Available online at www.sciencedirect.com

ANNALS

SCIENCE@DIRECT® of

PHYSICS

ELEVIER Annals of Physics 315 (2005) 352-418

www.elsevier.com/locate/aop

A recursive transfer-matrix solution
for a dipole radiating inside and outside
a stratified sphere

Alexander Moroz

Wave-Scattering.com

Received 18 March 2004; accepted 9 July 2004
Available online 7 October 2004

Abstract

Fast and numerically stable transfer-matrix solution is presented for the classical electro-
magnetics problem of a dipole radiating inside and outside a stratified sphere consisting of
concentric spherical shells. There is no limitation on the dipole position, the number of the
concentric shells, the shell medium, or on the sphere radius. Electromagnetic fields are deter-
mined anywhere in the space, the time-averaged angular distribution of the radiated power,
the total radiated power, Ohmic losses due to an absorbing shell, and Green’s function are cal-
culated. An absorbing, optically active, and ultrathin ( <10nm) metallic shell (core), character-
ized by a nonlocal dielectric function, are all allowed. The classical results are then applied to
inelastic light scattering (fluorescence and Raman), the radiative and nonradiative normalized
decay rates, and frequency shift. Using correspondence principle, the radiative decay rate is
calculated from the Poynting vector, whereas the nonradiative decay rate is calculated from
the Ohmic losses inside a sphere absorptive shell. Numerical stability of our method and lim-
itations of classical description of decay rates are addressed. The importance of grouping var-
ious radiative and nonradiative decay mechanisms into local and nonlocal decay rates is
emphasized. Further possible extensions of the theory presented here to the case of an arbi-
trary multilayered (axially symmetric) particle and to the classical problem of a radiating
quadrupole in the presence of a multilayered particle are briefly outlined. Various applications
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for chemical speciation, LIDAR, fluorescent microscopy, engineering of decay rates, identifi-
cation of biological particles, and monitoring specific cell functions are envisaged. Computer
program is freely available at http://www.wave-scattering.com.
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1. Introduction

Pioneering work by Chew et al. [1,2] provided a complete description of the clas-
sical electromagnetic fields of an electric dipole radiating outside and inside a homo-
geneous and isotropic spherical particle. This solution found an immediate
application in inelastic light-scattering (fluorescence or Raman) spectroscopy
[1,3,4] and, in particular, in the surface enhanced Raman scattering (SERS)
[1,4,5]. Raman spectroscopy had been developed into a sensitive tool for character-
izing single micrometer sized particles of both inorganic and organic compounds [6].
Later on, Raman microprobe analysis of particulates was used for identification of
biological particles in fluorescence-activated flow of cytomeres [7]. The inelastic scat-
tering of species embedded within a spherical particle is also of considerable interest
in studies employing light detecting and ranging (LIDAR) for remote sensing of both
molecular and particulate constituents of atmosphere [6,8]. Indeed, atmospheric
aerosols may fluoresce and that may be used to provide a means for chemical iden-
tification of ambient aerosols and to measure aerosol content in the atmosphere [8].
As another example, the particle may be a biological cell which has been tagged with
fluorescent molecules that attach to the DNA, the cytoplasm, or to the cell mem-
brane. The fluorescence can be used to monitor specific cell functions, or in the cell
identification and sorting systems [9,10]. Chew et al. [1,2] solution found also appli-
cation in the investigation thermal radiation from spherical microparticles [11].

Last but not the least, Chew et al. [1,2] solution was employed first by Ruppin [12]
and then by Chew [13,14] for the description of spontaneous electric-dipole transi-
tion, or decay, rates of atoms and molecules adsorbed at or embedded in spherical
particles. The applicability of purely classical theory for the description of the life-
time of an excited energy level of a quantum-mechanical system follows from the
correspondence principle. According to the latter, the quantum theoretical expres-
sion for the power radiated by the spontaneous emission from an excited state in
an electric (a magnetic) dipole transition is obtained from the classical expression
for the power P radiated by an electric (a magnetic) dipole by replacement of the di-
pole moment p by the corresponding transition matrix element. The spontaneous
emission rate W is then given by

7P
Cho’

(1)
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The basic assumption is, of course, that neither the transition matrix element nor the
transition frequency are appreciably changed by the presence of the interface. An ex-
plicit verification of the equivalence of the classical and quantum-mechanical results
for spherical geometry has been provided by Chew in Sec. IV of his article [13] (see
also Appendix D for some intermediary steps of Chew’s derivation). Chew has
shown that the results for decay rates derived on the basis of classical electromag-
netic theory agree with those computed quantum mechanically with the linear-re-
sponse formalism [15] adapted to spherical geometry. Since then Chew’s treatment
of decay rates within the framework of classical electrodynamics has proved to be
extremely successful and has been applied, among others, for the radiative decay
engineering for biophysical and biomedical applications [16], in near-field optical
microscopy for imaging of buried saturated fluorescent molecules [17] and of sur-
faces [18], and in the study of the effects of light absorption and amplification on
the stimulated transition rates of the electric-dipole emission of atoms or molecules
embedded in micrometer-sized dielectric spheres [19,20]. For a recent comparison
of theory and experiment see [21] for the case of microspheres and [22] for nano-
spheres.

All the previous studies have been performed for the case of a homogeneous and
isotropic spherical bead in a predetermined environment. However, particles found
in nature are frequently not homogeneous and sometimes exhibit a layered or radi-
ally stratified structure. As an example, water-insoluble aerosols in atmosphere have
often a thin liquid layer adsorbed on their surface. In addition to such a water-coated
soot particles, the case of a sphere having two coatings is also important for model-
ing hydrological particles coated with biological material and micro-encapsulated
material. In the case of a biological cell, the appropriate model consists of concentric
three-layered sphere, corresponding to nucleus, cytoplasm, and membrane [5]. Fur-
thermore, current experimental colloidal techniques allow one to design a variety of
multi-structured beads having a plurality of concentric shells with the core radius
from cca 1nm till 1 um and controlled shell thicknesses. For instance, a metal (Au,
Ag, and Pt) or dielectric (ZnS) spherical core can be coated in a controlled way
by a silica shell [23-27]. A reverse situation, in which a dielectric (silica, Au,S) bead
is coated by gold or some other noble metal, is also possible [28-32]. Having metal
cores means that an active light-emitting dielectric material (semiconductor or poly-
mer) is not isolated as in the case of metal shells. Hence, at first glance, metal-core
dielectric-shell beads can perform more easily some useful optoelectronic functions.
Nevertheless, diclectric-core metal-shell beads, also called metal nanoshells, consist-
ing of a dielectric core with a metallic shell of nanometer thickness (cca 50nm), made
it possible to vary the optical resonances of such nanoparticles over hundreds of
nanometers in wavelength by varying the relative dimensions of the core and shell
[28,29]. For a comparison, the tunability of the single-sphere Mie resonances in
the case of metal-core dielectric-shell beads is much smaller. However, experimen-
tally available design options do not stop here. One can subsequently etched away
silica core of a silica-core metal-shell bead and obtain a hollow metallic nanoshell.
Either hollow metallic nanoshell or a dielectric-core metal-shell bead can be in turn
coated in a controlled way by the second silica shell [31]. Note that such a dielectric
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overcoat of either metallic shell or metallic core is advantageous as it prevents aggre-
gation of the particles by reducing the Van der Waals forces between them. In the
latter case, a dielectric coating of roughly 20nm thickness is required. It is known
that fluorescent organic groups can be placed with nm control over the radial posi-
tion inside the silica core of a silica-core metal-shell bead, or in the silica shell of
either a dielectric-core metal-shell silica shell bead or a metal-core silica shell bead
[26,32]. Subsequently, there is a hope that such multi-structured spherical
micro- and nanoparticles will provide a lot of freedom in engineering of inelastic
light-scattering properties, such as SERS, and of atomic, molecular, and nanoprobe
fluorescence properties, such as spontaneous and stimulated decay rates, according
to one’s need and a desired application. To treat the case of the spherical bead with
several concentric shells it turns out necessary to extend the original work by Chew et
al. [1,2,13,14] and Ruppin [12].

In what follows, a complete classical description of the electromagnetic fields of
an electric-dipole radiating outside and inside such a multi-structured spherical par-
ticle is provided. After introducing our notation and definitions in Section 2, a recur-
sive transfer-matrix solution is provided in Sections 3 and 4, which allows one to
determine electromagnetic fields anywhere inside or outside the particle without
any limitation on the number of concentric shells and on position of the radiating
dipole. First forward and backward transfer matrices are introduced in Section 3,
which enable one a complete description of the scattering off a multilayered sphere.
Both penetrable and impenetrable (perfectly conducting sphere core) shells can be
included into our formalism. The forward and backward transfer matrices are then
used in Section 4 to provide a transfer-matrix solution for a multicoated sphere with
a dipole source. The dipole position is neither limited to coincide with the center of
the particle, nor is the number of concentric shells limited to two, as in a recent work
by Klimov and Letokhova [33] and Enderlein [34]. Electromagnetic fields are deter-
mined everywhere inside and outside the multilayered sphere. Our recursive transfer-
matrix solution can be viewed as an extension of Abelés work on multilayered thin
films (stratified media) [35,36] (Abelés theory can also be found in Sec. 1.6 of Born
and Wolf [37]) to the case of spherical geometry. The general formulas are then ap-
plied to calculate the time-averaged dipole radiated power from the Poynting vector
in Section 5. Both the angular distribution of the radiated power, d P*/d€Q, (Section
5.1) and the total radiated power, P, (Section 5.2) are obtained. In the case of P,
the resulting expressions are substantially simplified by performing sums over the
magnetic angular number m. Energy dissipation in the case of an absorbing shell
(either beads core or one of its shell) is discussed in Section 6. There the time-aver-
aged nonradiative loss due to the Ohmic losses inside the sphere absorptive shell,
P is determined. It is worthwhile to remind that Chew, Kerker, and McNulty
[5] provided a formal solution to the problem of a dipole radiating in the presence
of a multilayered sphere. However, their solution for the sphere with N concentric
shells (the sphere core counts as shell number one) is written in terms of a
2N x 2N matrix and appears awkward and impractical for numerical calculations.
Indeed, neither Chew nor anybody else have appeared to implement the Chew
et al. [5] solution numerically. The main obstacles are that as NV increases so do com-
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puter memory requirements to store the matrix and the time to carry out the matrix
calculations, which increases as N°. These problems are overcome by our recursive
solution which only employs 2 x 2 transfer matrices and their ordered products
and provides a fast and reliable algorithm which can easily be implemented numer-
ically. Moreover, sums over magnetic angular momentum number m are performed
explicitly leading to further significant simplifications.

Beginning with Section 7, various applications of our classical solution for an
electric-dipole radiating outside and inside a multilayered sphere are discussed. In
Section 7, the results of Sections 4 and 5 are used to provide description of the inten-
sity and angular distribution of an inelastically scattered light. In Section 8, corre-
spondence principle (1) is used to relate the two mechanisms through which
energy is dissipated, namely P™¢ and P"™9, to the corresponding radiative, W™,
and nonradiative, W™, decay rates. As in Chew et al. [1,2,13,14] treatment, any
coherence between elementary emitters is neglected and only coherence properties
of the radiation field are taken into account. When a radiating atom or molecule
interacts with the electromagnetic fields perturbed by the presence of a multilayered
spherical cavity, not only the spontaneous emission decay rate but also the transition
frequency is modified [38,39]. This is discussed in Section 9, where the frequency shift
is calculated from the knowledge of the scattering Green’s function. Numerical sim-
ulations regarding the spontaneous emission decay rates are then presented in Sec-
tion 10.

In principle, one can encounter situation when the theory outlined up to Section
10 has to be modified, even if one limits oneself to homogeneous and isotropic med-
ia. For instance, in the case of an ultra-thin metallic shell nonlocal effects due to exci-
tation of longitudinal plasmon modes may come into play [40-43]. In Section 11
recipes are provided how to make necessary amendments for the ultra-thin metallic
shell (Section 11.1) and the optically active shell [37,44,45] (Section 11.2). Afterward
several specific subjects are discussed. The Ohmic loss is not the only mechanism
which gives rise to a nonradiative decay rate [46,47]. Some other nonradiative pro-
cesses, and the effect of concentration of elementary emitters on the nonradiative de-
cay rate are discussed in Section 12.1. There it is suggested to organize different decay
mechanism into nonlocal and local decay rates, according as to whether a particular
decay mechanism depends on the geometry and material composition of the entire
sphere and surrounding medium, or only on the immediate proximity of the radiat-
ing dipole. Limitations of the classical treatment of transition rates and the effect of
concentration of elementary emitters on the radiative decay rate are discussed in Sec-
tion 12.2. Numerical limitation on the size parameter and how to overcome them is
the subject of Section 12.3. Further extensions and outlook can be found in Section
12.4. Eventually, in Section 13, we end up with summary and conclusions.

2. Notation and definitions

In what follows we shall consider a multilayered sphere with N concentric shells
embedded in a host medium, which parameters are displayed on Fig. 1. In order to
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Fig. 1. Geometry and parameters of a multilayered sphere with N concentric shells embedded in a host
medium.

keep recursive formulas compact, the sphere core counts as shell number one and the
host medium is referred to as the (N + 1)th shell. Any shell (host) will be assumed to
be homogeneous and isotropic medium characterized by scalar permittivity e,
(¢n =&y + 1) and permeability u,, (4, = un + 1)- k, will denote the corresponding wave
vector in the nth shell, k, = (w/c)\/é.1t, = (2n/A)\/eult,, / and ¢ being the wave-
length and speed of light in vacuum, respectively. The nth shell radius will be denoted
by r,. Occasionally, the total sphere radius r» will also be denoted by r; (see Fig. 1).
Spherical coordinates are centered at the sphere origin and r, denotes the electric-di-
pole location.

Assuming for simplicity an isotropic homogeneous medium, electromagnetic
fields in any shell are described by the stationary macroscopic Maxwell’s equations

—iwt

(in Gaussian units, with time dependence e assumed),
ic
E=—(VxH), H=—-——(VxE 2
= (v xH), (T xE), @

where the permittivity, ¢, and permeability, p, are scalars. (A generalization to tensor
permittivities and permeabilities is straightforward although a bit tedious.) Using
spherical symmetry of the problem, the fields within a given nth shell, | <n < N+ 1,
are expanded in the basis of normalized transverse vector multipoles,

Fug (ky,x) = fMl(k ”) ( )
Fa () = o (VI D) Y (0) + 07 () V6,

where f,,is an arbltrary linear combination of spherical Bessel functions, Y(L") are vec-
tor spherical harmonics, L is a composite angular momentum index, L = /m, where
the respective / and m label the orbital and magnetic angular numbers, the respective
indices M and E denote the TM and TE polarizations, and prime denotes the deriv-
ative d/dr. In the respective cases that f,, = j; and f,; = hg”, Jjrand hg” being the stan-
dard spherical Bessel functions of the first and third kind (see Chapter 10 of [48]), the
multipoles F,, will be denoted as J,, and H,;. For the sake of notation and trans-
parency, in some formulas h will be written as 4;,.

(3)
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Vector spherical harmonics YE") in Eq. (3) are defined as

1
Y = ————LY, = —(r, x Y.)) = H(Vx YY),
I(1+1)
i
Y = ———— VY,
L E “)
Y =iyr, = " vy (V x Y\,
(I+1)
where L = —i(r X V) is the orbital angular momentum operator, ry is the unit radius

vector, and Y; are the orthonormal scalar spherical harmonics in the Condon—
Shortley convention as defined, for instance, by Jackson [49]. According to their def-
inition, Y (also called X, by Jackson [49]) and Y\” are transverse, whereas Y\ is
longitudinal. The harmonic YE’") is identical to Y, as used by Chew et al.
[1,5,4,13,14], whereas Y<L") = —r9 X Yy, The transverse and longitudinal vector
spherical harmonics coincide up to an additional factor i with those defined in Chap-
ter 2.1.5 of Newton [50]. The respective Y™, Y, and Y\ are also called magneric,
electric, and longitudinal vector spherical harmonics. They can be shown to be pro-
portional to the vector spherical harmonics C;, B;, P; as used by Tsang, Kong, and
Shin [51] and Mishchenko [52], respectively. For their additional properties and the
proportionality factors see Appendix A.

In the special case where f34; = f£;, the normalized vector multipoles F,; satisfy the
following relations:

1 1
FEL(kJ) = %V X FML(k,l‘), FML(k,l‘) = %V X FEL(k7r),

V x [V x Fyp(k,1)] = K*Fpy(k,x), V x [V x Fg(k,v)] = *Fg(k,x).

()

The respective vector multipoles F,,; and Fg; are both transverse,
V-F, =0. (6)

Therefore, the second line of Eq. (5) reduces to the Helmholtz equation, which is sat-
isfied by each vector component of F,; independently,

V’F,, + K°F,, = 0. ()

The respective vector multipoles F,,;, and Fg; are identical to Stratton’s vector
multipoles M and N [53], which are orthogonal and complete for transverse waves
(see Appendix B for their additional properties). The reason for a different nota-
tion adopted here is that in our case one will encounter a variety of specific linear
combinations of spherical Bessel function, such as f, in the case of F,,. Therefore,
the Bessel function aspect will come to forefront also in the notation, whereas
polarization label is reduced to a mere subscript y. Additional, reasons are that
the respective linear combinations of spherical Bessel functions f3,; and fg will of-
ten turn out to be different, fy,, # fr, and that the upper case M is reserved to la-
bel the TM polarization, whereas the lower case m labels magnetic angular
number.
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General solution for the electric field in the nth shell, 1 <n < N + 1, is written as

E,(r) = Z[AYL(’?)J}'L (kn, 1) + By (n)H (K, )] (8)
L
The corresponding magnetic field solution is then obtained from the second Max-
well’s equation (2). For the transverse magnetic (TM) mode (y = M) one finds

H (1) = —i, /S Ay (m)d 5o (ko) + B (n)His (ki 1)), )
I

whereas for the transverse electric (TE) mode (y = E) the corresponding magnetic
field is

HE(I') =i g—n Z[AEL(n)JML(kmr) +BEL(n)HML(kna l')] (10)
1%

The expansion coefficients in the N + 1th shell, i.e., in the surrounding sphere host
medium will occasionally be written as C,; = 4,,(N + 1) and D,, = B,,(N + 1) with
ky + 1= k. Because of the spherical symmetry of the problem, one can set in ad-
vance, or verify a posteriori, that the coefficients 4,,(n) and B,;(n) (C,, and D,;)
do not depend on the magnetic angular number m. Expansion coefficients A4.,(n),
B,;(n) are determined by matching fields across the shell interfaces by imposing
appropriate boundary conditions. In the case of electromagnetic waves it means that
the tangential components of E and H are continuous. (In the case of ultrathin
metallic shells (cca 30nm and less) nonlocal effects can take place which manifest
themselves by the existence of longitudinal waves. In the latter case, as discussed in
Section 11.1, there is an additional boundary condition of the continuity of the nor-
mal electric intensity components across an interface [40].)

To compare the tangential components on both sides of the boundary, let us recall
that J,,; has only tangential components,

m l m
B x) = (k)Y (1) =~ k) Y (), (1)
where u/kr) = rj(kr) is the Riccati-Bessel function [48,50]. In the case of Jgz(k,r),

Jaulh ) = VI D Y0 + (7)) YE (), (12)

the tangential component is obviously given by the term proportional to Y(Le),
whereas the longitudinal component is given by the term proportional to Y\,

| PR e 1 . 0
il hor) = o i) ()Y @), W) (k) = o IT T GV )

(13)

Similarly for Hy,; and Hg; with j; replaced by hfl). Here, as usual, prime means
derivative d/dr, i.e., ' = d/dr.
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Last remark concerns the inverse of a matrix element .#;; of matrix .#. Through-
out the text, the inverse is denoted by .# l.jcl, which thus should not be confused with
the (ik)th matrix element of the inverse matrix .4 .

3. Forward and backward transfer matrices

Let us first consider the simplest case of two shells, i.e., that of a homogeneous
sphere embedded in a homogeneous host, in the absence of any dipole source. The
boundary condition of the continuity of the tangential components of magnetic
modes implies for each / two equations, one for E;; and the second for H,,,

wp(kyry ) Ap (1) +wi (k) Ba (1) = wy (kary) An (2) +wi (kar1 ) Ba (2),
uy(kyr) Ap (1) / oy +w) (k) Bag (1) / 1y =y (kar1 ) Auin (2)/ 1o +w) (kar1) Ba (2) / 1o,
(14)
where ufkr) =rj(kr) and we have introduced yet another Riccati—Bessel function,
w; = rhﬁ” [48,50]. In arriving to the equations, note that the respective prefactors
Ver/w and /e /u, of the total magnetic field Hy, at the inner and outer sides of
the shell boundary combine with the medium-dependent prefactors of the tangential
components of multipoles Jz; and Hg; (cf. Eq. (13)). For the computational conve-

nience, for each given / the two Eqgs. (14) are assembled into the following matrix
equation:

Cattorm sttormin) Caects) = Cattori, sttirnoe) Gty )

Therefore, "
() =t witinon) Catenre, i) (uia)
:Wr[ul'(grlgi;mkm—)] kr)\ [ wlkr),  wilkon) Y\ (A ()
* (—Wli’z(l;r;il)/ulz, uvzv(lklilr)l )(ulzt(l/lczrj?/l;m W;Ellczrj?/li) <BZ(2)>
()
(16)
A

( wi (ki) ug(kory) [y — wi (k) (ko) [y, W) (ke )wi(kary) /iy — wi(kir)w) (ko) /g )
=ty (kv )uy (ko) [ g g (v )iy (ko) [, =y (ko )w (ko) /g +w (ko) w) (ko)) / 1
(17)
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is a backward transfer matrix. Given the expansion coefficients in the outer shell, the
backward transfer matrix yields the expansion coefficients in the inner shell. In arriv-
ing to the result, two elementary relations were used. First the Cramers rule of linear
algebra, when applied to 2 x 2 matrices,

-1
a b _ 1 d —b ' (18)
c d ad —bc\ —c a

Second, the term ad — bc in Eq. (18) reduces to the Wronskian of the spherical Ricc-

ati-Bessel functions for which the following relation holds:

W,[u;(klr),wl(klr)] :l/kl (19)

Here the Wronskian W [f(ax),g(ax)] = flax)g'(ax) — f'(ax)g(ax) and prime denotes
the derivative with respect to x, the subscript of W. The Wronskian relation is estab-
lished by applying Eq. (10.1.6) of [48], according to which W.j{(z),n(z)]=1/2>, n,
being the spherical Bessel function of the second kind [48]. In order to apply Eq.
(10.1.6) of [48], the sequence of elementary identities was used:

Wr[u;(klr),w;(klr)] = k1V2Wkl,-[jl(k1r),hf(kﬂ")} = iklrszlr[i,(klr),nl(klr)].
Note in passing that

, _ du(kr) _ dlrjy(kr)] _ dlkrj, (kr)]
A P PR d(kr) 7’ (20)

i.e., u; = dfu;(kr)]/dr (and similarly w}) can be replaced throughout the formulas by
dlkrj,(kr)]/d(kr) [d[krhgn(kr)]/d(kr)], as used for instance by Chew [13,14] and some
other authors [51,52]. We have used the more compact form of writing to more easily
identify all the medium-dependent factors. Upon the substitution k; — k», kr» — ki,
and u; = o, U» — uy, one finds

(AML(Z)) _ TLI(1)<AML(1>>7 (21)

Byi(2) By (1)
where
Ty(1) = —ikapty

<W?(kzrl)ul(klrl)/ﬂz*WI(szl)ulz(kl”l)/ﬂu wi(kar)wi(kir) /1 —wi(kar)w) (ki) /g >
=y (ki )uy(kar ) [ 1y g (kar Juy (ki) [y, = (kar) ) wi (ki) / o +wi(kar))w) (ki ) / 1y
(22)

is a forward transfer matrix. Given the expansion coefficients in the inner shell, the
forward transfer matrix yields the expansion coefficients in the outer shell.

For electric, TE modes one proceeds in entirely analogous way. After matching
first the tangential components of magnetic field and then the tangential components
of electric field (note the medium-dependent prefactors of the tangential components
of Jzr and Hpy [cf. Eq. (13)]), the resulting equations are,
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\/ﬁ( u(kyry), wy(kyry) ><AEL(1))
w\uj(kiry)/er, wilkir)/e Bg (1)
. 82< u,(kzrl), W](kzl"l) ><AEL(2))
2\ uj(kyr)/e2, wilkari)/e2 ) \ Be(2) )

(23)

(o) =720y ) Gy =m0 (o)) 9

T;l(l) = 7ik1n1
“ \/E( w (kv )ug(kary) fer —wi(kor )uh (ko) fea, - wi(kir)wi(kary) Jer —wi(kyr)w)(kar) /€2 >
1253 —u/,(k|r1)u/(k2}’])/g| +u,(k1r1)u’1(k2r1)/£2, —ull(klrl)W/(kzl’])/S] +l/l/(k]l’])w;(kzl’|)/82
(25)

Hence

where

and
Tgl(l)zfikzl’lz
v \/E( 1/1/'//(](2}“1)ul(k]l'])/flz7W](k2}"1)ll?(k]"])/f)]7 W;(kz}"l)WI(k]}"l)/Sz7W1(k2}"1)w//(k1}’1)/81 >
iy \ =) (kory)uy(keyry) [ e 4+ up (kary )y (kyey ) fer, —ul (ko )wi (ki) /62 4wy (R )W) (ki) [ 61
(26)

are the respective backward and forward transfer matrices for the electric, TE modes.
Here n; =\ /gjft;, j = 1, 21is the refractive index of the jth shell. Again, at arriving at
the results (25) and (26), the Cramers rule (18) and the Wronskian identity (19) have
been used.

Given the respective forward and backward transfer matrices, the case of a mul-
ticoated sphere with an arbitrary number of shells then follows straightforwardly
from the two-shell case of the homogeneous sphere. The respective backward
T~ (n) and forward T"(n) transfer 2 x 2 matrices,

()i

(A(n)) :T(n)(A(n—l—l)) (28)
B(n) B(n+1)
which translate the expansion coefficients 4(n) and B(n) from the nth shell into the
coefficients A(rn + 1) and B(n + 1) in the (n + 1)th shell, and vice versa, are obtained
from Egs. (17), (22), (25), and (26) by a simple substitution of the medium-dependent
parameters labeled by the subscript 1 (2) with those of the nth (n + 1th) shell.
Provided that the respective coefficients 4,,(n — 1) and B,;(n — 1) are known, the
coefficients A4,,(n) and B,,(n) can be unambiguously determined, and vice versa. In
the case that the shell is the sphere shell different from the sphere core, one has for
each given y and / and at a given spherical interface of two shells 2 equations for 4
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sets of expansion coefficients 4,,(j) and B,.(j), where j = n and eithern — 1 orn + 1.
Hence, the total number of different sets of expansion coefficients comprising all ;s
from the interval 1 <j < N+ 1 is larger by two than the number of corresponding
equations. Therefore, in order to unambiguously determine the expansion coeffi-
cients at any shell, boundary conditions have to be imposed which unambiguously
fix rwo of the coefficients A4,,(j) and B, (') for each given y and L, where in general
j#Jj'. First is the regularity condition of the physical solution at the sphere origin,

Before we proceed further, it turns out convenient to introduce the following ordered
products of the respective forward and backward 2 x 2 matrices,

n—1

Zam =70 ) =T[ 750 (30)

The ordered products 7 ,;(n) are defined for 2 < n < N+ 1, whereas .#,,(n) are de-
fined for 1<n<N. Note that according to the definition, 7,(2)=T,(1).
T ,(n) (M,(n), 1 <n<N) transfers expansion coeflicients from the sphere core
(surrounding medium) to the nth shell. In the following, 7, (n) and .#,(n) will also
be referred to as transfer matrices. In terms of transfer matrices ,(n) and .#,(n),
the regularity boundary condition (29) implies the following matrix equation for
the unknown coefficients 4,,(N +1)= C,, and B,/ (N +1)=D,,,

(vi) = (o) = mevsn (), o)

v

Hence, the regularity condition unambiguously determines the m-independent ratio
D,;/C,; (denoted by /2 and f/2 for the respective TM and TE modes by Jackson
[49]),

Dy /Ci = T 210(N + 1)/ T 110(N +1). (32)
Note that for the case of a homogeneous sphere 7 = T, r; =r,, and hence

uy(kars)ui(kirs) /1y — wi(kary)uy (kary) /
w(karo)ui(kry) [ 1y — wi(kor)u) (krs) [y
) (kors)u (kyry) [ &2 — uy(kars)u) (kyrs) [ €4
wh(kars)uy (kyrs) &2 — wi(karo)u) (kyrg) Je1
Upon taking into account our definition of Riccati—Bessel functions u; and w; and the
identity (20), one can easily verify that, in the case of a homogeneous sphere, the ra-

tios D/C for the respective TM and TE modes correspond to the Mie expansion coef-
ficients ¢ and b (see Egs. (2.127) of [50]),

_ m(kar ) (kirs) — g (kary) Y (ki)
mC;(kZFS)lpl(klrs) - qgl(ers)ll/l(klrs) ’

g kar )Y (kiry) — mip, (kory) Y (Kurs)
qCy(kar W (kyrs) — m(kar oy (ki)

DML/CML = -

(33)
DEL/CEL = -

DML/CML =a; =

(34)
DEL/CEL = bl =
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where, in the notation of Mie scattering community [54-57], here and only here
m=+\/&/¢e, ¢ =+\/l/ 14, and a more common form of the Riccati-Bessel functions
is used, namely Y/x) = xj(x) = ku, and {;(x) = xh\" (x) = kw,. Note that the Mie
expansion coefficients a and b determine all the (extinction, scattering, absorption)
cross sections [50]. In the present case, by unambiguously specifying the m-indepen-
dent ratio D,;/C, the regularity boundary condition (29) turns out sufficient to deter-
mine all the (extinction, scattering, and absorption) cross sections of a multicoated
sphere. One can show that the m-independent ratio D,,;/C,, is, up to a proportionality
factor, nothing but the transition, or 7-matrix [51,52] of a multicoated sphere
—ikyt i (ky) = Dy _1 (e¥™ —1) = isinn,e", (35)
C},L 2 !
where #,; are the scattering phase shifts. According to Eq. (32), the resonances of a
multicoated sphere are determined as zeroes of 7 ;.,,(N + 1). The above discussion
can be summarized by the statement that the 2 x 2 matrix (N + 1) provides a
complete description of the scattering properties of a multicoated sphere with an
arbitrary number of shells.

Although the single interior boundary condition (29) is sufficient to determine all
the (extinction, scattering, and absorption) cross sections, it determines the fields in-
side and outside the multicoated sphere only up to an overall proportionality factor.
This proportionality factor can be fixed by requiring that, for a given frequency w,
the C,, coefficients be equal to the expansion coeflicients of an incident electromag-
netic field in spherical coordinates. For the corresponding second (exterior) bound-
ary condition in the case of a dipole source, see Section 4. The second boundary
condition is only necessary if one wants to determine the field intensities within a
multicoated sphere, as in the case of thermal radiation from spherical microparticles
[11] and the stimulated Raman scattering [58,59].

The recursive transfer algorithm for the description of the scattering of a multi-
coated sphere has been successfully employed in our earlier studies [27,60,61] and
a comparison with experiment was performed [27,31]. For completeness, a different
matrix formulation has recently been initiated by Burlak et al. [62,63]. Some other
approaches are discussed by Fuller and Mackowski [64].

3.1. Perfectly conducting sphere core

The approximation of a perfect conductor is often used in model calculations
involving metals. Therefore, it is also included in our transfer-matrix treatment.
The approximation is an idealization of the metallic case which yields a reasonable
approximation in the far-infrared and microwave frequency ranges. Since a perfectly
conducting shell of radius r,, effectively shields all its interior, the case a perfectly con-
ducting shell of radius r,, is entirely equivalent to that of a perfectly conducting core
of radius r,. Hence, only the latter case is considered.

In the case of a perfectly conducting core, the regularity boundary condition (29)
is replaced by the conditions of vanishing of the tangential component of the electric
field and the radial component of the magnetic field [49],
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In the preceding section, the interior (regularity) boundary condition (29) specified
(up to a proportionality factor) the following initial vector for a forward recurrence,

()-(6)
B, (1) 0

We will show here that the case of the perfectly conducting boundary conditions (36)
at the sphere core differs from the case treated in Section 3 merely in the choice of the
recurrence initial vector. Indeed, outside the core, the electric and magnetic fields are
as usual expanded into series (8)—(10). For a given mode, the two boundary condi-

tions in Eq. (36) yield an identical constraint on the expansion coefficients 4,,(2) and
B,;(2). For the magnetic mode, the constraint is

u; (ko)A (2) + wi(kary) B (2) = 0, (38)
whereas for the electric mode the constraint is

) (kary)ApL(2) + W (kar1)Bg(2) = 0. (39)
The respective constraints are solved by taking

A (2) = Ewi(kary), B (2) = =& ui(kory), (40)

Ap(2) = &wilkar),  Beu(2) = —&uykary), (41)

where &;, j=1,2 are some ambiguous, in general complex proportionality factors,
which may depend on the magnetic angular number m. Therefore, the corresponding
initial vectors for the forward recurrence become

()= () i) -oCamy) @

Since the perfectly conducting boundary conditions (36) imply that no electromag-
netic field penetrates the core, it turns out convenient to relabel the shells according
to n — n — 1, by which the sphere core formally disappears from the formalism. The
only remnant of the perfectly conducting core is the said change in the initial vector
for a forward recurrence [Eq. (37) vs Eq. (42)].

Once the initial vectors for a forward recurrence are (up to proportionality fac-
tors) determined, the rest of the procedure is exactly the same as in the preceding sec-
tion and the case of a multilayered sphere with a perfectly conducting core becomes
formally the same as that of a penetrable core of Section 3. Again, as in the previous
section, the proportionality factors &; and &, are, if necessary, fixed by imposing an
appropriate second boundary condition. However (see Section 3), the latter is not
required if only cross sections are to be calculated.

4. Transfer-matrix solution for a multicoated sphere with a source

In this section, the forward 77 (n) and backward 7™ (n) transfer matrices (17), (22),
(25), and (26), and their ordered products 7 (n) and .#(n), as introduced by Eqgs.



366 A. Moroz | Annals of Physics 315 (2005) 352-418

(30) in the preceding section, will be employed for the description of electromagnetic
fields of a multicoated sphere with an electric-dipole source. In the case of a multi-
layered sphere with a perfectly conducting core it will be assumed that, as described
in Section 3.1, the shells have been relabeled according to n —n — 1.

The electric field at r due to an electric-dipole p at r, radiating at frequency w in a
medium with ¢, u is given for r > r,; by [13]

Eo(r) = [al,Hy(k,x) + af Hp (k,1)],

C (43)
Hd(l‘) = —1\/% Z [ajl{/ILHEL(k7 l') + aéLHML(k, l')],
L
where
afﬂ = 4mi(k* Je)p - I (k. xq),
(44)

al, = 4ni(k’ /n)\/gp I, (kyrg) = 4mi(k Je)p - I, (K xg),

k being the wave vector in the medium where the dipole is embedded. For r <r, one
interchanges j; and hgl) and one has

Eo(r) =Y [ofty Ia (k1) + oy I (k7))

L
iy ) (45)
Hd(l') = —1\/;2 [OCMLJEL(k, l') + MELJML(k; l')]7
L
where
oy, = 4mi(K /e)p - Hyy (K1),
(46)

oty = 4mi(8 )y [ W for) = 406D M o).

To avoid confusion, asterisk here and in Eq. (44) above denotes the complex conju-
gation which only applies to the vector spherical harmonics and not to the spherical
Bessel functions [13,14].

Let the dipole be radiating in the nth shell. Then the combined field in the
nth shell is characterized by two sets of the expansion coefficients, one at the
lower shell boundary and the other at the wupper shell boundary (unless the
shell is the (N + 1)th shell, i.e., the ambient host medium). Hence, the electro-
magnetic fields within a generic shell, where the dipole is located, are given
for r<ry; as

E (r) = Z[(Avl + “?L)J;vz(kmf) + By Hyp (K, 1)),

VL
. e
H_(r) = —i, /M—;Z[(Am + 0, )3 pr (k1) + By Hyp (i, 1),
yL



A. Moroz | Annals of Physics 315 (2005) 352418 367

and, for r > ry, as
E>( ) = Z[ “LJVL(knvr) + (B"VL + a;lL)H}'L(kna l‘)],

- (48)
- —l\f S U Fen ) + (B + ) Fy (k1)
My yL

[see also Eq. (52) below]. Within any other shell, electromagnetic fields are expanded
into series (8)—(10) as in Section 3.

By imposing two boundary conditions, an interior boundary condition (either reg-
ularity condition (29) at the sphere center, or a perfectly conducting boundary condi-
tion (36) at the sphere core boundary) and an exterior boundary condition at the
sphere outer boundary, it will be shown that the expansion coefficients 4,, and
B, at any shell are unambiguously determined as m-independent linear combina-
tions of the dipole expansion coefficients a and o sz The interior boundary condi-
tion does not depend on the dipole posmon i.e., whether the dipole is inside or
outside the sphere. The condition is the same as in the absence of the dipole source.
We have seen in Section 3 that imposing an interior boundary condition is tanta-
mount to the choice of an appropriate initial vector for the forward recurrence,
i.e., either (37) or (42). On the other hand, the exterior boundary condition at the
sphere outer boundary does depend on the dipole position. One has to strictly dis-
tinguish whether the dipole is inside or outside the sphere. The reason is that there
is an incident dipole field on the sphere in the latter case, whereas the incident dipole
field is absent in the former case. Hence, iff the dipole is within the sphere, the result-
ing solution is required to satisfy the outgoing boundary conditions outside the sphere,
ie., Agf(N+1)= Ay (N+1)=0, or

On the other hand, if the dipole is outside the sphere, one imposes at the sphere outer
boundary 4, (N + 1) = o, or

Cyp = ol (50)

In the following, the focus will be mainly on the case of the interior regularity bound-
ary condition (29), and hence of the initial vector (37) for the forward recurrence.
The necessary modification to be made for the case of a perfectly conducting core
specified by the perfectly conducting boundary conditions (36) are briefly summa-
rized in Section 4.3.

4.1. Electromagnetic fields outside the multilayered sphere

The goal is to determine the D,, coeflicients. Three separate cases are distin-
guished: (i) dipole in a generic sphere shell different from the core and ambient (ii)
dipole in the sphere core, and (iii) dipole outside the sphere. In all these case it will
be shown that the D, coefficient is an m- independent linear combination of the di-
pole field expansion coefﬁc1ents a and o/ ¢z~ We shall begin with the case of an elec-
tric dipole in a generic sphere shell different from the core.
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4.1.1. Dipole source within a generic shell

According to expansions (47) and (48), combined field in the nth shell, which is
different from the core and from the ambient, is characterized by two sets of the
expansion coefficients, one at the /ower shell boundary [with the (n — 1)th shell],

AyL(n) + O‘;{Lv B}’L(n)v (51)
and the other at the upper shell boundary [with the (n + 1)th shell],
A}'L (7’[), B}'L (n) =+ a;d,L. (52)

Using ordered products of the forward (backward) transfer matrices one can trans-
late the expansion coefficients 4,, and B,; between the sphere core (sphere exterior)
and any given interior shell. Indeed, upon imposing the boundary conditions (49),
or, equivalently, using the initial vector (37), one finds,

() a()
<B<:>(?ad> =) 54

where 7 (n) = [}, 'T*(j) and .4 (n) = H -, T~ (j) are the ordered products of trans-
fer matrices 1ntroduced by Eq. (30). In what follows, only the relations between
expansion coefficients 4,, and B, for a given polarization y and angular momentum
L in different shells mediated by ordered products .7 and .# of transfer matrices are
of any relevance. Therefore, for the sake of clarity, the y and L subscripts of the
expansion coefficients and of ordered products will be temporarily suspended here
and hereafter, except for the resulting formulas. Egs. (53) and (54) imply

B(n) =T n(n)A(1), A(n)= M12(n)D, (55)
and
A(n) + o' = Tu(m)A(1),  B(n) +a’ = Mxn(n)D. (56)

We remind that the goal is to determine D in terms of the dipole field expansion coef-
ficients o and «”. Upon inverting the second equation in (56),

D = M5 B(n) + M5l a" = [lln) " TyA(l) + 5 (57)

where, in the last equation, we have substituted for B(n) according to the first equa-
tion in (55). We remind here that .#,,' denotes the inverse of the matrix element ./
and should not be confused with the (ik)th matrix element of the inverse matrix .4 .
Similarly for 7 i_kl. For the sake of clarity, the argument #n of .# and 7 will be dis-
regarded for the rest of the section. According to the first equation in (56),

A(1) = 111A( )+ 11105d*J11ﬂ12DJr 11OC (58)
Therefore,

D= My TnA(l) + My a® = M7y T 0T (M D+ o) + 7)o (59)
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Hence, after inverting the second equation in (56), substituting for B(n) from the first
equation in (55), substituting for 4(1) from the first equation in (56), and for A4(n)
from the second equation in (55),

-1 T g1 . d d 1
%22;}4 T 211 (1% T Ay T ot T 11,08, 4 al
D., — . 2l 1151%L yL
L -1 g gl - g. gl
1 - %22;},1=/ 2517 11;~,~1ﬂ12;y1 M) — T 01T 11;.,1%12;3,-1

g d g d
I 11:*/layL + ¥ 2]:))]061/]4

= — — s
M 1T 1191 — Mr291T 21391

(60)

where the polarization and angular momentum subscripts are showed again. Simi-
larly, after inverting the second equation in (55), substituting for A(n) from the first
equation in (56), substituting for A(1) from the first equation in (55), and for B(n)
from the second equation in (56),

-1 v g-1 _d d
D ﬂlZ:vl (’/ st o108y + a"/L) 711:;401;; + 3-21;7'10‘5,& (61)
ML = — 71 _1 = — 0" 0-' .
' 1 - %12;“9—11:}'15-21;71%22;;71 ﬂlz;yltj 2090 — ﬂgz;},/!/ 11yl

As expected, the expressions (60) and (61) yield identical results.

4.1.2. Dipole source within the sphere core
In the case of a homogeneous sphere, or, in the case when the dipole source is lo-
cated in the sphere core, one solves for

(1) -0 (3)

which yields
Dy = dy [ M (1) (63)

Note in passing that the formula also follows from Eq. (60) by setting 7, = 0 and
J 11 to an arbitrary nonzero number.

4.1.3. Dipole source outside the sphere
In the case of a dipole source located outside the sphere, the second boundary con-
dition in Eq. (49) is to be replaced by the boundary condition (50). Hence one solves for

N A(1)
(D)J(NJrl)( 0 >, (64)
which yields
Dy = [T 10N + 1)/ T 11u(N + 1)] . (65)

Note in passing that the formula also follows from Eq. (60) by setting .#, =0,
My =1, and af,,’ = 0. It should be emphasized that Eq. (65) is only valid when the
observation point r satisfies r <r,. In view of the dipole field expansions (43) and
(45), for r > r, the coefficient C,; vanishes and D,; changes into
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Dy = afy + [T o0 (N + 1)/ T 110 (N + Do (66)

Note that the ratio 7,1/ |1 has been related to the Mie coefficients ¢ and b [see Egs.
(32)-(34)].

4.1.4. Compact form of the D, expansion coefficient

Results of preceding subsections prove that irrespective of the dipole position, the
expansion coefficient D, is an m-independent linear combination of the dipole field
expansion coefficients af/,’L and och, which have been defined by Eqs. (44) and (46).
Schematically,

DyL = P'ylaij + Q;:lafju (67)

where the coefficients P,; and Q,; do not depend on m. Consequently, each expansion
coefficient D, can be written in terms of a general vector multipole F,, defined by
Eq. (3) as follows:

D, = 4ri(k fe)p - F, (k.r,), (68)

where k and ¢ are the wave vector and dielectric constant in the dipole medium and
[compare Egs. (67) and (68)]

f’yl = Pyljl + Q«;lhgl)- (69)

As a consequence of Eqgs. (44) and (46), the complex conjugation in Eq. (68) only
applies to the vector spherical harmonics and not to the spherical Bessel functions.
Note that, in contrast to Eq. (3), the linear combinations f,, for the electric and mag-
netic polarization are different. Therefore, the first line of Eq. (5) does not apply in
the present case.

According to Egs. (60) and (69), for the dipole within a shell different from the
core,

P, = T 111
T Mg T 130 — T o1y Mrng’
T 1 (70)
Q‘}.l N %22;7/3.11;"/1 - ey.ZI;yh%lZ:yl .
For the dipole source within the sphere core, Eq. (63) implies that
P“/l = ﬂgz{yl? le =0. (71)
For the dipole source outside the sphere, Egs. (65) and (92) imply that
Py=1, O0,=T /T 111- (72)

According to Egs. (70)«(72) one can easily verify that the coefficients P,; and Q,; do
not depend on m. The fact follows from the spherical symmetry of the problem,
which implies that neither forward nor backward scattering matrix depends on m.
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Therefore, as already indicated, the only dependence of D,, on m is via the vector
spherical harmonics of the general vector multipole F,, [see Eq. (3)].

4.2. Electromagnetic fields inside the multilayered sphere

Results of Section 4 provided compact formulas which allow one to determine
electromagnetic fields outside the sphere, irrespective of the dipole position. How-
ever, for instance if energy dissipation is to be calculated, it is also important to
determine electromagnetic fields inside the sphere. Provided the nth shell is between
the dipole shell and the (N + 1)th shell (see Section 4.2.1), the expansion coefficients
A, (n) and B,;(n) in the nth shell can be obtained as m-independent linear combina-
tions of the expansion coefficients C,; and D,, on the outside sphere boundary by
applying the backward transfer matrix .#(n) = H';’:nT* (j). Electromagnetic fields
at r within the nth shell are then straightforwardly obtained using Eqgs. (8)—(10).
However, this formal approach would have overlooked that the linear combinations
A, (m)J,(k,x) + B, (n)H,(k,,r) for a given y and L often factorize into the product
of two terms, one dependent of the dipole location r, and the other dependent of r
[see Eq. (75) below]. The latter will have important consequences for speeding up
numerical calculations.

The goal of this section is to have closer look at the expansion coefficients A4, (n)
and B,.(n) in the nth shell and to simplify the expression resulting by applying the
backward and forward transfer matrices .#(n) and .7 (n). Without any loss of gen-
erality, let n be the number of shell under consideration and n, be the shell number,
where dipole is radiating. We will distinguish the following three different cases: (i)
ng<norns=N-+1, (i) ny=n, and (i) n <ny< N+ 1.

4.2.1. The case when either ny<norn<n;=N+ 1
Using the backward transfer matrix .#(n), the expansion coefficients A,,(n)
and B,;(n) in the nth shell are obtained as linear combinations of C,.(n) and

DVL(”):
Ay (n) = Mr15/(n)Cop + M r251(n)Diy

73
B,(n) = %21271(”)0,1 + %22;71(”)0»17 73)

where, in the sphere core, either the regular boundary condition, B,;(1) =0 [see Eq.
(29)], or the perfectly conducting boundary condition (36) is applied. The C,, coef-
ficient is zero except for the case of a dipole outside the sphere. Therefore, for the
dipole radiating inside the sphere, Eq. (73) for the expansion coefficients within
the nth shell reduce to

Ay (n) = M 125/(n)Dyr,  Byr(n) = M(n)Dyy. (74)

Eq. (73) then only apply if the dipole is radiating outside the sphere. Now, for the
dipole radiating outside the sphere, one has Dy, = [751,(N + 1)/ T 11,u(N + 1),
[see Eq. (65)] and, according to Eq. (50), C,, = o, where o, is given by Eq. (46).
Therefore, in view of Egs. (73) and (74), the preceding discussion can be summarized
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by the following important conclusion: irrespective of the dipole location, the expan-
sion coefficients 4,,(n) and B,,(n) within the nth shell are both proportional to either
D, (if the radiating dipole is inside the sphere) or ocfj.’L (if the dipole is radiating out-
side the sphere). Hence

A, (n)d, (ki ¥) + By (n)H, 1 (kyy¥) = 6,0 (k,10) Gy (K, 1), (75)

where G, is a general vector multipole (3) with an m-independent linear combina-
tion of Bessel functions

&(kar) = a,ujy(kar) + by (kor), (76)

the respective k = w,/e i, /c and k, = w./e,1t,/c are the wave vector in the dipole
and in the nth shell, and

D,;, dipole inside the sphere,
5y = { yL p p (77)

a4, dipole outside the sphere.

For a dipole inside the sphere, the a,; and b,,; coeflicients are obtained from the ana-
logue of Eq. (74), which is obtained by substituting on the left-hand side the a.; and
b,; in place of 4.,(n) and B,,(n) and by replacing on the right-hand side of Eq. (74)
D, by unity, i.e.,

a},.l = ﬂ]z;«;](ﬂ), b'r'/ = ﬂzz;w(ﬂ). (78)

For dipole outside the sphere, the a,; and b, coefficients are obtained from the ana-
logue of Eq. (73), which is obtained by substituting on the right-hand side of Eq. (73)
the nonzero dipole field expansion coefficients C,. by unity and D,, by
TN +1)/T 11, (N 4+ 1) (the two last replacement are equivalent to replacing
o4, by unity), i.e.,

ay = M1y (n) + My (n) T 2150(N + 1)/ T 1150(N + 1), (79)
by = Mop(n) + My (n) T 2150(N + 1)/ T 110(N + 1).

Note different arguments of .# and J here. The coefficients a,; and b,; should be
confused neither with the Mie coefficients, nor, in the case of a,;, with the dipole
expansion coeflicient af,,’L as given by Eq. (44). The dipole expansion coefficient is dis-
tinguished by the superscript  and by an explicit dependence on the magnetic angu-
lar number m. It should be reminded that, similarly to the case of the dipole field
expansion coefficient D, [see Eq. (67)], the linear combinations g,, of Bessel func-
tions for the electric and magnetic polarizations are different. Therefore, the first line
of Eq. (5) does not apply to G,.

Regarding the right-hand side of Eq. (75), the dependence on the material con-
stants of the medium at the dipole location r, is contained in J,, whereas the depen-
dence on the material constants on the material constants of the shell medium is
explicitly introduced via k,, in the argument of g, (k,r). The dependence of the entire
sphere geometry and its material properties contained in a,,, b,;, and d, is not shown
explicitly. We would like to emphasize that the a,; and b, coeflicients defined here do
depend neither on the magnetic number m nor the dipole location r,;. Therefore, the



A. Moroz | Annals of Physics 315 (2005) 352418 373

linear combination g,; of Bessel functions, defined by Eq. (76), does only depend on
the orbital angular number /. The only dependence on the magnetic number m on the
right-hand side of Eq. (75) is introduced via é,,, and the transverse and longitudinal
vector spherical harmonics in the general multipole G,;. Factorization of the linear
combinations 4, (n)J, (k1) + B,r(n)H,.(k,,r) for each y and L into the product of
two terms, one independent of the dipole location and the other independent of r
within the nth shell, as provided by Eq. (75), will have important consequences for
speeding up numerical calculations.

4.2.2. The case n<nz< N+ 1

In this case the dipole shell is between the surrounding of sphere medium and the
nth shell under consideration, yet n;# N + 1. Therefore, one can no longer use the
transfer matrix .#(n) to transfer electromagnetic fields between the N + 1th and
nth shells, as we did in preceding subsections. However, using 7 (n), one can transfer
electromagnetic fields between the sphere core and the nth shell,

Ay (n) = T ()4, (1), Byu(n) = Toru(n)d,. (1) (80)

Thus, the linear combinations A4, .(n)J,r(k,.r) + B, (n)H,(k,,r) for each y and L
again factorize in the form (75), where now

3,0(ra) = A (1), gu(kar) = T 110(n)jy(kar) + T o (n)h}" (kor), (81)
ie.,
ayr = 711;71(}1), b, = 3.21;}'1(’1)- (82)

It only remains to determine the coefficient 4,,(1). However, this can be easily
accomplished by substituting expression (60) for D,; into Eq. (58). After a simple
algebra one finds

Moy (na)agy + My (na)od;

A, (1) = . 83
/L( ) %22;71(’111)«711;;4(”01) - e/%n;yl(nd)le;yl(nd) ( )

Upon substituting the expressions (44) and (46) for the dipole field expansion coef-
ficients af, and o into Eq. (83), one finds

Ay (1) =4ni(k’/e)p - Vi, (k,xa), (84)

where V., (k,r,) is a general vector multipole (3) with an m-independent linear com-
bination of Bessel functions

M 1251(n0)jy (kra) + My (ng)h) (kry)

v (kry) = .
}l( d) =%22;y1(nd)711;~,1(nd) - %12;;71(’111)721;-,'1("(1)

(85)

As a consequence of Egs. (44) and (46), the complex conjugation in Eq. (84) only
applies to the vector spherical harmonics and not to the spherical Bessel functions.
The last two formulas can readily be obtained by a slight modification of arguments
presented in Section 4.1.4.
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4.2.3. The case of an interior dipole shell n;=n

Let us now consider the case when the dipole is within the shell under consider-
ation, which is different from the ambient. Then C,; =0 and the expansion coeffi-
cients 4,,(n) and B,;(n) can most easily be obtained from the matrix equation
(54), wherein the respective expressions (60) and (63) for the dipole within a generic
shell and within the sphere core are substituted for D,,.

A, (n) = M120(n)Dyr,  Byr(n) = M (n)Dyy — aij, (86)

It should be emphasized that if the dipole shell is the very first shell, an interior
boundary condition is applied, which limits the 4,,(1) and B, (1) coefficients accord-
ing to either Eq. (37) or Eq. (42) (see Section 3.1 for more details). In any case, note
that the interior boundary condition B,;(1)=0 is automatically satisfied if the
expression (63) for D, is substituted in the second of Eq. (86). For the dipole source
within a generic shell one finds upon substituting the formula (60) for D,, in Eq.
(86),

72 d g d
M12391T 215105, + M1 T 2151%

B.,L(n) =
Ve g
M1 T 11291 — M1 T 2191

(87)

Hence, similarly to D, ;, the B, coefﬁcient is also an m-independent linear combination
of the dipole field expansion coefficients af, and o7, . However, unlike the preceding two
cases, for n; = n > 1 the linear combmatlons A, L(n)J oK, ¥) + B, (n)H,,(k,,r) donot
factorize in the product of the form given by Eq. (75).

4.3. Modifications for a perfectly conducting core

According to Section 3.1, the change from the regularity boundary condition
(29) to the perfectly conducting boundary conditions (36) at the sphere core
amounts to a mere replacement of the initial vector for a forward recurrence from
(37) to (42), accompanied by the relabeling n — n — 1 of shells. The reason for the
relabeling is that the sphere core is formally excluded from the formalism, since
no field penetrates the perfectly conducting sphere core boundary. For dipole
within (after relabeling) the very first shell, the A4,,(1) coefficient in Eq. (42) is re-
placed according to Eq. (51) by 4,,(1) + ozfj,’L. For dipole within the second and
higher shell, one can verify that the results of the preceding subsections remain
valid, provided that, for respective polarizations, one replaces the vector (37) on
the right-hand side of Egs. (53), (55), (56), (64), and (80) by the vectors given
by Eq. (42).

5. Time-averaged dipole radiated power
In Sections 3 and 4.2, electromagnetic fields inside and outside the multilayered

sphere in the presence of a radiating electric dipole have been determined. In this sec-
tion, we use this knowledge to calculate the time-averaged total radiated power, P,
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and the angular distribution of the radiated power, dP/dQ. The total radiated power
of a dipole is found by integrating the radial component of the time-averaged Poyn-
ting vector over the surface of a sphere with large radius r [13],

P(r) =1 f (S) - 1o dQ, (88)

and then letting the integration sphere radius r — oco. In the free space, the
time-averaged power radiated per unit solid angle by the oscillating electric-dipole
moment p is

drP® ¢ .\ c

d—Q:S—nrzRe[ro-(ExB )]:8—nk4|r0>< (ro x p)I. (89)
The state of polarization of the radiation is given by the vector inside the absolute
value signs. If the components of p all have the same phase, the angular distribution
is a typical dipole pattern,

dPO C 4 2 ...

a0 = %k |p| sin~0, (90)
where the angle 0 is measured from the direction of p. The time-averaged total radi-
ated power of a free dipole is then [13,49]

4 2
,/&h 2]{|E| dgfck’lp o _ kP (91)
My, 38hl’lh

The presence of a multilayered sphere modifies the radiated field. The expansion
coefficients C,, and D, outside the multilayered sphere were unambiguously deter-
mined in terms of the dipole expansion coefficients a and oc ; by solving the Max-
well equations in the presence of the scatterer by i 1mposmg two boundary conditions,
one [Eq. (29)] at the sphere center and the second [either (49) or (50)] at the outer
boundary of the multilayered sphere. If the dipole is within the multilayered sphere,
then, according to Eq. (49), C,, =0 since there is no incident field on the sphere. On
the other hand, C,, # 0 if the dipole is outside the scatterer, since there is an incident
field on the sphere due to the radiating dipole [Eq. (50)]. Note in passing that the
incident dipole field on the sphere is only present for r <r, Indeed, in view of the
dipole field expansions (43) and (45) [see also expansions (47) and (47)], the expan-
sion coefficients C,; become identically zero for r > r,, and the expansion coefficients
D, change into

D?L — D«/,L + affL. (92)

Therefore, irrespective if the dipole is located inside or outside the sphere, the field
outside the multilayered sphere for r > r; can be represented by the expansion

E(r) = Z Dy Hyy + D Hp),
2

N
H(r) = —i, /M—hz [DyiHer + DerHyg ).
ho L

(93)
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5.1. Angular distribution of the radiated power

For a time-harmonic electromagnetic field, the time-average of the Poynting
vector over interval large compared to the fundamental period is given by
[49]

(S) = % (Ey x Ho) = éRe[EO x H;J, (94)

where Ey and Hy are complex vector functions of position and c is the speed of light
in the vacuum. The time-averaged angular distribution of the radiated power, dP/
dQ, is calculated as the r — oo limit of (S),

dp

0= Sn rlm r{Re[Eg x Hj]} - ro. (95)

One has (E, x Hp) -ro =E, - (Hj x1). Since (Hj x1p) is transverse, one has
E, - (Hy xr9) = Eg - (Hj x19). Upon using identities (9.1.23), (10.1.11), and
(10.1.12) of [48] one finds in the asymptotic region of z — oo,

()~ i @) =i = (96)

and, in the asymptotic region of r — oo,
d(rhl)(khr) ~ i.iflfleikhr7 d(l’h[)*(khl”) ~ _i.iflflefik;r. (97)
dr dr

Therefore, for r > r,

1khr

knr

E()H Zl DMLY + IDELY }

*
k.
ikyr

" & . e —1r e m €
H;(r) x 1y = 0 B NiDy (YY) % x9) + Dpr (Y™ x xg)] b ——

k
Hy 7 w’

* * ik *

&y -1 (m) | - @ € Eh ox
~ 177 DY, +1Dg Y]] — = /— Eg(r).

L {XL: [ MLY [ ELY] } ki r 1, (]

(98)
Finally,
dP(r) e { \/7, }
———cyRe, /— (|E
A2 " Salk,P S
// 2
"’{Re _h}Zl”[DMLY;'"mDELYﬂ (99)
8Tl',|kh| Hy L
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5.2. Total radiated power

The total radiated power is obtained by integrating the time-averaged angular dis-
tribution of the radiated power, dP/dQ, over a large concentric spherical surface in
the usual way. Using integral identities (B.3), (B.8), and (B.7), and assuming that the
flux is calculated at the distance r > r, outside the sphere, and hence that the expan-
sion (93) can be used, one finds for r > r;

P(r) = 4; r2%<s> 10dQ = érZ f{Re[Eo x Hj]} - 1odQ
— e 2r C{Re 8_h*} ZHD |2 +|D |2] (100)
—81t|kh\2 i 4 ML I7AN D

where £} is the imaginary part (if any) of the wave vector in the surrounding medium.
Indeed, upon introducing the identities (B.3), (B.8), and (B.7) in the first equation in
(100), one arrives at

c e . .
P(r) = gﬂRe{l /#—Z Z [DMLDML, (Hyz x Hiy) -1odQ
L

+DELD2L’ (HEL X H;/IL’) & 1)) dQ:| }

rZRe{l\/E; 3 [|DML| hi(kyr) [( i(k"r)]

~|De Mh’;(khrﬂ b

(101)

kh}"

In arriving at the result (100) one uses identities (96) and (97) for r > r,. The differ-
ence in sign in front of | D, |* and |Dg,|* in Eq. (101) is then compensated by the
following identities in the asymptotic region r > r,,

rhy) (k)] ek rhy) (kyr) ek
hi(kyr) [( l])fh(rh )} T ) s )h/(khr) ~i

a2 kyr lku |2
Note in passing that in the case of an absorbing host medium, &} > 0, the dipole
radiated power, as expected, vanishes in the limit r — co.

(102)

5.2.1. Summation over the magnetic number
The resulting expression for the total dipole radiated power (100) can be further
simplified by performing in the sum
00 ! 5 5
Z ZHDML| + [Dgs|] (103)

=1 m=-1
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the summation over the magnetic angular momentum number m. According to Eq.
(68) established in Section 4.1.4, irrespective of the dipole position each expansion
coefficient D,; can be written as follows,

D, = 4ni(k’Je)p - F) (k,ra), (104)

where k and ¢ are the wave vector and dielectric constant in the dipole medium and
F,; is a general vector multipole defined by Eq. (3) with an m-independent linear
combination of Bessel functions f,; given by Eq. (69).

The sum rules [52,65] imply that

. 241
ZY (1) @Y™ (r) = 8* (eg@ep+eyDey),

m=—1

1
¢ o) 2/+1
ZYE)(I')@YE) (r)= Py (ey@ep+ey@ey),

" (105)
0 o) 21+1
SV meY m == e,
m=—1
1 ! 1
Y eY =Y Y meY 1) => Y reY (=0,
m=—1[ m=—1 m=—1[

where e,, e), and e, are the orthonormal unit vectors of the spherical coordinate
system and ® denotes the tensor product of vectors (dyadic) in R®. Therefore, for
a general multipole (3),

! 21 + 1
> Fulkr)’ = i (k) (Ipol” + [P )

! 2041 | for (k)|
2 El
MEZ_: Ip- Fe(k,r)]| = 1+ 1)—— |k‘22 |p | (106)
20+ 1|(rf ) (kr)] 2 2
o e (IRl

Consequently, upon combining Egs. (68) and (106) the sum over m in Eq. (103) is
easily performed,

S Dl + D) = (ka1 + ><2z+1>f’|f,’f| r)'| 1+ 2n((kl* o]
x (21 + 1) | [fan(kr) +|(”f512|)2£f”)| (Ipol” + Ipy ).
(107)

Upon substituting the results into Eq. (100),
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c\k|4|n|2 a | o
P(r) = —5—5{Re,/— te ™
2|e| || Hy,

XZ:(ZZ—H){I(Z—H) i Vilt)f 1) )

[kl

+ {inlhr) P+ -

%+%}

(108)
where fy, is given by Eq. (69) and the dipole posmon was temporarily denoted by r.
In arriving at Eq. (108) we have used that |k,|> = |k|*|n;|*/|n|>. We remind here that
k, ¢, and n are the wave vector, dielectric constant, and refractive index in the dipole
medium, whereas kj, ¢, and ny, are the corresponding quantities in the surrounding
sphere medium (ambient).

6. Energy dissipation in the case of an absorbing shell

The formula for the energy flux density (in the Gaussian units), S = ¢(E x H)/4r,
remains valid in variable electromagnetic fields, even if dispersion is present. The rate
of change of the energy in unit volume of the body is V- S. In the case when the
absorption is negligible (transparency window), i.e., the imaginary parts of ¢ and u
are small compared to their respective real parts, the energy can be defined after
averaging over the characteristic period of electromagnetic field. As a result, one ob-
tains the so-called Brillouin expression,

1 » d[we(w)] . dop(w)]

U= p E-E P +H-H do | (109)
By averaging with respect to time and assuming that the amplitude of a monochromatic
electromagnetic field is a constant, one can find the steady (averaged) inflow of energy
Q per unit time and unit volume from the external sources which maintain the field,

0= S0 (B + wHP), (110)
where kj is the vacuum wave vector and ¢” (u”) is the imaginary part of the dielectric
function (magnetic permeability) at the observation point. However, as is shown in
Appendix C, the formula (110) for Ohmic losses remains valid even in the regions of
high absorption near resonance frequencies of the permittivity and permeability
when the Brillouin expression (109) is no longer valid.

In this section, the total Ohmic loss, P™™¢, is calculated according to formula

prad — / O(r)dr, (111)

where Q is given by Eq. (110) and the volume integral extends over all the absorbing
regions. For simplicity, we will assume that ¢’ =0, i.e., the Ohmic losses will be en-
tirely determined by an integral of the squared amplitude of the electric intensity.
The case of both ¢” and 1 being nonzero follows then straightforwardly. In order
to avoid confusion between the dipole shell, where the dipole is radiating, and an
absorbing shell, from now on k, and ¢, will stand for the respective wave vector
and the dielectric constant in the absorbing medium, whereas k and ¢ will denote
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the corresponding quantities in the dipole shell. The respective dipole and absorbing
shells will bear the labels n,; and n, and it will be assumed that n; # n,. The latter case
is the most interesting from the practical point of view. The remaining case of n; = n,,
follows easily from the results of Section 4.2.3 (see also Section 9 where the frequency
shift is treated) and is left as an exercise.
According to Eq. (8), the electric field at r within a given nth shell due to a dipole p
at r; (either inside or outside the sphere) radiating at frequency w is given as follows,
E(r) = Z[A}’L () (kns ¥) + By (n)Hyy (K, 1)), (112)
yL
where A4,,(n) and B,,(n) are the familiar expansion coefficients. It has been shown is
Section 4.2 [see Egs. (75), (76), (77), and (81)] that in either of the cases n,; <n,,
ng=N+1,n,<n;<N+1,
A;1(na)dy(kay x) + Byr(na)Hyr (Kay ) = 0, (k,x0)Gor (ka, 1)
Here the vector multipole G, .(k,,.r), which is independent of dipole position, is char-
acterized by an m-independent linear combination of the Bessel functions g,; defined
by Egs. (76) and (81), whereas d,,(k,r,), which does depend on the dipole position
and dipole medium properties, is defined by Eqs. (77) and (81). Upon substituting

the respective expressions (46) and (68) for the dipole field expansion coefficient
ocfj,’L and D, into Eq. (77), and upon using the formula (84) for 4,,(1), one finds

S, (k,xg) = 4mi(k’ [e)p - & (k,xy), (113)

F,, dipole inside the sphere and n; < n,,
d, =< H,, dipole outside the sphere, (114)
V;L, dipole inside the sphere and n, < ny < N + 1.

(Note that the complex conjugation in Egs. (113) and (114) only applies to the vector
spherical harmonics and not to the spherical Bessel functions.)

Let us now turn to the calculation of the integral on the right-hand side of Eq.
(111). Upon combining relations (113), (76), and (81) with integration identities
(B.10) and (B.11), one obtains

/a|E|2dr :/ rzdrf IE(r)|*dQ

16n2\k| i { [/ *|avnj, (kar) + banhi (kar)| dr} (Z Ip- dy )

m=—1

+l(|lka+|1) U gy (kar) + bk () dr} <Z p- dEL|>

m=—1

1 N o, z .
g [ o) o ] (32 )}

m=—1

16n2|k| Z [IM1<Z Ip -yl ) + (1) + 1) (ZI: Ip.dEL|2>]‘

m=—1 m=—1[
(115)
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Here |, denotes the radial integration over the sphere shell with a nonzero imaginary
part of the dielectric constant and

IM:/MWMM+WW%MVm,

@L,M|/MM¢0+@MM)m (116)
zgzﬁF/MMmﬂmywmmy@m%n

Note that in virtue of the factorization (75), the respective integrals defined by Eq.
(116) do not depend on the dipole location, as long as the dipole remains to be lo-
cated within a given shell. Therefore, when dipole position is varied within a given
shell, it is sufficient to calculate the integrals (116) only once, what greatly facilitates
and speeds up numerical calculation.

6.1. Summation over the magnetic number

As in the calculation of the total radiative power in Sections 5.2 and 5.2.1, the
expression on the r.h.s. of Eq. (115) can be considerably simplified by performing
the sum over the magnetic number m. Indeed, using expressions (106), which are va-
lid for any multipole of the form as that on the r.h.s. of Eq. (3),

2141

Z |P'dML(k,1')|2 I — |dMl(k”)| (|P0| + |P¢| )s
1 2
21 +1 |d g (kr)| 2
Ay (k)= 1) LET)T 117
2 I de o)l === 10 D)7 5 e (117)
20+ 1 |(rdgy) (kr)|?
Py ‘E]é|2r2 (|P9|2 + |P¢‘2),

where throughout this subsection r denotes the dipole position. Upon substituting
expressions (117) back into Eq. (115),

4r|k)® dp (kr)[?
/mfm: E2§]%+U%U+UmLﬂ¥lﬁ
!

[K["r

r? 2 f
where we have introduced I, = 1 5;,’ +1 1(522 According to our hypothesis, the imaginary

part of the magnetic permeability is zero, ¢’ = 0. Therefore, by combining Egs. (110),
(111), and (118), the time-averaged Ohmic loss P™™¢ of an oscillating dipole is

2
nrad __ nrad nrad C|k| |k0| & § : |dEl (kr)‘ 2

ﬁ+%} (19)

+ IM1|dM1(k”)\2 +1g

|(rd 1) (k)P
[kl

+ 1M1|dM1(k’”)|2+IE/ 3
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According to Eq. (114), the linear combinations of Bessel functions
fu, dipole inside the sphere and n; < n,,
dy, = hgl), dipole outside the sphere, (120)
v,;, dipole inside the sphere and n, < n;, < N + 1,

where f,; [see Eqs. (67)~(69)] is the same linear combinations of Bessel functions as in
the case of the total radiated power treated in Sections 5.2 and 5.2.1. The linear com-
bination of Bessel functions v,; has been determined by Eq. (85). Note in passing that
all the integrals in (116) have dimension of 1/k°. Therefore, as expected, the Ohmic
loss P has the same dimension as the dipole total radiated power [see, for in-
stance, Eq. (91)].

7. Inelastic scattering

The goal of this section is to provide the description of the intensity and angular
distribution of an inelastically scattered light. All the necessary formulas have been
laid down in Sections 4 and 5. Therefore, it turns out sufficient here to only provide
recipes of how to combine and use the formulas of the preceding sections.

By the very definition of inelastic scattering of a monochromatic light, the scat-
tered light has a shifted frequency compared to the incident light. There are several
mechanisms of inelastic scattering (e.g., Compton scattering). In the following, the
focus will be on the so-called combination or Raman scattering, which has its origin
in excitations and deexcitations of different vibrational levels of molecules [1,4]. In
the Raman scattering, shifted requencies do not depend on the scattering angle
and both the red- and blue-shifted frequencies may appear. The red- and blue-shifted
frequencies are conventionally called the Stokes and anti-Stokes lines, respectively.
The angular distribution and polarization of the emitted fluorescent and Raman
radiation is different from the elastically scattered right and from the corresponding
distributions for the inelastic scattering by free molecules. The measurements of this
inelastically scattered radiation may provide useful information regarding the size,
shape, and refractive index of the particle. In general, the angular distribution in-
volves more terms in the series expansion. These additional terms will contain infor-
mation about the sphere radius, which is of interest to cell biology [7,9,10] and
atmospheric physics [6,8]. For example, atmospheric aerosols may fluoresce [§8]
and this might be used to provide a means for their chemical identification and to
measure their content in the atmosphere. Also Raman and fluorescent backscatter-
ing can be used for remote sensing of molecular species in the atmosphere [6,8]. The
angular distribution of the radiated power, dP/d€Q, as given by Eq. (99), when used
in conjunction with the Lorentz—Mie scattering, provides an information on the dis-
tribution of the inelastically scattering molecules within the particle [1].

In the following, it will be assumed that the timescale on which the incident light is
applied is significantly longer than the molecular vibrational transitions. Therefore, a
conventional model of the inelastic scattering will be adopted [4,5], according to
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which (a) the incident light is assumed to be applied continuously and (b) the band-
width of the applied light is sufficiently narrow so that there is no overlap with a
shifted frequency of inelastically scattered light. A conventional model of the inelas-
tic scattering [4,5] comprises two steps. In the first step, a molecule or atom located at
a particular position is excited by absorption of a photon at an incident frequency
wy. The excited molecule electric-dipole moment is expressed as [4,5]

P(wr) = ogEiec(r, o), (121)

where wg # oy is a shifted Raman frequency and oy is the molecular Raman polar-
izability. The primary, or the local field, E,. is the total electric field at the molecule
position, which is given by the sum of the incident and scattered fields,
Eioc = E; + E,. The field E;,. can be determined anywhere inside and outside a mul-
ticoated sphere using the results of Section 3. The molecular Raman polarizability og
is a phenomenological parameter, which is proportional to the probability that the
active molecule is raised to an excited state. The latter is in turn assumed to be pro-
portional to the number density of active molecules at a given location [82], provided
that the density of the active molecules is not too high. It is well known experimen-
tally that fluorescence intensity as a function of the duration of (constant) irradiation
by a monochromatic light steadily decreases with time, i.e., the so-called photoble-
aching occurs [32,82]. The latter case can be modeled by a time (and the incident
light intensity) dependent Raman polarizability og.

The second step is the emission of radiation at a shifted Raman frequency wgr by
the active molecules, which is entirely characterized by the field of the induced molec-
ular dipole p given by Eq. (121). Using expansions (43), (45), (47), and (48) for the
induced molecular dipole p, the total Raman field, Er(r, wr) can be determined any-
where outside and inside a multicoated sphere using the results of Sections 4.1 and
4.2. For instance, the Raman signal Ex(r, wr) outside the sphere at the observer coor-
dinate r is given by expansion (48). The latter is sometimes schematically written in
the form [4,5]

ER(ra wR) = Ed(r7 wR) + Es(l‘, wR)? (122)

where E, is the field of an oscillating molecular dipole p as given by Eq. (43), and E;
is the dipole field after experiencing scattering due to the presence of boundaries [giv-
en by the expansion coefficients 4,, and B, in the expansion (48)]. Er(r,wr) con-
tains a complete information about the amplitude, phase, and polarization of the
inelastically scattered field at any location, be it outside, inside, or at the surface
of a multicoated sphere. Since the induced molecular dipole p(wgr) according to
Eq. (121) provides a link between the applied and inelastically scattered fields, the
conventional model of the inelastic scattering [4,5] amounts to a simple superposition
of the results of Section 3 with those of Section 4.1 and 4.2. Obviously, in the case of
a remote sensing only the results of Section 4 are relevant. Angular distribution of
the time-averaged radiated power and the time-averaged total radiated power are
then straightforwardly determined using results of Section 5.

If a comparison is to be made between theory and experiment, the following two
facts have to be taken into account. First, for an incoherent emission from a distri-
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bution of sources within the particle it turns out necessary to sum the time-averaged
power over the molecular dipoles distribution within the particle. For a coherent
emission, the electric field at the point of observation has to be added prior to the
time-averaged power calculation. Second, for randomly oriented dipole sources an
average has to be performed over different dipole orientations. It is worthwhile to
emphasize that the transversely radiated power Pj enters with a factor 2 in an orien-
tational average, since there are possible two different transverse dipole orientations.
Hence, the orientational average at a given radial distance r from the sphere center is

P= (2P +P.)/3. (123)

The same also applies to the orientational average of the angular distribution of the
radiated power.

Note in passing that the conventional model of the inelastic scattering [4,5] can
easily be extended to also cover the case when there is an overlap between the
band-width of the applied light and the shifted frequency w of the inelastically scat-
tered light. One has only need to (i) take into account that the C,, coeflicient be-
comes nonzero and (ii) amend the formulas of Section 4 appropriately. In the case
of the so-called stimulated Raman scattering [58,59], one needs to determine the mor-
phology-dependent resonances. According to Eq. (32), the resonances of a multi-
coated sphere within our formalism are determined as zeroes of 7 11.,,/(N + 1). The
angle-averaged internal electric field intensities can then be calculated using the re-
sults of Section 3.

8. Changes in the spontaneous emission—normalized transition rates

The decay rate of an excited molecule inside or outside a multilayered sphere is
calculated here from the viewpoint of electromagnetic theory. In the latter case,
the decay rate of the emitting dipole is obtained by considering the two mecha-
nisms through which energy is dissipated. One is the time-averaged total radiated
power or the radiative loss, P, which has been calculated from the Poynting
vector in Section 5.2, and the other is the nonradiative loss due to the Ohmic
losses inside the sphere absorptive shell, P"™9, which has been calculated in Sec-
tion 6. Afterward the correspondence principle (1) is applied which enables one to
relate the two mechanisms through which energy is dissipated to corresponding
radiative, W4, and nonradiative, W™, decay rates. It is reminded that, as in
Chew et al. [1,2,13,14] treatment, any coherence between elementary emitters is
neglected and only coherence properties of the radiation field are taken into ac-
count.

8.1. Normalized radiative decay rates
According to the correspondence principle (1), the quantum theoretical expres-

sion for the power radiated by the spontaneous emission from an excited state in
an electric (a magnetic) dipole transition is obtained from the classical expression
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for the power radiated by an electric (a magnetic) dipole, by replacement of the di-
pole moment by the corresponding transition matrix element. In order to character-
ize the change in the spontaneous emission due to the presence of a scatterer, one
usually determines the ratio of the power radiated by a dipole in the presence of
the scatterer to the power radiated by the dipole in a free-space homogeneous med-
ium. The free-space homogeneous medium is either characterized by the optical con-
stants of the ambient surrounding the scatterer, or the free-space homogeneous
medium optical constants can be taken to be those of a scatterer shell wherefrom
the dipole is radiating. Obviously, the latter normalization has only sense if the shell
medium is nonabsorbing. In the case of an absorbing shell medium, only the normal-
ization of the dipole decay rates with respect to the dipole decay rates in the nonab-
sorbing host medium is an option. For the sake of notation, throughout this section
the wave vector, dielectric constant, and refractive index of a given interior shell will
be denoted by k, ¢, and n, whereas in the ambient the usual notation kj, ¢, and ny,
will be maintained.

8.1.1. Dipole outside the scatterer

In the case of a dipole radiating at the position r outside the sphere, the respective
sets {k, ¢, n} and {k;, ¢, n,} coincide. Upon combining Egs. (91) and (108) for
k] = 0, defining P™% = P(r), and using correspondence principle (1), one finds for
the dipole oscillating in the respective radial and tangential directions the following
change in the dipole radiative decay rates (normalized to the decay rates in a free
space filled in with the surrounding sphere host medium),

Wj'ild led 3 72k” |fEl( )|
=-=3e Zz (I+1)(21 + 1)L

iR J'r? (124)
wipd P 3 |(rf ) (kr)[*
Il 2 El
= —2N"0r+1 k DB
T 4Z< + D) | Vs Ger)[* + o

According to Egs. (66), (69), and (72) one has
Jo(kr) = (k) + [T 2150/ T vl o (kr). (125)

In the special case of a homogeneous sphere, the ratio 7,1,/ 11, is nothing but the
corresponding Mie coefficient (see Eqgs. (32)—(34) and compare with Egs. (4a) and
(4b) of Chew [13]). Hence, in Eq. (5) of [13], fiu(kr) = j,(»,) +a,h"(y,) and
feilkr) = j,(vy) + b,h\V(y,). Therefore, our results for the dipole radiative decay
rates are identical to those obtained by Chew [13].

8.1.2. Dipole inside the scatterer

Let us first consider radiative dipole decay rates normalized to the decay rates in a
free-space having the optical constants of the ambient surrounding the scatterer.
Upon combining Egs. (91) and (108), one finds for the dipole at the position r inside
the spherical scatterer oscillating in the respective radial and tangential directions the
following change in the radiative dipole decay rates:
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We remind here that the linear combinations f,; of the spherical Bessel functions are

determined by Egs. (69)—(71). For instance, the latter equation implies that, in the
case of dipole within the sphere core,

Jolkr) = ji(kr) [ M (1) (128)

For completeness, when the decay rates are normalized to the decay rates in a free-
space having the optical constants of the sphere shell wherefrom the dipole is radi-
ating,

s pud 3 fea )|
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Note that in a nonmagnetic medium with p = p, one has ¢,/¢ = n; /n?, and hence
e _ “(enf)el)’ = 130
o= e, /) el = el (130)

Therefore, the respective normalized radiative decay rates, i.e., those normalized
with respect to the free-space dipole radiative rates in a given sphere shell medium
and in the ambient, respectively, differ by the factor |n|/n; [14].

The equivalence of our results for the dipole radiative decay rates in the case of a
homogeneous sphere with those obtained by Chew [13,14] is discussed in Appendix
E. It is worthwhile to remember that in the case of a homogeneous sphere one finds
the normalized decay rates in the Rayleigh limit for kr < 1 independent of polariza-
tion and the location of dipole within the particle and given by the expression W9/
W= 9/2+e) [14].

8.2. Normalized nonradiative decay rates
As in the case of radiative decay rates, we have here two possibilities in calculating

normalized nonradiative decay rates. One can divide the resulting Ohmic loss, P""9,
which has been calculated in Section 6.1, either by the free-space time-averaged total
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radiated power, P, in the same medium as where the dipole inside the sphere is radi-
ating, or by the free-space time-averaged total radiated power in the surrounding
sphere medium. We remind here that &, ¢, and n are the wave vector, dielectric con-
stant, and refractive index at the dipole position, whereas k;, ¢, and n,, are the cor-
responding quantities in the embedding (ambient) medium. Note that for the
vacuum wave vector ko one has

ko = |kal/|nal = |kl/In]. (131)

Hence, one finds for the dipole oscillating in the respective radial and tangential
directions at the position r inside or outside the spherical scatterer the following non-
radiative decay rates. Those normalized with respect to the free-space radiative decay
rates in the same medium as where the dipole is radiating are
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where I,; have been determlned as 1ntegrals over absorbing shell in Section 6 [see Egs.
(116) combined with I = =7 P 18 £l ] and the linear combination of Bessel functions
d, is given by Eq. (120). In arriving to the result, we have, using relations (131),
substltuted kol = |K|*.

The nonradiative decay rates W™ normalized with respect to the free-space radi-
ative decay rates in the ambient are

e P 3Pl e
= == —" I+ 1)(21+ 1)1
T T T e U DR
nrad nrad
w3kl

0_ 0_ 3
W) PH 4 ||

(k)
'

el Z(zz + 1) | Ly |dog (kr) | + I

)

(i) ()]
72
(133)

The prefactor can be simplified in a nonmagnetic case when p =y, in which case
&n/|e| = n2/|n|*, and hence

|”\ ol 1

134
m o lel> el (134)

Hence, as in the case of radiative decay rates, the respective nonradiative decay rates
normalized with respect to the dipole radiative rates in a given shell medium and in
the ambient, respectively, differ by the factor |n|/n,.

Note that Eq. (120) implies for dipole inside the sphere d,; = f,;, where f,,; deter-
mines the radiative decay rates (see previous section). Therefore, the nonradiative
rates can be viewed in that case as the radiative rates modulated by coefficients
I,;. The latter depend on the entire sphere geometry and material constants of
all shell.
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9. Green’s function and frequency shift

When a radiating atom or molecule interacts with the electromagnetic fields per-
turbed by the presence of a multilayered spherical cavity both the decay rate and the
transition frequency are modified [38]. In the regime of validity of the Wigner—Weiss-
kopf approximation (weak coupling, or linear-response, region), decay is exponential
and the whole process is characterized by two numbers: the spontaneous emission
rate and the radiative (Lamb) shift of the transition frequency, and both processes
are linked via a Hilbert transform (see Eqs. (2.18) and (2.19) of [38]). So far, only
changes in the electric-dipole radiative decay rates have been considered, which
can easier be detected experimentally. Indeed, the decay rate is calculated in the first
order of perturbation theory. On the other hand, the normalized change in the tran-
sition frequency, (@ — wg)/w, (also called the frequency or energy-level shift) in-
duced by the presence of a multilayered spherical cavity is a second order
perturbation theory result [39] and hence more challenging to observe experimen-
tally. Nevertheless, it has been demonstrated by Mabuchi and Kimble [66] that the
optical forces associated with evanescent fields of optical whispering gallery modes
and cavity-induced frequency level shifts may be used to confine atoms in stable or-
bits around a dielectric microsphere. In this section, as in the discussion of the radi-
ative decay rates, any coherence between elementary emitters is neglected and only
coherence properties of the radiation field are taken into account.

In the case of spontancous decay rates, entirely classical treatment in the spirit of
Chew [13,14] and Ruppin [12] has been used. In the case of the frequency shift, the
classical and quantum-mechanical result obtained within the domain of applicability
of the linear-response theory, or in the weak coupling regime [38,39], are again equiv-
alent [67]. The basic assumption here is, of course, that the transition frequency is
not appreciably changed by the presence of a (multilayered) sphere. In the case of
a homogeneous sphere, the quantum-mechanical linear-response formalism of Agar-
wal [38] and of Wylie and Sipe [39] yields the normalized transition rates as [13,47,67]

E =1+ 3e,
wo 20k

3¢,
Im[p- G(ry,rs, ) -p =1+ Im 7P E(rg, a0), (135)
2Pk,
where k, = wy./¢,/c is the emission wave vector in the sphere absence and G(r,r,, )
denotes the scattering Greens function normalized such that the electric field E(r, w)
of the scattered radiation at r due to a dipole p radiating at frequency w atr,is given by

E(r,») = G(r,ry, ®) - p. (136)

According to the expansions (47) and (48), the scattered electric field Ey(r,w) within
the dipole shell is the part of the total electromagnetic field given by the expansion
coefficients 4,, and B,;. The field E(r,®) accounts for the effect of the boundary
upon the dipolar field and is what Chew’s et al. called secondary field [1,4]. Obvi-
ously, in the absence of any boundaries E(r,»)=0 and, as expected, there is no
change in the transition rates.

Whereas change in the decay rate induced by the presence of a a (multilayered)
sphere is determined by the imaginary part of G(r,r, ), which is in turn proportional
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to the local density of states [68], the effective shift in the frequency separation of two
levels is given in terms of the real part of G(r,r,w) (see [47], Appendix C of [38], and
[67]),

® — Wy 3¢, 3¢,
W _4p2k3 Rep- G(ry,rq, %) - p] = —Re szi P Ei(rs, o). (137)

Equivalence of the classical and quantum-mechanical approaches in the spherical
geometry has been verified by Chew [13], who has shown that decay rates calculated
by Eq. (135) coincide with those obtained classically (see also Appendix E). Note in
passing that in order to determine the induced change in both decay rate and
frequency shift, the scattering Greens function is only needed at coinciding
arguments. The scattering Greens function can easily be obtained using results of
Section 4.1 and 4.2.

9.1. Dipole outside the sphere

Let us first consider the special case when the dipole is radiating outside the sphere
in the ambient, in which case results of Section 4.1 apply. Then, the outgoing field is
given by > ., D,;H,;, where, depending whether the observation point r satisfies
r<rq or r>rq D, is given by Egs. (65) and (66), respectively. However, for
r>ry, the field directly radiated by the dipole without suffering any scattering also
contributes to the outgoing field. Upon subtracting the dipole radiated part, which
has been given by Eq. (43), one finds that, irrespective of the observation point loca-
tion, the scattered field

E(r) = E@r) —E(r) =Y (TN + 1)/ T 110N + 1)), Hyy (ky,x). (138)
yL
Using the explicit form of rx;’L as given by Eq. (46),
E,(r) = 4ni(k,/e1) Y [T 2150(N + 1)/ T 1150(N + 1)][p - H (ki 1) [Hop (i, ).
L
(139)
Therefore, for r, r; > r,,
G(r,rg,0) = 4ni(k,/e1) > [T 210(N + 1)/ T 1150 (N + 1)]Hy (ks ¥) @ HE, (K, 1),
YL
(140)
where ® denotes the tensor product of vectors (dyadic) in R*. It is reminded here that
the complex conjugation only applies to the vector spherical harmonics and not to

the spherical Bessel functions. In order to compare our results with Chew’s Egs.
(6") and (7’) of [13], let us temporarily define

ar=Tum(N+1)/T (N +1), bi=Tnu(N+1)/TupN+1). (141)

For r =r, the sum over magnetic angular number m can be explicitly performed
upon using the sum rules (105), and one then arrives at
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G(r,r,0) = i(k; /&) Z { D ar)) + by

1

(") (kar))?
kﬁ 2

X (89®eg+e¢®e¢), (142)

Gulerr,0) = i8/e) Y100+ )@+ D L
LB S hl ©h - 1 kﬁ}"z r ry
from which Chew’s Eqgs. (6) and (7) of Ref. [13] easily follow.

9.2. Dipole inside the sphere

Let us now proceed with the case when the dipole is radiating inside the sphere
and let us assume that both r and r,; are within the nth interior dipole shell. Upon
using Eq. (86), in combination with Eq. (68) and Eq. (87), for each y and L one has

A, (n)Jyp (kys ¥) + By (n)H,p (K, x)
= 4ni(k) /o) - (241" (ks ¥a) © Ton (ko) + 27 (ko va) @ Hyp(yr)], (143)
where
Z“E’}J)* (kn; rd) = eﬂu;ylF;L (km rd)v
«ﬂlzz;xlg‘zl;le:L(kml‘d) + %22:y13.21;y1H;L(kna r;) _ (144)
M1 T V191 — M1 T 21251
Note that, in contrast to Chew’s [13] homogeneous sphere case, B,;# 0, unless the
dipole shell is the sphere core, in which case the regularity boundary condition
(29) is applied.
According to Eqgs. (47) and (48), the scattered field E; within the dipole shell is

that characterized by the multipole expansion with the 4,, and B,, coefficients.
Therefore, for r and r; both within the nth interior shell,

G(r,rg,0) = 4mi(k; /e) Y [For (ks ) @ 23" (ks ¥a) + Hop (k) @ 23" (k1)

vL
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(145)

For r =r, the sum over magnetic angular number m can be explicitly performed
upon using the sum rules (105), and one then arrives at

GH (r,r,w) = i(ki/s,,) Z(IJF%) Z/(\/l[; (knr)le(kn”) +Z}(\/2/) (knr)hMl(knr)
1
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e
(146)

where, for the sake of clarity, 4, = hg” here. The frequency shift can then be deter-
mined by substituting the respective formulas (142) and (146) in Eq. (137).
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10. Numerical results

The performance and convergence properties of our numerical implementation
has been first tested for the calculation of the radiative and nonradiative decay rates
in the homogeneous sphere case. In particular, Figs. 2 and 3 of [13]and Fig. 1 of [14]

100 5

Radiative decay rates
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sphere radius [nm]

Fig. 2. Radiative decay rates normalized to the free-space decay rates in water (assuming refractive index
n,, = 1.33) as a function of the sphere radius for a dipole radiating at wavelength of 595nm located at a
distance of 1nm from the surface of a homogeneous gold nanosphere embedded in water. The average
value plotted by dotted line is the orientational average over dipole orientations at a given radial distance r
from the sphere center determined from the averaged radiated power P according to Eq. (123).
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Fig. 3. Normalized radiative and nonradiative decay rates at wavelength of 595nm as a function of dipole
position in the case of Au@SiO, sphere with r; =248nm and r, =r,=300nm embedded in water
(n,, = 1.33).



392 A. Moroz | Annals of Physics 315 (2005) 352-418

have been reproduced. Another test was performed for the setup of a recent exper-
iment by Dulkeith et al. [70], where the radiative and nonradiative decay rates of liss-
amine dye molecules, chemically attached to differently sized gold nanoparticles,
were investigated in aqueous solution by means of time-resolved fluorescence exper-
iments. Attached lissamine dye molecules were modeled as a tangentially oriented di-
pole located at a distance of 1nm from the surface of a homogeneous gold
nanosphere and radiating at wavelength of 595nm. The theoretical results for decay
rates as a function of the sphere radius presented in Fig. 4 of Dulkeith et al. [70] were
obtained by employing the quasistatic model of Gersten and Nitzan [71] which, for a
dipole outside a homogeneous sphere and in its close proximity, yields [72] (see also
[43)

2
rad
W

3
g & — &)
1+2—
* (rﬁrd) & + 2¢,

(147)
Wﬂad — I vy 3 & — & ?
W(H) B <rs+ > 85'1'2811
where d is the distance between the dipole (molecule) and the spherical surface. The
Gersten and Nitzan model is often employed for r; < 4 and d < A, 4 being the emis-
sion wavelength. However, in contrast to Chew results for radiative decay rates
[13,14], the theory of Gersten and Nitzan [71] does not yield the correct asymptotic
results for a flat surface in the limit r; — oo with a fixed value of d. Moreover, as
emphasized by Kim et al. [72], in addition to the conditions r; < A and d < 4, the
value of sphere radius r, cannot be too large for a fixed d if the Gersten and Nitzan
model [71] is to be applied. Therefore, it turned out worthwhile to recalculate the
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Fig. 4. Normalized radiative decay rates at wavelength of 595nm as a function of dipole position in the
case of SiO,@Au sphe{e with r; =248 nm and r, = r, = 300nm embedded in water (1,, = 1.33). The empty
region for r/r, € (0.826,1) corresponds to the metallic shell.
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decay rates for the same setup as in Fig. 4 of Dulkeith et al. [70] using the exact meth-
od of Chew [13,14]. The results for radiative decay rates normalized to the free-space
decay rates in water (assuming refractive index n,, = 1.33) are shown in Fig. 2. The
average value is the orientational average over dipole orientations at a given radial
distance r from the sphere center determined from the averaged radiated power P
according to Eq. (123). It appears that the radial decay rate is more than one mag-
nitude larger than the tangential decay rate in the whole range of sphere radii. The
tangential radiative decay rate exhibits a pronounced minimum at the distance of
4nm from the gold nanoparticle, in accordance with experiment. It has been argued
by Dulkeith et al. [70] that this is in consequence of a phase shift between the molec-
ular and the metal dipole leading to a destructive interference effect. The local min-
imum of W) at 4nm appears to be slightly deeper than in [70], which is partially
attributed to a different choice of the dielectric constant of gold, which was here cho-
sen according to [69]. Apart from that, the overall agreement between the Gersten
and Nitzan model [71] and the exact method of Chew [13,14] for sphere radii from
1 to 30nm appears to be very good. Both the radial and tangential radiative decay
rates exhibit an oscillatory behavior as a function of the sphere radius (surface cur-
vature). The oscillatory behavior becomes only apparent for a larger range of sphere
radii as that in Fig.2. Note in passing that in the quasistatic model of Gersten and
Nitzan [71] a weak oscillatory behavior of radiative rates versus r, is absent. In
the calculation, neither size-dependent correction to the gold dielectric function
(see Eq. (149) below and [74]), nor nonlocal effects [42,43] were taken into account
(see Section 11.1 below for more details). Both these effects may effect the calculated
decay rates for metal spheres with radius smaller than about 10nm [43].

After successfully passing the test for the homogeneous sphere case, our method
has been tested for coated spheres. Since a detailed comparison of theory and exper-
iment regarding gold-coated silica beads will be studied elsewhere [32], only a few
typical cases are presented here. Fig. 3 displays the radiative and nonradiative decay
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Fig. 5. Normalized nonradiative decay rates at wavelength of 595nm as a function of dipole position in
the case of SiO,@Au sphere with 1| = 248nm and r, = r, = 300nm embedded in water (n,, = 1.33).
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rates as a function of dipole position for a dipole radiating at wavelength of 595nm
in the case of Au@SiO, sphere with r; = 248nm and r, = ry = 300nm embedded in
water (n,, = 1.33). The respective Figs. 4 and 5 show the radiative and nonradiative
decay rates as a function of dipole position in the case of SiO,@Au sphere with
ry =248nm and r, = r; = 300nm. The respective radiative and nonradiative decay
rates as a function of dipole position in the case of SiO,@Au@SiO, sphere with
ry =200nm, r, =248 nm, and r3 = r;=300nm are shown in Figs. 6 and 7. In all
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decay rates at wavelength of 595nm as a function of dipole position in the

case of SiO,@Au@SiO, sphere with r; = 200 nm, r, = 248nm, and r3 = r, = 300nm embedded in water
(n,, = 1.33). The empty region for r/r; € (0.666,0.826) corresponds to the metallic shell.

- - -

o o o
G ~ N
L | sl

Nonradiative decay rates
3
>

107

T
00 02 04 06 08

T T T
10 12 14 16 18 20
r/r
S

Fig. 7. Normalized nonradiative decay rates at wavelength of 595nm as a function of dipole position in

the case of SiO,@Au@SiO,
water (n,, = 1.33).

sphere with r; =200nm, r, = 248nm, and r3 =r;=300nm embedded in
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figures, the decay rates are normalized with respect to the free-space radiative decay
rates in the dipole medium. Empty r/r, regions correspond to the metallic regions:
first, one does not place dyes inside a metal and second, the description of decay
rates in a strongly absorbing medium goes beyond the scope of theory presented
here. In the calculation, the dielectric constant of SiO, was taken to be ngio, = 1.45,
dipole radiation wavelength was assumed to be 595nm, and spheres were embedded
in water (n,, = 1.33). Depending on the dipole position, the radiative decay rates can
be either enhanced or suppressed with respect to the free-space decay rates in the
same medium. It is apparent from the figures that, in the proximity of a metal shell,
(1) the nonradiative decay rates are by far more dominant compared to the radiative
decay rates and (ii) the radial radiative decay rate is significantly more enhanced than
the tangential radiative decay rate. An oscillatory dependence of the radiative decay
rates on the dipole position is also clearly visible, with the radiative decay rates
approaching the free-space decay rates at r ~ 2r,. Interestingly, in the case of a metal
shell, the enhancement of the nonradiative decay rates is larger on the interior (with
respect to the sphere center) side than on the exterior side, whereas for the radiative
decay rates the reverse is true. In the most demanding case of SiO,@Au@SiO,
sphere (see Figs. 6 and 7), the radiative and nonradiative decay rates were calculated
in a single run in approximately one second. In the latter case, calculation was per-
formed on a standard Pentium IV PC with 200 radial position sampling points and
angular-momentum cutoff was kept fixed at /,,, = 60. (There is nothing special
about the choice of /,,,x = 60 here, except that it guaranteed a reasonable conver-
gence in the parameter range considered.) This high computational speed of our
method renders it suitable for effective engineering of decay rates for a variety of
applications.

Regarding convergence properties of the radiative and nonradiative decay
rates, a diametrically different behavior is observed. As a consequence of the mul-
tipole expansion, the further is a dipole from the sphere origin, the larger cutoff
value /.« 1s required to reach a comparable convergence of radiative decay rates
(see Fig. 8). On the other hand, in the case of nonradiative decay rates, decisive
for the convergence properties is a dipole proximity to metal boundary (see Fig.
9). In general, radiative decay rates converge faster and higher precision can be
attained. Provided that summation over / is extended slightly behind the cutoff
value of

L(r) =~ x+4x'? 42, (148)

where x = k,r, the radiative decay rates have already converged to within six digits
or more. (For r =r,, x reduces to the so-called size parameter and /.(r;) becomes
exactly the Wiscombe cutoff value which guarantees the convergence of single-
sphere cross sections [54].) In the case of nonradiative decay rates, convergence
is markedly slower. For a dipole in a very close proximity (<5nm) to metal
boundary, even the angular-momentum cutoff /., as large as 60 was hardly en-
ough to ensure convergence up to two digits. A similar convergence problems in
the case of nonradiative decay rates have also been encountered for the setup
Fig. 4 of Dulkeith et al. [70] with the dipole-sphere separation fixed at d = 1nm
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Fig. 8. Convergence of the normalized tangential radiative decay rate W™ for the case of Fig. 6. Figure
shows the plots of a relative error [W™¢(1) — w™d(60)]/Ww™¢(60) for different values of the angular-
momentum cutoff value /. Missing data in the dielectric regions signify a drop below machine accuracy.

Convergence of the normalized radial radiative decay rate Wﬂ“" shows a similar behavior.

10°

107

104',1

10°4

10°
107

Relative error

10-12:

0] |

10-16 i

.
00 02 04 06 08 10 12 14 16 18 20
r/r

s

Fig. 9. Convergence of the normalized tangential nonradiative decay rate W™ for the case of Fig. 7.
Figure shows the plots of a relative error [W1d(1) — wd(60)]/w™2d(60) for different values of the
angular-momentum cutoff value /. Similarly as in the case of radiative decay rates, missing data in the
dielectric regions signify a drop below machine accuracy. Convergence of the normalized radial
nonradiative decay rate W' ﬁ‘"“d shows a similar behavior.

and increasing sphere radius. Provided that the sphere radius exceeded the value of
rg¢ 2 15nm, the angular-momentum cutoff /.,,, as large as 60 (i.e., more than two
magnitudes larger than the Wiscombe value /.) was still not enough to ensure con-
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vergence up to two valid digits. These convergence problems with nonradiative de-
cay rates arise due to a fact that a local theory allows for the excitation of near-
field modes of an arbitrarily high angular momentum or short wavelength,
although the latter is physically inhibited by the fact that the electronic wave func-
tions extend over a spatial region of finite size. These convergence problems result-
ing from a close proximity of radiating dipole to metal boundaries can be
overcome by taking into account a nonlocal dielectric function which introduces
a cuttoff angular momentum that corrects this deficiency in a satisfactorily way
[43] (see Section 11.1).

11. Recipes for an ultra-thin metallic shell and an optically active shell

In principle, one can encounter situation when the theory presented so far has
to be modified, even if one limits oneself to homogeneous and isotropic media.
Below two such cases are considered. First is the case of an ultra-thin metallic
shell, in which nonlocal effects due to excitation of longitudinal plasmon modes
may come into play [40-43]. Second, shells can be made of an optically active
medium [37,44,45]. Tt turns out that our formal approach of Section 4 involving
transfer matrices can also be applied to the case when one or several spherical
shells are either ultra-thin metallic shells characterized by a nonlocal dielectric
function [40-43], or shells made of an optically active medium [37,44,45]. Below
recipes are provided for necessary modifications and amendments of the formal-
ism presented until now. Note in passing that the hypothetical case of a sphere
with a shell made of a negative refractive index, or “left-handed”, material,
which, in the simplest form of a homogeneous sphere, has been considered by
Klimov [73], does not require any modification of the formalism presented in pre-
vious sections, except for filling in the relevant formulas negative permittivities
and permeabilities.

11.1. Ultra-thin metallic shell and nonlocal dielectric function

Let S be the smallest length scale of a metallic region. For instance, in the case of a
metal core, S equals to the core radius and, in the case of a metallic shell, S equals to
the shell thickness. If theory presented in the preceding sections is to be applied for a
multilayered spherical particle with a small metallic core or a thin metallic shell with
S < 20nm, two effects have to be considered. First, the bulk dielectric function is
modified, since the electronic mean free path is shorter than in the bulk [74]. Second,
nonlocal effects come into play [40-43]. The first effect does not bring any changes
into our formalism and can easily be incorporated by replacing the bulk dielectric
function eg(w) with its size-dependent modification

> w?

() = ¢ 2 - L. 149
e(w) FB(coH-werleE1 prp— (149)
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Here w, is the bulk plasmon frequency, 75 is the relaxation time in the bulk metal,
! =1;' +vpS™" is the inverse relaxation time (also called damping coefficient I')
corrected for the finite size of the particle, and vy is the Fermi velocity. More gener-
ally,

v =1+ AvpST!, (150)

where A is a parameter determined by the geometry. For simple Drude theory and
isotropic scattering, 4 = 1. For a sphere of radius r,, Kreibig and Genzel [74] used A/
S = 3/(4ry).

On the other hand, nonlocal effects, i.e., when the Fourier transform of the dielec-
tric function depends in addition to w also on k, are associated with the resonant
excitation of longitudinal bulk plasmon modes (either propagating ones, with fre-
quency above the plasma frequency w,, or evanescent ones, with frequency below
the plasma frequency w,) [40-43]. It has already been alluded to that the nonlocal
dielectric function introduces a natural cuttoff angular momentum for the excitation
of near-field modes [43], and thereby a natural cuttoff for the convergence of the non-
radiative decay rates. Apart from that, the nonlocal effects leave behind another
important signatures. Provided that all other effects are temporarily suspended, non-
local effects for a single sphere would manifest themselves in the blue shift of the
Frohlich local resonance at wp = @,/v/3 < w,, and in the absorption fringes in
the high-frequency range @ > ,. The blue shift, which occurs below the plasma fre-
quency, is due to evanescent longitudinal plasmons [42]. On the other hand, the
fringes are due to excitation of real propagating longitudinal bulk plasmons. The
fringes are essentially the Tonks—Dattner resonances [75,76] of thin metallic films,
which occur when

(/lL)n:2d/n, n:173757'-~7 (151)

where (A7), is the normal component of the bulk longitudinal plasma wavelength
and d is the film thickness. When one starts with the initial sphere radius of
~1 nm, then as the sphere radius increases, the blue shift of the main resonance from
its classical Frohlich position decreases. Physically this follows from the fact that
with increasing radius the slight evanescent penetration of the longitudinal modes
into the sphere has smaller effect on the overall field distribution inside the sphere.
Another effect caused by increasing radius is the increase in the number of secondary
absorption peaks above w, accompanied by a decrease in their intensity. Eventually,
for metal spheres larger than about 20nm the calculated extinction curve deviates
very little from the classical curve of the Mie theory [42]. With respect to the radia-
tive rates, calculations for small (r; < Snm) spheres reveal the following influence of
nonlocal responses. For low emission frequencies (w < 0.5w,), both the radial and
tangential dipolar decay rates can be reduced by up to 2 orders of magnitude with
respect to the local results [43]. On the other hand, for emission frequencies
(w>0.5w,), the decay rates can be up to 2 orders of magnitude larger than in the
local case [43].

Since only transverse modes have been considered so far [see expansions (8)—(10)],
the inclusion of the nonlocal effects [40-42] requires a slight modification of our
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formalism. First, the expansion (8) in the nth shell for (and only for) the electric mode
of the electric field has to be amended to include longitudinal multipoles J,; and H,;,

EE(I') = Z [AEL(H)JEL(kn,r) +BEL(I’!)HEL(kn,l') —|—K; (I’l)J(L(k/n,l')

L

Second, an additional boundary condition, namely that of the continuity of the ra-
dial electric field components across an interface of two different shells (which fol-
lows the continuity of the normal component of the displacement current OE/d¢
[40]) has to be imposed [42,43]. By its very definition [53], a longitudinal multipole
F,; satisfies VX F,; =0 (and V- F,. #0). Thus the expansions (8) and (9) of the
magnetic mode of the electromagnetic fields are not modified by the longitudinal
plasmons, since there is no magnetic field associated with the longitudinal electric
field modes [42]. Tt turns out that Eq. (14) remain unchanged and the ratio D,/
Cysr remains identical to the a coefficient of the classical Mie theory [see the first
of Egs. (33)]. This reflects the fact that the excitation of the magnetic modes is not
affected by the longitudinal fields.

With regard to the additional boundary condition for the electric modes (no long-
er transverse), note that, in analogy to Eq. (3), a longitudinal multipole mode F,;, as
defined by Stratton [53] (denoted there by L), is given as follows:

Fiu = - VU Yia(e)] = - 1) (Y1) + i) (V7 )

= — — fl kﬂ" + v l+ 1 f] kﬂ" (153)

where f; is an arbltrary linear combination of the spherical Bessel functions. The lon-
gitudinal multipole mode differs from the other modes in that it has a nonzero diver-
gence, V-F, = —kf 11 [53]. Here k, is the longitudinal wave vector which dispersion
differs from that of transverse mode. Longitudinal bulk plasmon modes obey the dis-
persion relation &,k w) =0, where ¢, (k,w) is the nonlocal longitudinal dielectric
function [40]. According to the hydrodynamic model, a model longitudinal dielectric
function is

0)2

eglk,o)=1———--F—— 154

k) ?* — BI* + il (154)
where f = (3/5)v% and, as in Eq. (149), vris the Fermi velocity and I = 1/t is a damp-
ing coefficient. Therefore, k/(w) = \/ (w* — w2 +iwl)/B. In order to reflect the

increasing possibility for longitudinal plasmon decay into electron hole pairs with
increasing momentum, the value of I' is sometimes approximated by I' =1/
©+ A(k/kp)?, kpbeing the Fermi wave vector and 4, ~ 0.05 being a proportionality
factor [42]. Note in passing that ¢, reduces to the local result (Drude model) for f = 0.

Now, when the boundary conditions for the electric mode Eg given by Eq. (152)
are imposed at the interface of two different shells, the longitudinal modes enter
boundary condition of the continuity of both the transverse and normal components
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of Ez. Indeed, according to Eq. (153), an?/ F,; comprises both radial (proportional to
Y(L”>) and transverse (proportional to YLE)) components. Therefore, a simultaneous
excitation of the electric and the longitudinal modes occurs. Consequently, Egs.
(23) change in the presence of longitudinal plasmons and the resulting b (=Dg;/
Cgr) coefficients become different from the corresponding Mie coefficients given
by the second of Eq. (33). In the case that the nonlocal medium is medium 2, the
amended Eq. (23) become

id = S—zu ry)AEL Wi Kol )DEL
\/#:l[umkm)Aa(l)+w,<km>BEL<1>}—\/; s (ko)A (2) + wi (ko) By (2],

l[Ll;(kll”l)z‘lEL(l)‘|’W’ll(kll"1)BEL(I)] =

ky
lhar Ay )+ kar B ()~ G K (20 hlbir K )
%Ui(l‘lrl)"lﬂ(l) +hi(kyry)Be (1)) =

I(7+1)

e Ui (kar)Agr(2) + by (kori)Ber (2)] — 1 Uy (ke K (2) + Iy (ker1 )KF(2)).

kg
(155)

Let us first consider the case of the nonlocal shell different from the sphere core. Sup-
posing that the neighboring shells are ordinary (without any longitudinal plasmon)
shells, one has in total 8 sets of expansion coefficients, namely A4g; (), Ber(j), where
j=n—1,n,n+1, and K; (n). These coeflicients enter 6 equations (three on each
side of the nonlocal shell). For a comparison, in the case of an ordinary shell, treated
in Section 3 and 4, we had in total 6 sets of expansion coefficients, namely A4z;(j),
Bgr(j) for j=n — 1, n, n+ 1, which entered 4 equations (two on each side of the or-
dinary shell). In both cases, the number of different sets of expansion coefficients is
larger by two than the number of corresponding equations. The two unknown sets of
expansion coefficients are eventually specified by two boundary conditions. One is,
for instance, either the regularity condition at the origin [i.e., B,;(1)=0; see Eq.
(29)], or the perfectly conducting boundary conditions (36) at the sphere core. The
second boundary condition can be either that of Egs. (49) and (50), or, in the case
of an elastic scattering, the requirement that the A4,,(N + 1) coefficients be equal
to the expansion coefficients of an incident electromagnetic field in spherical coordi-
nates. Hence, provided that the respective coefficients Ag;(n — 1) and Bgz(n — 1) are
known, the coefficients Az;(n + 1) and Bgz(n + 1) can be (for instance, using Gauss
elimination method) unambiguously determined, and vice versa.

If the nonlocal shell is the sphere core, then, within the core, the interior (regularity)
boundary condition (29) halves the number of sets of expansion coefficients to 4z (1)
and K; (1). One then has in total 4 sets of expansion coefficients: in addition to Ag,(1)
and K; (1) also 4 z7(2) and Bg;(2), which enter 3 matching equations at the core bound-
ary. For a comparison, in the case of an ordinary core, treated in Section 3 and 4, one
had in total 3 sets of expansion coefficients [4 g7 (1), Az (2), and Bg;(2)], which entered
2 matching equations at the core boundary. Again, in both cases the number of
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different sets of expansion coefficients is larger by one than the number of correspond-
ing equations. The unknown set of expansion coefficients is then determined by impos-
ing the second, exterior, boundary condition. Consequently, irrespective of the
nonlocal shell position, one can define the corresponding forward and backward trans-
fer matrices and proceed in the same manner as we did in earlier Sections 3 and 4.

11.2. Optically active shells

It turns out that our formal approach involving transfer matrices, as developed in
Sections 3 and 4, can also be applied to the case when one or several spherical shells
are made of an optically active medium [37,44,45]. The latter stands here for an iso-
tropic chiral medium which is known to rotate the electric field of a linearly polarized
light. In the case of an optically active medium, homogeneous plane waves can be
propagated only when circularly polarized. Otherwise the major axis of an elliptically
polarized plane wave changes direction (optical rotation) and the ratio of minor to
major axes increases. As it will be shown in a while, such a medium is characterized
by different wave vectors for circularly polarized light of opposite handedness. In
Bohren convention [37,44,45], an electromagnetic wave is called right-handed (left-
handed) if the vibration ellipse, imagined to be viewed looking toward the source,
is traced out clockwise (counterclockwise). Since circularly polarized plane waves
of opposite handedness experience different refractive indices, an optically active
medium is sometimes also referred to as a circularly birefringent medium.

For an isotropic optically active medium, the usual constitutive equations in the
isotropic medium D = ¢E and B = yH change into

D=¢E+ y:eVxE, B=uH+ y,uV xH, (156)

where the coefficients yz and yz are scalars [44,45]. The amended constitutive equa-
tions, which are also known as the Drude-Born-Fedorov relations, are consistent
with the Lorentz reciprocity relations. Note that the presence of the cross product
in the constitutive equations explicitly violates mirror-symmetry, which is an essen-
tial feature of an optically active medium. The change in the constitutive relations
brings about the change in the stationary Maxwell’s equations, which are no longer
given by Egs. (2). Consequently, the form of the expansions of electromagnetic fields
in terms of vector multipoles within a given shell both in the absence of a dipole [see
Egs. (8)—(10)] and in the presence of a dipole [see Eqgs. (47) and (48)] will change.
First one performs a linear transformation of electromagnetic fields,

()= )e)-(a) )

+:7Lk+17” k2 k2
a ws[ (I = xexuk™) + 1k’

i
T (1 = s 2y _ ., 2
a o [k ( /(E)CHk ) /{Hk ]a

where

(158)
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[+ (e — XH)2k2/4]]/2 (xs + /H)k/2
1 - XEXHk

[+ (e — XH>2k2/4]1/2 + (xg + xu)k/2
1= zptuk®
k= a)(s,u)l/ 2 being the wave vector in the isotropic homogeneous medium character-

ized by ¢ and u. Here the fields Q; and Qp independently satisfy the following equa-
tions [44],

VQ+kQ=0, VxQ=xQ, V-Q=0. (161)

As notation indicates, the respective Q; and Qp fields are the left- and right-handed
fields. In Eq. (161), k =k~ for Q, and k = —k " for Q. For any real medium one
can assume both yzk, yzk < 1 without any loss of generality. Then the second equa-
tion of each of the Egs. (159) and (160) follows from the first one by retaining only
the first order terms in the quantities y gk, y gk [44,45]. Note in passing that both the
nominator and denominator in the Egs. (159) and (160) are dimensionless, since the
coefficients yr and yy, as read from the Maxwell’s equations (156), have the dimen-
sion of length.

The second equation in (161) defines the transformed fields Q; and Qpy, as the so-
called vector Beltrami fields. This equation restricts the expansion of electromagnetic
fields in terms of vector multipoles within a given shell both in the absence and in the
presence of a dipole. Indeed, the Beltrami condition (161) implies that the normal-
ized vector multipoles F,,, as defined by Eqs. (3), enter the expansions of the respec-
tive Q7 and Qp, fields only in specific combinations and for fj,; = fz. Upon using
Egs. (5), one finds the following general solution for Beltrami fields Q; and Q with-
in a given optically active shell,

T Z{A ) Jaaz (k1) + I (k,1)] + By (n) [Hy (k1) + He (k1)) },

~ kL= (e + am)k/2), - (159)

~ k14 (e + xw)k/2l, (160)

Z{A )T (k1) = T (k7. 10)] + B () [Ha (K1) — Hg (K 7,1)] }

(162)

Upon substituting (162) back into Eq. (157), the corresponding expansions of the
original electromagnetic fields E and H within an optically active shell are obtained.

The further treatment is then as in Sections 3 and 4. Upon imposing the continuity
of tangential components of E and H, equations for the expansion coefficients 4; (n)
and B; (n) in neighboring shells are obtained, which are then used to determine the
corresponding forward and backward transfer matrices. However, there is one sig-
nificant difference: each matching equation involves all for sets of coefficients,
namely 4; (n), A} (n), B, (n), and B/ (n). Therefore, the corresponding transfer matri-
ces become 4 X 4 matrices. Note that transfer matrices of Sections 3 and 4 can for-
mally be written as 4 x 4 matrices too. However, in the latter case, although the
4 x 4 matrix form is conceivable, it is largely artificial. Indeed, when the transfer
matrices are written for column vectors (A, (n), Byr(n), Agr(n), Bgr(n)), each
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4 x 4 transfer matrix would be block-diagonal matrix consisting of two 2 x 2 blocks
on the 4 x 4 matrix diagonal, one for the TM and second for the TE polarization. In
contrast, in the present case of an isotropic chiral medium the 4 x 4 matrix form is
unavoidable. In a sense, the transition from 2 x 2 to 4 x 4 transfer matrices in a cir-
cularly birefringent, or optically active, medium bears similarity with the planar case.
In the latter case, in a nonbirefringent isotropic homogeneous medium, the 2 x 2
Abelés transfer matrices are used [35-37]. On the other hand, in a birefringent med-
ium, it is necessary to employ the 4 x 4 Yeh’s [77] transfer matrix formalism.

12. Discussion
12.1. Radiative vs nonradiative and local vs nonlocal decay rates

12.1.1. Radiative vs nonradiative decay rates

In Sections 8.1 and 8.2 the respective normalized radiative and nonradiative decay
rates W™ and W™ were determined by considering two mechanisms through
which dipole energy is dissipated. One is the radiative loss, P9, which is calculated
from the Poynting vector, and the other is the nonradiative loss, P"™¢, which is cal-
culated from the Ohmic losses inside the sphere absorptive shell. However, it is rare
to observe the said two decay rates in their pure form. Before any comparison is
made between the calculated normalized decay rates W™ and W"™*¢ and experi-
ment, one has to take into consideration that many other nonradiative mechanisms,
such as, for instance, multiphoton relaxation, coupling to defects, direct electron-
transfer processes, concentration quenching, and lasing all contribute to the nonra-
diative decay rate W™ [19,20,46,47,70,78,79]. Since there are many contributions to
W4 let us denote the nonradiative decay rates due to the Ohmic losses by Wi,
Therefore, the sum W™ 4+ W& of the two contributions considered above does
only provide the lower bound for the total decay rate W',

It turns out that even in a purely dielectric case, in the absence of any Ohmic
losses, the nonradiative decay W™ can be higher than the radiative decay W
[80,81]. Hence the ratio W™/ W', known as the fluorescence quantum yield, or sim-
ply quantum efficiency, is then smaller than 0.5. When dye concentrations increase
above a certain threshold value, the quantum efficiencies of most organic dyes are
substantially reduced even further with respect to a zero-concentration limit value.
In liquid solutions, the threshold value is ~107*M, whereas in a solid, for instance,
in the case of fluorescein (FITC) dyed colloidal silica spheres, the threshold value is
~1mM [82]. These effects are caused by an increased energy transfer between the dye
molecules as their concentration increases. (Nevertheless, pyrene-doped PMMA
spheres with pyrene concentrations up to 10->M do not exhibit any concentration
dependence [83].) Note in passing that the interactions between neighboring radiat-
ing molecules may lower their excited state energy leading to a red shift in the emis-
sion frequency [82]. Usually, as in the case of erbium doped silica glass, for a low
quencher and elementary emitters concentration the nonradiative decay rate in-
creases linearly with concentration. The total decay rate can then be written as
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Wt — prad i 8TECEr—Q[EV] 0], (163)

where Cg, _ ¢ is a coupling constant, [Er] and [Q] are the Er and quencher concen-
tration, respectively, and W is the nonradiative decay rate in the quencher zero con-
centration limit [46], which is also called the internal nonradiative decay rate. It
should be emphasized that, for a dipole outside the sphere, the radiative decay rate
W4 is proportional to the intensity of the time-resolved fluorescence spectra at £ = 0
[70]. Therefore, in the latter case, W™ and W™ can easily be disentangled exper-
imentally [70].

12.1.2. Local vs nonlocal decay rates

It should be emphasized that the nonradiative mechanisms different from the Oh-
mic losses, such as local field corrections [47,84], do only depend on the immediate
neighborhood of a radiating dipole. Therefore, one can include all such mechanisms
of nonradiative decay rates under the local nonradiative decay rate, W'°°. On the
other hand, the nonradiative decay rate due to Ohmic losses and the radiative decay
rate can be viewed as a nonlocal decay rate, W™ = W™ 4 W, The reason behind
this nomenclature is that the latter two rates depend on the geometry and material
composition of the entire sphere and surrounding medium, and not only on the
immediate proximity of the radiating dipole. The total decay rate is then written as

Wtol — Wloc + Wnloc' (164)

As a rule, both the nonradiative decay rate due to Ohmic losses and the radiative
decay rate change if the optical properties of a shell being far away from the radiat-
ing dipole (for instance, surrounding medium) change [46,80,81]. In the case of a
homogeneous dielectric sphere, the local and nonlocal decay rates have been disen-
tangled by measuring the total decay rate using the same sphere in different environ-
ments [80]. For instance, the sphere can be embedded in a refractive index matched
liquid [80]. Its radiative decay rates then becomes that of a dipole in a homogeneous
dielectric slab [81,85]. Other possible environments include air or liquids with differ-
ent refractive indices [80]. The difference of the respective total decay rates measured
in different sphere environments then corresponds to the difference of the nonlocal
decay rates [80]. The latter is obviously also true for a multicoated sphere. The local
and nonlocal decay rates can then be separated by fit of Eq. (164) to the measured
data [46,80]. Only after the local nonradiative decay rate W' is determined, a com-
parison of measured data and theory presented here can be performed.

12.2. Quantum vs classical treatment of transition rates

12.2.1. Weak vs strong coupling regime

The domain of validity of any classical result for the decay rates is limited by sev-
eral factors. One of them is the validity of the linear-response theory, or the Wigner—
Weisskopf approximation, which justifies the use of the correspondence principle (1)
(see also Appendix D). In the regime of validity of the Wigner—Weisskopf approxi-
mation, decay is exponential and the whole process is characterized by two numbers:
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the spontaneous emission rate and the radiative (Lamb) shift of the transition fre-
quency. The basic assumption for the validity of the linear-response theory [and cor-
respondence principle (1)]is, of course, that neither the transition matrix element nor
the transition frequency are appreciably changed by the presence of the interface.
Both the rate and the shift depend, in this case, only on the density of modes in a
photon reservoir. The condition of the validity of the linear-response theory is usu-
ally translated into the requirement of a smooth variation of the decay rate with fre-
quency. The smoothness condition is considered satisfied if the excitation or emission
frequency is far away from a multilayered sphere resonance. In the case that the fre-
quency coincides with a multilayered sphere resonance, the enhancement factors of
the nonlocal decay rates are due to the complex zeros of the denominator of the D,
coefficient near the real w axis, at v = w,, = o, +iI',, with I', small. The imaginary
part I',, is approximately equal to the width (the reciprocal of the lifetime) of the cor-
responding multipole resonances. The smoothness condition in the resonance case,
as discussed by Chew [13,14], is that I', < I',,, or Wd/5w < 1, where I, (reciprocal
of the excited state lifetime 1) is the imaginary part of the transition frequency w,,
and Jw is the width of the emission line. Experimentally, the lifetimes of atomic tran-
sition vary over many decades, with I, = 1/7 in the range 10°~10® being common.
For I', > I',,, an oscillatory exchange of energy between the atomic and photonic de-
grees of freedom takes place, described in the literature as vacuum Rabi splitting
[86]. If the Wigner—Weisskopf linear-response approach breaks down, one may also
observe a qualitative change of the spectrum from a single Lorentzian peak into a
two-peaked structure as a clear indication of the onset of a nonexponential decay [86].

Strong interaction between a two-level atom and the whispering-gallery modes of
a dielectric microsphere requires a full quantum mechanical treatment. The latter
have been provided by several authors [87,88]. However, the knowledge of a classical
solution is an indispensable first step in full quantum electrodynamic treatment of
the spontancous and stimulated emission involving spherical cavities [87,88]. There-
fore, even in the strongly interacting case, in the regime of cavity quantum electro-
dynamics, our classical solution does not loose its value and can be used to extend
results obtained by Lenstra et al. [87] and Klimov et al. [88] for the case of a homo-
geneous spherical cavity to the case of a multicoated spherical cavity.

12.2.2. Coherent emitters

Another condition involves the density of radiating atoms or molecules. In the
preceding section it has been alluded to that the density of elementary emitters
has an effect on the nonradiative decay rates [see, for instance, Eq. (163)]. However,
the density of elementary emitters also effects the radiative decay rate. In the high
concentration limit, in the extreme case of Dicke superradiance [89], the radiative de-
cay rate may increases quadratically with the emitters concentration. More precisely,
let us consider a collection of ./ identical elementary emitters confined to a region
whose dimensions are small compared to a wavelength. Then for a half-full (fully)
inverted population the radiative decay rate is proportional to .4/"? (.#") and the peak
intensity is nearly proportional to .4 [89]. The Dicke results were derived for a gas
of elementary emitters. Provided that emitters are brought closer together, as in J
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aggregates of dyes in a solid matrix, additional phenomena occur. Study of a simple
linear chain of the fully population-inverted system of emitters, in which an excita-
tion can propagate from atom to atom through dipolar interactions, show that the
radiative decay is biexponential and is accompanied by red and blue shifts of the emit-
ted frequency [90].

According to Chew [14], the critical density, p., of radiating atoms for the onset of
collective quantum effects, such as superradiance or ringings in the emitted power, is
estimated to be

p. = 8m’n/(Qal). (165)

Here Q is the mode quality factor, ¢ is the photon absorption cross section (for the
photon absorption by a radiating atom), and / is the (vacuum) radiating wavelength.
Depending on a resonance, the critical density values range between 10°® and
10"® atoms/cm?®. The former density value is when emission frequency coincide with
a sphere resonance, whereas the the latter density value is for a nonresonant case. Sur-
prisingly enough, a biexponential decay accompanied by a frequency shift is also ob-
served in the case of the concentration quenching of the nonradiative decay rate [82]
(see also [83]). For instance, in the case of FITC dyed colloidal silica spheres, a large
red shift of 10nm in the emission frequency was observed for dye concentrations in ex-
cess of ~1 mM [82]. In the latter case, the red shift results from the lowering of the ex-
cited state energy due to the interactions between neighboring radiating molecules [82].

It should be emphasized that the coherence in the Dicke model is due to atomic
coherence, or coherence between elementary emitters, whereas our main focus has
been on the changes in the decay rates due to the coherence properties of the radiation
field. Surprisingly enough, the coherence of a plurality of emitters has qualitatively
similar effect on decay properties as does the strong interaction of a single emitter
with the whispering gallery mode of a sphere.

12.3. Numerical limitation on the size parameter

Computer program built according to our recursive transfer-matrix solution is ex-
pected to produce reliable results in the purely dielectric case and for typical dielec-
tric constants of metals in the visible and in the infrared up to the size parameter
x = kyrg = 50. This is more than enough to perform simulations for multilayered me-
tallo-dielectric nanospheres fabricated by colloidal techniques [23-32]. However, in
atmospheric physics, aerosol science, and meteorology size parameters as large as
a few thousands are required. (For instance, for a 100 um water droplet at a visible
wavelength of 0.5 pum the size parameter is about 1260.) For a such large size param-
eter numerical problems may arise, because our expressions (17), (22), (25), and (26)
of the forward and backward transfer matrices involve a difference of the products of
two Bessel functions. This may lead to a distortion of significant digits if the product
values are large and of the same order. The latter predominantly occurs for complex
arguments with large imaginary parts. This is a well-known problem in the Mie scat-
tering community [54,55,57] and several ways have been proposed to circumvent it.
First and the most important step involves factorizing matrix elements so as to
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replace the Riccati—Bessel functions with their logarithmic derivatives. For instance,
one can factorize the matrix element T ]Tm 1(1) given by Eq. (22) as follows,

Topar (1) = —ikapio[w) (hary )ug (kvry) 1y, — wi (ko Juy (kar ) / ]
_ikz,uzul(klrl)wl(kzrl){[W/[ (kary) fwi(kar1)]/ 1
— [uy(kvry) fus (k)] /a3 (166)

This trick, long used in standard Mie theory, circumvents the exponential depen-
dence of the functions on the size parameter [54-57]. The state of the art of tech-
niques for obtaining convergence at large size parameters is given by Yang [57].

12.4. Further extensions

The presented recursive transfer-matrix solution for a dipole radiating inside and
outside a stratified sphere can be expanded is several ways. Three of them are briefly
outlined here.

The first in an extension of our results to the case of more complicated particles,
such as spheroids, ellipsoids, Chebyshev particles, etc. This case is not only interesting
by itself [92] but such particles can also be readily manufactured experimentally. In-
deed, an intense ion bombardment of a multilayered nano- or microsphere induces a
plastic deformation of the sphere shape into a regular axially symmetric spheroid [91].
Wang et al. [92] have already applied the so-called extended boundary method
(EBCM) of Waterman [93] to provide solution for a dipole in the presence of a homo-
geneous dielectric spheroid. The EBCM, often also called as the 7-matrix method
[51,52], has a reputation of being the most efficient numerical method in describing
the scattering off axially symmetric particles [51,52]. It is interesting to note that
the T-matrix formulation of electromagnetic scattering from multilayered axially
symmetric scatterers has been supplied by Peterson and Strém [94]. Therefore, it ap-
pears that an efficient numerical description of the classical electromagnetics problem
of a dipole in the presence of an arbitrary multilayered axially symmetric scatterer can
be rather straightforwardly obtained by combining the solution for the case of a mul-
tilayered sphere presented here with the teaching of Wang et al. [92] and Peterson and
Strom [94]. The subject matter of Section 3 can also be straightforwardly extended to
the case of an infinitely long multilayered circular cylinder consisting of concentric
cylindrical shells [95]. The case of a radiating dipole in the presence of such a multi-
layered cylinder can then be, in principle, obtained by combining the extension of Sec-
tion 3 with the teaching of Chew et al. [96], who provided solution for the case of a
homogeneous cylinder. However, in contrast to the case of a multilayered sphere,
the resulting expressions are not expected to be obtainable in purely algebraic form
[96]. The reason is a mismatch between the spherical multipole expansion of the di-
pole radiating field and the cylindrical symmetry of the multilayered cylinder.

The second is an extension of our results obtained for an electric dipole to the case
of an electric quadrupole. Classically, an electric quadrupole can be viewed as a sys-
tem of two identical electric dipoles of opposite orientations in close proximity, one of
which is stationary and the other oscillating about the first. One can anticipate that an



408 A. Moroz | Annals of Physics 315 (2005) 352-418

application of techniques developed in Sections 3-5 to the case of radiating electric
quadrupole can be useful. The classical solution can then again find an immediate
application in inelastic scattering and in the description of electric quadrupole decay
rates. Indeed, as shown by Klimov and Letokhov (see Secs. I1I and IV of [97]), equiv-
alence of the classical and quantum-mechanical descriptions of radiative decay rates
also holds for the quadrupole transitions. In a free space, electric quadrupole decay
rates in the optical region are typically lower by a factor of (ao/2)> ~ 107°-10~% than
the electric-dipole rates, ag and 4 being the Bohr radius and radiation wavelength,
respectively. Nevertheless, the quadrupole decay rates appear to exhibit much stron-
ger sensitivity to the presence of and distance from material bodies than the electric-
dipole transitions do [97]. This stronger sensitivity makes quadrupole decay rates an
interesting subject for the remote sensing and spectroscopic applications.

Last but not the least, the classical electromagnetics problem of a radiating dipole
(or quadrupole) in the presence of a regular array of (multilayered) scatterers [60,61]
appears to be another interesting avenue of research. Regular array of scatterers,
also known as photonic crystals, possess many interesting properties, most notably
a photonic band gap, wherein light propagation for all polarizations and all direc-
tions of propagation is forbidden [60,61,98]. Photonic crystals promise to become
a laboratory for testing fundamental processes involving interactions of radiation
with matter under novel conditions [99]. Since dye labeled multilayered spheres
can easily be integrated within photonic crystals [60,61,98,99], the former may serve
as sensitive fluorescence probes of photonic crystal properties. It appears that a com-
bination of techniques developed here with the multiple-scattering approach
[60,61,68] will yield the most efficient method to deal with the problem of an elemen-
tary radiator in the presence of a regular array of (multilayered) scatterers.

13. Summary and conclusions

Particles found in nature, such as water insoluble aerosols in atmosphere, hydro-
logical particles coated with biological material, micro-encapsulated material, bio-
logical cells, or a variety of colloidal particles designed experimentally to satisfy
specific optical properties, are frequently not homogeneous and exhibit a layered
or radially stratified structure. In order to cover these (and possibly many other)
experimental situations and, at the same time, provide a larger freedom in engineer-
ing of spherical particles properties, theory of Chew et al. [5,13,14] has been extended
to the case of a multilayered sphere consisting of concentric spherical shells. A com-
plete description of the classical electromagnetic fields was achieved outside and in-
side a multi-structured spherical particle, both in the absence and in the presence of a
radiating electric dipole. By formulating a fast and numerically stable transfer-ma-
trix solution, electromagnetic fields were determined anywhere in the space, and
the time-averaged angular distribution of the radiated power, the total radiated
power, and Ohmic losses due to an absorbing shell were calculated. There is no lim-
itation on the dipole position, nor on the number of the concentric shells, nor on the
shell medium. An absorbing, optically active, and ultrathin (< 10nm) metallic shell
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(core), characterized by a nonlocal dielectric function, are all allowed. The classical
solution was then applied for the description of inelastic light scattering (fluorescence
and Raman), the radiative and nonradiative normalized decay rates, and frequency
shift. The importance of grouping various radiative and nonradiative decay mecha-
nisms into local and nonlocal decay rates was emphasized. The issues of experimen-
tally disentangling the local (radiative and nonradiative due to Ohmic losses) and
nonlocal (remaining nonradiative) decay rates, numerical limitations on the size
parameter and ways how to overcome them, and the domain of applicability of
our classical description of decay rates were all addressed. Suggestions for further
extensions of the theory presented here to the case of an arbitrary multilayered (axi-
ally symmetric) particle and to the classical problem of a radiating quadrupole in the
presence of a multilayered particle were briefly outlined.

We believe that the solution presented in this article, in conjunction with com-
puter program freely available at http://www.wave-scattering.com will provide a lar-
ger freedom in engineering of spherical particles properties, rendering them more
suitable for a variety of applications. Many of possible applications have already
been listed in Section 1, where the homogeneous sphere case has been discussed.
The incomplete list includes inelastic light-scattering (fluorescence or Raman) spec-
troscopy [1,3,4], which had proved to be a sensitive tool for characterizing single
micrometer sized particles (chemical speciation) of both inorganic and organic com-
pounds, aerosols, and particulates [6], in LIDAR applications for remote sensing of
both molecular and particulate constituents of atmosphere [6,8], for identification of
biological particles in fluorescence-activated flow of cytomeres [7], to monitor spe-
cific cell functions, or in the cell identification and sorting systems [9,10], in the inves-
tigation thermal radiation from spherical microparticles [11], engineering of the
radiative decay for biophysical and biomedical applications [16], imaging of buried
saturated fluorescent molecules [17], and imaging of surfaces [18]in near-field optical
microscopy, and in the study of the effects of light absorption and amplification on
the stimulated transition rates of the electric-dipole emission of atoms or molecules
embedded in micro- or nano-structured spheres [19-22,100], stimulated Raman scat-
tering [58,59], and on the interplay between lasing and stimulated Raman scattering
[101,102]. Note that our classical solution provides the classical modes of a multi-
coated sphere, and thereby it yields the indispensable first step for the full quantum
electrodynamic treatment of the spontaneous and stimulated emission involving
spherical multi-structured quantum cavities [84,87,88].

The ability of modifying radiative rates for atoms or molecules in the excited state
is of great importance since dissipative pathways of the excited state can be con-
trolled. Therefore, one can imagine immediate use of our solution for designing
nanoprobes with enhanced quantum yield for fluorescent microscopy and with en-
hanced photostability for biological applications. In the latter case, if one assumes
that photobleaching of a dye takes place only while the dye is in its excited states,
a sufficiently large enhancement of the spontaneous emission rates can significantly
lower the probability of switching into nonfluorescent dark states, thereby increasing
stability against photobleaching [32,82]. Enhanced spontaneous emission rates could
also provide increased sensitivity in low level fluorescence applications [78,82].
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Designing of small noble metal nanoparticles with reduced quantum yield, W24/
W' at the particle close proximity (cca 1nm) may have crucial implications for

the particles use as acceptors in biophysical Forster resonant energy transfer exper-
iments in vitro as well as in vivo [70].
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Appendix A. Transverse and longitudinal vector spherical harmonics

Because of Vxr=0, one has (rxV)Y; = -V x(rY;). Therefore, one can also
write

Y oL vy =V x (YY), Al

= ¥ X (7)) = eV X (YY) (A1)

The vector spherical harmonics Y™, Y\, and Y\” are mutually orthogonal to one

another in the ordinary vector sense (with respect to the ordinary scalar product
of vectors in R*). One also finds

o x Y = -Y",
ro x Y =Y\, (A.2)
Irg X YEO) =0.

The first identity follows from Eq. (4), whereas the second is a direct consequence of
Irg X [1'0 X X} = [l'() . X}l‘o — (1‘0 . l'o)X =-X. (A3)

Here the first equation is a general vector identity, whereas the second equation is
only valid for transverse vectors, ro- X =0. Using that 0,ro = 0, one can show that

0,Y\¥ =2,Y"” =0. (A.4)
In the electromagnetic scattering literature [51,52] the respective Y(Lm), YE"), and
Y!") are often disguised under a different notation,
Y =iy, C* =id,C)e",
Y — iy, B — ia, B, (A5)
Y =iy, P =i/I(1 + 1)d, Py e™.

Eqgs. (A.5) establish a relation of the magnetic, electric, and longitudinal vector spher-
ical harmonics to the vector spherical harmonics CLTKS , BfKS, PLTKS, as used by Tsang,
Kong, and Shin [51], and C}', B}, and P}, as used by Mishchenko [52], respectively.
Here the numerical constant y, and y; of [51] and numerical constant d, of [52], are
related by
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) (1—m) 2041 12
n=VIU+E Dy, p= (l—i—m)!dl’ dLZ[m] : (A.6)

The magnetic, electric, and longitudinal vector spherical harmonics are complete and
orthonormal in the sense

Im I'm!

F Y00 Y (042 = b1t (A7)

N

i Z STV YL () = 155(r, 1), (A.8)

1=0 m=-1 ¢

where ‘fs denotes integration over the unit sphere, and ds(r,r’) is the Dirac delta func-
tion on the unit sphere, or the solid-angle Dirac function. The latter means that for
any function f defined on the unit sphere one has

7{55(r,r’)f(r’)d£2 = f(r). (A9)

In the case of L = L', the orthogonality (A.7) follows from the fact that the vector
spherical harmonics (4) are mutually orthogonal with respect to the usual scalar
product of two vectors in R*. The orthonormality of the longitudinal spherical har-
monics follows from the orthonormality of the scalar spherical harmonics. The
orthonormality of the magnetic spherical harmonics can be established by using
self-adjointness of L, or simply by calculating the scalar product directly. The ortho-
normality of the electric spherical harmonics then easily follows from the first Eq. (4).

Appendix B. Normalized Stratton’s vector multipoles

Note that [see Eq. (A.2)]
Y xrg=-YY Y =Y, (B.1)
Therefore, for an arbitrary vector multipole F,,, given by Eq. (3),

Fy(k,1) X 19 = —fun (kr) Y (r),

/ B.2
Fuu(kor) vy = 200y o

Using the latter two identities together with the orthonormality of the vector spher-
ical harmonics Y(L”) one can show that for any vector multipoles F,, and G,/

%[(F?L x G;’L’) 1] dQ = 0, (B.3)

unless y # 9" and L = L’. Indeed, let us first consider the case y =7’. Then, since
(Fyr x Gyp) xo =F,r - (G X 1o), (B.4)
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and by applying identities (B.2) one finds that the right-hand side of the last equation

is proportional to the scalar product Y"' - Yg’f)* and hence the result is zero,

f (F,. x Gy) -19dQ = 0, (B.5)

in virtue of the orthonormality of the vector spherical harmonics YE’") and Y(L‘f).

In the case y # 7y’, one finds by using 1dent1t1es (B. 2) that the right-hand side of Eq.
(B.4) is proportional to the scalar product Y YL‘f , where either a =m or a =e.
Explicitly,

(FML X GZL’) g = FML . (GZL’ X 1'0)
7, ’ ! k”' i m m)x
= fon(kr) [7( 8or) )} YY)

kr v

(B.6)
(FEL X G;[L’) g = FEL . (G}T/IL’ X l'())
l"f ' k}" * e e)x
S AC) El’()r( ) gh (b)Y Y
Therefore,
f [(Fyz % Gy -1 dQ = fan(kr) [rgE” } Yy”’ Y dQ
—fMl k’” [ rgEl ] Orrrs (B-7)
. ) (kr . . o)
f [(Fr x Gjy) - 1) dQ = 7% &y (kr) ]{ Y vl do
r
— ( fE]lc) ( ) gM[(kr)éLL’ (B 8)

Similarly, using the orthonormality of the vector spherical harmonics YL one can
show that for any vector multipoles F,, and G,  defined by Eqs. (3)

f F, G, dQ =0, (B.9)
unless y =7’ and L = L’. Indeed, in the y =7’ case,
f Fuo - Gy dQ = fin(ke)g'ys (kr) f YO YO0 = fi (kg (k) 10
(B.10)

* l l+ 1 % 0 0)*
fFEL + Gy dQ2 = (||22)f51(k’”)gE1’ (kr) 7{ Y(L) ’ Y(L’> de

+(rfm)( ) [(ng') (kr)y ]4 Y. YO 4o

)

kr

o)) + L U [t )] }5

(B.11)
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Note in passing that the orthogonality relations (B.9), (B.10), and (B.11) can be
straightforwardly extended also to the case of arbitrary vector multipoles,

Fau(k,x) = fML(k’”) ()
Fuu (ko) = 2 VI E D ()Y (0) 4 () () Y ),

where the linear combination of Bessel function f,; explicitly depends on the mag-
netic number m (similarly for G, ).

(B.12)

Appendix C. Dissipation in a dispersive and absorptive material

The most general form of the averaged energy density, which can also be applied
to the left-handed materials, has recently been discussed by Ruppin [103] (see Eq.
(11) therein). The form of the averaged energy density is valid at all frequencies
and is nonnegative also in the regions of high absorption near resonance frequencies
of the permittivity and permeability. In the Appendix we show that, in spite of the
averaged energy density expressions being different, depending on the level of gener-
ality (see Eqgs. (1), (2), (11), (15), and (16) of [103]), the expression for the electromag-
netic energy dissipation, or, to be more precise, the steady (averaged) inflow of
energy Q per unit time and unit volume from the external sources which maintain
the field, remains always the same and given by Eq. (110). The latter formula is ex-
actly the same as the expression for the time averaged energy dissipation first derived
for a weekly dispersive and absorptive medium under the assumption that the imag-
inary parts of ¢ and u are small compared to their respective real parts.

Let & and pg be, as in [103], the vacuum permittivity and permeability, respec-
tively. Starting from the equation of motion for the electric polarization (Eq. (3)
of Ruppin [103]),

P+TP+oP= goa)’%E, (C.1)

where o, is the resonance frequency of the electric-dipole oscillators, I', is the damp-
ing frequency, and w, is a measure of the strength of the interaction between the

oscillators and the electric field, one finds for harmonic fields with a e 7 time depen-
dence
o2
P=-¢——_—E. C2
gowz—wf—l—lee (€2)
Since P = y.&FE and &(w) =1 + ., one has
% C3
C(w)f 7(02_0)3_'_“—'30)' ( )
Consequently,
w? T
Ime(w) = o 2 Ple(w) — 1P (C.4)

2 2
(@~ + 0?0}
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Since P = —iwy,&E = —iwg [¢(w) — 1]E, one has

P* = w’e|[e(w) — 1)°[E[. (C5)
Therefore, upon combining the last equation with Eq. (C.4) one obtains

P rI.0?

: 'w[%' = wé’ tol[e(0) — 1]2|E = we[Im ()] [EL. (C.6)

According to Eq. (10) of Ruppin [103], the term of the left-hand side of our Eq. (C.6)
describes dissipation of the electromagnetic energy density in a nonmagnetic disper-
sive and absorptive material. One can show that, after time averaging, this term is
nothing but the dissipation rate Q as given by our Eq. (110). The missing prefactor
¢/(8m) compared to our Eq. (110) results from the use of Gaussian units in our case
and the SI units in the Ruppin case. In the Ruppin case [see his Eq. (7)], the Poynting
vector is S = Eq x Hj, whereas in our case it contains an additional prefactor c¢/(4m).
The additional factor 2 results then from time averaging [see Eq. (94)].

In the nonmagnetic dispersive and absorptive material, a general expression for
electromagnetic energy density reduces to that of Loudon [104],

e, 2m¢e” 2 Ho gy _ 80 o 2mnk 5
W—4<8+ T |E|+4|H| =3 n+—Fe [E|". (C.7)

In arriving to the Loudon expression we have used that ¢ = ¢ +i¢” = (n + ix)> =
(n?> — ) + 2ink and H = [¢(w)eo/ o] /°E, i.c.,

HI* = [e()[[E[*0/ - (C8)

Appendix D. An explicit verification of the correspondence principle

In the case of a homogeneous sphere, Chew [13] showed explicitly the equivalence
of the quantum-mechanical formalism of Wylie and Sipe [39], which yields the nor-
malized transition rates in terms the imaginary part of a suitably normalized scatter-
ing Greens function [see Eq. (135) above] and the classical formalism, which yields
the normalized transition rates in terms of the radiated power of an oscillating di-
pole. Chew [13] considered the case of a dipole both inside and outside homogeneous
isotropic sphere. However, in the case of dipole inside the sphere it was not immedi-
ately obvious (at least to the author) how Chew’s final expression for Im E’ on page
1357 was derived. Since this is such a rare case that one can explicitly verify the cor-
respondence of classical and quantum-mechanical formalisms, a few intermediary
steps between the definition of quantity the £/ and the final results for Im E/, are
filled in below to make Chew’s derivation more amenable to general audience.

The quantity £/, as defined in the left column on page 1357 of [13], is

E, = {ah) () lp.(p)) = e1v,(p1) 02k (p2)]'} /Dy (D.1)
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where the prime denotes derivative with respect to the argument and y,, is the spher-
ical Bessel function of the second kind [48]. Now, when the nominator and denom-
inator of £/ are both multiplied by D}, the complex conjugate of

D, = e1j,(p1) [p2h" (p2)] — 2k (p)p1s (01)], (D2)

then the terms proportional to the products ¢ ¢; and &,¢, cancel out in the nominator
of ImE’. The remaining terms then yield

’ &1& . / . ! . /
ImE, = |D1 ‘22 {J(Pl)[/’lJ’(/’l)] {J’(Pz)[ﬂz](l)z)] —J(p2)[p2y(p2)] }
+Y(P1)[Plj(Pl)]l{j(Pz)[PzJ’(Pz)]I - y(pz)[pzf(f’z)]/}} ’ (D.3)
By substituting
f(zg) —g(zf) ==(fg' — f'g) = ={f g}, (D.4)
where {f,g} is the Wronskian, the above equation reduces to
7 1 . .
ImE, = _W e16201237(p1), ¥(p1) Hi(p2): ¥(p2)}- (D.5)
Eventually, using the Wronskian identity [see Eq. (10.1.6) of [48] and our Eq. (19)]
) 1
Uy} = 5, (D.6)
one arrives at Chew’s final result,
€18
ImE, = —————- (D.7)
p1p2|Dn|2

Appendix E. Equivalence of our radiative decay rates with Chew’s result for the case of
a dipole inside a homogeneous sphere

In Section 10 it has been discussed that, in the case of a homogeneous sphere, our
numerical results coincide with those obtained by Chew [13,14]. In particular, Figs. 2
and 3 of [13] and Fig. 1 of [14] have been reproduced. In Section 8.1.1, for the case of
a dipole outside the sphere, equivalence of our results for the dipole radiative decay
rates with those obtained by Chew [13,14] has been established analytically. Here it
will be shown analytically that the same is also true for a dipole inside a homoge-
neous sphere.

In the case of a dipole inside a multilayered sphere, general formulas for the radi-
ative decay rates were given in Section 8.1.2. The case of a homogeneous sphere can
be viewed as a special case of the multilayered sphere case where the dipole is within
the sphere core and the number of shells N =2. In the case of a dipole within the
sphere core, radiative decay rates were expressed in terms of the function
So(kr) = j,(kr)]/ M., (1) given by Eq. (128). In the homogeneous sphere case the
number of shells N =2 and hence the ordered product .#5,.,,(1) of backward trans-
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fer matrix reduces to the single backward matrix 7. The latter is given by Eq. (17)
for y = M and by Eq. (25) for y = E. Now, in the case y = M, one obtains from Eq.
(17),

ik
Mo = Ty = —ﬂ—l [y (ke )W (kary ) — pou (kv )wy (ko). (E.1)
2
Similarly, in the case y = E, Eq. (25) yields
_ ikiny [e
’ﬂ22;El = T22:El = — p P I:(C]l/ll(kll"])wl(kzl”]) — &U (k]l"])W](kzl’])] (EZ)
182 >

Upon substituting ukr) = rjfkr), w;(kr) = rhgl)(kr), and noting that, in the above
formulas,

e (E3)

where g; stands for either j; or hg”, one finds

nie U _
2|«/%22M/| = ¢gn ’/ Alh |k1 1D, *H]nu/ \k171D1|
nie _
2|«W22E/| = &1m H—2|k1V1D/| 27
V 1o

where D, and D) are those of Chew’s as defined by his Egs. (9a) and (9b) of [13][D; is
reproduced here in Eq. (D.2), and D), follows from D, by interchanging electric per-
mittivities and magnetic permeabilities]. This proves that the radiative rates as calcu-
lated by our Eq. (126) coincide with those as calculated by Egs. (10) and (11) of [13].
In arriving at the result, we have used that

(E4)

3
ne ne &
192 2 Hy 182 2 2 2 M 2
3l = Ny T T3 ME e T = ey [ (ES)
&1n; & &1n; & Hy
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