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Quantum manipulation is challenging in localized-surface plasmon resonances (LSPRs) due to strong
dissipations. To enhance quantum coherence, here we propose to engineer the electromagnetic environment
of LSPRs by placing metallic nanoparticles (MNPs) in optical microcavities. An analytical quantum model
is first built to describe the LSPR-microcavity interaction, revealing the significantly enhanced coherent
radiation and the reduced incoherent dissipation. Furthermore, when a quantum emitter interacts with the
LSPRs in the cavity-engineered environment, its quantum yield is enhanced over 40 times and the radiative
power over one order of magnitude, compared to those in the vacuum environment. Importantly, the cavity-
engineered MNP-emitter system can enter the strong coupling regime of cavity quantum electrodynamics,
providing a promising platform for the study of quantum plasmonics, quantum information processing,
precise sensing, and spectroscopy.
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Coherent light-matter interactions lay the foundation for
studies in quantum optics and applications ranging from
quantum sensing to quantum information processing [1]. So
far, various optical systems have been developed to tailor the
coupling between quantum emitters and photons [2–4]. An
emerging field is the study of light-matter interactions at the
nanoscale between few or even single quantum emitters and
localized-surface plasmon resonances (LSPRs) in metallic
nanostructures [4]. For example, in theweak coupling regime
where the incoherent dissipation dominates, LSPRs are
widely used to enhance fluorescence [5–7] and Raman
scattering [8–10] and to achieve unidirectional emission
[11]; in the strong coupling regime where the coherent
interaction dominates, hybridizations between plasmonic
resonances and quantumemitters have also been investigated
both theoretically [12–17] and experimentally [18–25].
Two approaches have been taken to achieve single-emitter

strong coupling—reducing the mode volumes and sup-
pressing the dissipations. The former typically requires
ultrafine geometries with nanometer or even subnanometer
precision [19,24], posing challenges on fabricating metallic
structures and positioning individual quantum emitters. For
the latter, the dipolar plasmonicmodes dissipate throughboth
radiation and Ohmic absorption, while the multipole modes
are purely absorptive [26]. Better coherence can be achieved
by reducing the excitation of multipole modes or enhancing
the excitationof dipolarmodes. Thus, efforts have beenmade
to tailor the geometry of the metallic nanostructures, for
example, elongating metallic nanoparticles (MNPs) to

separate the dipolar and multipole resonances [27], and
forming dimers or arrays to obtain stronger coupling of a
certain dipolar mode [28]. An alternative approach is
canceling the coupling between the emitters and the multi-
pole modes with the emitters homogeneously distributed
around the metallic structure [29]. Despite these efforts, the
nonradiative decay from the dipolar plasmonic modes
remains serious for small metallic nanostructures which
are advantageous for stronger light-matter interactions
brought by more confined fields [10]. Hybrid plasmonic-
photonic modes have been reported in various systems
[30–46] where LSPRs magnify the cavity field, creating
local hot spots [37–40] and enhancing sensing sensitivity
[41–46]. The treatment of hybrid modes, however, typically
oversimplifies the dynamical response of LSPRs and
obscures the role of each component. Here, by building a
full quantummodel, we reveal that the microcavity engineers
the electromagnetic environment of the dipolar plasmonic
mode, enhancing its radiation rate and further reducing the
Ohmic absorption. When a single quantum emitter interacts
with the cavity-engineered LSPRs, the quantum yield is
boosted more than 40-fold, and the radiative power is
enhanced over one order of magnitude, compared to
LSPRs in vacuum. With the better coherence, vacuum
Rabi oscillation, vacuum Rabi splitting, and anticrossing
phenomena arise, manifesting the cavity-engineered MNP-
emitter system in the strong coupling regime.
We develop an analytical model to describe the cavity-

engineered LSPRs interacting with a quantum emitter,
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shown in Fig. 1(a). The quantum emitter is assembled onto
the MNP surface, and the composite is placed inside an
optical microcavity. The electromagnetic environment of
LSPRs is thus formed by both the cavity mode and vacuum.
First we study how the microcavity engineers the electro-
magnetic environment of LSPRs in the absence of the
quantum emitter. The Hamiltonian contains three parts:
H ¼ Hc þHm þHI . Here Hc ¼ ωcĉ†ĉ characterizes the
cavity mode ĉwith resonance frequencyωc. To simplify the
discussion without loss of generality, we focus on spherical
particles if not mentioned, so Hm ¼ P

lωlâ
†
l âl describing

the quantized plasmonic modes âl with resonance frequen-
cies ωl [4,47], where l ¼ 1; 2;… labels the mode order
(dipole, quadrupole, etc). Furthermore, we consider par-
ticles with scale much smaller than wavelength to apply
quasistatic approximation, so that only dipolar LSPR
(l ¼ 1) is coupled to the cavity field [48]. The interaction
Hamiltonian then reads HI ¼ g1ðâ†1 þ â1Þðĉ† þ ĉÞ, with g1
being the coupling coefficient between the cavity and the
dipolar plasmonic mode, shown in Fig. 1(b). Validity of
the quantization is discussed in detail in Ref. [48]. Thus, the
quantum Langevin equations are given as [49]

dĉ
dt

¼ −
�

iωc þ
κc
2

�

ĉ − ig1â1 þ F̂c; ð1aÞ

dâ1
dt

¼ −
�

iω1 þ
κ1
2

�

â1 − ig1ĉ −
ffiffiffiffiffiffi
κin

p
âin þ F̂1; ð1bÞ

where ℏ is set to be 1, κc, and κ1 are the decay rates of the
cavity and the dipolar plasmonic modes; the input operator
âin represents the optical pump to the dipolar plasmonic

mode, at rate κin and frequency ωp; F̂c and F̂1 are the noise
operators, with hF̂†

cðtÞF̂cðt0Þi ≈ 0 and hF̂†
1ðtÞF̂1ðt0Þi ≈ 0 at

optical frequencies.
The resonance frequency of the dipolar plasmonic mode

ω1 ¼ 2.3 eV is determined using the Drude model [48].
The dipolar mode has two dissipation channels: radiation of
rate κr and Ohmic loss of rate κo, with the total decay rate
κ1 ¼ κr þ κo. We consider a gold nanoparticle with κo ¼
0.2 eV extracted from Ref. [50]. The radiative decay rate is
κr ¼ 2.45 meV, calculated following Ref. [47]. By setting
the cavity mode volume to be 1 μm3 and the quality factor
Q ¼ 105, we compare the analytical results with the
numerical results computed from Mie theory and find
good agreement for the MNP radius R < 30 nm [48].
Therefore, we set radius R ¼ 10 nm if not stated. The
coupling coefficient between the dipolar plasmonic mode
and the cavity mode is g1 ¼ −2.9 meV [48].
In the following, we study the steady-state solution of

Eq. (1). To characterize the dissipative property of micro-
cavity-engineered plasmonic excitation, we calculate the
dissipation power using the input-output formulation [49].
The radiative output power (in the unit of photon energy
ℏωp, the same below) ϕr ¼ κrhâ†1â1i þ κchĉ†ĉi is com-
prised of (i) radiation from the MNP to vacuum and
(ii) coupling into the cavity for further guiding. The
Ohmic dissipation power of the dipolar plasmonic mode
is given by ϕd ¼ κohâ†1â1i. When the cavity and the dipolar
plasmonic mode are on resonance (ω1 ¼ ωc), the radiation
power and the absorption power of the cavity-engineered
plasmonic mode are compared to the bare plasmon case in
Fig. 1(c) [48]. It is shown that Ohmic loss dominates over
radiation in the absence of the microcavity. While in the
presence of the cavity, the radiation is enhanced by over one
order of magnitude, and Ohmic absorption is reduced by
almost 2 orders of magnitude on cavity resonance. This
phenomenon is attributed to the nontrivial electromagnetic
environment created by the cavity, giving rise to an enhanced
radiation of dipolar LSPR. The radiation to the cavity
environment then guides the energy out from the absorptive
region, resulting in the reduction of incoherent absorption.
With the property of enhanced coherence, we show that

the cavity-engineered LSPRs exhibit unique advantages
in the coherent manipulation of a quantum emitter. After
introducing an emitter, the quantum Langevin equation is
given by [48]

dĉ
dt

¼ −
�

iωc þ
κc
2

�

ĉ − ig1â1 − iJσ̂− þ F̂c; ð2aÞ

dâ1
dt

¼ −
�

iω1 þ
κ1
2

�

â1 − ig1ĉ − iG1σ̂− þ F̂1; ð2bÞ

dσ̂−
dt

¼ −
�

iωe þ
γe
2

�

σ̂− þ iσ̂zðJĉþ G1â1Þ

−
ffiffiffiffiffi
γin

p
σ̂in;− þ F̂e; ð2cÞ

FIG. 1. (a) A quantum emitter coupled to a MNP in a micro-
cavity-engineered electromagnetic environment. (b) Schematic of
the interaction in the system. The cavity results in a peak in
vacuum density of state, marked by the red region. (c) Power
outputs in logarithmic scale of the LSPR to each channel versus
the pump-cavity detuning Δp;c ¼ ωp − ωc: radiation with cavity
ϕr (red solid curve), radiation without cavity ϕr;0 (red dashed
curve), absorption with cavity ϕd (black dots), and absorption
without cavity ϕd;0 (black dash-dotted curve).
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where σ̂− ¼ jgihej ¼ σ̂†þ denotes the lowering operator of
the emitter, with jgi (jei) being the ground (excited) state;
σ̂z ¼ jeihej − jgihgj; ωe is the transition frequency of the
emitter; G1 (J) indicates the coupling coefficient between
the emitter and the dipolar plasmonic mode (cavity); the
input operator σ̂in;− represents the optical pump to the
emitter, at rate γin and frequency ωp; F̂e is the noise
operator satisfying hF̂†

eðtÞF̂eðt0Þi ≈ 0 at optical frequencies.
The multipole plasmonic modes can be characterized by
a Markovian heat bath interacting with the quantum
emitter [48]. As a result, the decay rate of the emitter is
γe ¼ γs þ γm, consisting of the radiation to vacuum with
rate γs and the dissipation to multipole plasmonic modes
with rate γm [48].
We calculate the quantum yield and radiative power

of the emitter in the weak pumping limit; i.e., the
emitter is predominantly in the ground state, so that the
operator σ̂z in Eq. (2) can be replaced by its expectation
value hσzi ≈ −1. The quantum yield is defined as η ¼
Φr=ðΦr þΦdÞ [5]. The radiative output power Φr ¼
hð ffiffiffiffi

κr
p

â†1 þ
ffiffiffiffi
γs

p
σ̂þÞð ffiffiffiffi

κr
p

â1 þ ffiffiffiffi
γs

p
σ̂−Þi þ κchĉ†ĉi, where

the first term represents the radiation to vacuum from both
the emitter and the dipolar plamonic mode, and the second
term denotes the output through the cavity. The Ohmic
dissipation power Φd ¼ κohâ†1â1i þ γmhσ̂þσ̂−i, contributed
from the both dipolar (first term) and multipole plasmonic
mode (second term). In Fig. 2(a) we plot the steady-state

results of quantum yield η for an emitter with dipole moment
μ ¼ 1 e · nm and the distance D ¼ 10 nm between the
emitter and the MNP surface. It shows that the quantum
yield η > 40% in the presence of the cavity, while the
quantum yield is η0 ¼ 1% for the bare MNP case. This
significant enhancement of quantum yield results from
microcavity-reduced plasmonic absorption, demonstrated
by the blue dotted curve in Fig. 2(a). Themaximumquantum
yield corresponds to the valley in the Fano line-shape
absorption spectrum of the dipolar mode. Note that the
Fano resonance originates from the interference of two
channels that excite the dipolar modes—(i) direct excitation
from the quantum emitter and (ii) indirect excitation from
the emitter through cavity to dipolar mode, see Fig. 1(b).
Maximum destructive interference is achieved when the
pump-cavity detuning Δp;c satisfies [48]

Δp;c ¼ −J
g1
G1

≡ Δ0: ð3Þ

The peak of the LSPR excitation does not correspond to the
minimumof quantum yield because both the Ohmic loss and
the radiation power are strong. Although the excitation of
LSPR is reduced at Δp;c ¼ Δ0, compromising the local
density of state near the quantum emitter, radiation enhance-
ment due to the cavity environment still leads to over one-
order-of-magnitude larger output power Φr in comparison
with the bare MNP case Φr;0, as shown in Fig. 2(c).
Figures 2(b) and 2(d) plot, respectively, the enhancement

factors of the quantum yield η=η0 and the radiative power
Φr=Φr;0 versus the emitter-MNP distance D and the cavity
Q factor. It is counterintuitive that the engineering effect
of the microcavity does not increase monotonically with
increasing Q, instead it has a maximum at Qopt. This
phenomenon is attributed to two counteracting effects:
(i) when Q < Qopt, absorption of dipolar plasmonic mode
dominates the energy dissipation, because the electromag-
netic environment of a broad cavity resonance is basically
the same as vacuum; (ii) when Q > Qopt, although the
dipolar plasmonic mode dissipates most of its energy
through radiation, the energy guiding channel through
the cavity becomes less efficient for a high Q factor, so
that a substantial portion of energy is absorbed by multipole
modes. Balance of the two effects leads to a maximum
radiation enhancement at Q ¼ Qopt. Figures 2(b) and 2(d)
show that the effect of cavity engineering also depends on the
emitter-MNP distance D. When D is small, the loss from
the multipole plasmonic modes dominates; for a largeD, the
coupling between the emitter and LSPRs becomes weaker.
In the present case, the over 20-fold radiation enhancement
can be achieved in a wide range, 5 nm < D < 15 nm.
The reduction of the incoherent absorption is able to bring

the originally weak-coupled emitter-MNP system into the
strong coupling regime. Different from the previous semi-
classical treatment of the hybrid photonic-plasmonic mode

FIG. 2. (a) Quantum yield (left axis) and normalized dipolar
mode absorption (right axis) versus the pump-cavity detuningΔp;c.
The black solid curve (dashed line) plots quantum yield η (η0) with
(without) the cavity. (b) Enhancement factor of quantumyield η=η0
versus the distanceD and the cavity Q factor. (c) Radiative power
spectrumwith the cavityΦr (red solid curve) andwithout the cavity
Φr;0 (black dashed curve). (d) Enhancement factor of radia-
tive power Φr=Φr;0 versus the distance D and the cavity Q
factor. In (a) to (d), the parameters are fJ; G; γs; γmg ¼
f−144;−7200; 3; 83g μeV; the cavity, emitter, and dipolar LSPR
are on resonance, i.e., ωc ¼ ωe ¼ ω1. In (b) and (d), Δp;c ¼ Δ0.
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[37–39], we study the strong coupling dynamics using the
full quantummodel. To emphasize that the role of cavity is to
engineer LSPRs, rather than to couple the emitter directly,
we deliberately design the geometry of the system by setting
the dipole moment of the emitter μ⃗ perpendicular to cavity
electric field E⃗cav, so that the cavity-emitter coupling J ¼ 0.
An ellipsoidal MNP with a large aspect ratio is used here,
so that only the dipolar resonance along the long axis is
considered [27]. By placing the long axis in the plane formed
by μ⃗ and E⃗cav, the dipolar plasmonicmodecouples toboth the
cavity and the emitter, with coefficients G1ðθÞ ¼ G1 cos θ
and g1ðθÞ ¼ g1 sin θ, where θ is the included angle between
the long axis and E⃗cav. The cavity-engineered MNP-emitter
system exhibits the vacuum Rabi oscillation and splitting,
the typical manifestations of strong coupling [Figs. 3(a)
and 3(b)]. In the temporal domain, the emitter undergoes 5
complete periods of oscillation for Q ¼ 105 [Fig. 3(a)]. As
the quality factor decreases, the number of periods declines,
and oscillation does not occur without the cavity, demon-
strating that the cavity engineering is crucial for achieving
strong coupling. In the frequency domain, the emission
spectrum of the emitter γshσ̂þðωpÞσ̂−ðωpÞi exhibits two
well-separated peaks for Q ¼ 104 [Fig. 3(b)]. The emission
spectra are further illustrated in Fig. 4(a) with different
emitter-cavity detuning Δe;c ¼ ωe − ωc. The anticrossing
shown in the spectra is studied by analyzing the eigenfre-
quencies and linewidths of the two involved eigenmodes
[48,51], plotted in Figs. 4(b) and 4(c). The vacuum Rabi
splitting 2geff reaches 3.5 meV, larger than the linewidths
of both eigenmodes Γ1¼ 1.28meV and Γ2¼0.11meV.
The cooperativity 4g2eff=ðΓ1Γ2Þ exceeds 80. Dependence
of cooperativity on relevant parameters is discussed in
Ref. [48]. The linewidths do not show a crossed pattern as
in the conventional cavity quantum electrodynamics (QED)
case [49], because cavity mediated LSPR-emitter coupling
poses both a dispersive and dissipative nature. The similar

mechanism was reported in exciton mediated optomechan-
ical coupling [52] and low-Q cavity mediated cavity QED
coupling [53]. The dispersive coupling leads to the repulsion
of the eigenfrequencies’ real parts [Fig. 4(b)], and the
dissipative coupling results in repulsion of the imaginary
parts [Fig. 4(c)].
Finally we discuss the experimental feasibility. A single

quantum emitter can be grafted onto a single MNP by
using the DNA strands, with the controllable distance
down to nanometer scale [54,55]. Further, the emitter-
MNP composite can be bound to the microcavity by a
second DNA strand via biotinylated bovine serum albumin
[43,56]. The versatility of the DNA origami technique
enables nanometer-scale precise construction of the
cavity-MNP composite for a substantial overlap between
the cavity field and LSPRs.
In summary, we propose to achieve the coherent

light-matter interaction by engineering the electromagnetic
environment of LSPRs using an optical microcavity. By
constructing an analytic quantum model to describe the
LSPRs-microcavity interaction, we find that the microcavity
enhances the coherent radiation of the dipolar plasmonic
mode, and thus reduces the incoherent Ohmic dissipation.
When interacting with a quantum emitter, the microcavity-
engineered LSPRs significantly enhance the quantum yield
and the radiative power output, compared to those in the
vacuum environment. Most importantly, with the dissipation
suppressed, the microcavity-engineered MNP-emitter sys-
tem can reach the strong coupling regime of cavity QED,
while the bare MNP-emitter interaction falls into the weak
coupling regime. In combination with previous approaches
to suppressing the excitations of multipole modes [27–29],
the engineered plasmonics promotes quantum optical appli-
cations such as fast single-photon generation, quantum logic
gates, and entanglement [57–59].

FIG. 3. (a) Temporal evolution of the population hσ̂þðtÞσ̂−ðtÞi on
the emitter for Q ¼ 105 (red solid curve), Q ¼ 104 (blue dash-
dotted curve),Q ¼ 103 (green dots), and without the cavity (black
dashed curve). (b)Radiation power of the emitterwith respect to the
pump-emitter detuning Δp;e ¼ ωp − ωe for Q ¼ 104 (red solid
curve) and without the cavity (black dashed curve). In (a) and (b),
included angle θ ¼ 60°, the emitter-MNP distance D ¼ 5 nm,
cavity mode volume is 0.1 μm3, plasmonic mode volume is
400 nm3, detunings ω1 − ωe ¼ 0.6 eV and ωc − ωe ¼ 1.5 meV.

FIG. 4. (a) Emission spectra (in logarithmic scale) of the
emitter for various Δe;c. From bottom to top, Δe;c increases
from −10 meV to 10 meV with a 2 meV step. (b) Detunings and
(c) linewidths of the two eigenmodes formed in the strongly
coupled cavity-engineered plasmonic mode and the emitter.
Parameters are the same as in Fig. 3.
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