intermediate colors are mapped from red to black according to the deviation of MܲB from 0.5 192 

(marked in red). h, Digital bi-SERS map obtained by labeling single-molecule events as black 193 

squares (“1”) and non-single-molecule events as white squares (“0”).  194 

As illustrated in Fig. 2a, four distinct configurations can occur within the nanogaps of 195 

individual Au NDCs. When only a single PF or MB molecule is present, distinct Raman 196 

signatures are observed at 400–410 cm-1 (PF, Fig. 2b) and 460–470 cm-1 (MB, Fig. 2c), 197 

respectively, corresponding to single-molecule events. In contrast, simultaneous presence (Fig. 198 

2d) or complete absence (Fig. 2e) of both molecules corresponds to bimolecular and empty 199 

events, respectively. To quantify these outcomes, we construct a probability heatmap based on 200 

the relative MB contribution MܲB = MBܫ)/MBܫ +  PF)(Fig. 2f). Single MB and PF events are 201ܫ

identified by MܲB = 1  and MܲB = 0 , respectively, while intermediate values indicate 202 

bimolecular events. By merging single-molecule events into black squares (Fig. 2g) and 203 

grouping bimolecular and empty events as non-single-molecule results (Fig. 2h), we find that 204 

approximately 47.5% of measured Au NDCs exhibit single-molecule events. Excluding empty 205 

gaps, this proportion can increase to 84.6%, confirming the high fidelity of deterministic single 206 

exciton integration.  207 

Having established the deterministic plasmon-single-exciton platform, we proceed to 208 

spectroscopic measurements of VRS (Supplementary Fig. S4). When the Au 209 

NDC/CB[7]@single MB hybrid is placed on a conventional bulk SiO2 substrate, the intrinsic 210 

VRS is predicted to be ΩVRS  = 87.5 meV, calculated from 𝑔  = 51.82 meV, ߁௘  = 70 meV 211 

(Supplementary Fig. S5), and ߁௣ = 181 meV (Supplementary Fig. S6). The 𝑔 value between 212 



the plasmon mode and the single exciton is calculated using: 213 

                                                 𝑔 = ఌ೐√2ఢ0ఌ೛௏eff ௘ࣆ  ∙  ௣(࢘)                                              (3) 214ࢌ

where the effective mode volume eܸff = 52.5 nm3 (Methods; Supplementary Note 3, Fig. S7, 215 

and Table S1), the transition dipole moment ߤ௘ = 0.09 e·nm39,54, and the normalized electric 216 

field (EF) at the location of the exciton ௣݂(ܚ) = max∣(ܚ)೛ࡱ∣(ܚ)೛ࡱ = 1 are employed. 217 

By tuning the gap plasmon resonance into alignment with the MB exciton absorption at 218 

1.879 eV (660 nm) through adjustment of the Au nanoparticle radius to 42 nm, the SS becomes 219 

observable in dark-field scattering measurements (Supplementary Fig. S8). Varying the particle 220 

radius from 36 to 46 nm tunes the plasmon mode across the 635-680 nm range (Supplementary 221 

Fig. S6), yielding a clear anticrossing in the dispersion with  ΩSSp  = 118.2 meV. However, this 222 

value deviates substantially from the intrinsic ΩVRS  = 87.5 meV, corresponding to a large 223 

relative error of 35.1% ≈  ߪ. This discrepancy highlights a fundamental limitation of 224 

conventional spectral readout of VRS in plasmon-single-exciton strong coupling. 225 

Quantum-precision-spectroscopy metrology of VRS 226 

To enable a quantum-precision-spectroscopy metrology of the VRS in the Au 227 

NDC/CB[7]@single-MB hybrid system, it is essential to reduce the ߁௣ and match it with the 228 

excitonic linewidth ߁௘. It pushes the coupling system toward the ZEP (Fig. 1b), facilitating the 229 

quantum-precision determination of the VRS. We achieve this through precise EP-assisted 230 

photonic substrate engineering that spectrally slims the plasmon mode without compromising 231 

its nanoscale field confinement. In specific, we fabricate a Si/SiO2 photonic substrate that 232 

tailors the electromagnetic environment above its top surface by engineering optical pathways 233 

(OPs)55 (i.e. radiative channels, Fig. 3a(I) and Supplementary Fig. S9), arising from 234 

constructive and destructive interference between incident and reflected optical fields56. The 235 

gray line in Fig. 3b presents the measured reflectance spectra of the Si/SiO2 substrate, 236 

comprising a 2.58-µm-thick SiO2 layer on a Si wafer. Multiple transverse-magnetic photon 237 

modes (TM1-TM5) are observed across the spectral range of 550-800 nm. The calculated 238 

multiplication factor (M factor) spectrum, ܨm(࢘, ߱, ,࢘)ߩ =(௣ࣆ̂ ߱,  represents the ratio 239 ,0ߩ/(௣ࣆ̂

of the projected local density of states (PLDOS) to that in vacuum (0ߩ) (Methods), as illustrated 240 

by the red curve in Supplementary Fig. S9a. It exhibits five distinct Lorentzian peaks with 241 



௠ܨ > 1, corresponding to five open OPs at TM1–TM5. When an Au NDC is positioned on the 242 

photonic substrate (Fig. 3a(II)), its gap plasmon mode spectrally overlaps with the TM3 photon 243 

mode, resulting in strong hybridization between the plasmon mode and the engineered OP at 244 

TM3. This interaction reshapes the plasmonic spectral response and modifies its radiative and 245 

non-radiative decay channels.  246 

The blue line in Fig. 3b shows the normalized scattering spectrum of an Au NDC supported 247 

on the Si/SiO2 photonic substrate, revealing that the plasmonic damping linewidth is 248 

compressed to ߁௣ = 89 meV, form 181 meV that measured on SiO2 substrate, where OPs are 249 

absent (Supplementary Fig. S6b). The experimentally measured linewidth narrowing agrees 250 

well with our analytical predictions based on equation (4) (Methods) and is further corroborated 251 

by full-wave finite element simulations (Supplementary Note 4): 252 

          ܵ(߱) ∝ ,࢘)mܨ− ߱, (௣ࣆ̂ ∙  Im {ℏ߱ − ௣ߝ + ݅ ௰೛2 − ∑ ௚ೕ2ℏఠ−ఌ೎ೕ+௜೨೎ೕ2Nj=1 }−1
.            (4) 253 

This pronounced suppression of plasmonic damping linewidth arises from resonant coupling 254 

among the lossy plasmon mode, the photon modes, and the vacuum reservoir, mediated by the 255 

engineered OPs. In addition to linewidth suppression, the photonic substrate places the Au 256 

NDC in an electromagnetic environment with maximized EFs due to constructive interference 257 

(Fig. 3c(I)). As a result, the nanogap EF is slightly enhanced by about 1.4 times relative to the 258 

Au NDC on the bulk SiO2 substrate (Fig. 3c(III, IV)), where destructive interference minimizes 259 

the local fields (Fig. 3c(II)). It leads to an increase in scattering intensity, manifested as stronger 260 

brightness of the Au NDCs measured on Si/SiO2 photonic substrate (insets in Fig. 3a(II, III)). 261 

When an individual Au NDC/CB[7]@single MB hybrid is positioned on the Si/SiO2 262 

photonic substrate with ݐSiO2 = 2.58 µm, the damping linewidth of the gap plasmon mode, ߁௣, 263 

is markedly narrowed, resulting in ߁௘/߁௣ ≈  0.79 (Supplementary Fig. 9) and pushing the 264 

system close to the ZEP (߁௘/߁௣ = 0.82). This linewidth matching substantially decreases the 265 

critical interaction strength at EP from 𝑔EP = 27.75 meV on SiO2 to 𝑔EP = 4.75 meV on the 266 

Si/SiO2 photonic substrate. Consequently, the VRS of this plasmon-single-exciton strong 267 

coupling system increases from ΩVRS =  87.5 meV to  ΩVRS = 103.2 meV (Supplementary 268 

Table S1). Figure 3d displays a representative scattering spectrum obtained from a single Au 269 

NDC/CB[7]@single MB hybrid on Si/SiO2 substrate, demonstrating an experimental SS of  270 



ΩSSp = 104.1 meV. It agrees well with the theoretical result calculated using (Supplementary 271 

Note 1)19,  272 

(߱)ߞ                                       ∝ − Im (ℏఠ−ఌ೐+௜௰೐/2)(ℏఠ−ఌ೛+௜௰೛/2)⋅(ℏఠ−ఌ೐+௜௰೐/2)−௚2 ,                               (5) 273 

with g = 51.87 meV, ̅߁௣ = 89.6 meV (Fig. 3e(I)), and ߁௘ = 70 meV. Moreover, the observed 274 

Rabi splitting fully satisfies the critical strong-coupling condition of 𝑔2 > ௘2/8(1߁ +  ௘)44, 275߁௣/2߁

confirming that the system operates within the strong coupling regime. Importantly, this 276 

approach demonstrates a good repeatability across individual Au NDC/CB[7]@single MB 277 

hybrids at resonance, as shown in Fig. 3e(II). 278 

  279 

Fig. 3 | Spectral compressing enables quantum-precision-spectroscopy measurements of 280 

VRS. a, (I) Schematic of an Au NDC positioned in an engineered electromagnetic environment 281 

engineered by a Si/SiO2 photonic substrate. (II, III) Scanning electron microscope (SEM) 282 

images of Au NDCs measured on (II) Si/SiO2 and (III) SiO2 substrates, respectively.  The insets 283 

are corresponding dark-field (DF) images.  b, Normalized scattering spectra of individual Au 284 



NDCs (radius 42 nm) on the photonic substrate and on a bulk SiO2 substrate, respectively. The 285 

dashed blue curve corresponds to numerical simulation results, while the dot-dashed pale blue 286 

curve represents analytical prediction calculated using equation (4). The measured reflectance 287 

of the Si/SiO2 photonic substrate is overlaid in gray. Inset: side-view scanning electron 288 

microscope (SEM) image of the photonic substrate. c, Left: EF distributions of the Si/SiO2 289 

photonic substrate (I) and bulk SiO2 substrate (II). Right: Cross-sectional (ݖ-ݔ) EF distributions 290 

of the Au NDC positioned on each substrate. d, Normalized scattering spectra of an Au 291 

NDC/CB[7]@single MB hybrid on Si/SiO2 photonic substrate. The dashed curve is the 292 

theoretical prediction calculated using equation (5). e. (I) Normalized scattering spectra from 293 

individual Au NDCs, whose gaps are filled by single CB[7] molecules that are empty, or (II) 294 

encapsulating single MB molecules, measured on the Si/SiO2 substrates with ݐSiO2= 2.58 µm. 295 

f, (I) Normalized scattering spectra of individual Au NDC/CB[7]@single MB hybrids 296 

measured on the Si/SiO2 substrates with ݐSiO2 of around 2.58 µm, ordered according to the 297 

experimental detuning ߜ௘௫௣. (II) Normalized scattering spectra calculated using equation (5) 298 

based on parameters extracted from experimental measurements, arranged by the theoretical 299 

detuning ߜ. g, h, Hybridized state energies extracted from individual Au NDC/CB[7]@single 300 

MB hybrids measured on g Si/SiO2 photonic substrates ݐSiO2of around 2.58 µm and h SiO2 301 

substrates, respectively. Solid curves represent theoretical states of the hybridized 302 

eigenenergies, ߝ±. Shaded regions indicate the 95% confidence intervals. UPB: upper plexciton 303 

branch; LPB: lower plexciton branch.  304 

To verify that the observed SS originates from genuine plasmon-exciton coupling rather than 305 

plasmonic artifacts, we performed laser-induced photobleaching experiments (Supplementary 306 

Note 5 and Fig. S10). Following photobleaching of the MB molecule, the SS features in the 307 

scattering spectra disappear, directly providing that the observed SSs arise from strong 308 

coupling between the molecular excitons and the plasmonic nanocavities. Additionally, the 309 

plasmonic resonances of the Au NDCs can be well tuned from approximately 639 to 679 nm 310 

by adjusting the Au nanoparticle radius (39-44 nm) and the SiO2 layer thickness (ݐSiO2 = 2.52-311 

2.65 µm) in the Si/SiO2 photonic substrates (Supplementary Figs. S11–S13). This good 312 

tunability enables precise spectral overlap of the substrate-engineered gap plasmon mode with 313 

the exciton absorption at ~660 nm, facilitating a systematic investigation of energy dispersions 314 

in individual Au NDC/CB[7]@single MB hybrids (Supplementary Fig. S14). Figure 3f(I) 315 

presents normalized scattering spectra of individual Au NDC/CB[7]@single MB hybrids on 316 

the Si/SiO2 photonic substrate with ݐSiO2 of around 2.58 µm, ordered by the experimental 317 

detuning ߜexp = +ߝ + −ߝ  −  ௘ . A pronounced anticrossing behavior is observed, which 318ߝ2



closely follows the theoretical results calculated using equation (5) and ordered according to 319 

theoretical detuning ߜ = ௣ߝ −  ௘ (Fig. 3f(II)). Finally, the energy dispersions of the plexcitonic 320ߝ

states extracted from the measured SSs yield ΩSSp = 104.1 meV, with a relative measurement 321 

error of ߪ ≈0.86% in probing the VRS (Fig. 3g). This uncertainty is approximately 40-fold 322 

smaller than that obtained for the same system on the bulk SiO2 substrate (Fig. 3h).  323 

To further demonstrate the importance of OP manipulation in accurate probing the VRS, we 324 

performed scattering measurements on a large number of individual Au NDC/CB@single MB 325 

hybrids on Si/SiO2 photonic substrates with different ݐSiO2. By precisely tuning the thickness 326 

of SiO2 layer (Fig. 4a), the photon modes and OPs created in the electromagnetic environment 327 

can be deterministically modulated. Figure 4b compares the reflectance of the bulk SiO2 328 

substrate and the Si/SiO2 photonic substrates with ݐSiO2 = 1.68, 2.58, and 2.82 µm, respectively. 329 

Unlike the bulk SiO2 substrate, which does not support photon modes and OPs in the 330 

electromagnetic environment above its top surface (Figure 4b (I)), each Si/SiO2 photonic 331 

substrate hosts a photon mode and a corresponding OP at λ ≈ 660 nm (Figure 4b (II-IV). 332 

However, these OPs exhibit different radiative linewidths varying from 114.2 meV to 69.8 meV. 333 

When the bare Au NDCs, supporting gap plasmon resonances at approximately 660 nm, are 334 

placed on these substrates, their damping linewidths can be modulated in different degrees by 335 

the OPs (Figure 4c). As  ݐSiO2 is increased from 1.68 to 2.82 µm, the mean damping linewidth 336 

(at λ ≈ 660) of individual Au NDCs decreases from ̄߁௣ = 115.3±5.3 meV to 69.9±1.3 meV 337 

(Supplementary Figs. S9, S15 and S17). Consequently, when individual Au 338 

NDC/CB[7]@single MB hybrids are located on the Si/SiO2 photonic substrates with ݐSiO2 = 339 

1.68 µm and 2.82 µm, the minimum errors in measuring the VRS decrease to 6.12% = ߪ and 340 

2.89%, respectively (Supplementary Fig. S16 and S17), which are larger than that measured 341 

on Si/SiO2 photonic substrate with ݐSiO2 =  2.58 µm (Figure 3h). Nevertheless, these 342 

uncertainty remains decreased by a factor of about 5.7 and 12.1, respectively, compared to 343 

those measured on a bulk SiO2 substrate.  344 

  345 



 346 

Fig. 4 | High precisions of VRS metrology enabled by EP-assisted photonic substrate 347 

engineering. a, Schematics of Au NDCs supported on bulk SiO2 and on Si/SiO2 photonic 348 

substrates with  ݐSiO2 varying from 1.68 µm to 2.82 µm. b, Measured reflectance and simulated 349 ܨm spectrum of (I) bulk SiO2 and Si/SiO2 photonic substrates with different ݐSiO2of (II) 1.68 350 

µm, (III) 2.58 µm and (IV) 2.82 µm, respectively. c, Normalized scattering spectra of individual 351 

Au NDCs on the four substrates. All spectra are normalized to the maximum scattering intensity 352 

from the Au NDC on Si/SiO2 substrate with ݐSiO2 = 2.82 µm. d, Normalized scattering spectra 353 

of individual Au NDC/CB[7]@single MB hybrids measured on the four substrates in b. The 354 

dashed curves represent Lorentzian fits applied to determine the ΩSSp  . e, Statistical ΩSSp   for 355 

individual Au NDC/CB[7]@single MB hybrids measured on the four substrates. Dashed circles 356 

denote the theoretically expected ΩVRS  for the four cases. Black and pale blue curves are 357 

calculated ΩVRS  and ΩSSp  , as functions of the linewidth ratio ߁௘/߁௣ . f, Eexperimental and 358 

theoretical (solid black and gray lines) measurement errors of VRS (ߪ, pentagons) and 𝑔 value 359 

 for individual Au NDC/CB[7]@single MB hybrids on the four substrates in b. 360 (௚, trianglesߪ)

The colored markers are the 𝑔EP at EP for these four cases. g, Radar plot summarizing the key 361 

parameters of ߁e/߁p, ̄ߪ̅ ,ߪ௚, Ω̄SSp , ΩVRS, and 𝑔EP for measurements mentioned above.  362 

Figure 4d presents the representative scattering spectra of individual Au NDC/CB[7]@single 363 

MB hybrids on bulk SiO2 and Si/SiO2 photonic substrates with ݐSiO2 = 1.68, 2.58, and 2.82 364 

µm. The spectra illustrate a progressive clarity with the deepening of SS and increasingly 365 

smaller deviations between the measured SS and the intrinsic VRS, as the ߁p is reduced. Figure 366 

4e summarizes the statistical mean values of the measured SS on these four photonic substrates, 367 

demonstrating Ω̅SSp =  115.9±2.3 meV, 109.4±1.5 meV, 104.4±0.8 meV, and 100.6±1.3 368 



meV, respectively. This trend aligns closely with our theoretical predictions, and gradually 369 

converges toward the intrinsic ΩVRS  at the ZEP (Figure 4e). When individual Au 370 

NDC/CB[7]@single MB hybrids are positioned on the aforementioned four substrates, the 371 

ratio of ߁௘/߁௣ can be precisely tuned to values of 0.39, 0.61, 0.79, and 1.0, respectively. In these 372 

cases, the relative error ̄ߪ in probing ΩVRS demonstrates a significant decrease, from ̄ߪ = 32.5 373 

± 2.6% measured on SiO2 to ̄ߪ = 8.2 ± 1.5%, 1.1 ± 0.8% and 2.9 ± 1.2% measured on the 374 

three Si/SiO2 photonic substrates (Figure 4f).  375 

Furthermore, it also presents an effective strategy for directly measuring the 𝑔 value of the 376 

plasmon-single-emitter strong coupling system. For ideal strong coupling systems with 377 

negligible losses, the 𝑔 value is typically calculated using equation (3) or directly measured via 378 

SS, where ΩSS = ΩVRS = 2𝑔 . However, for lossy, non-Hermitian plasmon-single-emitter 379 

systems, this relationship does not hold because of substantial plasmonic dissipation and the 380 

discrepancy between the linewidths of plasmonic and excitonic states. In this scenario, the 𝑔 381 

value is typically calculated according to equation (3), while its accuracy highly depends on 382 

the precise determination of the emitter’s position within the nanocavity and the alignment of 383 

its transition dipole moment relative to the mode field. Unfortunately, for most plasmon-emitter 384 

strong coupling systems, it is difficult to ensure both of these two determinacies42.  385 

When ߁௣  is suppressed and approaches to ߁௘ , the 𝑔  value gradually satisfies the relation 386 ΩSS ≈ ΩVRS ≈ 2𝑔  (equations (1) and (2), providing a way to directly measure 𝑔  with high 387 

precision. By defining the relative measurement error of 𝑔  as ߪ௚ = ௚೐ೣ೛−௚௚ × 100% , where 388 𝑔௘௫௣ = ΩSS/2  and 𝑔  is calculated from equation (3), the statistical ߪ௚  measured across 389 

different individual Au NDC/CB[7]@single MB hybrids reduce form ̅ߪ௚ =  11.8 ± 2.2 % 390 

measured on SiO2 to ̅ߪ௚ = 5.5 ± 1.3 %, 0.6 ± 0.8 %, and 2.8 ± 1.3 % (triangles in Figure 4f) 391 

on the three photonic substrates. Notably, when the ߁௣ is reduced to result in ߁௘/߁௣ ≈ 0.79, the 392 

relative ߪ௚ can be reduced to ~0.60%, closing to zero and indicating a 20-fold improvement in 393 

measurement accuracy compared to that measured on SiO2 substrate. To provide a 394 

comprehensive comparison, the statistical measurement errors of ̅ߪ and ̅ߪ௚ combined with the 395 

other four parameters are summarized in a radar plot, as shown in Figure 4g. This analysis 396 



highlights that the EP-assisted photonic substrate engineering substantially reduces the 397 

plasmonic damping linewidth ߁௣, yielding a closer match to the exciton linewidth ߁௘. As a result, 398 

the plasmon-exciton coupling parameter 𝑔EP decreases systematically from 27.75 meV on bulk 399 

SiO2 to 11.25 meV, 4.75 meV and 0 meV for the Si/SiO2 photonic substrates with ݐSiO2 = 1.68, 400 

2.58 and 2.82 µm. Correspondingly, the intrinsic VRS increases from ΩVRS = 87.5 meV to 401 

101.1 meV, 103.2 and 103.6 meV (circles in Figure 4f). In this process, we realize the quantum 402 

precision measurement of VRS and 𝑔.  403 

Conclusion 404 

We have established a robust, deterministic strategy for achieving quantum-precision-405 

spectroscopy metrology of the VRS and 𝑔  value in lossy, non-Hermitian plasmon-single-406 

emitter strong coupling systems. The central concept is to suppress and precisely engineer the 407 

damping linewidth of the plasmon mode so that it is optimally matched to the exciton linewidth, 408 

thereby minimizing spectral broadening and measurement uncertainty. This is accomplished 409 

through the precise EP-assisted photonic substrate engineering, which tailors the 410 

electromagnetic environment surrounding the coupled systems.  411 

Using an Au NDC hosting a single MB molecule via CB[7]-mediated active assembly, we 412 

realized a deterministic plasmon-single-exciton strong coupling platform with well-defined 413 

geometry and coupling parameters. By integrating this hybrid system onto a Si/SiO2 photonic 414 

substrate and precisely tuning the SiO2 thickness, we generated controllable OPs that reshape 415 

the photonic PLDOS. At an optimized SiO2 thickness of 2.58 µm, the plasmon damping 416 

linewidth was suppressed to 1.27 times the exciton linewidth. This linewidth matching 417 

dramatically reduced the effective plasmon-exciton damping imbalance and enabled a 418 

substantial enhancement in the resolvability of the intrinsic VRS. As a result, we achieved a 419 

record-low relative measurement errors of ߪ ≈ 0.86% and ߪ௚ ≈ 0.60% in determining the VRS 420 

and 𝑔 value of a plasmon-single-exciton system, representing improvements in precision of 421 

40-fold and 20-fold, respectively, compared to measurements performed on conventional SiO2 422 

substrates. These improvements are not limited to a single device but is statistically robust 423 

across many individual hybrids, underscoring the generality and reproducibility of the 424 

approach. This robustness facilitates the realization of quantum-precision spectroscopy 425 

metrology for plasmon-single-emitter strong coupling systems operating at room temperature. 426 



Beyond precise VRS and 𝑔  value determination, our results establish photonic substrate 427 

engineering as a powerful and versatile tool for linewidth control in lossy plasmonic systems. 428 

The demonstrated ability to systematically tune plasmon damping, coupling parameters, and 429 

measurement precision through substrate design opens new opportunities for studying quantum 430 

electrodynamical phenomena at the single-emitter level, including ultrastrong coupling, non-431 

Hermitian physics, dissipative quantum dynamics, and ultrafast coherent energy exchange 432 

measurements (Supplementary Fig. S19) at room temperature.  433 
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Methods 546 

Fabrication and characterization of Au NDCs and Au NDC/CB[7]@single MB hybrids 547 

Au NDC/CB[7]@single MB hybrids were fabricated by first centrifuging and washing 4 mL 548 

of as-synthesized smooth Au nanoparticles (Supplementary Note 6) twice with deionized water, 549 

followed by redispersion in 1 mL of deionized water. Subsequently, 60 μL of a CB[7]@MB 550 

emitter solution (3.33 × 10-8 M) was added and allowed to hybridize for 4 h. During this process, 551 

CB[7] molecules act as molecular linkers that mediate the assembly of individual Au 552 

nanoparticles into nanodimer cavities while hosting MB molecules within the nanogap, 553 

enabling deterministic formation of Au NDC/CB[7]@single MB hybrids in which a single MB 554 

molecule is precisely positioned at the gap center with its transition dipole moment optimally 555 

aligned to the gap-plasmon mode (Supplementary Fig. S2d). Based on the quantities used, 556 

approximately 1.2 × 1012 Au nanoparticles and about 6.0 × 1011 MB monomers participated in 557 

the hybridization, corresponding to an average loading of ݊̄MB ≈ 0.86 CB[7]@single MB 558 

emitters and ݊̄0 ≈ 0.86 unoccupied CB[7] molecules per Au nanoparticle (MB: CB = 1: 2), 559 

ensuring single-exciton coupling to individual Au nanodimers. TEM images were acquired 560 

using a JEOL JEM-F200 microscope operated at 100 kV, and absorption spectra were measured 561 

with a UV-vis-NIR spectrophotometer (Cary 5000) using 3 mL of deionized water as the 562 

reference. 563 

Fabrication and characterization of Si/SiO2 photonic substrates  564 

Bulk silicon substrates (MKNANO, Nanjing) were cleaned by sonication in acetone for 10 min, 565 

followed by sequential sonication in isopropyl alcohol and deionized water for 10 min each. 566 

SiO2 layers were subsequently deposited by inductively coupled plasma chemical vapor 567 

deposition (ICP-CVD; PlasmonPro System100 ICP180-CVD, Oxford Instruments). Scanning 568 

electron microscopy (SEM) images of the photonic substrates were acquired using Zeiss 569 

Auriga-39-34 and JEOL JSM-7610F Plus microscopes operated at an accelerating voltage of 5 570 

kV. Reflectance spectra of the bare Si/SiO2 photonic substrates were measured using a 571 

Filmetrics F20 system (Filmetrics Inc., USA). 572 

Dark-field scattering and SERS measurements 573 

The experimental setup for dark-field scattering measurements is shown in Supplementary Fig. 574 

S4. A 10 μL droplet of the Au NDC/CB[7]@single MB hybrid solution was deposited onto the 575 



Si/SiO2 photonic substrate and allowed to stand for 5 min, after which the droplet was removed, 576 

the surface rinsed with deionized water, and dried under a nitrogen stream. This procedure 577 

resulted in the immobilization of isolated individual Au NDC/CB[7]@single MB hybrids on 578 

the substrate surface. To establish a one-to-one correspondence between scattering spectra and 579 

individual hybrids, dark-field optical microscopy was combined with SEM imaging of the same 580 

field of view. 581 

Dark-field scattering measurements were performed using a custom-built optical system 582 

(Olympus BX53M) equipped with a monochromator (Acton SpectraPro 2360), a 100 W quartz 583 

tungsten halogen light source, and a thermoelectrically cooled CCD camera (Princeton 584 

Instruments Pixis 100B_eXcelon, Acton Inc., USA) operated at -70 °C. Scattered light was 585 

collected in a backscattering geometry using a high-numerical-aperture dark-field objective 586 

(100×, NA = 0.80). Simultaneously, color dark-field images were acquired with a high-587 

resolution digital color camera (ARTCAM-300MI-C, ACH Technology Inc.) positioned at the 588 

microscope imaging plane. 589 

Bi-SERS measurements were conducted using an atomic force microscope–Raman (AFM–590 

Raman) integrated system (NTEGRA Spectra PNL, NT-MDT Co., Russia), as schematically 591 

illustrated in Supplementary Fig. S4. Raman spectra were excited with a 633 nm laser and 592 

acquired with an integration time of 2 s at a pump intensity of 60 μW/μm2. 593 

Mode volume calculation 594 

Owing to the sub-nanometre gap of the Au nanodimer cavity (Au NDC), the plasmonic EF 595 

(|E௣(࢘, ߱)|) and the corresponding electromagnetic energy density ܚ)ݓ, ߱)are predominantly 596 

confined within the interparticle gap region (Supplementary Fig. S2). As a result, an Au NDC 597 

with a 0.9 nm gap can be treated as an optical nanocavity, and its mode volume ௠ܸ can be 598 

evaluated using23,38,57
 599 

                                          ௠ܸ(߱) = ∫ ௪(࢘,ఠ)ௗ3௥௠௔௫[௪(࢘,ఠ)] ,                                             (6) 600 

with the electromagnetic energy density given by 601 

,࢘)ݓ                              ߱) = ఢ02 [ܴ݁[߳(࢘, ߱)] + 2ఠ ூ௠[ఢ(࢘,߱)]ఊ೛ ] ,࢘)࢖ࡱ| ߱)|2,                          (7) 602 

where ߳0 is the free-space permittivity, ߳(࢘, ߱) is the relative dielectric constant at the position 603 

of ࢘.  604 



All calculations were performed using three-dimensional finite element method (3D-FEM) 605 

simulations. To accurately evaluate the volume integral of ܚ)ݓ, ߱)for the gap-plasmon mode, 606 

the EF distribution was computed over a three-dimensional domain and numerically integrated. 607 

The mode volume reaches its minimum at ߣ = 660 nm, yielding ௠ܸ = 52.5 nm3, which is in 608 

close agreement with the value ( ௠ܸ = 53.5 nm3) independently estimated from Purcell factor 609 

simulations using the same geometry (Supplementary Note 3). While, this method based on 610 

equations (6, 7) is more suitable for calculating the mode volume of a nanocavity excited by 611 

the plane wave, as we have utilized in our experiments. In the simulations, the dispersive 612 

permittivities of Si and SiO2 were taken from experimentally measured refractive index data 613 

reported by Aspnes and Studna (1983)58 and Rodríguez-de Marcos et al. (2016)59, respectively, 614 

while the permittivity of gold was adopted from the experimental measurements of Johnson 615 

and Christy60. 616 

Theoretical model for plasmonic damping linewidth manipulating  617 

We consider a metal nanostructure that supports a well-defined bosonic dipolar surface 618 

plasmon resonance (SPR) mode, described by annihilation and creation operators ݌ and 619 ,+݌ 

respectively, while higher-order multipolar modes are neglected. Under weak external 620 

excitation by an incident field 0ࡱ, the interaction Hamiltonian of the plasmon mode can be 621 

written as44,55
 622 

ௗ௜௥ܪ         = ௣ࣆ ∙ 0ࡱ) + ∑ ௢௢ࡱ ) ∙ +݌) +  623 (8)                             (݌

here ࣆ௣  is the transition dipole moment of the SPR mode and ∑ ۳௢௢  denotes the total EF 624 

contributed by the OPs. In practice, the excitation field is much weaker than the OP-induced 625 

fields (∣ 0ࡱ ∣≪∣ ఈࡱ ∣), allowing 0ࡱ to be neglected in equation (8).  626 

According to Fermi’s golden rule, the absorption spectrum of the plasmon mode is given by 627 

                     ܵ(߱) ∝ −Im ஺೛<௜|௣;௣+|௜>ఌ೑೔−ఠ−௜0+ = pܣ}݉ܫ− ≪ ;݌ +݌ ≫ఠ+௜0+},                 (9) 628 

where ≪ ;݌ +݌ ≫ఠ+௜0+ is the retarded Zubarev Green’s function19,61, and 629 

௣ܣ                                  = ௣ࣆ| ∙ ∑ ௢௢ࡱ |2 ∝ ,࢘)mܨ ߱, (௣ࣆ̂ ∙  630 (10)                             .0ߩ

where, ܨm(࢘, ߱, ,࢘)ߩ =(௣ࣆ̂ ߱,  is the is the multiplication enhancement factor (M factor) 631 0ߩ/(௣ࣆ̂

of the projected local density of optical states (LDOS)  ρ(࢘, ߱,  ௣) along the plasmonic dipole 632ࣆ̂

orientation ̂ࣆ௣ , and ρ0  denotes the LDOS in vacuum. The Hamiltonian that describes the 633 



interactions between the plasmon mode and the photon modes engineered by the photonic 634 

substrate can be rewritten as55, 635 

ܪ       = ݌+݌௣ߝ) + (decay1ܪ + (∑ ௖௝ߝ ௝ܿ+ ௝ܿே௝=1 + (decay2ܪ − ∑ 𝑔௝[݌+ ௝ܿ + ௝ܿ+݌]ே௝=1 ,     (11) 636 

where, ௝ܿ and ௝ܿ+ are bosonic annihilation and creation operators of the ݆th photon mode, 𝑔௝ is 637 

the coupling constant between the plasmon mode and this photon mode, while ߝ௣ (ߝ௖௝ ) and 638 ߁௣(߁௖௝) denote the energy and damping linewidth of the plasmon mode (the ݆th photon mode), 639 

respectively; ܪdecay1  and ܪdecay2  are Hamiltonians reflecting the inelastic interactions of the 640 

plasmon mode and the photon modes with a continuum of modes, respectively. 641 

By explicitly evaluating the Green’s function and the Heisenberg equation in equation (11), 642 

the  ≪ ;݌ +݌ ≫ఠ+௜0+ can be deduced as, 643 

                         ≪ ;݌ +݌ ≫ఠ+௜0+= {ℏ߱ − ௣ߝ + ݅ ௰೛2 − ∑ ௚ೕℏఠ−ఌ೎ೕ+ ௜೨೎ೕ2ே௝=1 }−1
                 (12) 644 

Lastly, the absorption spectrum of the plasmonic nanostructure in the engineered 645 

electromagnetic environment can be deduced as,  646 ܵ(߱) ∝ −Im{ܣp ≪ ;݌ +݌ ≫ఠ+௜0+} 647 

= ,࢘)mܨ− ߱, (௣ࣆ̂ ∙  Im {ℏ߱ − ௣ߝ + ݅ ௰೛2 − ∑ ௚ೕ2ℏఠ−ఌ೎ೕ+௜೨೎ೕ2Nj=1 }−1
  (13)   648 

 i.e., equation (3) in the main text. We note that the scattering spectrum of the engineered 649 

plasmon mode can also be described by equation (13) if one measures its optical response from 650 

the same plasmonic nanostructure and ignores the intensity difference62. Equation (13) 651 

explicitly shows that the spectral response of the plasmon mode can be effectively engineered 652 

through the OP-induced modification of the projected LDOS, captured by the M-factor 653 

spectrum ܨm(ܚ, ߱,  ௣). In the weak-coupling limit, the M factor reduces to the conventional 654ࣆ̂

Purcell factor63, which can be accurately evaluated using full-wave numerical simulations, as 655 

described below. 656 ࢓ࡲ spectrum simulation 657 

Two-dimensional finite-difference time-domain (2D-FDTD) simulations were performed using 658 

a point electric dipole source and a point detector. Bloch boundary conditions were applied 659 



along the ݔdirection, while perfectly matched layers (PMLs) were used along the ݖdirection. 660 

In the simulations, an ݔ-polarized point electric dipole source was positioned 42 nm above the 661 

Si/SiO2 photonic substrate, corresponding to the radius of the Au nanoparticles forming the Au 662 

nanodimer cavity when placed on the substrate. The dispersive optical constants of all materials 663 

employed in the simulations were identical to those used in the mode-volume ( ௠ܸ) calculations 664 

described above. 665 

Data availability 666 

The data that support the plots within this paper and other findings of this study are available 667 

from the corresponding author upon reasonable request. 668 

Code availability 669 

Codes used to generate simulated data are available from the corresponding author upon 670 

request. 671 
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