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Cooperative emission in quantum plasmonic superradiance
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Plasmonic superradiance originates from the plasmon mediated strong correlation that builds up between
dipolar emitters coupled to a metal nanoparticle. This leads to a fast burst of emission so that plasmonic
superradiance constitutes ultrafast and extremely bright optical nanosources of strong interest for integrated
quantum nano-optics platforms. We elucidate the superradiance effect by establishing the dynamics of the
system, including all features such as the orientation of the dipoles, their distance to the particle, and the number
of active plasmon modes. We determine an optimal configuration for Purcell enhanced superradiance. We also
show superradiance blockade at small distances.
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Introduction. In a seminal work, Dicke discovered that a set
of Ne atoms radiate collectively when they occupy a subwave-
length volume. Their emission is much faster (τNe = τ1/Ne)
and stronger (INe = N2

e I1) than for independent atoms. This
so-called superradiance originates from spontaneous phase
locking of the atomic dipoles through a same mode and is
very similar to the building of cooperative emission in a laser
amplifier [1]. Superradiant emission produces original states
of light with applications such as narrow linewidth lasers [2]
or quantum memories [3,4]. Single collective excitation of
atoms in a nanofiber has been demonstrated [5] and superra-
diantlike behavior was suggested in a plasmonics junction [6]
or a nanocrystal [7], pushing further integration capabilities
of quantum technologies. Putsovits and Shahbazyan identified
plasmon enhanced collective emission for dipoles coupled
to a metal nanoparticle (MNP) [8], considering a classical
approach which, however, cannot describe the Dicke cascade
at the origin of the cooperative emission. In this Rapid Com-
munication, taking benefit from recent advances on quantum
plasmonics and open quantum systems [9–17], we derive a
quantum approach for plasmonic superradiance and discuss
the dynamics of cooperative emission with particular attention
to the role of the localized surface plasmons (LSPn, where n
refers to the mode order).

Single excitation superradiance. We first consider single
excitation superradiance that presents a classical analog, fa-
cilitating the physical representation of the collective process.
It reduces to an eigenvalue problem on the dipole moment �d (i)

of Ne emitters located at �ri [8,18–21]:⎡⎣(
i
�tot

2
+ �tot

)
1 − 3

2k3
0

�0

Ne∑
j=1

G(�r j, �ri, ω0)

⎤⎦ · �d (i) = 0,

(1)
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TABLE I. Bright states with six emitters at 20 nm from a 30 nm
MNP (ω0 = 2.77 eV). The field lines of LSP1 are superimposed to
the brightest configuration.

where G is the Green’s tensor in the presence of the MNP, ω0

is the angular frequency of emission, and k0 = ω0/c. �0 is the
free-space dipolar decay rate. We assume a Drude behavior
εm(ω) = ε∞ − ω2

p/(ω2 + iγpω) with ε∞ = 6, h̄ωp = 7.90 eV,
and h̄γp = 51 meV for silver.

Typical plasmonic collective states (eigenmodes) are pre-
sented in Table I. The brightest state (�tot/�0 = 325) is ob-
tained for dipoles that are parallel to the field lines of LSP1,
which favors the collective coupling, and most of them (four

TABLE II. Brightest states maximizing �tot/�1 and considering
single mode MNP response. The field lines are indicated for LSP1.
�1 refers to single emitter configuration (all LSPs or single mode).
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out of six) are almost perpendicular to the MNP surface, cor-
responding to a strongly enhanced decay rate. We also observe
simple configurations maximizing the ratio �tot/�1 where �1

refers to a single emitter (azimuthal or radial) coupled to the
MNP. For azimuthal emitters �tot/�1 = 5.74, but for radial
orientation, �tot/�1 = 0.03 only. In Table II, we show the role
of LSPs for the azimuthal ring arrangement. It presents an
ideal superradiant behavior (�1

tot = Ne�
1
1) when LSP1 is the

only mode involved since all the emitters couple equivalently
to LSP1, as displayed by the field lines. This arrangement
is also a bright state for LSP3 but not for LSP2 where the
dipoles oscillate out of phase. Although the single excitation
superradiance can be understood from quantum or classical
approaches, only a quantum approach is able to describe the
dynamics of the preparation of coherent superradiant states.

Quantum master equation. The dynamics of Ne emitters
coupled to a MNP is governed by an effective Hamiltonian,
involving the transition operators σ̂

(i)
± of the emitter i, the

bosonic operators associated to LSPs [22], and fully taking
into account the emitter’s and LSP’s losses [23]. In the weak-
coupling regime, the LSPs are practically not populated due
to their strong dissipation. The adiabatic elimination therefore
permits one to transfer the information on the LSPs losses
to the effective dynamics of the excited emitters. We obtain
the Lindblad master equation for the density operator ρ̂ of the
emitters [24]:

d ρ̂(t )

dt
=

Ne∑
j=1

Ne∑
k=1

1

ih̄
[Ĥjk, ρ̂(t )] + D jk[ρ̂(t )], (2)

with

Ĥjk = −h̄� jk σ̂
(k)
+ σ̂

( j)
− , (3a)

D jk[ρ̂(t )] = � jk
[
σ̂

( j)
− ρ̂(t )σ̂ (k)

+

− 1
2 (σ̂ (k)

+ σ̂
( j)
− ρ̂(t ) + ρ̂(t )σ̂ (k)

+ σ̂
( j)
− )

]
. (3b)

The parameter � j = � j j (� j = � j j) represents the decay rate
(Lamb shift) of the emitter j in the presence of the MNP. For
j �= k, � jk and � jk characterize the cooperative decay rate and
population transfer. In particular,

� jk =
Ne∑

n=1

γn

δ2
n + (

γn

2

)2 g( j)
n g(k)

n μ( jk)
n , (4)

where we introduced the coupling strength g( j)
n between the

emitter j and the mode LSPn. μ( jk)
n is the coupling strength be-

tween emitters i and j via LSPn [24]. This plays an important
role in the emitters’ dynamics since, depending on its sign, it
can lead to either enhancement or blockade of the cooperative
process.

Cooperative emission. In the case of plasmonic Dicke
states, the coupling to LSPs strongly depends on the emitter
orientation and the number of active LSP modes. We work in
the basis {|ee . . . ee〉,PNe−1

Ne
(|α〉), . . . ,P1

Ne
(|α〉), |gg . . . gg〉},

where the permutator PNe−l
Ne

(|α〉) gives all the states |α〉
with Ne − l excited emitters. For instance, P2

3 (|α〉) =
{|eeg〉, |ege〉, |gee〉}. The collective emission can be written as

I (t ) = h̄ω0W (t ) with the collective rate

W (t ) =
〈

Ne∑
i, j=1

�i j σ̂
(i)
+ σ̂

( j)
−

〉
= Tr

⎛⎝ρ̂
∑
i, j

�i j σ̂
(i)
+ σ̂

( j)
−

⎞⎠. (5)

This expression generalizes the standard definition to the
case of nonequal rates �i j . It can be separated into two
contributions: WP involving the populations and WC involving
coherences. For instance, in the presence of two emitters:

WP(t ) = (�1 + �2)〈ee|ρ̂(t )|ee〉
+�1〈eg|ρ̂(t )|eg〉 + �2〈ge|ρ̂(t )|ge〉, (6a)

WC (t ) = �12[〈ge|ρ̂(t )|eg〉 + 〈eg|ρ̂(t )|ge〉]. (6b)

Similar expressions can be derived for an arbitrary number
of emitters. For independent emitters (μi �= j = 0), the decay
rates �i j cancel for i �= j. The emission rate reduces to inco-
herent emission WP of the independent emitters. The second
term WC describes the collective behavior of the ensemble of
emitters when μi j �= 0. Therefore, the cooperative behavior
originates from the correlation between the states of same
excitation PNe−l

Ne
(|α〉) in full analogy with free-space super-

radiance.
Finally, we emphasize that the collective rate W (t ) in-

cludes both radiation in the far field and nonradiative trans-
fer to the absorbing MNP. Since the cooperative decay rate
can be written equivalently as � jk = 2ω2

0/(h̄ε0c2)Im[d( j) ·
G(r j, rk, ω0) · d(k)] [24], one can isolate the radiative rates
�rad

i j in the quasistatic approximation [8], and the far-field
radiated emission obeys Irad(t ) = h̄ω0Wrad(t ) with

Wrad(t ) =
〈

Ne∑
i, j=1

�rad
i j σ̂

(i)
+ σ̂

( j)
−

〉
. (7)

The master equation (2) is solved numerically following
Refs. [30,31] assuming the initial state |ψ (0) = |e · · · e〉.
Figure 1 represents the dynamics of correlated emission. We
consider three configurations (black lines): azimuthal emit-
ters (perpendicular to the equator) at distance h = 20 nm in
Fig. 1(a) and radial emitters at h = 20 nm [Fig. 1(b)], or
h = 2 nm [Fig. 1(c)], and their comparison with two limit
cases: ideal superradiance (emitters at the same position, red
lines) and incoherent emission (WP, blue lines). In the case
of azimuthal orientation and for h = 20 nm [Fig. 1(a)], all
the emitters equally couple to LSP1 so that close to ideal su-
perradiance is observed for both total and radiative emissions
with a collective quantum yield η = Wrad/W = 1/15.3 = 7%.
For radial emitters, we still observe the burst of emission but
less pronounced [Fig. 1(b)]. At short distances [h = 2 nm;
Fig. 1(c)], almost incoherent emission occurs. The cooperative
behavior is partially recovered for 20 nm (η = 13%) and
h = 2 nm (η = 5%) if the emitters are at the poles [green
curves in Figs. 1(b) and 1(c)], a configuration achievable by
nanoscale photopolymerization [32].

Plasmonic Dicke states (ideal superradiance). When all the
emitters are located at the same position, �i j = �1, �i j = �1

so that we can work with the Dicke ladder (J = Ne/2)

|J, M〉 =
√

(J + M )!

Ne!(J − M )!
ĴJ−M
− |ee · · · e〉, (8)
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(c)

(a)

(b)

FIG. 1. Normalized collective rate W (t )/�1 for six emitters
(ω0 = ω1 = 2.77 eV). (a) Azimuthal orientation, h = 20 nm; (b) ra-
dial orientation, h = 20 nm; (c) radial, h = 2 nm. Red curves:
ideal superradiance; blue curves: incoherent emission. Green and
black curves correspond to emitters at the poles or homogeneously
distributed, respectively. Dashed lines refer to the radiative collective
rate Wrad.

where we have introduced the collective spin operator Ĵ± =∑Ne
i=1 σ̂

(i)
± . The state |J, J〉 = |ee · · · e〉 has all the emitters in

their excited state and the symmetrized Dicke state |J, M〉 is
a superposition of the states with J + M excited emitters. The
master equation (2) simplifies to

dρM (t )

dt
= �M+1ρM+1(t ) − �MρM (t ),

where ρM (t ) = 〈J, M|ρ̂(t )|J, M〉 and �M = (J + M )(J −
M + 1)�1 are the population and the collective rate of the
state |J, M〉, respectively. The dynamics is the exact analog of
free-space superradiance except that the decay rate is replaced
by its value in the presence of the MNP, and superradi-
ance is enhanced by the Purcell factor �1/�0. Finally, the
plasmonic superradiance originates from the cascade along
the Dicke states ladder. Beginning with the initial condition
|ψ (t = 0)〉 = |ee . . . e〉 = |J, J〉, the system successively goes
through the Dicke states |J, M〉 with M = J − 1, J − 2, . . . ,
down to the final ground state |J,−J〉 = |gg . . . g〉. The decay

FIG. 2. Superradiance cascade along extended Dicke basis for
six azimuthal emitters homogeneously distributed [same as black
curve in Fig. 1(a)].

rate starts from �M = Ne�1 for M = J , increases up to �M ≈
N2

e �1 for M = 0,±1/2 (depending on the parity of J), and
then decreases down to �M = 0 for the final ground state. The
buildup of this cooperative behavior is shown in Fig. 1 (red
curves). Since the direct dipole-dipole coupling is negligible
compared to the LSP mediated dipole-dipole coupling, we
avoid the van der Waals dephasing observed for free-space
configurations [1].

Extended Dicke basis. Moving away from the ideal con-
figuration, it is necessary to generalize the superradiance
ladder to describe the full dynamics [33]. In the case
of small deviation from ideal superradiance, it is worth
working in an extended Dicke basis including the Dicke
states. The decay rates along the Dicke ladder are calcu-
lated from the expression �M→M ′ = 〈M̃ ′|D|ρ〉|M̃〉 where |M̃〉
is the vector representation of the projector |J, M〉〈J, M|
on the Dicke states and D|ρ〉 is the associated representa-
tion of the dissipator D [24,31]. The parasitic transitions
to all other states |α〉 follows γM→α = �M − �M→M ′ where
�M = 〈J, M| ∑Ne

i, j=1 �i j σ̂
(i)
+ σ̂

( j)
− |J, M〉 is the decay rate of the

Dicke state |J, M〉. Similar formulas are used to estimate
the input rates γα→M ′ from states |α〉. Namely, γα→M ′ =
〈J, M ′| ∑Ne

i, j=1 �i j σ̂
(i)
− σ̂

( j)
+ |J, M ′〉 − �M→M ′ . Figure 2 presents

the superradiance cascade along the extended Dicke basis.
The decay rates along the Dicke ladder (�/�1 : 5.75 →
9.58 → 11.5 → 11.5 → 9.58 → 5.75) closely follow the
ideal values (�/�1 : 6 → 10 → 12 → 12 → 10 → 6) for
azimuthal emitters so that one still observes a burst of emis-
sion in Fig. 1(a) (black solid line). Parasitic transitions outside
the Dicke ladder slightly degrade the collective emission.

Role of LSPs. We discuss the role of LSPs on the superra-
diance emission considering two emitters located at the same
distance to the MNP (but not the same position). We work
in the Dicke basis |ee〉, |S〉, |A〉, |gg〉 with the symmetric and
antisymmetric states

|S〉 = 1√
2

(|ge〉 + |eg〉), |A〉 = 1√
2

(|ge〉 − |eg〉) . (9)

Their populations dynamics are given by

∂tρee(t ) = −2�1ρee(t ), (10a)
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FIG. 3. Dicke ladder for two emitters-MNP configuration.

∂tρS,A(t ) = �S,Aρee(t ) − �S,AρS,A(t ), (10b)

∂tρgg(t ) = �SρS (t ) + �AρA(t ), (10c)

as displayed in Fig. 3. The population of the excited state |ee〉
decays exponentially with the rate �ee = 2�1 that does not
depend on the angle between the emitters. The symmetric and
antisymmetric states are populated from |ee〉 with the rates

FIG. 4. (a) Two emitters cooperative decay rate �12 as a function
of their angular separation θ , for two distances h = 2 or 20 nm.
(b),(c) Collective rate W (t ) for two emitters. (b) h = 20 nm (ω0 =
2.771 eV) and (c) h = 2 nm (ω0 = 2.964 eV). In (b) and (c), red
curves correspond to ideal superradiance, blue curves to incoherent
emission, and black curves to the emitter located at the poles.

TABLE III. Plasmonic super/subradiant states with two emitters
(h = 20 nm, ω0 = 2.771 eV). The decay rate is normalized with
respect to a single emitter decay rate for the same configuration
(radial or azimuthal).

�S,A = (�1 ± �12) and relax toward the ground state with the
same rates. Finally, the collective decay rate is

W (t ) = 2�1ρee(t ) + �SρS (t ) + �AρA(t ). (11)

The cooperative relaxation strongly depends on �12, and
thus on the emitter’s positions. Figure 4(a) shows the coop-
erative rate �12(θ ). For two emitters at the same position,
�12(0) = �1, and we recover the ideal superradiant config-
uration. The bright superradiant state |S〉 decays with the
rate �S = Ne�1 (Ne = 2) and the dark subradiant state is |A〉,
which is not populated and presents a zero decay rate �A =
0. For emitters located at the poles (θ = π ) the collective
behavior depends on the distance to the MNP. For large
separation distances, only the dipolar LSP1 mode significantly
contributes to the emitters-MNP coupling and �12(π ) ≈ −�1.
Superradiant and subradiant states are exchanged (|A〉 and
|S〉, respectively), but the collective dynamics [black curve,
Fig. 4(b)] is close to the ideal case. At smaller distances, the
cooperative behavior is inhibited (�12 ≈ 0) in the presence
of high-order LSPs because of destructive superposition of
their contribution [11,22]. This results in a superradiance
blockade and the dynamics closely follows an incoherent
process [Fig. 4(c)].

The superradiance blockade can be also inferred from
the eigenvalue model [Eq. (1)]. The eigenvectors are repre-
sented in Table III. We check that �S + �A = 2�1 for all
symmetric/antisymmetric pairs in agreement with Fig. 3.
However, for small separation distance h = 2 nm and ω0 =
2.964 eV, corresponding to high-order modes resonance,
the cooperative rate vanishes for both radial and azimuthal
emitters and the dynamics is almost incoherent. In order to
understand this behavior more deeply, we consider each mode

TABLE IV. Plasmonic bright states considering single mode
MNP response (LSPn) and two radial emitters (h = 2 nm, ω0 =
2.964 eV). The mode field lines and charge density are indicated.
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separately in Table IV. The alternating charge distribution
at the position of the dipole clearly leads to cancellation of
the cooperative behavior by destructive interferences. This
corresponds to a coupling strength between the two emitters
μ12

odd ≈ 1, μ12
even ≈ −1. Therefore, the quantum collective de-

cay rate �12 vanishes at short distances when numerous LSP
modes are involved [Eq. (4)]. It is worth noticing that the
collective rate plays a role in the whole quantum superradi-
ance cascade dynamics and not only for the single excitation
state, which is the only one considered in the eigenvalue
model. This explains the discrepancy between the partial
superradiance observed for radial emitters in the quantum
approach [with six excitations as the initial state; Fig. 1(b)]
and the almost zero decay rate of the single excitation state
(see Table I), which is not populated during the superradiance
process.

Conclusion and outlook. We have derived a quantum ap-
proach for plasmonic superradiance and discussed the dynam-
ics of cooperative emission. The system follows the plasmonic
Dicke ladder and strong LSP mediated correlations build up
between the emitters so that superradiance can be Purcell
enhanced. Since the buildup of the cooperative emission
(∼1/Ne�1) has to be smaller than the dephasing rate γ �

[1], this would facilitate the conditions to achieve super-

radiance. However, superradiance blockade occurs at small
distances where cooperativity is jeopardized because of modal
destructive interferences. Finally, our work brings a deeper
understanding of light-matter interaction at the nanoscale
which can be helpful in designing a surface plasmon laser
(SPASER) since it relies on a very similar mechanism [34].
We considered identical emitters throughout this work and
we expect that the superradiance should be degraded for
nonidentical emitters. However, some recent works indicate
that cooperative dissipation in a nanocrystal could help to
recover the superradiance effect [7] and we expect that plas-
monic superradiance could be experimentally investigated
on metallodielectric nanohybrids [32,35–37]. More generally,
our approach opens up the possibility to systematically opti-
mize the superradiance effect for different geometries of the
nanoparticles [38].
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