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Dicke superradiance from a plasmonic
nanocomposite slab
V.G. BORDO

SDU Electrical Engineering, University of Southern Denmark, Alsion 2, DK-6400 Sønderborg, Denmark
bordo@sdu.dk

Abstract: The theory of Dicke superradiance from an optically thin nanocomposite slab
represented by metal nanoparticles dispersed in a dielectric matrix is developed from first
principles. It is shown that the superradiance signal evolution is determined by the eigenvalues
of the field susceptibility tensor for the slab. The excitation of the system by a pumping pulse in
different polarizations as well as in the attenuated total reflection configuration is considered.
It is demonstrated that the relaxation rates are enhanced when surface plasmon polaritons are
excited at the interface between the substrate and superstrate. These findings can pave a way to
the extension of the optical techniques based on the Dicke superradiance to the femtosecond time
domain. In particular, they can be used to engineer femtosecond pulses of coherent radiation
using a rather simple approach.

© 2021 Optical Society of America

1. Introduction

A gas of molecules interacting with each other through a common radiation field and confined
to a container the dimensions of which are small compared with the radiation wavelength
spontaneously emits coherent light, the corresponding emission rate being proportional to the
number of excited molecules. This effect predicted by Dicke in 1954 [1] received later on the name
"Dicke superradiance". Its underlying mechanism is an establishment of correlations between
individual radiators which has a close analogy with synchronization and self-organization among
oscillators in classical systems [2]. It has been observed in a plenty of atomic and molecular
systems [3] and obtained a profound theoretical description [4, 5]. Being initially investigated in
atomic vapors and molecular gases, the phenomenon of superradiance has been subsequently
extended to a variety of molecular systems and excitations in solids such as molecular centers,
molecular aggregates and crystals, semiconductor quantum dots and nanocrystals, excitons in
semiconductor quantum wells, cyclotron resonances and intersubband transitions in quantum
wells [2].
Superradiance is characterized by a high directionality, a quadratic dependence of the maximum
intensity on the particle density, and an inverse proportionality between the superradiant pulse
length and the particle density. These features dictate the importance of this effect for applications
in generation of intense coherent pulses whose intensity and length can be varied over broad
ranges in a rather simple manner [3]. Superradiance combined with stimulated emission in a
laser cavity is a key mechanism in the operation of the so-called superradiant laser [6]. Such a
laser has an extreme spectral purity which is crucial for the stability of passive atomic clocks.
From the dynamical viewpoint superradiance is a transient process, which occurs over times
shorter than the relaxation time of the atomic dipole moment. Therefore the extension of
the optical techniques based on superradiance to short-living excitations in solids leads to the
possibility of generating ultra-short pulses. For example, for the infrared transitions in atomic
vapors and molecular gases the superradiant pulse duration is of the order of 1 ns [3], while for
excitations in solids it can be of the order of 1 ps [2].
The ultimately short relaxation times, which have the order of a few femtoseconds, one finds in
metals where electronic excitations are effectively quenched by electron collisions. They can



be further reduced in metal nanoparticles (MNPs) due to electron collisions with the particle
boundary [7]. MNPs support collective electron excitations, which are known as localized surface
plasmons (LSPs), with broad resonances in the optical spectral range. In the vicinity of the LSP
resonance a MNP has much in common with a quantum emitter. In the quantum description,
the light radiated by a MNP can be regarded as being originating from a transition between a
single-plasmon and a vacuum plasmonic Fock states [8]. Such a transition has a giant dipole
moment (∼ 103 Debye) which dictates a very large radiative decay rate of the order of 1015

s−1 [9].
MNPs can be dispersed in different dielectric matrices thus forming plasmonic nanocomposites
which can be deposited on a substrate as a thin film with a thickness of a few tens nanome-
ters [10–12]. In this context, one can expect that the radiation from MNPs distributed in a
nanocomposite film will resemble superradiance from an ensemble of atoms confined to a
subwavelength slab.
Despite such a simple analogy, the dynamical aspects of the Dicke superradiance from subwave-
length arrays of MNPs has not been so far discussed in the literature. Up to now the research in
this field has been limited to the broadening of the optical spectra due to the radiative damping
in aggregates of a few identical MNPs [13–15], a linear MNP array [16], a MNP array on a
microsphere [17], random MNP arrays [18], 2D [19–23] and 3D metamaterials [24].
In the present paper, we develop the dynamical theory of the Dicke superradiance from an
optically thin plasmonic nanocomposite slab from first principles. The theory is based on a
rigorous treatment of the local field in the slab [25] which inherently contains correlations
between individual MNPs.
It should be noted that one usually distinguishes between superradiance which emerges when
the sample is coherently excited by a light pulse and superfluorescence when the system is
excited incoherently and the coherent cooperative emission is spontaneously created by the
self-organization of the system itself [26, 27]. The latter effect is beyond the scope of the present
paper [28].
The paper is organized as follows. Section 2 introduces the theoretical model adopted in the paper.
In Sec. 3 the evolution of the MNPs polarization excited by a pump pulse is considered. In Sec.
4 the eigenvalues of the field susceptibility tensor which determine the polarization evolution are
investigated. In Sec. 5 the expression for the Dicke superradiance intensity is obtained which is
numerically analyzed for different scenarios in Sec. 6. Section 7 summarizes the main results of
the paper.

2. Theoretical model

Let us consider a nanocomposite slab placed between a superstrate with the dielectric function n1
and a substrate with the dielectric function n2 (Fig. 1). We assume that the slab is represented by
a dielectric host medium with the dielectric function nℎ in which spherical MNPs of radius '
are randomly distributed with the number density # or, equivalently, with the volume fraction
5 = (4c/3)'3# . The slab is assumed to be optically thin, i.e. its thickness, 3, is much less than
the wavelength of the incident light, _. We direct the I coordinate axis from the superstrate to the
substrate along the normal to the slab boundaries and place its origin at the midpoint between
them.
In the vicinity of the resonance with the MNP localized surface plasmon frequency, l0, the
evolution of the MNP dipole moment, p(r, C), can be described in the damped harmonic oscillator
model as follows

32p(r, C)
3C2

+ Γ3p(r, C)
3C

+ l2
0p(r, C) = 0E′(r, C), (1)



Fig. 1. The structure under consideration.

where Γ is the damping constant and the parameter 0 specifies the coupling between the MNP
and the microscopic (local) field in the slab, E′. A comparison with the quasi-static limit [29]
reveals that the quantity Γ in Eq. (1) coincides with the relaxation constant in the Drude model
for the MNP dielectric function

n (l) = n∞ −
l2
?

l(l + 8Γ) , (2)

where n∞ is the offset originating from the interband transitions and l? is the metal plasma
frequency, while the LSP frequency and the coupling constant are given by

l0 =
l?√

n∞ + 2nℎ
(3)

and
0 = nℎl

2
0'

3, (4)
respectively.
The local field in Eq. (1) in turn can be written as a sum of the incident field in the slab, E(r, C),
and the field scattered by the induced dipoles as follows [25, 30]

E′(r, C) = E(r, C) +
∫
+ ′

F̄(r, r′;l)P(r′, C)3r′, (5)

where P(r, C) = #p(r, C) is the volume density of the MNPs induced dipole moments, i.e. their
polarization. Such an approach corresponds to the polarium model developed by Prasad and
Glauber [31] to describe coherent radiation from an atomic medium. Here F̄(r, r′;l) is the
so-called field susceptibility tensor [32,33] which relates the electric field at the point r generated
by a classical dipole, oscillating at frequency l, with the dipole moment itself, located at r′, + ′
denotes the slab volume after removal of a small volume around the MNP under consideration
that excludes the singularity associated with the self-action of MNPs. This quantity can be
expressed in terms of the Green’s function of the vector wave equation with appropriate boundary
conditions [29]. When writing Eq. (5) one formally treats the quantity P(r, C) as a continuous
function of r that is a good approximation when the average distance between MNPs is much
less than _. The field susceptibility tensor can be represented as the Fourier integral

F̄(r, r′;l)

=
1
(2c)2

∫
f̄ (I, I′; ^G , ^H;l)48^G (G−G′)48^H (H−H′)3^G3^H ,

(6)



where f̄ (I, I′; ^G , ^H;l) is the Fourier transform. This representation allows one to write the
dipole field as a superposition of plane waves.
Equation (5) being combined with Eq. (1) provides an integro-differential equation which
describes the dynamics of the MNPs polarization. Its kernel accounts exactly for the radiation
field of the point dipoles embedded in the slab and therefore this approach goes beyond the
Maxwell Garnett (or the Lorentz-Lorenz) approximation which is applicable to volumes of
dimensions much larger than the wavelength of the emitted radiation [34]. The solution for the
polarization can be understood as a result of a self-consistent approach. It contains implicitly the
recurrent scattering of radiation by the dipoles which is believed to be a reason for the discrepancy
with the Lorentz-Lorenz model when calculating the light scattering from dense clouds of cold
atoms [35].
The criterion of validity of Eq. (5), where MNPs are replaced by point dipoles, can be deduced
from a comparison with exact numerical calculations. It has been shown that the point-dipole
approximation provides a reasonably good agreement when the radius of a MNP, ', is less than
or comparable with '0/3, where '0 is the interparticle separation [36]. This criterion can be
rewritten as (4c/3 5 )1/3 ≤ 1/3 that gives for the MNPs volume fraction 5 ≤ 0.2.

3. Evolution of the nanoparticles polarization

We assume that the incident field transmitted into the slab oscillates at the frequency l which is
close to l0 and the projection of its wave vector onto the G-axis equals :0 so that

E(r, C) = E0 (I, C) exp(8:0G − 8lC), (7)

where E0 (I, C) is the amplitude envelope function. Accordingly, we seek the solutions for the
polarization and the local field in the forms

P(r, C) = P0 (I, C) exp(8:0G − 8lC) (8)

and
E′(r, C) = E′0 (I, C) exp(8:0G − 8lC), (9)

respectively, where P0 (I, C) and E′0 (I, C) are the time-dependent amplitudes which vary much
slower than exp(−8lC) and we have taken into account the translational invariance of the problem
along the H axis.
Substituting Eqs. (7) - (9) in Eqs. (1) and (5) and neglecting the first and second time derivatives
of P0 (I, C) in comparison with lP0 (I, C) and l2P0 (I, C), respectively, one comes to the equations

3P0 (I, C)
3C

+
(
Γ

2
− 8Δ

)
P0 (I, C) = 8VE′0 (I, C), (10)

with V = #0/(2l0) = (3/8c) 5 nℎl0, Δ = l − l0 being the resonance detuning and

E′0 (I, C) = E0 (I, C) +
∫ 3/2

−3/2
f̄ (I, I′; :0, 0;l0)P0 (I′, C)3I′, (11)

where we have used that l ≈ l0.
Taking into account that the nanocomposite slab under consideration has the thickness much less
that the wavelength, one can neglect the I-dependence in the above equations and approximate
the kernel in the integral equation (11) as follows

f̄ (I, I′; :0, 0;l0) ≈ f̄ (0, 0; :0, 0;l0) ≡ f̄0 (:0, l0). (12)



This reduces Eqs. (10) and (11) to a single differential equation

3P0 (C)
3C

+ f̄P0 (C) = 8VE0 (C), (13)

where the matrix elements of the tensor f̄ are defined as (8 and 9 run the values G, H and I)

f8 9 =

(
Γ

2
− 8Δ

)
X8 9 − 83V 50,8 9 (:0, l0). (14)

Equation (13) can be conveniently solved by means of the Laplace transform

�(B) =
∫ ∞

0
P0 (C) exp(−BC)3C. (15)

Due to the block diagonal structure of the matrix f8 9 the problem is split into two separate
problems for the incident field polarized in the plane of incidence (TM polarization) and
perpendicular to it (TE polarization). The corresponding solutions are given by

Π) "G (B) = 8VΣG (B)�0 (B)
[B + (Γ−/2) − 8Δ−] [B + (Γ+/2) − 8Δ+]

, (16)

Π) "I (B) = 8VΣI (B)�0 (B)
[B + (Γ−/2) − 8Δ−] [B + (Γ+/2) − 8Δ+]

(17)

and
Π) �H (B) =

8V�0 (B)
B + (Γ′/2) − 8Δ′ , (18)

where we have assumed a zero initial polarization, i.e. P0 (0) = 0. Here �0 (B) is the Laplace
transform of the amplitude �0 (C) and the following notations are introduced:

ΣG (B) = (B + fII) cos \C + fGI sin \C , (19)
ΣI (B) = −(B + fGG) sin \C − fIG cos \C , (20)

Γ± = Γ + 23VIm( 5±), (21)
Δ± = Δ + 3VRe( 5±), (22)

Γ′ = Γ + 23VIm( 50,HH), (23)
Δ′ = Δ + 3VRe( 50,HH) (24)

with \C being the angle which the wave vector of the wave transmitted into the slab makes with the
normal to the slab boundary and 5± being the eigenvalues of the matrix 50,8 9 (:0, l0) (8, 9 = G, I).
The evolution of the MNPs polarization is found as the inverse Laplace transform of Eqs. (16) -
(18). It is determined by the envelope function of the exciting field, �0 (C). We assume that the
system is excited by a rectangular pulse of duration g, so that

�0 (C) =


0 for C < 0, C > g,

�0 for 0 ≤ C ≤ g.
(25)

Then one obtains
%U08 (C) = 8V�0&

U
8 (C) (26)

with
&U8 (C) = 'U8 (C) − 'U8 (C − g)\ (C − g), (27)



where the superscript U denotes either TM (?) or TE (B) polarization, \ (C) is the unit step function,
8 = G, I for TM polarization and 8 = H for TE polarization. The functions 'U

8
(C) are defined as

follows

') "8 (C) = Σ8 (0)
B−B+

+ Σ8 (B−)
B− (B− − B+)

exp(B−C) −
Σ8 (B+)

B+ (B− − B+)
exp(B+C),

(28)

') �H (C) =
1
B′
[exp(B′C) − 1] (29)

with B± = −(Γ±/2) + 8Δ± and B′ = −(Γ′/2) + 8Δ′.

4. Eigenvalues of the field susceptibility tensor

The quantity V in Eqs. (21) - (24) is proportional to the MNP number density or volume fraction
that signifies a cooperative effect of MNPs in both the polarization relaxation constant and
frequency shift. This effect is determined by the eigenvalues of the field susceptibility Fourier
transform tensor which we investigate in this Section.
The quantity F̄(r, r′;l) can be split into two contributions as

F̄(r, r′;l) = F̄0 (r, r′;l) + F̄' (r, r′;l), (30)

where F̄0 (r, r′;l) originates from the dipole field of MNPs in free space and F̄' (r, r′;l) results
from the MNPs dipole field reflected from the boundaries. Both tensors can be written in the
form of the Fourier integrals similar to Eq. (6), where [33, 37]

f̄0 (I, I′; ^G , ^H;l)

= 2c8
l̃2

,ℎ

[
( B̂B̂ + ?̂+ ?̂+)\ (/)48,ℎ/

+ ( B̂B̂ + ?̂− ?̂−)\ (−/)4−8,ℎ/
]

−4cÎÎX(/) (31)

and

f̄' (I, I′; ^G , ^H;l)

= 2c8
l̃2

,ℎ

[
B̂B̂

(
�−BB (I′)4−8,ℎ/ + �+BB (I′)48,ℎ/

)
+ ?̂+ ?̂−�?+?− (I′)48,ℎ/ + ?̂− ?̂+�?−?+ (I′)4−8,ℎ/

+ ?̂+ ?̂+�?+?+48,ℎ/ + ?̂− ?̂−�?−?−4−8,ℎ/
]
.

(32)

Here / = I− I′, l̃ = l/2 = 2c/_ with 2 being the speed of light in vacuum,,ℎ = (l̃2nℎ− ^2)1/2
is the I-component of the plane wave in the host material, ^2 = ^2

G + ^2
H is the squared modulus of

the wave vector component parallel to the slab surfaces, +, the unit vectors Î, ˆ̂ and B̂ = ˆ̂ × Î are
oriented along the corresponding directions and \ (/) is the unit step function with \ (0) = 1/2
that ensures the symmetry of the dipole field in free space. The other notations are as follows

?̂± = (l̃
√
nℎ)−1 (^Î ∓,ℎ ˆ̂), (33)



�−BB (I) =
AB14

8,ℎ (3−2I) + AB1A
B
24

28,ℎ3

1 − AB1A
B
24

28,ℎ3
, (34)

�+BB (I) =
AB14

8,ℎ (3+2I) + AB1A
B
24

28,ℎ3

1 − AB1A
B
24

28,ℎ3
, (35)

�?+?− (I) =
A
?

1 4
8,ℎ (3+2I)

1 − A ?1 A
?

2 4
28,ℎ3

, (36)

�?−?+ (I) =
A
?

2 4
8,ℎ (3−2I)

1 − A ?1 A
?

2 4
28,ℎ3

, (37)

and

�?−?− = �?+?+ =
A
?

1 A
?

2 4
28,ℎ3

1 − A ?1 A
?

2 4
28,ℎ3

, (38)

where

AB1 =
,ℎ −,1
,ℎ +,1

, (39)

A
?

1 =
n1,ℎ − nℎ,1
n1,ℎ + nℎ,1

, (40)

AB2 =
,ℎ −,2
,ℎ +,2

, (41)

A
?

2 =
n2,ℎ − nℎ,2
n2,ℎ + nℎ,2

, (42)

are the Fresnel reflection coefficients for B and ? polarizations at the medium 1/slab and
slab/medium 2 interfaces, respectively, in the approximation of small MNP volume fraction with
,1 = (l̃2n1 − ^2)1/2 and,2 = (l̃2n2 − ^2)1/2. In Eqs. (31) and (32), the parts of the tensors
proportional to B̂B̂ describe the electric field for TE polarization (B polarization) of the dipoles,
whereas the other parts proportional to ?̂± ?̂± are relevant to TM polarization (? polarization) of
the dipoles.
In the approximation under consideration one can take the field susceptibility tensor in the limit
3 → 0. This also implies I → I′→ 0 provided I ≠ I′ that excludes self-action of MNPs. In the
case under discussion ˆ̂ = Ĝ and B̂ = Ĥ that allows one to write 50,8 9 ≡ 2c8q8 9 with

qGG =
,ℎ

nℎ

(1 − A ?1 ) (1 − A
?

2 )
1 − A ?1 A

?

2
, (43)

qII =
:2

0
nℎ,ℎ

(1 + A ?1 ) (1 + A
?

2 )
1 − A ?1 A

?

2
, (44)

qGI = −qIG =
:0
nℎ

A
?

2 − A
?

1
1 − A ?1 A

?

2
, (45)

qHH =
l̃2

0
,ℎ

(1 + AB1) (1 + A
B
2)

1 − AB1A
B
2

=
2l̃2

0
,1 +,2

(46)

and the other matrix elements q8 9 are equal to zero.
The eigenvalues of the field susceptibility tensor are found as 5± = 2c8q± and 50,HH = 2c8qHH ,
where q± satisfy the equation

q2
U − (qGG + qII)qU + qGGqII + q2

GI = 0, U = ±. (47)



It follows from here that

q− + q+ = qGG + qII

=
2n1n2

n1,2 + n2,1

(
,1,2
n1n2

+
:2

0

n2
ℎ

)
≡ f1 + 8f2 (48)

and

q−q+ = qGGqII + q2
GI =

:2
0

n2
ℎ

, (49)

where f1 and f2 are the real and imaginary parts of the right-hand side part of Eq. (48),
respectively. The latter equation allows one to write

q− = ? exp(8k) (50)

and
q+ = @ exp(−8k), (51)

where ? and @ are real quantities such that ?@ = :2
0/n

2
ℎ
and k is a real phase. Then, separating

the real and imaginary parts in Eq. (48), one obtains

(? + @) cosk = f1 (52)

and
(? − @) sink = f2. (53)

In what follows, we assume that the superstrate material is dielectric, while the substrate can be
either a dielectric or a metal. In such a case both n1 and,1 are real and positive quantities.
When the substrate is a dielectric both n2 and,2 are real and f2 = 0, so that either k = 0, or
? = @. Correspondingly, the roots q− and q+, which determine the cooperative effect in TM
polarization, are either real or complex conjugate to each other, depending on the sign of the
discriminant of Eq. (47). In the first case the cooperative effect takes place for the relaxation rate,
Eq. (21), only. In the latter case it contributes to both the relaxation rate and the frequency shift.
The magnitude of the effect is reduced as compared to the previous case.
When the substrate is a metal, n2 < 0 in neglect of its imaginary part, that is a good approximation
in the optical spectral range, and,2 is imaginary. In this case, q− and q+ are complex quantities
and contribute to both the relaxation rate and the frequency shift. A similar analysis can be
performed for the quantity qHH , Eq. (46), which determines the cooperative effect of MNPs in
TE polarization.
There can be, however, a particular case where the incident field is excited in the attenuated total
reflection (ATR) configuration by TM polarized light. It can be realized, for example, when the
incident light passes through a prism with the refractive index =? >

√
n1 suspended above the

metal substrate at a distance comparable with the wavelength (Otto configuration) [38]. Then,1
is imaginary as well and a resonance in the quantity q− + q+, Eq. (48), specified by the condition

Im(n1,2 + n2,1) = 0, (54)

becomes possible which corresponds to the excitation of surface plasmon polaritons (SPPs) at the
interface between the substrate and superstrate [38]. At exact resonance the quantity n1,2 + n2,1
is real and determined by the imaginary part of n2. In such a case, one of the roots of Eq. (47) is
much larger in absolute value than the other one, as it follows from Eq. (49), and one can expect
an enhanced cooperative effect of MNPs.



5. Radiation field in the slab

The electric field of the cooperative radiation emitted by MNPs in the slab is found as [see Eq.
(11)]

EA (I, C) =
∫ 3/2

−3/2
f̄ (I, I′; :0, 0;l0)P0 (I′, C)3I′. (55)

Taking into account that the nanocomposite is optically thin as before, one finds

� UA8 (C) = −2cV3�0
∑
9

q8 9&
U
9 (C). (56)

and the relative intensity of the radiated field

�UA (C)
�0

=
| EUA (C) |2

| �0 |2
= 4c2V232

∑
8

�����∑
9

q8 9&
U
9 (C)

�����2 . (57)

Equation (57) can be represented in terms of the dimensionless parameters

Γ̃± = Γ±/Γ = 1 + 2[Re(q̃±), (58)
Δ̃± = Δ±/Γ = Δ̃ − [Im(q̃±), (59)
Γ̃′ = Γ′/Γ = 1 + 2[Re(q̃HH), (60)
Δ̃′ = Δ′/Γ = Δ̃ − [Im(q̃HH) (61)

with Δ̃ = Δ/Γ, q̃a = qa/l̃0 and the dimensionless function &̃(C) as follows

�UA (C)
�0

= [2
∑
8

�����∑
9

q̃8 9&̃
U
9 (C)

�����2 (62)

that reveals a governing role of the parameter [ = 2cV3l̃0/Γ in the cooperative radiation.
Let us note that in the approximation under consideration the relaxation rates and frequency
shifts, Eqs. (58) - (61), linearly depend on the parameter [ ∼ V3 ∼ 5 3 ∼ #3, i.e. on the number
of MNPs per unit area of the slab. This conclusion is consistent with the result obtained for an
optically thin slab of resonant atoms [31]. On the other hand, the radiated intensity, Eq. (62), is
proportional to this number squared that is a feature of the Dicke superradiance.
The coherence properties of the radiation field can be characterized by the normalized first-order
correlation functions (the degrees of coherence) [30]

WU8 9 (C1, C2) =
< � U∗

A8
(C1)� UA 9 (C2) >√

< | � U
A8
(C1) |2>< | � UA 9 (C2) |2>

, (63)

where the angular brackets denote the time averaging. The behaviour of these functions can be
easily analyzed using Eqs. (56) and (27)-(29). Initially P0 = 0 and there is no coherence between
the MNPs. After the pumping pulse onset the correlation functions take non-zero values that
indicates an establishment of coherence of the radiated field. When C1 and C2 are much larger
than 1/Γ± for TM polarization or 1/Γ′ for TE polarization all the correlation functions tend to
unity that signifies full coherence provided that the pumping pulse is fully coherent. However,
if the pulse duration is shorter than or comparable with 1/Γ± or 1/Γ′, depending on the pulse
polarization, this state is not reached and the radiation is partially coherent. On the other hand,
when the pumping pulse is switched off the same quantities describe the decoherence of the
radiation and have a sense of the coherence times.



6. Numerical results

We illustrate the theory developed above by the numerical calculations for silver nanoparticles
distributed throughout a host material with nℎ = 1.52 in contact with vacuum as a superstrate
(n1 = 1). We adopt the Drude model, Eq. (2), for the dielectric function of MNPs with n∞ = 5,
l? = 14.0 × 1015 s−1 and Γ = 0.32 × 1014 s−1 [39]. The corresponding wavelength of the LSP
resonance is _0 = 2c2/l0 ≈ 415 nm. When the substrate is a metal one can excite SPPs by TM
polarized light passing through a prism at the incidence angle \8 satisfying the equation [38]

=? sin \8 =
√

n2
n2 + 1

, (64)

where =? is the prism refractive index. For a silver substrate and =? = 1.5 this gives \8 ≈ 49◦ for
_ = 415 nm.
Figure 2 shows the evolution of the cooperative radiation intensity excited by TE polarized
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Fig. 2. The Dicke superradiance in TE polarization from a nanocomposite with Ag
nanoparticles as a function of time for different volume fractions of MNPs. n1 = 1,
n2 = 1.72, nℎ = 1.52, 3 = 50 nm, _ = 415 nm, \8 = 10◦ and g = 10 fs.
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Fig. 3. Same as in Fig. 2, but for TM polarization.

light. The calculations are carried out for a dielectric substrate with n2 = 1.72 that is close to that
of Al2O3. One can see that both the signal growth rate and its intensity gradually increase with
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Fig. 4. The Dicke superradiance excited in TM polarization in the ATR configuration
for different volume fractions of MNPs. =? = 1.5, \8 = 49◦; the other parameters are
the same as in Fig. 2.

the volume fraction of MNPs during the pumping pulse. When the external field is switched off
the same tendency is observed for the signal decay.
The dynamics of the superradiance demonstrated in Fig. 3 for TM polarization is qualitatively
different. For a relatively small volume fraction of MNPs the overall behavior is similar to that
for TE polarization. However for larger values of 5 there develops a peak within the action of
the pumping pulse. There is also a replica of this peak, associated with the termination of the
pulse, which has a smaller amplitude. The intensities of the peaks are substantially larger than
the signal intensity in TE polarization.
Figure 4 shows the radiation intensity evolution for a nanocomposite slab deposited onto an Ag
substrate. The calculations are carried out for the excitation of SPPs in the ATR configuration at
the interface between the substrate and superstrate. In this scenario, the cooperative response of
MNPs is so fast that the signal almost repeats the shape of the pumping pulse even for small 5 .
Its intensity is enhanced in comparison with the previous two cases.

7. Conclusion

In this paper, we have developed the dynamical theory of the Dicke superradiance which can
be observed from an optically thin plasmonic nanocomposite slab. The theory is based on the
Green’s function approach which properly accounts for the local field in the nanocomposite.
Excitation of the system in both TE and TM polarizations as well as in the ATR configuration
have been considered. The superradiance intensity is shown to be proportional to the square of the
number of MNPs per unit area of the slab, while the relaxation times and the resonance detunings
linearly depend on this quantity. It is demonstrated that the relaxation rates are significantly
enhanced when SPPs are excited at the boundary between the substrate and superstrate in the
ATR configuration.
The research reported in this paper reveals that the phenomenon of superradiance can be observed
in the femtosecond time domain due to extremely fast relaxation processes in MNPs. These
findings can form a basis for novel ultra-fast optical techniques which exploit the Dicke super-
radiance. In particular, they can be used to engineer femtosecond pulses of coherent radiation
using a rather simple approach.
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