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Subradiant entanglement in plasmonic nanocavities
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Plasmonic nanocavities are known for their extreme field enhancement and subwavelength light confinement
in gaps of just a few nanometers. Pairing this with the ability to host quantum emitters, they form highly
promising platforms to control or engineer quantum states at room temperature. Here, we use the lossy nature
of plasmonic nanocavities to form subradiant entangled states between two or more quantum emitters, that
persist for ∼100 times longer than the plasmonic excitation. We develop a theoretical description that directly
links quantum variables to experimentally measurable quantities, such as the extinction cross section, and unlike
previous studies includes plasmonic excitations necessary to resonantly form subradiant states. This work paves
the way towards engineering quantum entangled states in ambient conditions with plasmonic nanocavities.
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I. INTRODUCTION

Plasmonic nanocavities are formed by two or more metallic
nanostructures separated by a nanometer-size gap [1–3] and
have drawn significant attention in recent years due to their
ability to reveal light-matter interactions in ambient condi-
tions [4–10]. Such structures confine electromagnetic fields
at extreme subwavelength volumes [5,6,9–11] and promise to
generate quantum phenomena, such as quantum entanglement
and nonclassical light at room temperature, which are yet
to be realized. Until now, experimental investigations have
primarily focused on far-field measurements for the combined
system (i.e., scattering and extinction cross sections) [4–13],
while theoretical studies have focused on quantum scattering
processes and spontaneous emission [14–17], with quan-
tum dynamics usually explored for weakly coupled systems
that rapidly decay and arbitrary cavities that cannot be im-
plemented for realistic plasmonic nanocavities that tightly
confine fields [18,19].

Quantum entanglement serves as the foundation of many
current quantum technologies, typically implemented in high-
finesse cavities or other low-loss systems, and often require
complex cryogenic setups. Plasmonic nanocavities, charac-
terized by their non-Hermitian (i.e. lossy) nature, present
a significant challenge to the coherent control of quan-
tum states. However, it has been proposed that dissipation
can be utilized for quantum state preparation and entangle-
ment [20–22]. Such dissipative state engineering has been
realized in traditional quantum optical systems to produce
entanglement in atomic ensembles [23], Bell states, and
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squeezed states of trapped ions [24,25], but it often in-
volves complex experimental setups operating at cryogenic
temperatures.

In this paper, we show that nanoplasmonic systems are
ideal for forming quantum states in ambient conditions
through dissipation. We demonstrate that subradiant entangled
states are formed in plasmonic nanocavities through the plas-
monic dissipation, paving the way towards the experimental
realization of quantum state preparation with nanoplasmonics.
We first incorporate the description of a resonant plasmon
mode into quantum optical models, paying particular attention
to carefully parametrize the input (output) coupling to external
sources (loss reservoirs). This allows us to directly connect
quantum variables with experimentally measurable quantities,
ensuring consistency in the classical limit. Using this method,
we reveal subradiant entanglement emerging between two or
more quantum emitters (QEs) located in a plasmonic nanocav-
ity, which persists for ∼100 times longer than the lifetime
of Rabi oscillations that are limited by the plasmon decay.
Unlike previous studies that adiabatically eliminate the pho-
tonic excitation and therefore form subradiant states driven by
virtual transitions [18,26,27], we include the excitation of the
plasmonic mode, which becomes important for interactions
near the cavity resonance. We show that it is the lossy nature
of plasmonic nanocavities that aids the emergence of the sub-
radiant states. Hence, our work is an important bridge between
theoretical input-output modes in quantum optics [28] and
descriptions of quantum plasmonics, which paves the way
towards engineering quantum states via dissipation in ambient
conditions with plasmonic devices.

II. QUANTUM DESCRIPTION OF PLASMONIC
NANOCAVITIES

The open and lossy nature of plasmonic environments
creates a non-Hermitian system and places significant the-
oretical impediments for their incorporation into cavity
quantum-electrodynamic (cQED) descriptions, since they
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FIG. 1. (a) NPoM geometry for a 40-nm-radius spherical gold nanoparticle assembled on a flat gold mirror and separated by a spacer of
refractive index n = 2.5 and thickness d = 1 nm. (b) NPoM with two QEs in the nanocavity and showing the energy coupling in (κin) and out
(κout) of the system. (c) The normalized mode profile of the (1,0) plasmonic mode on a plane through the center of the cavity, with the white
and red dots indicating the QE positions. (d) The classical absorption, scattering, and extinction cross sections (blue, red, and yellow dashed
lines, respectively) plotted with the quantum extinction cross section (black full line) for a single plasmonic mode model.

were developed for high-finesse cavities. Recently, several
quantum descriptions have been proposed that aim to over-
come the non-Hermitian nature of the problem [14,29,30].
Even though each method is a significant breakthrough, this
is still a developing topic with each newly proposed method
having significant merits, but also limitations. Two notable
examples are the Weisskopf-Wigner theory [29–34] that, in
general, uses the spectral density of a plasmonic system calcu-
lated classically to perform multi-Lorentzian spectral fits for
the plasmonic modes, and the symmetrizing orthonormaliza-
tion transformation of quasinormal mode (QNM) operators
that produces plasmonic operators that canonically com-
mute [14]. Although both methods are probably the current
state of the art for the quantization of plasmons, each has
limitations. The first method does not easily facilitate the
decomposition of plasmon modes, affecting both the near and
far fields. The second method mixes the plasmonic modes
during the symmetrizing orthonormalization transformation,
producing a new set of canonical plasmonic operators that no
longer correspond to the initial QNM modes. Consequently,
both methods impede the design of plasmonic systems with
specific modes and properties, crucial for interactions with
QEs, aimed at forming specific quantum states.

Here, we therefore introduce a general open quantum
system formalism, where each plasmonic mode’s resonant
frequency, loss, and coupling strength with a QE is obtained
from classical QNM modes, and focus on how energy couples
in and out of the system to obtain experimentally measurable
quantities. This formalism can be applied to other quantum
descriptions, including Refs. [14,34]. We start by decompos-
ing the classical photonic response of the plasmonic system
into quasinormal modes (QNMs), using the QNMEig (quasi-

normal mode eigensolver) methodology [35–37], described
in detail in the Supplemental Material (SM) [38], Sec. S5.
This method employs an auxiliary-field eigenvalue approach
to account for the dispersive nature of the metals and linearize
the electromagnetic eigenvalue problem. The eigenvectors
provide the near field of each plasmon mode with complex
eigenfrequencies [39,40] ω̃cav = ωcav − iκout, where ωcav is
the cavity resonant frequency and κout the total decay rate
(radiative and Ohmic losses) of each plasmonic mode. Here,
we consider the nanoparticle on mirror (NPoM) plasmonic
nanocavity as shown in Figs. 1(a) and 1(b).

We divide the Hamiltonian H = Hsys + Hres into two
components: the system (Hsys) and reservoir (Hres) Hamil-
tonians [41], which we discuss separately. The system
Hamiltonian describes the plasmonic modes obtained from
classical QNM calculations [35] (Hcav), the multiple QEs as
two-level systems (HQEs), the interaction between the plas-
mon modes and the QEs (Hint) and a driving external field
coupled to the cavity (Hext), such as a pump, which here
represents an external illumination of the system. The system
Hamiltonian is given by

Hsys = �cava†a︸ ︷︷ ︸
Hcav

+
N∑
j

1

2
�

( j)
d σ ( j)

z︸ ︷︷ ︸
HQEs

+
N∑
j

g(r( j) )
(
a†σ

( j)
− + aσ

( j)
+

)
︸ ︷︷ ︸

Hint

+ i
√

κin(α∗a − αa†)︸ ︷︷ ︸
Hext

, (1)

where N is the number of QEs placed in the nanocavity,
�cav = ωcav − ωp and �

( j)
d = ω

( j)
QE − ωp are the detunings of

the cavity resonance (ωcav), and each QE resonant frequency
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(ω( j)
QE ) from the external field’s frequency (ωp). The {a, a†} are

the bosonic operators that create and annihilate the plasmon
mode, and σ

( j)
z is the Pauli z operator describing the jth

two-level QE (see SM [38], Sec. S2). Note that to ease the
interpretation of the system’s quantum dynamics and the cor-
relations between multiple QEs residing within the plasmonic
nanocavity, we design a gold NPoM nanocavity for which it
is safe to assume that only one plasmon mode couples to the
QEs. The interaction of the plasmonic mode with the jth QE
at position r( j) is given by (a†σ

( j)
− + aσ

( j)
+ ) with the coupling

strength measured by

g(r( j) ) =
√

h̄ωcav

2ε0εV
d( j) · u(r( j) ), (2)

where u(r( j) ) is the normalized electric field vector of the
QNM mode, which makes the coupling strength g(r( j) ) de-
pendent on the jth QE’s location r( j) within the plasmonic
nanocavity. The mode volume is obtained from the QNM

calculations as V =
∫

dr|u(r)|2
Max[|u(r)|2] (see SM [38], Sec. S1), ε is

the electric permittivity of the material hosting the QEs, and
d( j) is the dipole moment of the jth QE. The last term
[i
√

κin(α∗a − αa†)] of Eq. (1) describes an external coherent
monochromatic source driving the system, where

√
κin is the

rate that energy couples into the system and α is the amplitude
of the coherent state, defined by the source’s photon flux c|α|2
(see SM [38], Secs. S1 and S3, for more discussion). Note
that α can be complex, with its amplitude directly linked
to the amplitude of a coherent driving field and its phase
corresponding to the driving field phase. However, since in
this paper we only consider one continuous incident field, the
driving field phase is irrelevant and one can take α to be real.

While the system Hamiltonian describes the excitation of
the system and the interaction between QEs and the plasmon
mode, it contains no description of losses. Nanoplasmonic
devices hosting QEs, in general, have two loss channels: (i)
the plasmon modes lose energy by both radiating to the far
field and via Ohmic losses, and (ii) the decoherences of QEs
due to the (ro)vibrational energy states of the molecule. We
represent the plasmonic loss and QE decoherences with two
separate reservoirs as

Hres =
N∑
j

∫ ∞

0
dωvib σ ( j)

z κvib(ωvib)[b†
vibeiωvibt + bvibe−iωvibt ]

− i
∑

λ

∫ ∞

0
dωκres(ω)[bλ(ω)a†ei�(ω)t

− b†
λ(ω)ae−i�(ω)t ], (3)

where the first term describes the coupling of the QEs to
a phonon bath reservoir, with phonon frequencies ωvib and
strength κvib(ωvib), and {bvib, b†

vib} the phonon reservoir oper-
ators. The second term of Eq. (3) accounts for the coupling of
the plasmonic mode to a background reservoir that represent
plasmonic and photonic losses to describe the Ohmic and
radiative losses of the system, respectively, with photon fre-
quencies ω and coupling strength κres(ω). It is this part of the
cQED method that provides the short lifetime of the system’s
plasmonic behavior. Note that the detuning �(ω) = ω − ωp

is the detuning of frequency ω with the incident external field
frequency (ωp), and {bλ(ω), b†

λ(ω)} are the plasmon reservoir
creation/annihilation operators.

Applying the Born-Markov approximation [42] for the
reservoirs allows for the time evolution of the open quantum
system to be described by the density operator ρ via the
Lindblad master equation as

d

dt
ρ = − i[Hsys, ρ] + 2κoutaρa† − κout (a

†aρ + ρa†a)

+
N∑
j

[
κvibσ

( j)
z ρσ ( j)

z − κvib

2

(
σ ( j)2

z ρ + ρσ ( j)2
z

)]
, (4)

where the density operator ρ describes the statistically mixed
state of the system (see SM [38], Sec. S2). We solve Eq. (4)
numerically using DIRACPY [43]. The expectation value of any
operator of the system can be obtained via 〈O〉 = Tr[Oρ], for
example, the expected plasmon excitation number 〈a†a〉.

Quantum extinction cross section

To obtain experimental quantities, such as the extinction
cross section, from the above cQED description (or any other
quantum description), one needs a formalism on how energy
couples in and out of the system. Here we represent a constant
external illumination with a monochromatic plane wave by a
single mode, ωp, of the plasmon reservoir that is coherently
excited. The field operators bλ(ωp) are replaced by complex
amplitudes α under the mean-field approximation. These are
directly related to the incident beam intensity and determine
the flux of photons exciting the system. The rates with which
energy is coupled into (κin) and lost (κout) from the system are
schematically shown in Fig. 1(b) and can be used to find the
quantum extinction cross section.

Classically, the extinction cross section is defined as the
total power lost by the system (Pout) relative to the incident
intensity (S) of the plane wave. When considering their quan-
tum analogues in the steady state, they respectively become
Pout = 2κout h̄ω〈a†a〉 and S = c0 h̄ω|α|2. The 〈a†a〉 = κin|α|2

κ2
out+�2

cav
,

and is proportional to 〈a〉 and 〈a†〉 (see SM [38], Sec. S4),
which leads to the quantum extinction cross section,

〈
σ

q
ext

〉
noQEs = 2κinκout

c0

1

κ2
out + �2

cav

, (5)

where c0 is the speed of light constant. We define the in-
coupling coefficient as κin = κoutc0σext/2, which ensures that
the quantum, 〈σ q

ext〉noQEs and classical, σ c
ext, extinction cross

sections are equal, 〈σ q
ext〉noQEs = σ c

ext, when the external illu-
mination is on resonance with the QNM mode (i.e., ωcav = ωp

and �cav = 0).
Now, we apply this theoretical description to a specific

plasmonic system. Throughout this article, we consider a
NPoM geometry [see Figs. 1(a) and 1(b)] made of a spher-
ical, gold nanoparticle of radius 40 nm assembled 1 nm
above a flat gold mirror, separated by a molecular monolayer
with refractive index n = 2.5, which is consistent with re-
cent experimental setups [44,45]. This plasmonic nanocavity
has the first-order (1,0) QNM resonance at ω̃cav = (338.9 −
i9.8) THz (i.e., λcav ∼ 900 nm), which gives a Q factor of
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FIG. 2. (a) The symmetric QE placement in a NPoM nanocavity. (b) The population of their excited state, when the system is initialized in
the excited field state. (c) The effective coupling strength of the system. (d) Asymmetric QE placement in the nanocavity, with the (e) central
and (f) displaced QE excited state population, when the system is initialized in the excited field state. (g) The system’s effective coupling
strength.

Q = Re(ω̃cav)/2Im(ω̃cav) ∼ 17. The normalized electric field
eigenvector u(r) for the (1,0) mode is shown on a slice
through the center of the cavity in Fig. 1(c) and exhibits a
large central extrema, with the mode volume being Re[V ] =
60.01 nm3 ∼ 8.2 × 10−8λ3. This combination of Q factor
and mode volumes takes plasmonic nanocavities far beyond
traditional photonic cavities.

In Fig. 1(d), we plot the classical extinction (σext), scat-
tering (σscat), and absorption (σabs) cross sections that show
the lowest-order mode to be spectrally isolated, and the κout

obtained from the QNM calculations corresponding to the full
width at half maximum of σext. Therefore, we can safely as-
sume that only one plasmonic mode interacts with the QEs for
this specific plasmonic nanocavity. The quantum extinction
cross section is in good agreement with its classical coun-
terpart and, since we considered only one plasmonic mode
for the cQED description, it only shows one peak. Note that
the values of the quantum and classical σext match exactly
on resonance with the cavity [i.e., the (1,0) QNM mode:
λ(1,0) ∼ 900 nm]. The spectral shifts seen in Fig. 1(d) are
due to the broadband contributions of higher-order modes for
far-field quantities such as the classical σext, and have been
previously reported and explained [46,47]. This driven for-
malism is applicable to other quantum descriptions and very
flexible, allowing us to initialize the system in any particular
state, unlike other methods [29].

III. TWO-EMITTER QUANTUM DYNAMICS

We now consider the quantum dynamics of QEs in this
cavity, which we take henceforth as Cy5 molecules with
d = 10.1 D and κvib = 25 meV [45]. Before discussing the

details of the two-molecule dynamics, we briefly summa-
rize the single-molecule behavior when a plasmon is initially
excited and the molecule is located in the center of the cav-
ity (x = 0) and starts in its ground state. In this case, Rabi
oscillations occur at ωRabi =

√
4g2 − κ2

out. The molecular de-
phasing at rate κvib causes these oscillations to “blur” out over
time (see SM [38], Sec. S7). Introducing a second emitter at
the same location and initialization, one finds the frequency
of Rabi oscillations is increased to ωRabi =

√
8g2 − κ2

out due
to the

√
N = √

2 enhancement of the collective coupling
strength,

√
2g. The populations of the two emitters also de-

cay faster due to the combined dephasing of both emitters.
Realistically, two Cy5 molecules cannot be placed at the ex-
act same position within the nanocavity, and their coupling
strength g(r) of Eq. (2) is position dependent, according to
the QNM mode’s eigenvector shown in Fig. 1(c). Due to the
cylindrical symmetry of the cavity and of the (1,0) mode,
we need to only consider QE positions along the x axis—as
indicated by the white dashed line in Figs. 2(a) and 2(d).
Figure 2(a) diagrammatically shows a symmetric arrangement
for the two QEs away from the center of the cavity, which
means both QEs continue to experience the same coupling
strength, producing identical excited state populations for all
positions |x| = x2 = −x1. These are shown in Fig. 2(b) for
|x| up to 10 nm away from the nanocavity center. As the
emitters move away from the cavity center, they experience a
rapid reduction of their coupling strength and, for |x| > 6 nm,
the system transitions into the weak-coupling regime, where
no Rabi oscillations are observed in the quantum dynamics
of the system [Fig. 2(b)]. This can be quantified through
the ratio of an effective coupling strength gE obtained from
the Rabi oscillations of the quantum dynamics [Fig. 2(b)]
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FIG. 3. (a) The 〈a〉 of the driven single QE NPoM system as a function of both cavity (�cav = ωcav−ωQE

ωQE
) and external source (�p = ωp−ωQE

ωQE
)

detunings. The black and white dashed lines, respectively, show �cav = �p and �p = 0. Rabi splitting in terms of 〈a〉 as a function of both
plasmon detuning and coupling strength, for (b) one and (c) two emitters at the center of the cavity, where g′ = √

2g0. Gray dashed lines trace
the peaks, while the gray solid lines are solutions of Eq. (7).

normalized to the coupling of a single QE at the center of the
cavity, g0, shown in Fig. 2(c). Due to the dependence of the
coupling strength on the mode profile, the effective coupling
strength (gE ) changes with the position of the emitters as
gE/g0 ∝

√
u(x1)2 + u(x2)2, which becomes

√
2u(x) for the

symmetric placement of the QEs [since u(x1) = u(x2)]. No
gE can be determined once the system is in the weak-coupling
regime since no Rabi oscillations are present in the quantum
dynamics. If, instead, one QE always remains at the center of
the cavity while the second QE takes various positions along
the x axis (i.e., asymmetric placement), as shown in Fig. 2(d),
then each QE is coupled to the plasmon mode with a different
coupling strength. The population dynamics of the central
emitter and displaced emitter now differ and are, respectively,
shown in Figs. 2(e) and 2(f), showing that the central QE’s
Rabi oscillations slow down as the second emitter is placed
further out from the nanocavity. Nevertheless, we find that the
Rabi oscillations are still governed by the effective coupling
strength gE/g0 ∝

√
u(x1)2 + u(x2)2 [see Fig. 2(g)]. This now

decreases more slowly as
√

1 + u(x2)2 compared to the sym-
metric case, and reduces to unity once the second QE is only
weakly coupled to the plasmon, which occurs at x2 ∼ 10 nm,
where the system returns to a single-emitter strong-coupling
interaction with the plasmon mode.

Hybrid states

Experimentally, the Rabi oscillations and effective cou-
pling strength are obtained by the Rabi splitting of the
system’s hybrid states, measured in the far field. Usually
an external field illuminates the combined system, and the
scattered light (or extinction energy) is collected. Due to
reciprocity, the energy loss of the system in the steady state
[P = 2κout h̄ω〈a†a〉] is equivalent to the plasmon excitation in
the system by the external illumination, which is described
by P = −√

κin(α〈a†〉 + α∗〈a〉). Normalizing this energy loss
with the incident energy S = c0h̄ω|α|2 leads to the quantum
extinction cross section for the combined system, i.e., 〈σ q

ext〉 =
−√

κin(α〈a†〉 + α∗〈a〉)/c0|α|2, in terms of the field operator

expectation values. Without loss of generality, α can be taken
to be real in our case, which reduces the quantum extinction
cross section to 〈

σ
q
ext

〉 = −2
√

κin
Re{〈a〉}

c0α
, (6)

where 〈a〉 describes the rate at which energy is removed from
the excited plasmon state (i.e., extinction energy) and can
be found by first solving the master equation for the density
matrix in the steady state and then taking the trace with the
field operator as 〈a〉 = Tr[aρ].

For this externally driven regime, the system which is ini-
tially in the vacuum state is excited at a rate

√
κinα—such that

the average photon number in the system is Nph = 10−6. This
value ensures that no two-photon processes occur and corre-
sponds to an incident power of 4π mW/cm2 (see SM [38],
Sec. S3). In Fig. 3(a), we plot 〈a〉 (which is proportional to
〈σ q

ext〉) for a single emitter at the center of the nanocavity,
with both the external source (�p) and cavity (�cav) reso-
nances detuned relative to the QE resonance. This exhibits
the signature avoided crossing to form two hybrid states,
characteristic of strong coupling [48,49]. The black and white
dashed lines show �cav = �p and �p = 0, respectively. Many
experimental analyses of strongly coupled systems measure
these hybrid states, with other theoretical descriptions also
predicting them [32,50,51]. It has been recently shown [51]
that one can consider a complex mode volume that accounts
for the radiative nature of plasmons, to obtain the complex fre-
quency of the strong-coupling hybrid states (i.e., polaritons)
as [51–54]

ω̃± = ω̃e + ω̃cav

2
±

√
g2[1 − iR] +

(
ω̃e − ω̃cav

2

)2

, (7)

where R = Im[V ]/Re[V ] is the ratio of the imaginary and
real components of the mode volume [55], and the imagi-
nary components of ω̃e and ω̃cav are, respectively, κvib and
κout. For systems with a large quality factor Q, the negligibly
small Im[V ] makes it apparent that the standard description
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(a) (b)

(c) (d)

FIG. 4. The population dynamics for a system of two QEs at the center of a nanocavity (a) without (κvib = 0) and (b) with (κvib = 25 meV)
the QE decoherences. S and A, respectively, describe the super- and subradiant superposition states. The population dynamics for two QE with
decoherences κvib = 25 meV, when they are placed in a nanocavity (c) symmetrically (x2 = −x1 = 4 nm) and (d) asymmetrically (x1 = 0 and
x2 = 4 nm).

is sufficient. For low-Q systems though, such as our plas-
monic nanocavity, the complex nature of the mode volume
has the ability to significantly alter the observed dynamics.
The solutions for ω̃± are plotted with gray lines in Fig. 3(a),
demonstrating their strong agreement with our non-Hermitian
cQED description for light-matter interactions.

Now, we obtain the strong-coupling hybrid states for var-
ious coupling strengths with respect to the external field
detuning from the QE �p [see Fig. 3(b)]. For an empty cavity
(g = 0), a singular resonance is observed which is attributed to
the absorption and reemission of the energy collected by the
plasmonic mode alone. Increasing the coupling between the
QE and the plasmon, one quickly sees their hybridization and
emergence of the characteristic Rabi splitting, even for small
coupling strengths. For small coupling strengths, the strong-
coupling condition g2 > κoutκvib [56] is still valid, despite the
QE population dynamics showing a relatively small num-
ber of Rabi oscillations that dissipate quickly (see SM [38],
Sec. S6 for the quantum dynamics). However, to acquire a
more intuitive picture of the occurring interaction, it is more
appropriate to separate this condition into two: one for the
plasmon g > κout and one for the QE g > κvib. For example,
a single emitter at the center of our NPoM cavity (i.e., at
g0) has g2

0/κoutκvib = 4.64, placing the system well into the
strong-coupling regime. However, g0/κvib = 9.74, which al-
lows the Rabi splitting to occur, while g0/κout = 0.48, which
leads to a large radiative emission and rapidly decaying Rabi
oscillations. To lose the Rabi splitting and the hybrid states
for the overall system, the coupling strength needs to reduce
enough for the ratio g/κvib < 1, which is in agreement with
both our description and Eq. (7) [51] (gray lines) shown in
Fig. 3(b). For multiple QEs in the cavity, the coupling strength
scales with

√
N , as expected, with Fig. 3(c) showing the Rabi

splitting for varying coupling strengths of two emitters in a
plasmonic nanocavity obtained from our description and also
in agreement with Eq. (7).

IV. SUBRADIANT ENTANGLEMENT

We now take advantage of the flexibility of our cQED
description to consider a case without external illumination,
by setting the input field α to zero, and initialize the system
with only one QE in the excited state. To better demonstrate
the dynamics presented by this preparation, we initially ignore
the inherent molecular linewidths of the emitters (κvib = 0)
and assume both emitters are placed at the center of the cavity.
Figure 4(a) shows that the primary energy exchange and Rabi
oscillations are now observed between the two emitters—
with twice as much energy passed to the initially nonexcited
emitter than to the plasmonic mode. Due to the asymmetric
initialization, the emitters no longer interact with the field
symmetrically: they instead oscillate out of phase with each
other as energy is passed between them. The key observation
here is that the emitters exchange energy until they reach an
equal, nonzero steady-state value. This long-lived state orig-
inates from the symmetric and antisymmetric superpositions
formed from the states of the two emitters,

|S〉 = 1√
2

(|0, e, g〉 + |0, g, e〉), (8)

|A〉 = 1√
2

(|0, e, g〉 − |0, g, e〉), (9)

which, respectively, describe the super- and subradiant states,
as shown in Fig. 4(a) with dot-dashed and dotted lines. The
symmetric and antisymmetric states are entangled since they
cannot be factorized into a product of |e〉 and |g〉. For our
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FIG. 5. (a) Eight QEs placed in a nanocavity on a ring arrangement, and (b) the population dynamics of their excited state, when the system
is initialized in the excited field state. (c) Eight QEs placed in a nanocavity on an “encircled emitter” arrangement and the population dynamics
of the (d) central and (e) surrounding QES, when the system is initialized in the excited field state.

system, although the superradiant state rapidly decays to zero,
the subradiant state reaches a steady-state solution. This oc-
curs due to the asymmetry of the state, with the interactions
of the |1, g, g〉 state with the components of |A〉 (|0, e, g〉
and |0, g, e〉) perfectly canceling out. In fact, these states are
formed via the high dissipation of the plasmonic mode, with
the plasmon providing a conduit to form the subradiant en-
tangled state (see the logarithmic-scale plot of the dynamics
in SM [38], Sec. S9). Introducing the molecular decoherence
rates to this calculation [Fig. 4(b)], we find that these states are
still formed, but now decay nonradiatively via κvib = 25 meV
and eventually the system returns to its ground state. However,
since the plasmonic excitation returns to zero population at
∼80 fs and the subradiant states only vanish at ∼10 ps, they
live for ∼100 times longer than the plasmonic excitation,
creating semipersistent subradiant entangled states in lossy
plasmonic nanocavities.

For a more realistic arrangement of the emitters, Fig. 4(c)
shows the quantum dynamics for a symmetric placement of
QEs at |x| = x2 = −x1 = 4 nm. The equal coupling strength
leads to fewer oscillations between the two QEs, but even-
tually the same long-lived entangled states emerges, with
the same population as with both QEs at the center of the
nanocavity (SM [38], Sec. S7). In contrast, the asymmetric
QE placement (i.e., x1 = 0 and x2 = 4 nm) leads to unequal
coupling strengths with the plasmon, and different rates for the
energy exchange between them, which distorts the subradiant
entangled states. Interestingly, we conclude that the coherence
between emitters and the formation of the (semipersistent)
subradiant entangled states occurs via the plasmonic dissipa-
tion and is only dependent on their relative coupling strength
with each other.

V. MULTI-EMITTER SYSTEMS

Of course, one can have more than just two QEs in a plas-
monic nanocavity, and with DNA origami [44,45] these can
be placed with a spatial precision of ±1 nm. Here we choose
eight QEs (N = 8), but keep the discussion generalized as it is
applicable for any reasonable number of emitters. We initially
consider a symmetric QE ring configuration of radius r, shown

diagrammatically in Fig. 5(a), where all N-QEs experience the
same coupling strength due to the cylindrical symmetry of
the plasmon mode. The quantum dynamics of this system can
be described using only three states: the vacuum state |0, 
g〉,
the excited field state |1, 
g〉, and an N-fold degenerate state
with any one of the N emitters excited |0, φ〉. Here, |
g〉 =∏N

i ⊗|gi〉 is a state in which all of the emitters are in their
ground states, and |φ j〉 = σ

( j)
+ |−→g 〉 is the state where emitter

j is excited while the rest remain in their ground states. The
state |0, φ j〉 is shown in Fig. 5(b) for this symmetric ring con-
figuration when the system is initially in the plasmon excited
state; this exhibits a

√
N enhancement to the effective cou-

pling strength and Rabi oscillation frequency. Now, instead
consider the emitters placed in an encircled emitter configura-
tion, shown in Fig. 5(c), with one emitter at the center of the
nanocavity and the other N − 1 forming a ring of radius r. The
central and surrounding QEs experience different coupling
strengths and therefore have different quantum dynamics,
where |φ1〉 of the central emitter is no longer degenerate with
|φ j>1〉 of the ring emitters, shown in Figs. 5(d) and 5(e),
respectively. Analogously to the asymmetric displacement of
the two QEs, the central QE remains always strongly coupled
to the plasmon, while the surrounding emitters experience
slower Rabi oscillations as r increases, until r � 10 nm where
they are weakly coupled to the plasmon.

We now explore the emergence of the subradiant entangled
states for a multi-emitter system. We initialize the system
with one QE in its excited state, when all N-emitters are
at the center of the nanocavity and there is no molecular
decoherence (κvib = 0). Figure 6(a) shows the population of
the state |0, φ1〉 for the initially excited QE (blue), together
with the total population of the other (N − 1) QEs (magenta).
Figure 6(b) incorporates the decoherence for Cy5 molecules
of κvib = 25 meV and shows the emergence of the subradiant
entangled states between the N-emitters, which now decays
more rapidly because of the higher total QE decoherence. If
the QEs are placed on a symmetric ring at r = 4 nm, the
subradiant entangled states are formed, but there are fewer
oscillations between the QEs since the coupling strength is
much weaker [Fig. 6(c)]. However, the coherent dynamics
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(a) (b)

(c) (d)

FIG. 6. The population dynamics for eight QEs in a nanocavity, initialized with one QE (blue) at its excited state and the effective excited
state of the other QEs (magenta). The dynamics for the emitters placed at the center of the cavity, (a) without (κvib = 0) and (b) with (κvib =
25 meV) QE decoherences, and placing the QEs at a (c) ring and (d) encircled QE arrangements with radius r = 4 nm.

of the QEs helps maintain their long-lived nature, with the
subradiant state population matching the same state’s popula-
tion for all QEs at the nanocavity center. For the asymmetric
encircled emitter configuration [Fig. 6(d)], the system is ini-
tialized with the central emitter in an excited state, which
maintains the quantum dynamic degeneracy of the (N −
1) QEs forming the circle. However, the varying coupling
strength between the central and ring QEs distorts the sub-
radiant entangled states.

Hence, multiple QEs within a plasmonic nanocavity give
rise to semipersistent subradiant states at room temperature
via the plasmonic dissipation, if the system is initialized ap-
propriately. These subradiant state form within just ∼100 fs
and persist for ∼100 times longer than the plasmonic ex-
citation, as long as the QEs are strongly coupled to the
lossy plasmonic nanocavity. The high loss of the plasmonic
nanocavity actually enables the emergence of the subradi-
ant states since it causes the superradiant state to decay
very rapidly. Their decay depends only on the molecular
decoherence, and one can choose molecules, quantum dots,
or other QEs with more favorable decoherence values than
the ones considered here. Such systems pave the way to-
wards engineering quantum states at room temperature via
dissipation with plasmonic nanocavities, for quantum memory
and quantum communication applications, avoiding complex
and cumbersome experimental setups.

VI. CONCLUSION

We have introduced a theoretical formalism for the inte-
gration of quantized plasmons into quantum optical models,
with particular attention given to the correct parametrization
of in and out coupling in plasmonic systems. We obtain exper-
imentally measurable quantities from the quantum formalism,
with very good agreement between quantum and classically
calculated extinction cross sections. Using this method, we
demonstrate that multiple emitters in a plasmonic nanocav-
ity form semipersistent subradiant states via the plasmonic
dissipation. They only emerge if the system is initialized
appropriately, the QEs are strongly coupled to the lossy plas-
monic nanocavity, are independent of the high plasmonic
losses and the coupling strength, and survive ∼100 times
longer than the plasmonic excitation. This work paves the way
towards quantum state engineering quantum at room temper-
ature with nanoplasmonics.
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