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Abstract

Coherent manipulation of light-matter interactions is pivotal to the advancement of nanophotonics. 

Conventionally, the non-resonant optical Stark effect is harnessed for band engineering by intense 

laser pumping. However, this method is hindered by the transient Stark shifts and the high-energy 

laser pumping which, by itself, is precluded as a nanoscale optical source due to light diffraction. 

As an analog of photons in a laser, surface plasmons are uniquely positioned to coherently interact 

with matter through near-field coupling, thereby, providing a potential source of electric fields. 

Herein, we report the first demonstration of plasmonic Stark effect and attribute it to a newly 

uncovered energy-bending mechanism. As a complementary approach to the optical Stark effect, 

we envision the plasmonic Stark effect will advance fundamental understanding of coherent light-

matter interactions and will also provide new opportunities for advanced optoelectronic tools, such 

as ultrafast all-optical switches and biological nanoprobes at lower light power levels.

Graphical Abstract

This study presents discovery and mechanistic elucidation of the plasmonic Stark effect. As 

opposed to the transient optical Stark effect achieved under intense laser pumping, the plasmonic 

Stark effect renders permanent energy-level modification with the in-built plasmonic field. This 

discovery paves the way for advanced optoelectronic tools such as ultrafast all-optical switches 

and biological nanoprobes using lower excitation energies.
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1. Introduction

Light-matter interactions are central to nanophotonic phenomena. In a cavity quantum 

electrodynamic (QED) system, the interplay between Rabi oscillation and energy decay 

defines two fundamental coupling mechanisms, that is weak and strong coupling.1–3 While 

the maximum coupling strength is achieved in the resonant limit, the non-resonant excitation 

results in the distinct optical Stark effect (OSE) that is fundamental to coherent light-matter 

interactions.4–10 As a nonlinear effect, OSE is manifested as the transient perturbation to 

energy levels under non-resonant laser pumping. Harnessing the unique properties of OSE 

enables coherent manipulation of hybrid states by ultrafast all-optical tuning, as has been 

demonstrated in monolayer transition metal dichalcogenides,7, 9–10 perovskite thin films,8 

and quantum dots4–5 among others. However, the occurrence of OSE is strongly dependent 

on the laser pumping. The induced transient energy-level shifts disappear shortly after 

relaxation of the excited states. Degradation of materials occurs under prolonged laser 

illumination due to heating and excessive band filling. The intrinsic light diffraction also 

precludes the use of laser as a source of optical energy concentrated in the nanoscale. 

Therefore, it is desirable to explore coherent, intense, and ultrafast optically induced sources 

that offer alternatives to a laser for producing confined electric fields to study light-matter 

interactions.

Surface plasmons (SPs) present a potentially promising solution. With their remarkable 

capabilities to confine electromagnetic radiations into the nanoscale far below the diffraction 

limit of light in the form of collective charge oscillations, SPs exhibit extraordinary 

coherence, ultrafast dynamics, a large dipole moment, and an ultrasmall mode volume that is 

particularly suited for near-field coupling to quantum emitters (QEs), such as semiconductor 

quantum dots and organic dyes.11–15 Notably, SPs display bosonic behaviors just as photons 

do.11 Such salient features have been recently leveraged for developing a nanoscale optical 

source named SPASER, which is the plasmonic counterpart of laser.16–19 Successful 

demonstration of SPASER highlights the promise of SPs to work in an analogous manner to 

photons in a laser. Indeed, analogous to light-matter interactions, coherent plasmon-QEs 
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interactions in a plasmonic cavity lead to the formation of entangled plasmon-exciton states, 

often referred to as plexcitons.20 In the strong-coupling regime, the plexcitonic states display 

similar energy-splitting and anti-crossing behaviors that have become the driving force for 

studying single-molecule strong coupling at room temperature12, 21–22, vibro-polariton 

coupling23–24, and quantum plasmonic biosensing25, supported by the broad availability and 

wide spectral tunability of SPs on a plethora of gold and silver nanostructures.26–28 Yet, 

employing SPs as an alternative to optical sources to engineer plexcitonic energy levels in a 

manner analogous to OSE has not been reported before.

In this study, we create a pair of contrived systems, and demonstrate, for the first time, the 

plasmonic counterpart of optical Stark effect, by measuring the photoluminescence (PL) 

spectra of organic dyes under laser pumping and the plasmonic field, respectively. We first 

invoke the Jaynes-Cummings model2–3 to lay out the theoretical framework for the optical 

Stark effect. To investigate coherent interactions between surface plasmon and QEs, we 

phenomenologically incorporated the energy dissipation rates into the Hamiltonian matrix 

for the coupled plasmon-QEs system. Our analysis implies that, in addition to the 

extensively studied strong-coupling regime where the energy-splitting occurs, there is a 

region where the plexcitonic energy levels repulse and bend outward from the bare states for 

both surface plasmons and QEs. This newly uncovered energy-bending mechanism is 

responsible for the observed molecular energy shifts under the plasmonic field. Given the 

rapid advancement in materials fabrication, we envision that our successful demonstration of 

the plasmonic analog of optical Stark effect will create new opportunities to engineer 

nanoscale optoelectronic devices by leveraging the unique features of surface plasmons.

2. Results and Discussion

2.1. Observation of molecular radiative energy shifts

In the first place, we unambiguously demonstrate OSE by studying the PL spectral profiles 

of free dyes. In Fig. 1(a), we observed that the PL spectra of Cy7 in dimethylformamide 

(DMF) under pulsed laser pumping (with an excitation wavelength of 680 nm, a pulse 

repetition rate of 20 Hz, a pulse duration of ~6 ns, and an energy density of about 30 mJ/

cm2) underwent a radiative energy shift of ΔE = 7 meV when compared to that under 

continuous illumination of a monochromatic light at 680 nm with a power density of ~0.5 

mW/cm2. We attribute this effect to laser-induced perturbation to molecular energy levels as 

the laser pumping generates a strong oscillating electric field and thereby enables coherent 

atom-field interaction. In equilibrium, dye molecules can be approximated as a two-level 

atomic system with the ground |g⟩ and excited |e⟩ states separated by a transition energy of 

ω0. The pulsed laser is modeled as a strong oscillating bosonic field with a frequency of ωb, 

as shown in Fig. 1(b). Periodic in time, the Floquet Hamiltonian for the coupled atom-field 

system exhibits a periodic structure that permits quasi-static eigenstates evenly spaced in 

energy units of the bosonic field.29 The atom can either absorb from the ground state or emit 

from the excited state an integer number n of bosons, forming quasi-static Floquet states |g + 

nωb⟩ and |e − nωb⟩, as shown schematically for the first-order Floquet states in Fig. 1 (c). As 

a result, the interaction between the Floquet and equilibrium states repulses the energy levels 

and contributes to the observed molecular radiative energy shifts.
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Intriguingly, we observed similar molecular radiative energy shifts when the laser field was 

replaced with a plasmonic field. Under the continuous illumination of a monochromatic light 

at 680 nm with a power density of ~0.5 mW/cm2, we observed a radiative energy shift of 

ΔEC = 43 meV for the PL spectral profiles of colloidal Au nanostar@thin-SiO2@Cy7-SiO2 

nanoparticles in water when compared to the control sample SiO2@Cy7-SiO2 which are 

also dissolved in water, as shown in Fig. 1(d). The structure and representative TEM image 

for Au nanostar@thin-SiO2@dye-SiO2 are shown in Fig. 1(e); the absorption spectrum for 

colloidal Au nanostars is shown in Fig. S1(a). To highlight the similarity of the strong 

oscillating electric fields produced by the laser field and the plasmonic field, we simulated 

the local electric field enhancement at the peak plasmon wavelength (Fig. S1(b)) and 

presented it in Fig. 1(f).

While local thermal effect may be generated as a result of the plasmon dephasing, it only 

opens additional non-radiative energy decay channels by either dynamic quenching 

(increased collisions among molecules) or intersystem crossing (singlet to triplet transition 

for the excited states), thereby solely affecting the PL intensity rather than shifting the 

radiative energy.30–31 Any possible role hot carriers may have played is also eliminated by 

the presence of the thin SiO2 insulating layer (ca. 2–3 nm).

We also observe that the control sample SiO2@dye-SiO2 exhibits an energy blueshift when 

compared to the free dyes in DMF. Such a blueshift arises from the inhibition of the 

solvation dynamics. For free dyes in DMF, after excitation, the dye molecules and the 

solvent dipole are not in equilibrium. The solvent dipole would rotate to align with the dye 

molecules, reducing their interaction energy and lowering the energy of the excited dye 

molecules.32 However, after the dyes are embedded into the SiO2 shell that is encapsulated 

onto the SiO2 core nanoparticles, the solvation process is significantly hindered, thereby, 

contributing to the observed blueshift.

2.2. Ubiquitous molecular radiative energy shifts in diverse colloidal plasmon-QEs 
systems

In order to validate the ubiquity of the above experimental observations in Fig. 1, we 

measured the PL spectral profiles for various other dyes in DMF, including Cy7.5, 

DyLight800, and IR-140, using the pulsed laser pumping and continuous illumination under 

the same conditions as in Fig. 1. Similar molecular radiative energy shifts were seen in Fig. 

2(a)–(b) and Fig. S2. Likewise, we also observed molecular radiative energy shifts in other 

colloidal plasmon-QEs systems in water for the PL spectral profiles of Au nanostar@thin-

SiO2@Cy7.5-SiO2 nanoparticles and Au nanorod@thin-SiO2@Cy7.5-SiO2 nanoparticles 

when compared to the control sample made of colloidal SiO2@Cy7.5-SiO2 nanoparticle in 

water, seen in Fig. 2(c)–(d). Despite being of varying magnitudes, the observed molecular 

radiative energy shifts present themselves as a general phenomenon independent of the type 

of organic dyes or the shape of plasmonic metallic nanoparticles, further underscoring the 

analog of the strong oscillating fields generated by the pulsed laser pumping and SPs.
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2.3. Molecular radiative energy shifts in the plasmon-QEs systems under dried condition

In order to eliminate any possible influence of the polarity-dependent solvation processes on 

the PL spectral profiles, we further conducted PL measurements under dried condition for 

Au nanostar@thin-SiO2@Cy7-SiO2 and Au nanostar@thin-SiO2@Cy7.5-SiO2 using an 

XploRA PLUS Raman microscope (HORIBA Instruments Inc., Edison, NJ, USA) under a 

638 nm diode laser with a power of ~ 1 mW. Compared to the respective control sample 

made of SiO2@thin-SiO2@Cy7-SiO2 and SiO2@thin-SiO2@Cy7.5-SiO2, unequivocal 

molecular radiative energy shifts were also observed that bear a resemblance to observations 

made in Fig. 1(d) and Fig. 2(c)–(d). The above demonstrations in diverse plasmon-QEs 

systems and dielectric environments further underscore the ubiquity of perturbation to the 

molecular radiative energy levels under strong oscillation fields.

It is worth noting that colloidal nanoparticles with similar core-shell nanostructures have 

been widely explored as optical nanoprobes33–34 and nanoscale lasers16–19, 35. Similar 

phenomena of molecular radiative energy shifts of various magnitudes can be found in 

relevant literature reports but have not been thoroughly investigated, as the focus was 

primarily on the radiative emission intensity modification.36–38 Hence, the possibility of 

plasmon-induced changes in the radiative energy have been surprisingly underappreciated. 

Given the striking similarity between the laser-induced and plasmon-induced radiative 

energy shifts, the perturbation to the energy levels observed in optical nanoprobes could be 

similarly understood in the framework of the coherent atom-field interaction. The calculated 

intense local electric fields seen in Fig. 1(f) highlight the analogous role of laser and SPs, 

even though the strong energy dissipation in metallic plasmonic systems complicates 

plasmon-QEs interactions.

2.4. Analysis of the coupled atom-field system by the Jaynes-Cummings model

In order to understand the mechanism that governs the shifts in the PL spectral profiles for 

free dyes under pulsed laser pumping, we invoke the Jaynes-Cummings model to study the 

coupled atom-field system. In this case, we start by considering that no energy dissipation is 

involved. Under the rotating wave approximation, the total Hamiltonian for the coupled 

atom-field system can be written as1

H = ωbb†b + ω0σz + λ(σ+b + σ−b†) (1)

where ωbb†b is the Hamiltonian for the quantized bosonic field with an oscillating frequency 

of ωb. b† and b are the bosonic creation and annihilation operators. ω0σz is the Hamiltonian 

for the two-level system with a transition energy of ω0. λ(σ+b + σ−b†) is the atom-field 

interaction Hamiltonian with a coupling strength of λ, twice of which is the Rabi frequency 

(ωR = 2λ). The energy detuning is defined as Δ = ω0 − ωb. The operator σ+b corresponds to 

the atomic transition from the ground state |g⟩ to the excited state |e⟩ by annihilating 

(absorbing) a boson; σ−b† is the opposite process accounting for the atomic relaxation from 

the excited |e⟩ to the ground state |g⟩, which ends up creating (emitting) a boson.
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In the non-interacting limit (λ → 0), only bare states |e,n⟩ and |g,n + 1⟩ exist, as shown in 

Fig. 4. The energy eigenvalues are simply the sum of the atom-field energy levels: 

H0 |e, n⟩ = (1
2ω0 + ωbn) |e, n⟩ and H0 |g, n + 1⟩ = ( − 1

2ω0 + ωb(n + 1)) |g, n + 1⟩. Their energy 

difference is exactly the energy detuning Δ. After incorporating the atom-field interaction 

Hamiltonian HI = λ(σ+b + σ−b†), new dynamics are enabled which, however, is also 

constrained by the selection rule imposed by the interaction Hamiltonian. The only allowed 

transitions occur between the states |ψ1n = |e,n⟩ and |ψ2n = |g,n + 1⟩, where either the 

excited-state atom relaxes to the ground state by emitting a boson or the ground-state atom 

becomes excited by absorbing a boson. The Hamiltonian matrix can thus be constructed as

H =
ω0/2 + ωbn λ n + 1

λ n + 1 −ω0/2 + ωb(n + 1)
(2)

By diagonalizing the Hamiltonian matrix in eq. (2), the energy eigenvalues for the two 

dressed states are obtained as En, ± = ωb(n + 1/2) ± 4λ2(n + 1) + Δ2/2, which are separated 

by the generalized Rabi frequency ΩR = 4(n + 1)λ2 + Δ2. By comparing the dressed to the 

bare states, the energy shift can be obtained as

ΔE = 4(n + 1)λ2 + Δ2 − Δ . (3)

In the resonant limit (Δ ≪ λ), the energy shift is approximated as the Rabi splitting of the 

dressed states: ΔE ≈ 2λ n + 1 = ωR, as shown in Fig. 4(a). In the dispersive limit (Δ ≫ λ), 

the energy shift can be approximated by expanding ΔE to the second order in 

λ/Δ: ΔEΔ ≫ λ = 2(n + 1)λ2/Δ = 2λeff
2 /Δ, where λeff is the effective coupling strength. Such 

a non-resonant energy shift is attributable to the energy-level bending of the bare states seen 

in Fig. 4(b) and is the origin of the OSE seen in Fig. 1(a) for free dyes under laser pumping.

On the other hand, following the Hamiltonian treatment in circuit QED,39–40 we conducted 

unitary transformation of the form U = exp[λ(σ+b − σ−b†)/Δ] for the total Hamiltonian H and 

expanded it to the second order in λ/Δ. The transformed Hamiltonian was obtained as: 

UHU† = ωbb†b + [ω0+(2λ2/Δ)b†b + λ2/Δ]σz. This suggests that the atomic transition 

undergoes an energy-level shift that consists of two parts: the first part 2nλ2/Δ is the bosonic 

number-dependent OSE, which is the same as the result obtained in the dispersive limit by 

expanding ΔE to the second order in λ/Δ; the second part λ2/Δ is the Lamb shift, which is 

induced by vacuum energy fluctuations owing to virtual photons being created and 

annihilated in the atom-field interacting system regardless of the bosonic number states. The 

Lamb shift, however, is challenging to be discerned, as the required precision for measuring 

such tiny energy level shift is orders of magnitude smaller than that for the spectral linewidth 

broadening, and thereby, it is often negligible outside the field of atomic physics. In the limit 

of n ≫ 1 which is the case for the laser pumping, the Lamb shift is absorbed into the optical 

Stark shift, and thus recovering the OSE ΔEΔ ≫ λ = 2λeff
2 /Δ, further validating the origin of 
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energy shifts attributable to the energy-bending effect. Based on eq. (3), we also calculated 

the effective coupling strength λeff using the fitting parameters from the measured PL 

spectra as summarized in Table 1.

2.5. Analysis of the coupled plasmon-QEs systems with energy dissipations

To further unveil the mechanism responsible for the observed radiative energy shifts under 

the plasmonic field, we turn to QED and phenomenologically incorporate the dissipation 

rates γ0 for the two-level atomic system representing QEs (i.e. dyes) and γb for the 

plasmonic cavity into the system, as shown in Fig. 5(a). The Hamiltonian matrix for the 

coupled plasmon-QEs system is created as

H =
ω0 − iγ0 λ

λ ωb − iγb
(4)

By diagonalizing the Hamiltonian matrix in eq. (4), the complex energy eigenvalues are 

obtained E ±
C = (ω0 + ωb)/2 − i(γ0 + γb)/2 ± 4λ2 − (4γ− + iΔ)2/2. They are the plexcitonic 

states schematically shown in Fig. 5(b). Twice the last term is defined as the generalized 

Rabi frequency ΩR
C = 4λ2 − (4γ− + iΔ)2 in its complex form with the reduced energy 

dissipation rate defined as γ− = (γ0 − γb)/4. At zero detuning, the threshold for energy 

splitting occurs at λ = 2γ−, which divides the energy space into two regions that we term as 

the energy-bending region and the energy-splitting region, as shown in Fig. 5(c)–(d).

In the energy-splitting region, the coupling strength is more than two times greater than the 

reduced energy dissipation rate (λ > 2γ−), and therefore, a full Rabi cycle can be completed. 

Such coherent plasmon-QEs interactions are characterized by the rapid and reversible energy 

exchange, resulting in the formation of a pair of plexcitonic states called upper plexciton 

(UP) and lower plexciton (LP). In the energy-splitting threshold with zero detuning where 

the coupling strength is exactly offset by twice the reduced energy dissipation rate, the 

generalized Rabi frequency becomes zero. Such a singular state is protected against 

perturbation from the plasmon-QEs interaction and is manifested as the point of intersection 

for the energy-bending and energy-splitting regions seen in Fig. 5(c).

Of particular interest to the study of the radiative energy shifts is the energy-bending region, 

where the coupling strength is less than twice the reduced energy dissipation rate (λ < 2γ−). 

The generalized Rabi frequency becomes purely imaginary and thereby merely opens an 

additional energy dissipation channel instead of splitting the plexcitonic states. 

Consequently, the plasmon-QEs interaction bends the energy levels for both QEs and SPs. 

This finding, echoing the one we made on the perturbation of the molecular energy levels 

through OSE by laser pumping, highlights the analogous roles of SPs and laser in fine-

tuning the hybrid states of a coupled system. To the best of our knowledge, this is the first 

report of the energy-level perturbation by the plasmonic effect that is analogous to OSE, and 

we term it the “plasmonic Stark effect”.
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We noted that the optical Stark effect could be manifested as Mollow triplet41–42 but expect 

it not to occur in our current study. As Mollow triplet is characteristic of resonance 

fluorescence in the strong field achieved under resonant pumping, its two sidebands are 

essentially the two photon-dressed states and result from Rabi splitting of the two bare 

transition states, which are responsible for the optical Stark effect. However, the occurrence 

of the optical Stark effect, as demonstrated in our work, does not necessarily depend on the 

emergence of Mollow triplet. That is because at vanishing to low pumping for the strongly 

coupled atom-cavity system, it is the Rabi doublet rather than the Mollow triplet that would 

occur. Only by increasing the pumping to a certain level will the transition from Rabi 

doublet to Mollow triplet occur.3, 43 Moreover, the plasmonic Stark effect relies on the 

strong fields generated by plasmons, which are the plasmonic counterpart of laser pumping, 

as the driving fields to achieve coherent plasmon-QEs coupling. As surface plasmons can be 

excited under white light continuous illumination in the limit of vanishing pumping, no 

actual laser pumping is needed. Instead of Mollow triplet, only Rabi doublet would have 

been formed if the coupling strength is more than two times greater than the reduced energy 

dissipation rate. But as the coupling strength falls short of overcoming the strong dissipation 

of metallic nanoparticles, the Rabi frequency becomes purely imaginary and displays 

energy-level bending instead of splitting, which underscores the distinct feature of the 

plasmonic Stark effect.

One can also observe that the reduced energy dissipation-to-coupling strength ratio 2γ−/λ

serves as an important tuning parameter that dictates whether a coupled system falls into the 

energy-splitting or energy-bending region seen in Fig. 5(c)–(d). While the anti-crossing 

plexcitonic states are distinctly observed in the energy-splitting region, strong energy 

dissipation obscures energy splitting, and inversely, suppressed energy dissipation helps 

promote energy splitting. This effect can be clearly seen in a coupled system with a coupling 

strength of λ = 1.5γ− in the energy-bending region (Fig. 5(c)), where the plexcitoninc states 

are upgraded to the energy-splitting region if the energy dissipation is completely 

suppressed.

The energy bending is also found to be a bidirectional effect. By modifying the relative 

energies of SPs and QEs, the energy-bending effect can be modulated to be either blue- or 

red-shifted (Fig. 5(c)). We note that the prevailing method to induce OSE is based on a red-

shifted laser pumping. The discovery of the bidirectional tunability of the plasmonic Stark 

effect lends great flexibility to conduct coherent manipulation of the plexcitonic energy 

levels. In addition, the energy-bending effect can completely disappear at zero detuning seen 

in Fig. 5(c)–(d), which underscores the non-resonant nature of the plasmonic Stark effect.

Based on the above analysis, the energy shifts of QEs under the perturbation of a plasmonic 

field can be calculated by taking the difference between the bare and plexcitonic energy 

levels, the complex form of which is given by

ΔEC = Δ/2 − i2γ− + 4λ2 − (4γ− + iΔ)2/2 (5)
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To confirm that the studied optical nanoprobes indeed fall into the energy-bending region, 

the coupling strength and ratios 2γ−/λ were calculated based on eq. (5) using the fitting 

parameters from the measured absorption and PL spectra, as summarized in Table 2. The 

ratios 2γ−/λ are found to be 1.975 for Au nanostar@thin-SiO2@Cy7-SiO2 and 1.823 for Au 

nanostar@thin-SiO2@Cy7.5-SiO2, which are well into the energy-bending region as shown 

in Fig. 5(d). This corroborates the origin of the observed radiative energy shifts being 

attributable to the plasmonic Stark effect.

2.6. Validation of the energy-bending mechanism by the generalized Wiener-Khintchine 
spectrum

To further validate the energy-bending mechanism, we invoke the generalized Wiener-

Khintchine spectrum to calculate the PL spectra using the fitting parameters from the optical 

nanoprobe (Au nanostar@thin-SiO2@Cy7-SiO2). The formula for the PL spectrum was 

derived previously44 and is written as

PL(ω) = γb
π

−iλ
(γ+ + iΔ/2 − iω)2 + (ΩR

C /2)2

2
(6)

where γ+ = γ0 + γb /4 with other parameters defined previously. The calculated PL spectra 

based on eq. (6) are plotted for various coupling strengths 2γ−/λ seen in Fig. 6(a). The PL 

spectra display both energy bending and energy splitting that are strongly dependent on the 

ratio 2γ−/λ, consistent with the energy-bending mechanism. The energy-bending effect from 

the bare-state emission line seen in Fig. 6(a) recapitulates our experimental observations of 

the radiative energy shifts seen in Fig. 1(d) and S1(d). The energy bending can be 

suppressed at zero detuning based on the radiative energy from the calculated PL spectra 

seen in Fig. 6(b), which is consistent with the behavior of the plexcitonic energy levels 

predicted by Rabi splitting. The generalized Wiener-Khintchine spectrum suggests that the 

PL spectral splitting occurs at a more stringent condition than the energy-splitting threshold 

(2γ−/λ = 1) that is predicted by the generalized Rabi frequency. In other words, the 

occurrence of Rabi splitting does not necessarily guarantee the observation of PL spectral 

splitting, as it can be obscured by various mechanisms such as internal relaxation, radiative 

and nonradiative decay, among other energy dissipation channels. This finding underscores 

the challenge to achieve PL spectral splitting for coupled plasmon-QEs systems. 

Nevertheless, the energy-bending region is found to be greatly expanded under the PL 

spectral splitting condition, and thereby is predicted to dominate a wide range of ratios 

2γ−/λ, which provides a vast parameter space for fine-tuning the energy levels based on this 

newly discovered plasmonic Stark effect.

As light-driven collective oscillation waves of free charges, SPs have long been 

conceptualized to share important features with photons in a laser such as the bosonic 

character, electrical neutrality, and coherence.11, 45 Our success in the demonstration and 

mechanistic elucidation of the plasmonic Stark effect further highlights such a similarity. 

Importantly, SPs exhibit distinct advantages: SPs can be excited under white light 
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illumination, which essentially eliminates the need for high-energy laser pumping; SPs offer 

nanoscale coherent manipulation of light-matter interactions, which is unachievable by 

lasers owing to light diffraction; as opposed to the transient Stark shifts under laser pumping, 

the plasmonic Stark effect renders permanent energy-level modification with the in-built 

plasmonic field for optical nanoprobes.

3. Conclusion

In conclusion, we observe analogous molecular radiative energy shifts by measuring the PL 

spectra for free dyes under non-resonant laser pumping and optical nanoprobes embedded 

with dyes under the plasmonic field as compared to their respective bare states. Using the 

Jaynes–Cummings model, we lay out a theoretical framework for the coherently coupled 

atom-field system and pinpoint the origin of the laser pumping-induced energy shifts being 

the optical Stark effect in the dispersive limit. Based on the cavity electrodynamic study of 

the coupled plasmon-QEs system with strong energy dissipation, we uncover an energy-

bending mechanism under the non-resonant condition that is responsible for the radiative 

energy shifts observed in optical nanoprobes. Given the striking similarity in the 

experimental observations, theoretical models, and behaviors for both surface plasmons and 

photons in a laser, we term the newly discovered mechanism plasmonic Stark effect. We 

envision that successful demonstration of the plasmonic Stark effect paves the way for 

exploiting the unique features of surface plasmons to generate nanoscale optical sources, and 

to develop advanced optoelectronic tools for applications in ultrafast all-optical switching 

and biological nanosensing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENT

This research was supported by National Institute of General Medical Sciences (DP2GM128198) and National 
Institute of Biomedical Imaging and Bioengineering (2-P41-EB015871−31). We also thank the Johns Hopkins 
University Center for Molecular Biophysics and Integrated Imaging Center for providing facilities and resources.

REFERENCE

1. Scully MO; Zubairy MS, Quantum Optics. Cambridge University Press: Cambridge, 1997

2. Gerry C; Knight P, Introductory Quantum Optics. Cambridge University Press: Cambridge, 2004.

3. Kavokin A, et al., Microcavities. OUP Oxford: 2011.

4. Unold T, et al., Optical Stark Effect in a Quantum Dot: Ultrafast Control of Single Exciton 
Polarizations. Physical Review Letters 2004, 92 (15), 157401. [PubMed: 15169317] 

5. Flatté ME, et al., Giant Stark effect in quantum dots at liquid/liquid interfaces: A new option for 
tunable optical filters. Proceedings of the National Academy of Sciences 2008, 105 (47), 18212.

6. Vasa P, et al., Optical Stark Effects in $J$-Aggregate--Metal Hybrid Nanostructures Exhibiting a 
Strong Exciton--Surface-Plasmon-Polariton Interaction. Physical Review Letters 2015, 114 (3), 
036802. [PubMed: 25659013] 

7. Sie EJ, et al., Valley-selective optical Stark effect in monolayer WS2. Nature Materials 2015, 14 (3), 
290–294. [PubMed: 25502098] 

Zheng et al. Page 10

Small. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



8. Giovanni D, et al., Tunable room-temperature spin-selective optical Stark effect in solution-
processed layered halide perovskites. Science Advances 2016, 2 (6), e1600477. [PubMed: 
27386583] 

9. Yong C-K, et al., Biexcitonic optical Stark effects in monolayer molybdenum diselenide. Nature 
Physics 2018, 14 (11), 1092–1096.

10. Cunningham PD, et al., Resonant optical Stark effect in monolayer WS2. Nature Communications 
2019, 10 (1), 5539.

11. Stockman MI, Spasers explained. Nature Photonics 2008, 2 (6), 327–329.

12. Chikkaraddy R, et al., Single-molecule strong coupling at room temperature in plasmonic 
nanocavities. Nature 2016, 535 (7610), 127–130. [PubMed: 27296227] 

13. Moilanen AJ, et al., Active Control of Surface Plasmon–Emitter Strong Coupling. ACS Photonics 
2018, 5 (1), 54–64.

14. Groß H, et al., Near-field strong coupling of single quantum dots. Science Advances 2018, 4 (3), 
eaar4906. [PubMed: 29511739] 

15. Hugall JT, et al., Plasmonic Cavity Coupling. ACS Photonics 2018, 5 (1), 43–53.

16. Noginov MA, et al., Demonstration of a spaser-based nanolaser. Nature 2009, 460 (7259), 1110–
1112. [PubMed: 19684572] 

17. Galanzha EI, et al., Spaser as a biological probe. Nature Communications 2017, 8 (1), 15528.

18. Song P, et al., Three-level spaser for next-generation luminescent nanoprobe. Science Advances 
2018, 4 (8), eaat0292. [PubMed: 30128353] 

19. Gao Z, et al., Spaser Nanoparticles for Ultranarrow Bandwidth STED Super-Resolution Imaging. 
Advanced Materials 2020, 32 (9), 1907233.

20. Manuel AP, et al., Plexcitonics – fundamental principles and optoelectronic applications. Journal of 
Materials Chemistry C 2019, 7 (7), 1821–1853.

21. Ojambati OS, et al., Quantum electrodynamics at room temperature coupling a single vibrating 
molecule with a plasmonic nanocavity. Nature Communications 2019, 10 (1), 1049.

22. Park K-D, et al., Tip-enhanced strong coupling spectroscopy, imaging, and control of a single 
quantum emitter. Science Advances 2019, 5 (7), eaav5931. [PubMed: 31309142] 

23. Shalabney A, et al., Enhanced Raman Scattering from Vibro-Polariton Hybrid States. Angewandte 
Chemie International Edition 2015, 54 (27), 7971–7975. [PubMed: 26037542] 

24. Thomas A, et al., Ground-State Chemical Reactivity under Vibrational Coupling to the Vacuum 
Electromagnetic Field. Angewandte Chemie International Edition 2016, 55 (38), 11462–11466. 
[PubMed: 27529831] 

25. Kongsuwan N, et al., Quantum Plasmonic Immunoassay Sensing. Nano Letters 2019, 19 (9), 
5853–5861. [PubMed: 31356753] 

26. Linic S, et al., Plasmonic-metal nanostructures for efficient conversion of solar to chemical energy. 
Nature Materials 2011, 10 (12), 911–921. [PubMed: 22109608] 

27. Yu H, et al., Plasmon-enhanced light–matter interactions and applications. npj Computational 
Materials 2019, 5 (1), 45.

28. Sujan K, et al., A review of 2D and 3D plasmonic nanostructure array patterns: fabrication, light 
management and sensing applications. Nanophotonics 2019, 8 (12), 2065–2089.

29. Shirley JH, Solution of the Schrödinger Equation with a Hamiltonian Periodic in Time. Physical 
Review 1965, 138 (4B), B979–B987.

30. Tylli H, et al., The effect of heat and IR radiation on the fluorescence of cellulose. Cellulose 2000, 
7 (2), 133–146.

31. Lakowicz JR, Principles of Fluorescence Spectroscopy. Springer US: 2007.

32. Cushing SK, et al., Origin of Strong Excitation Wavelength Dependent Fluorescence of Graphene 
Oxide. ACS Nano 2014, 8 (1), 1002–1013. [PubMed: 24359152] 

33. Li JF, et al., Shell-isolated nanoparticle-enhanced Raman spectroscopy. Nature 2010, 464 (7287), 
392–395. [PubMed: 20237566] 

34. Peng B, et al., Fluorophore-Doped Core–Multishell Spherical Plasmonic Nanocavities: Resonant 
Energy Transfer toward a Loss Compensation. ACS Nano 2012, 6 (7), 6250–6259. [PubMed: 
22690741] 

Zheng et al. Page 11

Small. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Meng X, et al., Wavelength-Tunable Spasing in the Visible. Nano Letters 2013, 13 (9), 4106–4112. 
[PubMed: 23915034] 

36. Gandra N, et al., Probing Distance-Dependent Plasmon-Enhanced Near-Infrared Fluorescence 
Using Polyelectrolyte Multilayers as Dielectric Spacers. Angewandte Chemie International Edition 
2014, 53 (3), 866–870. [PubMed: 24376101] 

37. Kim Y, et al., Plasmon Enhanced Fluorescence Based on Porphyrin–Peptoid Hybridized Gold 
Nanoparticle Platform. Small 2017, 13 (26), 1700071.

38. Li C-Y, et al., Plasmon-Enhanced Ultrasensitive Surface Analysis Using Ag Nanoantenna. 
Analytical Chemistry 2018, 90 (3), 2018–2022. [PubMed: 29275628] 

39. Wallraff A, et al., Strong coupling of a single photon to a superconducting qubit using circuit 
quantum electrodynamics. Nature 2004, 431 (7005), 162–167. [PubMed: 15356625] 

40. Fragner A, et al., Resolving Vacuum Fluctuations in an Electrical Circuit by Measuring the Lamb 
Shift. Science 2008, 322 (5906), 1357. [PubMed: 19039130] 

41. Ge R-C, et al., Accessing quantum nanoplasmonics in a hybrid quantum dot--metal nanosystem: 
Mollow triplet of a quantum dot near a metal nanoparticle. Physical Review B 2013, 87 (20), 
205425.

42. Kamandar Dezfouli M, et al., Nonlocal quasinormal modes for arbitrarily shaped three-
dimensional plasmonic resonators. Optica 2017, 4 (12), 1503–1509.

43. del Valle E, et al., Luminescence spectra of quantum dots in microcavities. II. Fermions. Physical 
Review B 2009, 79 (23), 235326.

44. Cui G; Raymer MG, Emission spectra and quantum efficiency of single-photon sources in the 
cavity-QED strong-coupling regime. Physical Review A 2006, 73 (5), 053807.

45. Bergman DJ; Stockman MI, Surface Plasmon Amplification by Stimulated Emission of Radiation: 
Quantum Generation of Coherent Surface Plasmons in Nanosystems. Physical Review Letters 
2003, 90 (2), 027402. [PubMed: 12570577] 

Zheng et al. Page 12

Small. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Observation of molecular radiative energy shifts.
(a) Observation of radiative energy shift (ΔE = 7 meV) of Cy7 dye spectral profiles in 

dimethylformamide (DMF) under pulsed laser pumping (with an excitation wavelength of 

680 nm, a pulse repetition rate of 20 Hz, a pulse duration of ~6 ns, and an energy density of 

about 30 mJ/cm2) when compared to that under continuous illumination of a 

monochromatic light at 680 nm with a power density of ~0.5 mW/cm2. (b) Schematic of an 

oscillating bosonic field with an oscillating frequency of ωb and a two-level |g⟩ and |e⟩ 
atomic system in the equilibrium states with a transition frequency of ω0. (c) Coherent 

coupling between the equilibrium atomic states |g⟩ and |e⟩ with the Floquet states |e − ωb⟩ 
and |g + ωb⟩ that contributes to energy shift. (d) Observation of radiative energy shift (ΔEC = 

43 meV) for the spectral profiles of an optical nanoprobe made of colloidal Au 

nanostar@thin-SiO2@Cy7-SiO2 as compared to the control sample made of colloidal 

SiO2@thin-SiO2@Cy7-SiO2. The SiO2 core nanoparticle has a similar mean diameter of 

60 nm as the Au nanostar. It is noted that there is a radiative energy blue shift of 33 meV for 

the spectral profiles of the Cy7 molecule after it was made into the colloidal SiO2@thin-

SiO2@Cy7-SiO2 nanoparticles. (e) Schematic of the optical nanoprobe: Au nanostar@thin-

SiO2@dye-SiO2 core-shell (the inset shows a representative TEM image); (f) The electric 

field distribution averaged from two orthogonal polarizations perpendicular to the shown 

cross section for a single gold nanostar calculated by finite-difference time-domain (FDTD) 

simulations at the peak plasmon resonance wavelength.
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Figure 2. Ubiquitous molecular radiative energy shifts in diverse colloidal plasmon-QEs systems.
Similar molecular radiative energy shifts for free dyes were demonstrated under pulsed laser 

pumping in (a) Cy7.5 dyes in DMF ((ΔE = 15 meV) and (b) DyLight 800 dyes in DMF ((ΔE 
= 13 meV) when compared to under continuous illumination, which were measured under 

the same condition as in Fig. 1(a). Also demonstrated were the molecule radiative energy 

shifts in the colloidal plasmon-QEs systems in water (c) for an optical nanoprobe made of 

colloidal Au nanostar@thin-SiO2@Cy7.5-SiO2 and (d) for an optical nanoprobe made of 

colloidal Au nanorod@thin-SiO2@Cy7.5-SiO2 as compared to the control sample made of 

colloidal SiO2@thin-SiO2@Cy7.5-SiO2 under the same experimental condition as in Fig. 

1(d).
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Figure 3. Molecular radiative energy shifts in the plasmon-QEs systems under dried condition.
Under dried conditions, molecular radiative energy shifts were also observed in the plasmon-

QEs systems made of (a) Au nanostar@thin-SiO2@Cy7-SiO2 and (b) Au nanostar@thin-

SiO2@Cy7.5-SiO2 using an XploRA PLUS Raman microscope (HORIBA Instruments Inc., 

Edison, NJ, USA) under a 638 nm diode laser with a power of ~ 1 mW as compared to the 

control sample made of SiO2@thin-SiO2@Cy7-SiO2 and SiO2@thin-SiO2@Cy7.5-SiO2, 

respectively.
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Figure 4. Energy splitting and bending behaviors for the coupled atom-field system.
(a) Energy diagram of the bare (left: ground atomic state; right: excited atomic state) and 

dressed (center) states in the resonant limit (Δ ≪ λ). The dressed states undergo a Rabi 

splitting of 2λ n + 1 of with n bosons in the excited atomic states, resulting in an energy shift 

of ΔE = 2g n + 1. When the coupling strength is not very strong, the dressed energy levels 

could become broadened and even obscure the splitting (marked as fine yellow lines in the 

interior of the dressed states) given the finite lifetime of the atom-field system owing to the 

Heisenberg uncertainty relationship between energy and time. (b) In the dispersive limit (Δ 

≫ λ), the ground |0,n⟩ and excited |1,n⟩ bare states with n bosons undergo an energy shift of 

nλ2/Δ and (n + 1)λ2/Δ, resulting in an energy shift of ΔE = (2n + 1)λ2/Δ.
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Figure 5. Energy splitting and bending behaviors for the coupled plasmon-QEs system with 
dissipation.
(a) Schematic representation of the QED system comprising of a two-level atomic system 

representing QEs with a transition frequency ω0 and decay rate γ0 coherently interacting 

with a single mode of the oscillating bosonic field in a plasmonic cavity with a resonant 

frequency ωb and dissipation rate γb. The effective coupling strength is λ. (b) Energy 

diagram of the system featuring two plexcitonic states (UP and LP) with the energy 

eigenvalues of E±
C. (c) Energy levels of the system as a function of the energy detuning Δ = 

ω0 − ωb for different coupling strengths as marked. The two thin black lines are the bare 

atomic and plasmonic states. (d) Energy levels of the system as a function of the energy 

dissipation γ− for different energy detuning. At zero detuning Δ = 0, the threshold for Rabi 

splitting occurs at γ−/(2λ)=1. In (c) and (d), the dash-dot lines represent upper plexcitonic 

states while the solid represent lower plexcitonic states. Yellow-shaded area: an energy-

bending region where no energy splitting is allowed; instead, the energy level of QEs 

undergoes an energy shift of ΔEC owing to the perturbation of the plasmonic field. Light 

blue-shaded area: an energy-splitting region where distinct anti-crossing plexcitonic states 

are γ− is defined as γ− = |γ0 − γb|/4.
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Figure 6. Shift and splitting of the PL emission under different coupling strengths.
(a) The radiative energy shift occurs at lower coupling strengths and transits to splitting at 

higher ones from the calculated PL spectra for the coupled plasmon-QEs system. (b) 

Radiative energy splits at a higher coupling strength than the Rabi splitting; below the 

threshold for splitting, radiative energy shifts occur at nonzero detuning. The yellow- and 

light blue-shaded areas (1) and (2) are the energy-bending and energy-splitting regions 

judging by the Rabi splitting. However, based on the radiative study, area (2) still falls into 

the energy-bending region while area (3) is the energy-splitting region. This observation 

underscores the difference between the Rabi splitting and the observed PL peak splitting.

Zheng et al. Page 18

Small. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zheng et al. Page 19

Table 1.

Radiative transitions (ω0, ω0′ ) for different dyes in DMF under the continuous light illumination and the pulsed 

laser pumping. The effective coupling strength was calculated based on eq. (3).

Free dyes in DMF
Continuous illumination Pulsed laser pumping Observed energy shift (meV)

Calculated λeff,meV
ω0, eV ω0′ , eV Δ ω0 = ω0′ − ω0

Cy7 1.586 1.579 −7 29

Cy7.5 1.521 1.506 −15 48

Dylight800 1.549 1.536 −13 43

IR-140 1.485 1.432 −53 98
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Table 2.

Radiative transitions (ω0, ω0′ ) for dye-doped silica shell in the absence (SiO2 nanoparticles with a mean 

diameter of 60 nm as the core) and presence (gold nanostars with a size of about 60 nm as the core) of the 

plasmon field. The plasmon resonance frequency (ωb) and linewidth (γb) is 1.648 eV and 498 meV for gold 

nanostars. The parameters (ωb, ω0, ω0′ , γ0) are obtained by fitting the experimentally measured absorption and 

PL spectra. The coupling strength λ is calculated based on eq. (5).

No plasmon field Under the plasmon field Observed energy shift 
(meV)

Calculated λ, meV |γ−| Ratio: 2γ−|/λ
dyes-SiO2 ω0, eV γ0, meV Au@dyes-SiO2 ω0′ , eV Δω0

Cy7 1.619 97 Au star-Cy7 1.576 −43 94 102 1.975

Cy7.5 1.546 123 Au star-Cy7.5 1.507 −39 96 103 1.823
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