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Figure S1. Polarization-resolved scattering of a silver ellipsoid with dimensions of 100×40×40 nm 

embedded into homogeneous optical medium with neff=1.35. Longitudinal LSPR appears around 

590 nm, while transverse LSPR around 400 nm. Thus it is only the longitudinal LSPR that spectrally 

overlaps with the J-aggregate absorption line (∼588 nm). 

 



 

Figure S2. Scattering and absorption as calculated by the quasi-static model for silver ellipsoid with 

dimensions of 90×35×35 nm covered with 2 nm J-aggregate layer with oscillator strength of 0.01, 0.03 

and 0.1 respectively. Molecular resonance: 588 nm, width 50 meV. Dashed lines show spectra of 

uncovered ellipsoids calculated for f0=0. All particles were embedded into homogeneous optical 

medium with neff=1.36. Notice splitting in both absorption and scattering cross-sections at f0=0.03 and 

f0=0.1. No splitting in absorption is visible for f0=0.01, but a dip in scattering is still present. Consult 

SI text for further details. 

 

  



Single-nanoparticle extinction measurements: Attenuation of transmission in an extinction 

measurement occurs due to absorption in and scattering by the nanoparticle. It is known that 

nanoparticles residing on strongly mismatched interfaces, such as of air and glass, 

preferentially scatter to the optically denser medium, i.e. the glass 1-3. Because we measure the 

transmission with a high NA objective from the glass side, we also collect a considerable part 

of scattering, therefore effectively reducing its contribution to extinction. For these reasons 

we will refer the measured extinction as 𝜎𝑒𝑥𝑡′  and not 𝜎𝑒𝑥𝑡. The 𝜎𝑒𝑥𝑡′  is composed of the 

nanoparticle’s absorption and scattering that is not collected by the microscope’s objective. 

Integrating the radiation pattern from a single nanorod over the solid angle corresponding to 

NA=1.3 oil-immersion objective shows that the fraction of not collected scattering is only 

about 1/3 (see Fig. S3). Therefore the measured extinction cross-section can be written as: 

𝜎𝑒𝑥𝑡′ ≈ 𝜎𝑎𝑏𝑠 + 1
3
𝜎𝑠𝑐𝑎. Furthermore, for particles with dimensions of 100×50 nm, which are the 

typical dimensions of our nanorods, the ratio between absorption and scattering at the LSPR is 

about 𝜎𝑎𝑏𝑠
𝜎𝑠𝑐𝑎

≈0.15. Thus, the relative contributions of absorption and scattering to the measured 

extinction is about ∼1/3 for the absorption and ∼2/3 for the scattering respectively. 

Consequently the measured single-particle extinction, 𝜎𝑒𝑥𝑡′ , is still dominated by scattering, 

but the contributions are nevertheless comparable. One could further increase the absorption 

contribution by either increasing the NA of the collecting objective and/or by collecting the 

light back-scattered to the air side with additional collecting optics. For particles smaller than 

100×50 nm used for estimations here, the absorption contribution will further increase. 

 



 

Figure S3. a) Angular distribution of scattering for a 100×50×50 nm silver nanorod residing on air-

glass interface as calculated by Green’s function method 4. b) Fraction of scattering not collected by 

NA=1.3 oil immersion objective as a function of wavelength. Inset: scattering spectrum of silver 

nanorod. 

 

 

Figure S4. Particle dimensions as deduced from SEM plotted versus color-coded scattering volume 

obtained from the coupled oscillator fits. Plot shows good overall correlation between SEM data and 

scattering fits, with some deviations, which are probably due to unknown rods’ heights.  



Analytical model: In this section, we present an analytical quasi-static model that under 

realistic parameter values, reproduce our experimental findings. We use this model to verify 

that the particle volume is a critical parameter that affects the coupling strength. The model 

was used to calculate scattering and absorption spectra shown Figs. S1-S2, S5 and to 

qualitatively verify the effect of nanoparticle surface-to-volume ratio to be able to compare to 

the results shown in Fig. 6 of the main text. 

We start by assigning dispersive permittivities ε1(ω), ε2(ω) and ε3 (wavelength-independent) 

to the corresponding layers of the core-shell structure (see Fig. 1a main text). For simplicity 

we assume here all permittivities to be isotropic, although the transition dipole orientation can 

certainly play a role 5. Such a system can be described in a quasi-static approximation if the 

semiaxes are much smaller than the wavelength (a, b, c<<λ). We also introduce a so-called 

modified long-wavelength approximation (MLWA) which effectively takes into account 

radiative damping and dynamic depolarization thus producing realistic spectral width and 

resonance position 6, 7. The polarizability of such a core-shell structure is given by 8, 9: 

𝛼0,𝑖=𝑥,𝑦,𝑧 = 4
3
𝜋𝑎2𝑏2𝑐2

(𝜀2−𝜀3)𝜀𝑎+𝑓𝜀2(𝜀1−𝜀2)
�𝜀3+𝐿𝑖,2(𝜀2−𝜀3)�𝜀𝑎+𝑓𝐿𝑖,2𝜀2(𝜀1−𝜀2)   (S1) 

where 𝜀𝑎 = 𝜀2 + (𝜀1 − 𝜀2)(𝐿𝑖,1 − 𝑓𝐿𝑖,2 ), f = a1b1c1/a2b2c2 – i.e. the volume fraction of the 

core, s1(2) = a1(2), b1(2), c1(2), - the inner and outer spheroid semiaxes and L(x,y,z),1(2) – the inner 

and outer geometrical factors 8. The MLWA-corrected polarizability (𝛼𝑖=𝑥,𝑦,𝑧) is obtained 

from α0 by multiplying it by χ = (1-ik3α0/6π-k2α0/(4πs2))-1 6, 7, where k = �𝜀3ω/c is the wave-

vector in the surrounding dielectric. 

Equation (S1) reduces to the expression for uncovered spheroids, i.e. 𝑉 𝜀1−𝜀3
𝜀3+𝐿𝑖(𝜀1−𝜀3)

, at both 

f = 1 and/or 𝜀2 = 𝜀3. The case of a covered sphere is also easily obtained by setting 



L1 = L2 = 1/3. The permittivity of the metallic core is taken from experimental values of 

Johnson and Christy 10 and the permittivity of the dye was calculated according to: 

𝜀2(𝜔) = 𝜀2∞ + 4𝜋𝑁𝑉𝑓𝑡𝑟𝛼𝑚𝑜𝑙(𝜔),    (S2a) 

𝛼𝑚𝑜𝑙 = 𝑉𝑚𝑜𝑙
𝜔0
2

(𝜔0
2−𝜔2−𝑖𝛾0𝜔)

     (S2b) 

which assumes a single Lorentzian resonance behavior with physical meaning of parameters 

to be dimensionless oscillator strength (ftr) and the number of dye molecules per unit volume 

(NV). The molecular polarizability is directly related to the extinction coefficient which can be 

evaluated experimentally. We further introduce another dimensionless quantity that takes into 

account molecular concentration and volume, 𝑓0 = 4𝜋𝑁𝑉𝑓𝑡𝑟𝑉𝑚𝑜𝑙, thus the permittivity of the 

dye layer is given by: 

𝜀2(𝜔) = 𝜀2∞ + 𝑓0
𝜔0
2

(𝜔0
2−𝜔2−𝑖𝛾0𝜔)

    (S3) 

The scattering, extinction and absorption cross-sections are further evaluated from (S1-S3) as 

𝜎𝑠𝑐𝑎 = 𝑘4

6𝜋
|𝛼𝑥|2, 𝜎𝑒𝑥𝑡 = 𝑘Im(𝛼𝑥) and 𝜎𝑎𝑏𝑠 = 𝜎𝑒𝑥𝑡 − 𝜎𝑠𝑐𝑎 correspondingly. The molecular 

extinction coefficient was set to 105 M-1cm-1 (corresponding to the peak absorption cross-

section of ∼σabs = 3.8×10-16 cm2) and the molecular resonance was assumed at 588 nm in all 

cases. The concentration of molecules was taken to be in the interval of 1019-20 cm-3 and the 

width of the shell layer to be uniform and equal to 2 nm. These parameters seem to describe 

our experimental structures consisting of an Ag nanorod core and a TDBC J-aggregate shell 

rather well. 

We further verified the effect of the nanoparticle volume on the coupling strength and 

qualitatively compared it to the experimental observations. The particle size and aspect ratio 

were systematically varied, while the plasmon resonance frequency position was preserved to 



match the J-aggregate electronic transition. The results were calculated using Eq. (S1) and are 

given in Figure S5. The width of the molecular shell layer was always kept at 2 nm. The 

width of the molecular resonance was 10 meV and the concentration of molecules was taken 

to be 1020 cm-3. 

Inspection of Figure S5 shows the clear trend of an increasing transparency dip for higher 

surface-to-volume ratios. This is especially evident for particles with S/V greater than 

~0.15 nm-1 where almost a complete invisibility of the hybrid system at the molecular 

resonance frequency is achieved. The radiative damping of the plasmon resonance is clearly 

reduced with the reduction of the particle volume, which in turn also leads to stronger 

coupling between excitons and plasmons. The surface-to-volume ratio thus has a double effect 

on the coupling strength: (i) it decreases the width of the plasmon resonance due to 

suppression of its radiative contribution and (ii) it increases the number of dye molecules per 

metal atom in the core. The result of this doubled process is shown in Fig. S5a-b. 

To characterize the coupling strength quantitatively, we also fit the results obtained from the 

core-shell model to the coupled-oscillator model introduced in the main text. By doing so we 

extract plasmon and exciton dephasing rates 𝛾𝑝𝑙 and 𝛾0, as well as the Rabi splitting 2g. These 

parameters are shown in Fig. S5b. As is seen, the plasmon dephasing rate is significantly 

suppressed, while the coupling rate is slightly increased with increasing surface-to-volume 

ratio. Both of these effects, but especially suppression of radiative damping, lead to more and 

more apparent transparency, in agreement with the experimental findings. Saturation in g as a 

function of S/V is caused by entering the Ohmic-limited plasmon damping regime. In most of 

the cases a situation 𝛾𝑝𝑙 > 2g> 𝛾0 is found, however, at the two highest values of S/V, 2g is 

faster than both 𝛾𝑝𝑙 and 𝛾0 meaning that the system enters the strong coupling regime. 



 

Figure S5. The effect of particle surface-to-volume ratio and plasmon-exciton detuning on coupling 

strength calculated using the core-shell model. a) The normalized scattering cross-section as a function 

of surface-to-volume ratio for a prolate spheroid. The detuning is kept close to zero for all S/V values, 

which are obtained by varying the geometrical parameters of the particle. With increasing S/V the 

mode separation and the depth of the transparency dip is more apparent. The major semiaxis is varied 

in the range from 25 to 75 nm and the aspect ratio a/b from about 3.3 to 1.75. b) Dephasing parameters 

γpl, γ0 and 2g as a function of S/V. c) Normalized scattering cross-section as a function of plasmon-

exciton detuning, given as δ=ωpl-ω0 for S/V kept at a value of 0.14. The detuning is achieved by 

embedding the particle into media with various artificially chosen dielectric functions ranging from 

n3=1.10 to 1.40. Note the typical mode anti-crossing behavior, shown with two dotted lines serving as 

guides for the eye. d) Anti-crossing behavior plotted versus detuning. The dashed lines show positions 

of the plasmon and molecular resonances. Full squares – the upper and lower branches of the hybrid 

system. 

 

In Figure S5c, scattering spectra of an individual core-shell particle is plotted versus the 

plasmon-exciton detuning, achieved by embedding the particle (a = 50 nm, b = c = 17 nm) 



into various optically homogeneous dielectrics with refractive index in the range of 1.10 – 

1.40. A clear anti-crossing behavior, which is a characteristic of a strongly interacting system, 

is found. In panel d) this is shown more evidently. The graph shows the upper and lower 

branches of the coupled system, as well as the plasmon and exciton resonances (shown as 

dashed lines). The branches obviously do not cross and the splitting of about 70 meV is 

observed. The splitting is, however, weaker than the plasmon damping meaning that the 

system is not yet in the strong coupling regime in agreement with Fig. S5b. 

Overall, the simulations presented in Fig. S5 qualitatively reproduce all essential features of 

experimental spectra shown in Figure 6 of the main text. 
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