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Strength of light-matter interactions and radiative dynam-
ics of emitters could be controlled with structuring of elec-
tromagnetic environment. While local and cross density
of electromagnetic states are routinely used for predict-
ing total and radiative decay rates in the weak coupling
regime, resonant nanostructures offer going beyond this de-
scription, giving rise to new phenomena. Correlated time-
evolution of a strongly coupled emitter-nanoresonator sys-
tem and nonradiative channels are shown here to prede-
fine the radiative decay dynamics and lead to substantial
shortening in characteristic emission times. Quantum for-
malism, based on stochastic Hamiltonian treatment of ra-
diative and nonradiative processes, was generalized for de-
scribing light-matter interactions in vicinity of open nano-
resonators. The developed theory was subsequently applied
to spontaneous emission dynamics of emitters, situated
next to metal surfaces, supporting stopped light resonant
conditions. Over four orders of magnitude lifetime shorten-
ing was predicted to be detectable in the far-field. The inter-
play between strong and weak coupling regimes, enabled by
resonant nanostructures, could serve as a platform for ul-
trafast opto-electronic components, fluorescent labels and
others.

1 Introduction

Many fundamental phenomena and practical applica-
tions are enabled by control over light-matter inter-
actions with designing electromagnetic modes of the
vacuum. Purcell effect, describing acceleration or sup-
pression of spontaneous emission rate of an emitter in a
cavity [1], is one of the most famous examples on electro-
magnetic modes design. Foundations of cavity quantum
electrodynamics provided tools for rigorous description
of light-matter interaction dynamics with both light and
matter quantized [2]. For a single mode, the interaction
strength, tailored by structuring, depends on two key

parameters. The first is a quality factor (Q) of a cavity
mode, while the second one is it’s modal volume (V) [3,
4]. The influence of both Q and V could be captured si-
multaneously by introducing the local density of states
(LDOS) concept via electromagnetic Green functions ap-
proach [5]. However, in the later case, the direct intu-
itive relation to the spatial structure of individual modes
might be less transparent, since the impulse response is
spanned by an infinite number of eigen functions [6].
Performances of high-Q photonic cavities are based on
retardation effects (photon recycling strengthen the in-
teraction), and, as the result, their modal volumes are
limited from below by classical diffraction limit [7]. On
the other hand, noble metal (plasmonic) structures, hav-
ing negative permittivities at visible and infra-red spec-
tral ranges could support highly localized modes, not
limited by this effect [8, 9]. Majority of plasmonic cavi-
ties have quality factors below hundred due to inherently
high material losses [10], with few exceptions available,
e.g. [11]. This near-field type of local intensity control,
provided by nanostructures, enables enhancement of ra-
diative decay rates via nano-antennae concept [12, 13],
and facilitates approaching strong coupling regime of
interaction [3, 14–19]. Theoretical frameworks for anal-
ysis of light-matter interactions, tailored by plasmonic
structuring, are under extensive studies nowadays, e.g.
[20, 21], including full quantum treatment of hybrid
systems [22]. Nanoscale resonators could be also em-
ployed for controlling stimulated emission, where the
near-filed feedback replaces traveling phase in a cav-
ity. This concept, coined by the name spaser [23], was
attempted for experimental demonstration in various
systems. The main deference between spaser and plas-
monic nanolaser is the degree of confinement – while the
first one operates in completely quasistatic regime [24,
25] (if random-lasing effects can be ruled out), the later
has at least one dimension where retardation effects take
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place [26–29] (for additional discussion see [30]). Spasers
were also proposed for biomedical applications [31]. Ad-
ditional advantage of nanoscale resonators is their po-
tential ability to support ultra-fast interaction regimes
[32, 33], associated with fast relaxation of electrons in a
metal, carriers’ injection mechanisms and others. How-
ever, majority of experimental demonstrations and the-
oretical predictions of this kind are described with either
semi-classical tools (without quantizing electromagnetic
fields) or by applying the Fermi Golden Rule, assum-
ing the weak coupling regime of interaction. Further-
more, nano-resonators, being inherently open in ma-
jority of cases, enable pathways for direct spontaneous
emission to the far-field, without being coupled to lo-
calized modes. Those direct radiative channels have sev-
eral advantages over conventional cavities, as will be dis-
cussed hereafter. It is worth noting, however, that open
nature of nano-resonators is rather related to technolog-
ical aspects and, in principle, is not fundamental.

Here, rigorous quantum analysis of coupling and
dissipation mechanisms in open nano-scale resonators
is developed. Stochastic Hamiltonian approach was
applied for description of competitive decay channels
– direct spontaneous emission to the free space and
nonradiative quenching, resulting from electromagnetic
coupling to dark (weakly radiating) modes of a struc-
ture (nano-resonator). Phonon scattering and/or other
effects, causing the depopulation of excited state could
be straightforwardly included too. The developed uni-
fied formalism enables governing the full quantum dy-
namics of the interaction, including the strong coupling
regime. Furthermore, it was shown, that three funda-
mental numbers, deductible from general approxima-
tions, basic experimental data, and classical electro-
magnetic modeling, characterize open nano-resonator
systems. This formalism was used to explore sponta-
neous emission dynamics in the vicinity of a metal sur-
face (Fig. 1). It was shown, that the fundamental limit
of a radiative decay rate enhancement by an arbitrary
flat surface with translational symmetry can be sur-
passed by introducing both quenching and strong cou-
pling mechanisms. While the first one accelerates the
total decay rate and reduces the overall quantum yield,
the strong coupling offers dynamical control and re-
radiation of spontaneous emission directly to the far-
field. From an application standpoint, the coupling of
spontaneous emission directly to the free space with-
out passing through a cavity mode and mirrors offers
faster response. This concept is particularly useful, when
the operation speed is favored over overall efficiency and
quantum yield.

Figure 1 Schematics of an open resonator – fluorescent molecule
with a dipolar transition is coupled to a surface. Coupling mech-
anisms, coefficients and geometrical parameters are indicated on
the figure.

The letter is organized as follows–first, the general
theoretical framework, applicable for any type of open
resonator, will be developed. Next, it will be applied
on the case of spontaneous emission next to a planar
surface, where surface plasmon resonance condition is
approached. Outlook and conclusions will be given at the
end.

2 Theoretical framework

Modal structure of a cavity could be rather involved and
encapsulate both far-field radiation and losses. While
modal approaches for plasmonic cavities [34] and hybrid
systems [22] could be employed, it is convenient to make
a detailed separation of contributing mechanisms at the
very beginning. The Hamiltonian of an open resonator +
emitter contains several contributions. Apart from ener-
gies of isolated systems of an emitter (ĤE ), free electro-
magnetic field (ĤF ), cavity mode (ĤC ), and dissipation
bath (ĤD), there are several coupling mechanisms. The
first one couples the emitter to the cavity mode (ĤE−C ),
the cavity mode undergoes decay described by coupling
to a heat bath ĤC−D, and the emitter is directly coupled to
the radiation field - ĤE−F . The expressions for the above
quantities are given by:

ĤE = �
ω0

2
σ̂0; ĤF =

∑
k

�ωk f̂ †k f̂k; ĤC = �ωcĉ†ĉ;

ĤD =
∑

k

�ωkd̂†
kd̂k; ĤE−C = �μ

(
ĉ†σ̂− + σ̂+ĉ

)
;
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ĤC−D = i�
∑

k

ζk

[
ĉ†d̂k − d̂†

kĉ
]

;

ĤE−F = i�
∑

k

γk

[
f̂ †k σ̂− − σ̂+ f̂k

]
;

Ĥtot = ĤE + ĤF + ĤC + ĤD + ĤE−C + ĤC−D + ĤE−F ,(1)

where ω0 is the frequency of the emitter’s resonant tran-
sition, �ωi corresponds to the energy of ‘i’s involved
quanta with related creation/annihilation operators (de-
fined with ∧), σ̂+ and σ̂− are Pauli rising and lower-
ing operators, σ̂0 = diag {1,−1}, and coupling constants
are μ, ζk, and γk. Set of Eqs.1 could be considered as
an extended Jaynes–Cummings model [2] with several
coupling mechanisms. ĤD encapsulates all dissipative
processes of the cavity mode, related to non-far-field-
radiative mechanisms, such as Joule losses, inter-mode
coupling and others. ĤF defines far-field modes. This
separation is made in order to obtain the dynamics of the
emitted optical power. The set of Eqs. 1 assumes the ex-
istence of one discrete cavity mode (ĤC ), while the rest
electromagnetic far-field radiation is treated as an infi-
nite set (ĤF ). The extension of the model to several cav-
ity modes is straightforward and could be done on the
expense of algebraic complexity.

The strength of coupling coefficients in Eq. (1) have
the curtail influence on the true eigen states of the to-
tal Hamiltonian. Those collective quantum operators
could be decomposed into a weighted linear superposi-
tion of creation/annihilation operators of the initial sys-
tem. Representing the model in the basis of uncoupled
states enables addressing transient processes of differ-
ent kinds. The only assumption is the thermal equilib-
rium of the bath, but not of a system, coupled to it.
Characteristic times for achieving the bath-system equi-
librium could vary significantly (usually from femto to
pico- second scales, depending on the coupling nature,
e.g. [35]), and the transient behavior could be captured
by the model. In fact, values of coupling constants μ,
ζk and γk could be extracted from experimental data
and calculations, involving complex solutions of coupled
Maxwell-Schrödinger dynamics. However, those param-
eters could be estimated by applying general arguments,
as will be demonstrated in Section 3.

The model of Eqs. 1 could be further extended and ad-
ditional coupling mechanisms could be included. For ex-
ample, emitter-decay Hamiltonian ĤE−D could account
for all nonradiative dissipative processes, e.g. nonradia-
tive quenching, excited state depopulation due to scat-
tering on phonons, and other probable solid state pro-
cesses [35]. Impact of phonons on spontaneous emission
dynamics in a cavity was recently studied [4]. Further-

more, direct decay of cavity mode into far field (ĤC−F )
could describe scattering from imperfections in the case
of flat geometries or structured surfaces, and multipolar
radiation from localized objects. Those effects, however,
could be neglected if deep nano-scale objects are consid-
ered (e.g. [10, 36]).

The coupling between discrete-spectrum operators
of the emitter-cavity system with the continuum of de-
grees of freedom, corresponding to the free electromag-
netic field, could be described by introducing quantum
stochastic analysis [37]. For example, atom-field cou-
pling could be written in the form of stochastic Hamil-
tonian as:

ĤE−F = i�
√

γ
(

f̂ † (t) σ̂− (t) − σ̂+ f̂ (t)
)
, (2)

where f̂ (t) and f̂ †(t) are stochastic field operators of
annihilation and creation, obeying canonical com-
mutation relations - [ f̂ (t), f̂ †(t)] ∼ δ(t − t′). The cor-
responding quantum Wiener process is defined as
F̂ (t, t0) = ∫ t

t0
f̂ (t′)dt′ with the following conditions

to hold-dF̂ (t)dF̂ (t) = dF̂ †(t)dF̂ †(t) = 0, dF̂ (t)dF̂ †(t) =
(N̄th + 1)dt and dF̂ †(t)dF̂ (t) = N̄thdt, where N̄th is the
thermal photon occupation number, approximated
to be zero hereafter. First Markov approximation of
the frequency-independent coupling constant was
employed for deriving Eq. (2) [37]. The formalism of
quantum stochastic differential equations (QSDE) en-
ables obtaining expressions for system’s propagator
and deriving general expressions for operators’ time
evolution, e.g. [4, 37]. In order to underline the relative
transparency of the stochastic Hamiltonian approach,
the time evolution of an arbitrary operator �̂, governed
by Eq. (2) is given by:

d�̂ ≈ √
γ

[
�̂ (t) ,

(
dF̂ †σ̂− − σ̂+dF̂

)] +
γ

(
σ̂+�̂σ−

(
N̄th + 1

) + σ̂−�̂σ̂+ N̄th
)

dt −

−1
4
γ σ̂0�̂dt − 1

4
γ �̂σ̂0dt − γ

(
N̄th + 1

2

)
�̂dt, (3)

where γ is the collective decay rate to all available ra-
diation modes. Substitution of �̂ = σ̂0 leads to a sim-
ple differential equation for the population (Pe = 〈σ̂0〉+1

2 )
dPe
dt = −γ Pe, showing exponential spontaneous decay in

the case of vanishing thermal noise. The same result
could be obtained with Weisskopf-Wigner approach, e.g.
[2]. It should be noted, that the above example (Eq. (3))
corresponds to the emitter-free field coupling only. The
entire systems’ Hamiltonian (Eq. (1)) will lead (after some
algebra) to the following set of coupled equations for op-
erators’ expectation values, denoted by <>:
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d
dt

⎛
⎜⎜⎝

〈
ĉ†ĉ

〉
〈σ̂0〉〈
Â1

〉
〈
Â2

〉

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝

−ζ 0 μ 0
0 −γ

(
2N̄th + 1

) −2μ 0
0 μ − (

γ
(

N̄th + 1
2

) + ζ

2

)
2μ

−γ 0 −μ − (
2γ

(
N̄th + 1

2

) + ζ
)

⎞
⎟⎟⎠

⎛
⎜⎜⎝

〈
ĉ†ĉ

〉
〈σ̂0〉〈
Â1

〉
〈
Â2

〉

⎞
⎟⎟⎠ +

⎛
⎜⎜⎝

0
−γ

μ

0

⎞
⎟⎟⎠ , (4)

where the following auxiliary operators were defined -
Â1 = i(σ̂+ĉ − ĉ†σ̂−) and Â2 = ĉ†σ̂0ĉ. Resonant condition
ω0 = ωc was also assumed and multiple photon exci-
tations were neglected [2]. The set of Eq. (4) is solved
by applying Laplace transform technique and the so-
lution for system operators’ expectation values is given
by:

〈
ĉ† (t) ĉ (t)

〉 = −8μ2

C2
1

e− γ+ζ

2 t
(

1 − cosh
(

C1

2
t
))

,

〈σ̂0 (t)〉 = −16μ2

C2
1

e− γ+ζ

2 t − 2

C2
1

e− γ+ζ

2 t

(
C2 cosh

(
C1

2
t
)

+ C1 (γ − ζ ) sinh
(

C1

2
t
))

− 1, (5)

where C1 =
√

−16μ2 − 2γ ζ + γ 2 + ζ 2 and C2 = 8μ2 +
2γ ζ − γ 2 − ζ 2. The system’s initial conditions are – emit-
ter in its excited state and field occupation number is 0.
The time-dependent cumulative energy fraction (expec-
tation value), emitted to the far field, is given by dIF

dt =
γ

〈σ0+1〉
2 = γ Pe. The knowledge of the population’s evolu-

tion (Pe) dynamics enables investigating impact of the
strong coupling between the cavity and emitter (μ), cav-
ity and radiative decays (ζ and γ ) on spontaneously emit-
ted photons, to be detected in the far-field.

First, the interplay between μ, ζ and γ will be studied
without relating their values to any specific physical sys-
tem. All the quantities in this section are dimensionless
in order to represent a larger span of possible phenom-
ena; numerical example will be given in the next section,
where emission dynamics next to planar interfaces will
be considered in details. Strong coupling regime is ob-
tained when the value of emitter-cavity coupling μ be-
come comparable with the collective decay rate γ + ζ ,
as it could be seen from Eq. (5). In this case parameter
C1 becomes complex-valued. Enhancement of radiative
rate, as the function of μ and ζ , appears as a log-scale
plot on Fig. 2(a) (a time, when a half of total intensity
is emitted to the far field (cumulative energy fraction)).
γ in all subsequent investigations was kept to be 1, in
order to underline the impact of the strong/weak cou-
pling and dissipation. First, the impact of μ and ζ is asym-

metric, as could be also seen from the main result-Eq.
(5). The maximal enhancement is obtained in the strong
coupling regime with high dissipative losses. Here, the
population dynamics is solely defined by this complex
nonradiative process, which enforces faster radiation. It
should be noted, however, that this type of enhancement
comes at the price of losses. Nevertheless, this approach
could be of a use for applications where an operation
speed is more important than a signal’s intensity. Simi-
lar considerations are applied for designs of fast lasers,
where Q-factors are decreased on purpose, introducing
additional losses per round trip [38]. The normalized far-
field radiated cumulative energy fraction, as the function
of time, is shown in Fig. 2(c). The fastest population de-
cay is obtained for the cases of strong coupling and mod-
erate coupling with strong dissipation losses. Quantum
yield, calculated for each intensity curve on Fig. 2(c) ap-
pears in the inset. The general observed trend is the re-
duction of the quantum yield with increase of the cavity
coupling. This effect is attributed to the fact that the
polariton mode of the resonator has higher occupation
number in this case and stays for longer in the lossy
medium, reducing the overall energy, emitted to the far
field. The continuous increase of the material losses has,
however, non-monotonous impact on the quantum yield
(green and blue lines on Fig. 2 (c)). The difference be-
tween the pairs μ = 1, ζ = 1 and μ = 1, ζ = 10 is the
regime of the interaction – strong/moderate coupling in
the first case and weak coupling in the later one. Quan-
tum yield in the strong/moderate case is lower, since
the energy exchange between the emitter and polariton
damps the energy more efficiently, than the simple expo-
nential decay (μ = 1, ζ = 10 case).

The performance of the open type of resonator
(the emitter is directly coupled to the far-field radia-
tion) will be compared next to the classical scenario,
where the far-field emission is obtained via the leak-
age of the cavity photon. In this case γ was set to
zero and the cumulative energy fraction was calcu-
lated as dIF

dt = γleak〈ĉ†(t)ĉ(t)〉 with γleak = 1 for the direct
comparison with the previous results (ζtotal = ζ + γleak).
Fig. 2(b) shows the log-scale plot of the radiation rate
enhancement in a closed cavity with a leakage. While
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Figure 2 Radiative time dynamics in general resonators and cavities. Time, when a half of the cumulative energy is emitted to the far-
field, as the function of cavity decay ζ and cavity couplingμ– (a) open resonator, (b) cavity. Time is in the log scale. (c and d) – cumulative
power, as the function of time – various lines correspond to different system’s parameters in the caption. Inset – quantum yield. (c) Open
resonator, (d) cavity.

the general peaked structure remained similar to this of
the open resonator scenario, the overall values of the en-
hancement are almost twice smaller. The result could
be intuitively understood from the fact, that the pho-
ton should undertake several round trips in the cavity
(given by its Q-factor) before leaving it and, as the re-
sult the overall radiation rate enhancement goes down.
At the same time, in open resonators photons are directly
emitted to the far field. The direct comparison of time-
dependent curves (Fig. 2(c and d)) verifies this behav-
ior. Quantum yield in the case of a closed cavity (inset
in Fig. 2(d)) does not depend on the coupling strength,
as there are no other channels to decay, rather than in to
the cavity mode (other nonradiative mechanisms, con-
sidered in Ref. [4], are neglected). Hence, the quantum
yield, being solely defined by the competition between
the cavity leakage and its inherent losses, drops with the
increase of ζ .

The general framework, developed here, enables ad-
dressing dynamics in realistic physical systems by esti-
mating values of coupling and dissipation coefficients.
In particular, spontaneous emission and nonradiative
quenching in spasers (e.g. [23]) and nanolasers (e.g.
[27]) could be analyzed fully quantum mechanically.

Additional class of problems, required such an analy-
sis, is related to planar surfaces and will be analyzed
next.

3 Coupled dynamics in planar resonators

Planar geometries are of special interest due to vari-
ety of new emerging applications, e.g. [39, 40], motivat-
ing further investigations of light-matter interaction dy-
namics in their vicinity. Being a subject for numerous
studies (e.g. [41]), modification of spontaneous emis-
sion next to a plane surface was analyzed by means of
competitive decay channels for the most. This approach,
however, relies on the hard assumption of Markovian
exponential dynamics, predefined by the fastest de-
cay mechanism. The immediate implication of this ap-
proach is that a fast nonradiative quenching will speed
up the radiation to the far-field on the expense of the
overall quantum yield. While the unified approach, de-
veloped above, gives exactly the same conclusion for the
weak coupling regime with the surface, it also enables re-
vealing non-exponential channels, related to the strong
coupling and complex decay dynamics. Note that a
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sufficient near-field feedback could result in non-
exponential law of decay in various systems, e.g. [36].

Decay rates in the weak coupling regime are
proportional to LDOS, given by an imaginary part
of electromagnetic Green function [5]. Radiative decay
and nonradiative quenching channels could be sepa-
rated by integrating the near- and far-field contribution
of a classical dipole by enclosing it by a pair of small
and large integration surfaces. In the case of a planar
geometry, radiative rate has relatively simple and in-
tuitive expression, derived with the help of Lorentz
reciprocity theorem [42]. The expression for the radiative
rate enhancement (to the upper half-space) of a dipole,
oriented perpendicular to the surface is given by [42]:

�⊥ = 3
4

π
2∫

0

∣∣1 + r p (θ) e2ik0d cos θ
∣∣2

sin3θdθ, (6)

where r p is the Fresnel reflection coefficient for TM-
polarized waves (magnetic field parallel to the surface),
k0 is the wavevector in the material above the pane (as-
sumed to be vacuum here), d is the distance between
the dipole and the surface, and θ is the angle with re-
spect to the surface’s normal. Similar expression for �‖

can be written for a dipole, parallel to the surface [42]. It
can be seen by setting an upper limit on the integrand of
Eq. (6) that the radiative rate enhancement (to the upper
half space, including the dipole) cannot exceed the fac-
tor of 2. The maximal enhancement could be obtained
with a perfectly reflecting mirror, while the fundamental
limitation on both �⊥ and �‖ comes from the conserva-
tion law of a wave’s energy, reflected from a surface. It is
worth underlining several important points. First, Fres-
nel reflection coefficients could be defined for any flat
geometry having translational symmetry along the sur-
face. Hence, the above limitation is not applicable for ir-
regularly patterned surfaces, such as gradient metasur-
faces, for example [43, 44]. Second, the overall emission
rate could be enhanced with planar geometries, e.g. lay-
ered hyperbolic metamaterials [45], but the majority of
the radiation will be trapped in the substrate, while the
field, emitted to the upper half-space will not gain any
significant enhancement. Finally, the rate enhancement
factor has a physical meaning only in the weak coupling
regime of interaction, when the Fermi Golden Rule can
be applied. The goal of the forthcoming analysis is to by-
pass the limitations on �⊥ and �‖, by considering strong
coupling regime of interaction and applying the formal-
ism, developed for open resonators.

The regime of strong coupling between emit-
ters and plasmonic structures could be reached with

relatively low-Q resonators by getting an advantage
on small modal volumes [13–18]. In the case of planar
geometry the resonant condition is obtained when
permitivities of the lower (εm) and the upper (εd)
half-space have opposite signs of real parts, namely
Re(εd) = −Re(εm). In this case, surface wave has vanish-
ing phase velocity and the resonance is created due to
the light stopping effect, e.g. [29]. Emission dynamics for
both cases of the dipolar orientation, namely perpendic-
ular and parallel to the surface, will be considered next.
The set of parameters, required for the full quantum
analysis was obtained in the following way – γ

γ0
was

taken to be either �⊥ or �‖, where γ0 was taken to be
a typical spontaneous emission rate corresponding to
1 ns lifetime. The overall decay rate of the dipole with
radiative contribution subtracted provides the cavity
coupling μ (nonradiative quenching). This approach
could be directly related to spectral density concept,
e.g. [46, 47]. It is worth noting, that the developed
method gives the link to separate the spectral density
of the resonator modes from all the radiative ones. The
damping of the cavity mode was approximated with
widely accepted value of Q ∼ − Re(εm)

Im(εm) , without going into
details of dispersion and geometry [10]. Fig. 3 summa-
rizes the spontaneous emission rate enhancement as
the function of Im(εm) and the distance d between the
emitter and the surface. The emission wavelength is
taken to be 500nm, while the material is not specified on
purpose, in order to underline contributions of its vari-
ous parameters. Fig. 3 (a and b) represent the time, when
a half of total intensity is emitted to the far-field, nor-
malized to either �‖γ0 for horizontally-oriented dipole
(panel a) or �⊥γ0 for the vertical (panel b). The maximal
enhancement (as defined above) reaches the values of
45000 for vertical dipole and almost twice smaller for
horizontal. Remarkably, the maximal enhancement,
increasing monotonically with reducing d, has nontrivial
dependence on material losses. The enhancement has
the peak around Im(εm) = 0.01, while simple approach
for exponential nonradiative quenching will suggest the
monotonic increase with losses. Fig. 3 (c and d) show
the population decay (logarithmic scale) as the func-
tion of time. Main graphs at those panels correspond
to the weak coupling regime, hence the decay law is
exponential (straight lines on the log-plots). The strong
coupling dynamics appears on the insets and shows
common damped oscillatory behavior. In the weak cou-
pling regime, the fastest decay rate of the vertical dipole
(among the set of 3 considered parameters) is obtained
for the shortest d. For the horizontal dipole, however, the
shortest d results in the slowest decay. This result is the
combination of the radiation efficiency, which strongly
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Figure 3 Radiative time dynamics of an emitter (dipole) next to a surface. Time, when a half of the cumulative energy is emitted to the
far-field, as the function of material losses Im(εm) (substrate material with Re(εm) = −1) and the distance from the emitter to the
surface d. (a) horizontal dipole; (b) vertical dipole. Times in the log scale are normalized to either �‖γ0 for horizontally-oriented dipole
or �⊥γ0 for the vertical. (c and d) – logarithm of the population as the function of time for several system’s parameters (weak coupling
regime), indicated in the upper inset. Insets – strong coupling regime of interaction – population (normal scale) as the function of time.

Figure 4 Field patterns of the horizontally polarized dipole (field
snapshot). Field components and material parameters are orga-
nized in the table. Y is the direction, perpendicular to the surface,
while X-axis is parallel to it. All the 4 panels were normalized to the
same value, shared with Fig. 5.

depends on the orientation, and the efficiency of the
excitation of the resonator mode. In order to emphasize
this effect, finite element frequency domain simulation
(Comsol software) for two-dimensional dipoles was
performed. Fig. 4 shows major field components (field
snapshot at an arbitrarily chosen moment of time) for
the horizontal dipole, situated next to surfaces with high
and low losses. Fig. 5 shows the same for the vertical
dipole. In both cases, small losses enable supporting the

Figure 5 Field patterns of the vertically polarized dipole (field
snapshot). Field components and material parameters are orga-
nized in the table. Y is the direction, perpendicular to the surface,
while X-axis is parallel to it. All the 4 panels were normalized to the
same (arbitrary) value, shared with Fig. 4.

excitation of highly localized resonator modes – the key
for achieving strong coupling. It is worth noting, that the
classical simulation of this type enables calculation of
μ, γ and ζ coefficients, but is not capable to cope with
complex quantum dynamics. In the high loss case the
modes are much less confined and the weak coupling
regime regulates the dynamics. The amplitudes of the
fields (especially imaginary part of Green function –
LDOS) should not be confused with the rate of decay, as

C© 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 7www.ann-phys.org
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it was already underlined several times. The dynamics
could be controlled by nonradiative transitions and
strong coupling. In all the above considerations, emitters
were not brought too close to the surface, as at distances
smaller than 10 nm additional quenching mechanisms
could begin playing key roles, e.g. [48, 49]. It should be
noted, however, that quenching mechanisms strongly
depend on system’s realization. Recent reports and anal-
ysis show strong Purcell enhancements in small gaps
without dramatic nonradiative quenching [50–53]. Note,
that the angular dependence of the emission, usually
addressed with the spectral density of states concept
(e.g. [54]), could be evaluated with selective favoring
of one from the emission channels in the Hamiltonian
ĤE−F Eq. (1).

4 Outlook and conclusion

Full quantum mechanical treatment of spontaneous de-
cay dynamics of emitters, situated in a vicinity of open
resonators was developed. Stochastic Hamiltonian ap-
proach enables treating decay channels in relatively
straightforward form and, at the same time, preserves
canonical commutation relations between creation and
annihilation operators of lossy plasmonic excitations.
Furthermore, quantum description opens a room for
discovering new unrevealed regimes, like the one de-
scribed here. The time evolution law of interaction be-
tween emitters and open resonators was formulated with
the help of three major coefficients, which could be cal-
culated either numerically of estimated from the first
principles. The developed theory was subsequently ap-
plied to the process of spontaneous emission near planar
surfaces. Those inherently open structures were shown
to provide substantial acceleration of spontaneous emis-
sion, which goes beyond the fundamental limits, set by
the weak coupling regime of interaction. It was shown,
that nonradiative quenching and strong coupling could
significantly affect the emission times on the expense of
reduced quantum yield.

From the fundamental standpoint, the formalism en-
ables straightforward analysis of open resonators, be-
ing basic building blocks for spasers and nano-lasers.
In fact, though closed configuration may be better for
good spasers [10, 30, 32], technological aspects may
still favor open geometries. Gap structures (e.g. [9, 52])
could facilitate aching spasing conditions. From the ap-
plication side, measurements of lifetimes, being much
more robust and reliable technique than intensity de-
tection, are routinely used for bio-imaging purposes. For
example, plasmonic particles functionalized with fluo-

rophores enable achieving high quality imaging, e.g. [55].
Full quantum description of such hybrid fluorescent la-
bels can further improve imaging limits.

Acknowledgments. The author acknowledges support from TAU
Rector Grant, German-Israeli Foundation (GIF, grant number 2399).
The work was supported in part by the Russian Science Founda-
tion (No. 14-12-01227 (numerical calculations of electromagnetic
fields)), the Russian Fund for Basic Research (project #15-02-01344),
Government of the Russian Federation (No. 074-U01).

References

[1] E. M. Purcell, Phys. Rev. 69(11–12), 674–674, (1946).
[2] M. O. Scully and M. S. Zubairy, Quantum Optics.

Cambridge University Press, (1997).
[3] R. Ameling and H. Giessen, Laser Photon. Rev. 7(2),

141–169 (2013).
[4] P. Ginzburg, A. V. Krasavin, D. Richards, and A. V. Zay-

ats, Phys. Rev. A 90(4), 043836 (2014).
[5] W. Vogel and D.-G. Welsch, Quantum Optics. Wiley-

VCH; 3rd, Revised and Extended Edition edition,
(2006).
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