UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Spontaneous emission near resonant optical antennas

Frimmer, M.

Publication date
2012

Link to publication

Citation for published version (APA):
Frimmer, M. (2012). Spontaneous emission near resonant optical antennas.

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:25 Jul 2022


https://dare.uva.nl/personal/pure/en/publications/spontaneous-emission-near-resonant-optical-antennas(6397f09b-ebfb-452f-a8b7-679a2594ee79).html

Scattering and Spontaneous Emission by Electric
Dipoles

This Chapter gives an introduction to the theoretical framework that is
used to describe the scattering of light by small particles throughout this
thesis. Furthermore, it describes the classical electrodynamic approach
taken to calculate the decay-rate enhancement of dipolar emitters in
complex photonic environments. This Chapter does not contain any
new results that could not be found in the literature. It is much rather
intended as a concise introduction to dipolar scattering theory for the
unfamiliar reader in order to make the theoretical part of this thesis mostly
self contained.

4.1 Introduction

The theory of electrodynamics might seem simple when considering that it is set entirely
by the four Maxwell equations together with two constitutive equations describing the
involved materials [1]. It however turns out that when considering any but the simplest
electrodynamic problem, finding a solution to Maxwell’s equations is challenging to say
the least. Therefore, a variety of schemes and techniques have been developed in order
to simplify the search for valid solutions [2]. One well known example is the concept
of lumped circuit elements. In a lumped-element framework anyone mastering basic
arithmetics can understand and design electrical circuits with powerful functionality
and therefore put Maxwell’s equations to work [3]—under the constraint that the circuit
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4 Scattering and Spontaneous Emission by Electric Dipoles

formalism describing resistors, capacitors, and inductors connected with conductors
breaks down when the signal frequencies correspond to wavelengths that become
comparable to the physical circuit size or electrodynamic effects like radiation become
important [4].

In this Chapter we discuss another simplification, namely the dipolar approximation
leading to a coupled-dipole model [5]. In optics, point-dipole methods are an approxi-
mation toolbox as powerful as lumped circuits are in the electrostatic regime [2]. It is
its electrodynamic nature that makes a point-dipole model superior to lumped-element
descriptions of photonic circuits at optical frequencies [6-8].

The dipolar approximation is a good description of a scatterer if the currents
oscillating at frequency w and thereby generating the fields are constrained to a volume
d3 «< A3, where A = 27¢/w. Furthermore, the observer, or any other current distribution
(i.e. scatterer), must be sufficiently far away, such that d < r, with r being the distance
between the observer and the current generating the field [2]. The dipolar approximation
lends itself to describing scattering by small particles and assemblies of small particles.
Importantly, the size of the assembly can very well be much larger than A. For scattering
by larger particles we refer to Reference [9].

We point out that this Chapter is not intended as a new scientific result but rather
as an introduction and a reference in order to aid the unfamiliar reader in following
the theoretical formalism applied throughout the remainder of this thesis. Regarding
the origin of this Chapter’s content we point at the quoted literature. We consider
References [10, 11] and [5] together with [2] to be an ideal starting point for a practical
application of the coupled-dipole model.

4.2 The dipolar approximation

Assume we have a known spatial current distribution J(r', f) = J (r")exp [-iw?] in
vacuum with a harmonic time dependence and we would like to know the electric field
FE generated by J at position r. The vector potential A(r, t) = A(r)exp [-iw?] is then
given by [1]

explik|r—r']] 5,

A =po | T , @.1)
v ax|r —7'|
from which assuming the Lorentz gauge the electric field follows as
. 1
Er)=iw|l+ ﬁVV- A(r), 4.2)

where k = n¢ is the wave-number in the medium.

When we consider the case where the current distribution is confined to a region
much smaller than the wavelength and the observation point is far away from the source
region we can immediately simplify Eq. (4.1) to read

Ar) :po%lfrl fv Ja)d3r, 4.3)
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4.3 The coupled-dipole model

Performing an integration by parts and introducing the electric dipole moment
p =f r o)dr! (4.4)
v
the vector potential can be rewritten as

explikr]
0— P

Anr “.5)

A(r) = —iop
This equation constitutes the remarkable and highly useful fact that the fields generated
by any current distribution within a volume much smaller than A3, observed at sufficient
distance, are entirely given by the electric dipole moment of the current distribution.
This observation justifies the approximation of scatterers with complex geometries by
simple point dipoles as long as the scatterers are small compared to the wavelength.
Importantly, the dipolar approximation describes the near fields correctly, such that the
observer can go as close as desired compared to the wavelength, as long as he is still
sufficiently far away measured against the spatial extent of the current distribution.

4.3 The coupled-dipole model

Restricting the discussion to dipolar interactions simplifies things tremendously. From
here on, we only consider the fields generated by dipolar currents. In a homogeneous
medium of refractive index n the electric field generated at position 7 by a dipole p at
T is given by [1]

2

w
E%p,n,0,r1,70) = n Ho

nr

. . . R 1 i
explikr] {(r xp) x T+ [37(7 - p) — pl (W - E)}’
4.6)
where k = n% is the wavenumber in the medium of refractive index n = /€, r =
|71 — 7ol and # = (1 — 1) /r.* We can generalize Eq. (4.6) to any dipolar orientation
and strength p by introducing the Green function for a homogeneous medium

Go(n;wy Tl,'l"()) = [E(exy n,w, Tl,TO)yE(ey; n)w)Tlrro)rE(eZ) n,w,Tl,To)] (47)

such that
E(pr n,wﬂ"l,ro) = G(nvw)TerO)'p~ (48)

We have dropped the superscript in Eq. (4.8) since it can be taken as the definition of
the dipolar Green function for any environment. Note that both dipole moments and
electric fields are column vectors and the Green function is a 3 x 3 dyadic. It is important
to keep in mind that Eq. (4.6) is the field generated by a dipole in a homogeneous
medium and the field generated in another more complex environment is much more
complicated. One typically separates the Green function of a complex background

*In general the refractive index n = (/e depends both on the relative permittivity and permeability of the
medium. Since in this thesis we are only dealing with non-magnetic materials we always assume p = 1.
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4 Scattering and Spontaneous Emission by Electric Dipoles

system G = G + G* into a sum of the free-space Green function G° and a scattered
part G°. Only for a few examples analytical solutions for G* are known. In particular,
we refer to the book by Tai [12], who calculates the Green function for a sphere, a planar
interface, and an infinite cylinder of circular cross-section. Furthermore, dyadic Green
functions for stratified multi-layers [2, 13], concentric spherical multi-layers [14], an
eccentric spherical inclusion in a sphere [15], clusters of spheres [16] and concentric
cylindrical multi-layers [17] are available but challenging to handle.

Besides the fields generated by a dipolar source, we are furthermore interested in
the response of a polarizable scatterer to an incident electric field, which is in the linear
approximation given by the polarizability tensor «, such that

p=a-FE. 4.9)

Equations (4.7) and (4.9) are the ingredients necessary to set up the equations of
motion for a system of N coupled dipoles. The scatterers 1,..., N acquire dipole
moments p1,...,py in proportion to their polarizabilities a1, ..., and the electric
fields E(ry),..., E(ry) at their locations 75, according to the linear self-consistent set
of equations [5, 10, 11]

Pn=0an | Epn(ry) + Z GB(Tn,Tm) Pm |, (4.10)

m#n

where we have just rewritten Eq. (4.9) for dipole n by expressing the electric field it
experiences as a superposition of the external driving field Ey, and the fields generated
by all other polarizable particles due to the fact that they are polarized as well. By
moving all dipole moments to the left of the equality sign we can now cast Eq. (4.10)
in matrix form to read

@P=M1.¢ 4.11)

where we have concatenated the dipole moments p; to the 3N component ‘super-
vector’ for polarization £2. Equivalently & describes the incident field components at
the particle positions, and the coupling matrix M is defined as

Mi,j:6i,ja,'_l_(1_6i,j)GB(7°i»T'j)- 4.12)

Note that M is of dimension 3N x 3N and the sub-matrices M; ; defined in Eq. (4.12)
have dimension 3 x 3. For a scatterer with its main axes along the coordinate axes the
diagonal of M holds the inverse of the polarizability tensor o; while the off-diagonal
elements are given by the Green function coupling terms Gg(7;, 7).

Just like Eq. (4.9) relates the dipole moment of a single scatterer to the incident
electric field, Eq. (4.11) relates the polarization state of an ensemble of scatterers
to the driving field, where the inverse of the coupling matrix plays the role of a
polarizability tensor for the ensemble. It is instructive to take the analogy between o
and M even a step further by considering the procedure of diagonalization. When we
consider an anisotropic particle of a conventional material we can always diagonalize
its polarizability tensor. The associated coordinate transformation leads us to the
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4.4 The electrodynamic polarizability

principal axes of the polarization ellipsoid, which just means that a driving field along
a principal axis will never lead to a polarization of the particle in a direction orthogonal
to the chosen principal axis. Equivalently, for an ensemble of particles diagonalization
of the inverse coupling matrix M ™! leads to the ‘eigen-polarizations’ and ‘eigen-
polarizabilities’ [18]. The eigen-vectors of M ! can be regarded as the polarization
eigen-modes of the system. We will encounter an example of a system with very
peculiar polarization eigen-states in Chapter 5.

4.4 The electrodynamic polarizability

The previous section discussed the mathematical formulation and the physical meaning
of the coupling matrix of a system of coupled dipoles. While we have identified the
off-diagonal elements of the coupling matrix as the fields generated by the scatterers
we will now search an expression for the polarizability tensor o which enters the
diagonal of the coupling matrix. For a truly didactic treatment of the radiation reaction
discussed in the following we strongly recommend the review by Lagendijk and van
Tiggelen [19].

A good starting point to find the dipole moment acquired by a spherical particle
of a material described by a dielectric constant €p,y embedded in a homogeneous
medium with dielectric constant €,.qg when exposed to an electric field is to solve the
electrostatic problem. We restrict ourself to spherical particles of an isotropic material.
This approach leads to the electrostatic polarizability [9]

€part — €med

ag=4meyV 4.13)

Epart + 2€med ’
It is now tempting to insert tabulated experimental values for e¢(w) into Eq. (4.13)
in order to obtain a polarizability at frequencies w > 0. Nevertheless, the obtained
polarizability will remain ‘electrostatic’, as we will show in a moment. For certain
classes of materials analytical expressions for e€(w) are known, for example a Drude
metal is well described by [20]

wp
ew=1-——, (4.14)
w(w-1yw)
where wy, is the plasma frequency and y the Ohmic damping rate characterizing the
material. Upon inserting Eq. (4.14) into Eq. (4.13) and for simplicity assuming the
particle to be in air, we arrive at

2

w
ao(w) = 47eg Vﬁ (4.15)
Wy — W —1Yw

which resembles the familiar Lorentzian line shape as the generic frequency response of
any linear system with resonance frequency wg = wp/\/g. The Ohmic damping rate y of
the Drude model sets the damping of the obtained polarizability. Even though Eq. (4.15)
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4 Scattering and Spontaneous Emission by Electric Dipoles

clearly has a frequency dependence, we still refer to it as the electrostatic polarizability,
as indicated by the subscript. The reason is that having inserted a frequency dependent
dielectric constant into the electrostatic polarizability Eq. (4.13) by no means ensures
that the resulting expression Eq. (4.15) is physically valid. In fact, it turns out that
Eq. (4.15) violates energy conservation. Accelerated charges radiate electromagnetic
energy according to Larmor’s formula [1] and so does any polarizable scatterer [21].
This scattering must show up as a loss rate in the polarizability of Eq. (4.15), which so
far only contains the Ohmic damping.

We find the missing damping term by exploiting the insight that the energy loss of
a scatterer equals the work done on its own current by its own electric field [2]. The
apparent damping ‘force’ acting on the current is called Abraham-Lorentz force and
has been a matter of strong debate [1, 2]. With the realization that an oscillating dipole
is actually subjected to its own electric field we can rewrite Eq. (4.9) as

P =B = ag [Eext +Gp (To,?“o)p] ) (4.16)

where we have included the field generated by the dipole moment p at its own position
via the Green function. After rearranging the terms to the form p = e Ecy; we find the
electrodynamic polarizability

a=[oy' - Gglro,re)] (4.17)

which has an additional correction term G (rg, ) describing the back-action of the
scatterer on itself. Equation (4.17) is the scattering matrix, often referred to as t-matrix,
of a single dipolar point scatterer and its expansion yields the Born series of multiple
scattering [22]. Importantly, even a single scatterer gives rise to a multiple scattering
series. Remarkably, with the corrected polarizability in Eq. (4.17) we have found a
description of the multiple scattering problem with only a first-order scattering term.
The real part Re G gives rise to a shift of the resonance frequency of a while the
imaginary part ImnG is an additional damping term. Equation (4.17) immediately
confronts us with a dramatic problem when evaluating the free-space Green-function
GO (r,r) at the origin, since Eq. (4.6) diverges for r = 0. From Eqs. (4.2) and (4.5) we
can read off the scalar free-space Green function [2]
G0 = H0 o ik 418
= T exp likr], (4.18)

which can readily be split into its real and imaginary part using Euler’s formula.
The real part of Eq. (4.18) indeed diverges and seems to render Eq. (4.17) useless.
The problem of this divergence comes about from describing our scatterer as a true
mathematical point, which we now have to approach infinitely closely. Clearly, there
must be a cut-off which is sensibly chosen such that the resulting resonance frequency
appears where it is experimentally found [19].

Carrying out a Taylor expansion in orders of kr before performing the spatial
derivatives in order to return to the vector Green function yields for the imaginary part
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4.5 Observables and the optical theorem

of the free-space Green function

win

ImGO(rg, 7o) = 1 (4.19)

6mepcd
The imaginary part of the Green function evaluated at the origin is therefore the damping
term that has to be included in any polarizability tensor in order to appropriately take
radiation loss into account and ensure energy conservation. A complex photonic system
with a scattered part of the Green function G* changes the damping experienced by
the scatterer via its imaginary part Im G, which enhances or reduces the free space
damping ImG®. This is the Purcell effect changing the radiative line-width of a
scatterer. The real part Re G* shifts the resonance frequency of the scatterer. Thanks
to the tensorial nature of G the polarizability of an isotropic scatterer can acquire an
anisotropy due to its environment entering in the correction according to Eq. (4.17).

A straightforward recipe to include radiation damping and obtain a bona-fide
electrodynamic polarizability c in a homogeneous medium of refractive index n for
any chosen electrostatic « is therefore [11, 23]

-1 1 (,U3

-1
= - —nl. 4.20
o oy —1 6req & n ( )

For spheres, the correction in Eq. (4.20) is sometimes amended by a further depolariza-
tion factor [24], which leads to a line-shift to the red with increasing particle size but is
not strictly necessary to conserve energy.

4.5 Observables and the optical theorem

With the coupled-dipole model we have outlined a consistent electrodynamic framework
to describe scattering. In the present section we derive observables that are experimen-
tally accessible. By purely energetic considerations we will arrive at expressions for the
extinction and scattering cross-sections of a single dipolar scatterer in a homogeneous
medium as well as an expression for the optical theorem for a single dipolar scatterer
in any environment.

We consider a single dipolar current source j = p = joexp [-iwt] d (r — o) located
at ry. For the moment we do not worry about how this current is generated. We
apply the time-averaged form of Poynting’s theorem to consider the flux of energy
through an arbitrary surface 0V enclosing only our dipolar current and no lossy material.
Poynting’s theorem relates the time-averaged flux of electromagnetic energy described
by the Poynting vector (S) = %Re {E x H*} through the chosen surface to the fields
and currents within the enclosed volume via [2]

1
/ (S)dA = ——f Re {jTE}dV, 4.21)
v 2Jv
where (-)! denotes the Hermitian conjugate and we imply usual matrix multiplication.

Expressing the fields generated by our dipole p via the Green function of the embed-
ding system we arrive at the power emitted by our source into the (possibly lossy)
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4 Scattering and Spontaneous Emission by Electric Dipoles

environment )
Pey = EprIm (G (19, 70)] P (4.22)

In the special case of a homogeneous lossless medium o{ refractive index n, Eq. (4.22)
12‘;‘[6:{,‘3
of a dipole in a homogeneous medium upon inserting Im G° from Eq. (4.19). Note that
in the case of an environment including lossy constituents Eq. (4.22) describes the sum
of the power radiated into the continuum and the power absorbed by the environment,
provided you can draw a closed surface around the source without enclosing any lossy
material.

So far, we have not specified what creates the dipole moment p. While Eq. (4.22)
holds for any environment, in order to derive the scattering and absorption cross-
section of a single particle we now consider the case of a single isotropic scatterer
with polarizability a in a homogeneous lossless medium driven by a plane wave Ej,.
We insert p = a E into Eq. (4.22) to calculate the power scattered by the particle and
remember that the time-averaged Poynting vector along the propagation direction

turns into the familiar form of Larmor’s formula P = Ipl2 for the radiated power

(S) = %, / ;—((’)n | E|? gives the incoming power. By dividing the scattered power by the
incoming power flux density we obtain the scattering cross-section

4

w
Oseat = —— lal’. (4.23)

6n€0 c

For a weak scatterer, i.e. far away from any resonance in «, the wavelength dependence
shows the famous A~ behavior of Rayleigh scattering, which is one main reason why
the sky appears blue. This dependence can be obtained from a simple dimensional
analysis [25]. Importantly, we have arrived at the scattered power by considering the
work that is done on the dipole moment by its own field. In contrast, the energy removed
by the scatterer from the incoming beam must equal the work that is done on the dipole
moment by the incoming field. The cycle averaged extinction is therefore [10]

. 1
Pexi = (Re Eip -Re j) = Swlm (El p), (4.24)

which leads to the extinction cross-section of a dipolar scatterer in a homogeneous
medium w
Oext = —Ima. (4.25)
€ocn
We note after comparing Eqgs. (4.23) and (4.25) that since a o« V the ratio of scattered
to extinct power, commonly referred to as the albedo [19], vanishes for small volumes,
such that small particles practically only absorb.
Importantly, in any environment described by G, energy conservation requires that
the scattered power Eq. (4.22) can never exceed the extinct power Eq. (4.24), such that

olmGa =~ (a - a*) . (4.26)
21
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4.5 Observables and the optical theorem

The relation Eq. (4.26) is a general form of the optical theorem that restricts the
polarizability « to conserve energy [26]. In the special case of a lossless and homoge-
neous medium with refractive index 7 and an isotropic scatterer with polarizability a
Eq. (4.26) reduces to [27]

nw?

lal? <Ima. 4.27)

6meoc3
The correction of the polarizability given in Eq. (4.20) makes sure that the optical
theorem Eq. (4.27) is obeyed and energy is conserved. The equality sign in Eqgs. (4.26)
and (4.27) holds for the case of any hypothetical scatterer without material loss, i.e.
Y =0, on resonance. More importantly for practical cases, the radiation damping term
entering the denominator of the expression for the polarizability according to Eq. (4.17)
scales with the particle volume, such that for large scatterers the radiation damping will
exceed the material damping. The line-width of the polarizability of plasmonic particles
larger than about 40 nm in diameter is typically dominated by radiation losses [28].

Importantly, the electromagnetic environment entering Eq. (4.26) via the Green
function G bounds the scattering strength of any dipole to the unitary limit. Let us
consider an isotropic scatterer in vacuum, where we can combine Eqs. (4.25) and (4.27)
to obtain the maximally possible extinction cross-section of any dipolar scatterer
oUk = 2. We will reencounter the unitary limit in the context of assemblies of
scatterers in Chapter 5 and its repercussions in a complex environment will be of
paramount importance in Chapter 6.

We have just reminded ourself how to calculate the extinction and scattering cross-
sections of single particles. The value and success of the coupled-dipole model relies on
the fact that it allows to calculate extinction, scattering, and absorption cross-sections
of clusters of particles, as well as eigen-modes and radiation patterns, also for clusters
of particles [5, 10, 11, 18, 29]. As we will illustrate in the next section, also the LDOS
is easily available in a coupled-dipole approach. The coupled-dipole formalism has
recently been extended to magneto-electric scatterers [27]. The typical procedure to
obtain any observable is to first specify the particle positions and their electrodynamic
polarizabilities. At this point the coupling matrix M, given in Eq. (4.12), is fully
defined and has to be inverted. To find the dipole moments for any driving field remains
a simple matrix multiplication according to Eq. (4.11). With the knowledge of the
dipole moments resulting from a specific driving field all desired observables can be
derived. For example, the extinction cross-section of a particle cluster is obtained
from choosing a plane wave as a driving field and summing the power dissipated by
that driving field by acting on the resulting individual dipole moments according to
Eq. (4.24). To obtain the scattering cross-section of a particle cluster we calculate the
Poynting vector of the fields generated by the individual dipole moments through a
hypothetical sphere. This procedure can be carried out with limited computational
effort by choosing the sphere sufficiently large and applying a far-field approximation
for the dipole radiation. With the same recipe we can naturally also calculate differential
scattering cross-sections and thereby radiation patterns of particle clusters.

Regarding the driving field, we are of course not limited to plane waves. Most
interesting for the purpose of this thesis is certainly to choose a dipolar point source to
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4 Scattering and Spontaneous Emission by Electric Dipoles

drive an ensemble of scatterers to model the field emitted by a dipolar source in the
vicinity of a cluster of scatterers. The dipole field generated by that point source, given
in Eq. (4.6), then enters Eq. (4.11) as the driving field and the total radiated field is
the superposition of the driving field and the fields generated by the induced dipole
moments of the scatterers calculated according to Eq. (4.11).

4.6 Spontaneous-emission rate enhancement

Most interesting for the purpose of this thesis is to calculate the LDOS at a particular
position with respect to an ensemble of point scatterers. Xu, Lee, and Yariv [30] have
shown that the spontaneous-emission rate of a quantum-mechanical two-level system
with transition frequency w is proportional to the power dissipated by a constant-current
source of the same frequency [2]. We can therefore calculate the spontaneous-emission
rate enhancement via the enhancement in power dissipated by a classical constant-
current source in the complex photonic environment as compared to a reference system.
To this end, we revert to the expression for the power dissipated by an oscillating dipole
in Eq. (4.24), under the assumption that Im G does not significantly change across the
natural line-width of the quantum emitter [30, 31]. Upon splitting the Green function
into its free and scattered parts the decay-rate enhancement with respect to vacuum is
given by
p'ImG* (1o, T0)p

=1+ P e —— (4.28)
From Eq. (4.28) we can immediately appreciate that the rate enhancement (or suppres-
sion) of a spontaneous emitter in a complex photonic system is a result of the radiation
reaction of the emitter’s own field scattered by the environment and returning with
a phase shift to perform work on the source, thereby increasing (or decreasing) the
resistance of the vacuum. This picture merits the interpretation of the LDOS as an
impedance experienced by a quantum emitter [32, 33]. Importantly, Eq. (4.28) allows
to calculate the decay-rate enhancement, and therefore the LDOS, in any photonic
environment whose Green function is known, despite that system possibly exhibiting
material losses, which renders literal counting of the states impossible [34, 35]. The
strength of Eq. (4.28) is that it allows to determine the LDOS by evaluating Im G only
at a single point, namely the origin. It however hides the different contributions to
the LDOS since the dissipated power calculated according to Eq. (4.28) contains all
contributions to the LDOS, both radiative and non-radiative, due to the environment. If
we desire to separate the rate enhancement due to radiative decay enhancement we will
have to integrate the radiated power in the far field.

Finally, we would like to point out that the community of spontaneous-emission
control, including ourself, handles the term LDOS rather sloppily. LDOS is used to
refer to the energy and volume density of states, but also to the imaginary part of the
Green function ImG(r,r), its component projected on a certain dipole orientation
ﬁTIm GY*(ry,19)P, its trace tr{lm G} or any of these quantities normalized to the
corresponding value in vacuum. Typically, no confusion arises from the context.
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