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in front of a flat dielectric surface
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We investigate spontaneous emission of a two-level atom with an arbitrarily polarized electric dipole in front
of a flat dielectric surface. We treat the general case where the atomic dipole matrix element is a complex vector,
that is, the atomic dipole can rotate with time in space. We calculate the rates of spontaneous emission into
evanescent and radiation modes. We systematically study the angular densities of the rates in the space of wave
vectors for the field modes. We show that the asymmetry of the angular density of the spontaneous emission rate
under central inversion in the space of in-plane wave vectors occurs when the ellipticity vector of the atomic
dipole polarization overlaps with the ellipticity vector of the field mode polarization.
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I. INTRODUCTION

The study of individual neutral atoms in the vicinities of
material surfaces has along history [1-5] and has attracted a lot
of interest over decades [6—23]. The possibility to control and
manipulate individual atoms near surfaces can find applica-
tions for quantum information [24-26] and atom chips [27,28].
Cold atoms can be used as a probe that is very sensitive to
surface-induced perturbations [29]. Many applications require
a deep understanding and an effective control of spontaneous
emission of atoms near to material objects.

It is well known that the spontaneous emission rate of an
atom is modified by the presence of an interface [8—19]. Such
a modification has been demonstrated experimentally [8]. A
semiclassical approach to the problem of surface-modified
radiative properties has been presented [9]. A quantum-
mechanical linear-response formalism has been developed for
an atom close to an arbitrary interface [10—12]. An alternative
approach based on mode expansion has been used for an atom
near a perfect conductor [13]. The Green function approach
has been applied to a multilayered dielectric [14]. A quantum
treatment for the internal dynamics of a multilevel atom near
a multilayered dielectric medium has been performed [15].
Spontaneous radiative decay of translational levels of an atom
in front of a semi-infinite dielectric has been studied [16]. In the
previous treatments [9-18], it was assumed that the induced
dipole of the atom is linearly polarized, that is, the dipole
matrix element vector of the atom is a real vector oriented along
a given direction is space. In this condition, the rate of spon-
taneous emission into evanescent modes is always symmetric
with respect to central inversion in the plane of the interface.

In a realistic quantum emitter, the dipole can be elliptically
polarized, that is, the dipole matrix element vector can be
a complex vector. For example, in an alkali-metal atom, the
dipole matrix element vector dj; ), for the transition between
the Zeeman levels with the magnetic quantum numbers M’ and
M is areal vector, aligned along the quantization axis z, for the
7 transitions, where M’ = M, but is a complex vector, lying
in the xy plane, for the oT transitions, where M/ = M + 1.
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When the dipole matrix element vector is a circularly polarized
complex vector, the dipole of the emitter is not aligned along
a fixed direction but rotates with time in space. It has recently
been shown that spontaneous emission and scattering from
an atom with a circular dipole in front of a nanofiber can
be asymmetric with respect to the opposite axial propagation
directions [30-35]. These directional effects are the signatures
of spin-orbit coupling of light [36—40] carrying transverse spin
angular momentum [39,41]. They are due to the existence of
a nonzero longitudinal component of the nanofiber guided
field, which is in phase quadrature with respect to the radial
transverse component. The possibility of directional emission
from an atom into propagating radiation modes of a nanofiber
and the possibility of generation of a lateral force on the atom
have been pointed out [34].

Spontaneous emission of an atom is similar to the emission
of a dipolelike particle. Spontaneous emission of a two-level
atom and radiation of a classical oscillating dipole have identi-
cal radiation patterns, identical rate enhancement factors, and
very similar decay rates [18]. A radiating dipole can, in general,
oscillate in all three dimensions with relative phases. Recently,
emission of particles with circularly polarized dipoles began to
attract much attention [19,42-49]. It has been shown that the
near-field interference of a circularly polarized dipole coupled
to a dielectric or metal leads to unidirectional excitation of
guided modes or surface plasmon polariton modes [19,42-47].
This effect has been experimentally demonstrated by shining
circularly polarized light onto a nanoslit [42,44] or closely
spaced subwavelength apertures [43] in a metal film and
by exciting a nanoparticle on a dielectric interface with a
tightly focused vector light beam [19,47]. The generation of
lateral forces by spin-orbit coupling of light [39] scattered off
a particle at an interface between two dielectric media has
been demonstrated [48,49]. In order to enhance the selective
coupling of light to plasmonic and dielectric waveguides on
the nanoscale, a variety of complex nanoantenna designs
have been proposed and experimentally demonstrated [S0-57].
Despite recent interest in spin-orbit coupling of light scattered
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off particles [19,44-49], a systematic study of the radiation
pattern of a circularly polarized dipole in front of an interface
is absent. We note that the theory of Ref. [18] is valid only for
linearly polarized dipoles and must be modified to be used for
circularly polarized dipoles [19,47].

Spontaneous emission of a two-level atom and radiation
of a classical oscillating dipole are similar but different
phenomena. A two-level atom is a quantum system. The dipole
moment of the atom is coupled to the field parametrically.
Meanwhile, the dipole moment of a classical oscillating dipole
is coupled directly to the field. A quantum atom does not obey
the classical equations of motion when the atomic state is far
from the ground state. The initial conditions for spontaneous
emission are that the field is in the vacuum state and the atom
is in the excited state. The spontaneous emission is initiated by
the vacuum field fluctuations. The expression for the damping
rate of a classical oscillating dipole is different from that for
the spontaneous emission rate of a two-level atom. In order to
get a full understanding of spontaneous emission, the quantum
model must be used.

In view of the recent results and insights, it is necessary
to develop a systematic theory for spontaneous emission of a
two-level atom with an arbitrarily polarized dipole in front of a
flat dielectric surface. We construct such a theory in this paper.
We calculate the rates of spontaneous emission into evanescent
and radiation modes, and study the angular densities of the
rates in the space of wave vectors for the field modes. We
focus on the case where the ellipticity of the atomic dipole is
not zero, that is, the case where the dipole of the atom rotates
with time in space.

The paper is organized as follows. In Sec. II we describe
the model and present the expressions for the modes of the
field and for the Hamiltonian of the atom-field interaction.
In Sec. III we calculate the rates of spontaneous emission
into evanescent and radiation modes, and study the angular
densities of the rates in the space of wave vectors. In
Sec. IV we present the results of numerical calculations. Our
conclusions are given in Sec. V.

II. MODEL DESCRIPTION

We consider a space with one interface [see Fig. 1(a)].
We use a Cartesian coordinate system {x,y,z}. The half-space
x < 0 is occupied by a nondispersive nonabsorbing dielectric
medium (medium 1). The half-space x > 0 is occupied by
vacuum (medium 2). We examine an atom, with an upper
energy level e and a lower energy level g, located at a fixed
point on the x axis in the half-space x > 0. The energies of the
levels e and g are denoted by hiw, and hwg, respectively.

We use the formalism of Ref. [58] to describe the quantum
radiation field in the space with one interface. We label the
modes of the field by the index o = (wKgqj), where w is the
mode frequency, K = (0,K,,K) is the projection of the wave
vector onto the dielectric surface yz plane, g = s, p is the mode
polarization index, and j = 1,2 stands for the medium of the
input of the mode. For each mode o = (wKgq), the condition
K < kn; must be satisfied. Here, k = w/c is the wave number
in free space, n; > 1 is the refractive index of the dielectric,
and n, = 1 is the refractive index of the vacuum. We neglect
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FIG. 1. (a) Atom in front of the flat surface of a semi-infinite
dielectric medium. The half-space x < 0 is occupied by a dielectric
(medium 1). The half-space x > 0 is occupied by vacuum (medium
2). The atom lies on the x axis in the half-space x > 0. The axes
y and z lie in the interface. The in-plane wave vector K lies in
the interface yz plane. (b) Representation of single-input modes.
(c) Representation of single-output modes. In (b) and (c), the input
and output parts of the modes are shown by the solid red and dashed
blue arrows, respectively.

the dependence of the dielectric refractive index n; on the
frequency and the wave number.
The mode functions are given, for x < 0, by [58]

Uasca () = (€ + ¢ ).

Uokp1(x) = ¢ pry + e P riip,_,
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UvaZ(x) = eiiﬁlxtivlsv
Uokpo(x) = e P thpy (1)
and, for x > 0, by

Uyks1(x) = eiﬁzxtfzs,
U,kp1(x) = P thps,
U ks (x) = (e‘iﬂz" + eiﬁz"rgl)s,

Uokp2(x) = e po + 1] pos. 2)

In Egs. (1) and (2), the quantity g; = (k*n7 — K?)!/2, with
Re B; > 0andIm B; > 0, is the magnitude of the x component
of the wave vector in medium i = 1,2. The quantities r};, =
(Bi — Bi)/(Bi + Br)andt;, = 2B; /(B + Bi) are the reflection
and transmission Fresnel coefficients for a transverse electric
(TE) mode, while the quantities r/, = (B;n% — Bin?)/(Bin% +
,Bi/nl.z) and t,.’;, = 2ninirﬂi/(ﬂ,~nl.2, + ﬂ,-/niz) are the reflection and
transmission Fresnel coefficients for a transverse magnetic
(TM) mode. The vector s = [K x %] is the polarization vector
for the electric field in a TE mode, while the vectors p;y =
(Kx — ﬂ,f()/kni and p;_ = (KX+ ﬂ,f()/kni are, respec-
tively, the polarization vectors for the right- and left-moving
components of the electric field in a TM mode in medium
i. Here, the notation V = V/V stands for the unit vector of
an arbitrary vector V, with V = |V| = \/I Vel2 + V2 + | V|2
being the length of the vector V. It is clear from Eqgs. (1) and (2)
that each mode o = (wKgj) has a single input in medium j
[see Fig. 1(b)]. The set of the modes « is a complete and
orthogonal basis for the field.

Note that a light beam propagating from the dielectric to
the interface may be totally reflected because n; > n, = 1.
This phenomenon occurs for the modes o = (wKgj) with
j=1and k < K < kn;. For such a mode, the magnitude
of the x component of the wave vector in medium 2 is
B> = i~/ K? — k2, an imaginary number. This mode does not
propagate in the x direction in the vacuum side of the interface
but decays exponentially. Such a mode is an evanescent mode.
We note that, in the case of the p evanescent mode, that is
the mode o = (wKpl) with k < K < kny, the vector py4
for the polarization of the field in the half-space x > 0 is
a complex vector. The modes with 0 < K < k are called
radiation modes. For convenience, we use the indices p and v
to label the evanescent and radiation modes, respectively, that
is, we use the notations u = (wKg1) with k < K < kn; and
v = (wKgj)with0 < K < k.

The total quantized electric field is given by [58]

. k h iK- —iw
B =i} o rag ¢ Uaane ™ +He. ()

where a, is the photon annihilation operator for the
mode «, R=(0,y,z) is the projection of the position
vector r = (x,y,z) onto the interface plane, and Za =
Yo Il do [ K dK []7 d¢ is the generalized summation
over the modes. Here, ¢ is the azimuthal angle of the vector
K with respect to the y axis in the yz plane. The commutation
rule for the photon operators is [aa,ai/] = 8(w — w)(Ky —
K{)3(K, — K[)8440;;- When dispersion in the region around
the frequencies of interest is negligible, the mode functions
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U, satisfy the relation f_oooo dx nz(x)U:;qu (x) - Uykg j(x) =
2ncz(ﬁj/w)5(w — )8,448;. Here, n(x) = n; forx < 0, and
n(x) = ny forx > 0. Hence, we can show that the energy of the
field is € [ drn*(x)[E(r)|* = Y, hw(aja, + agal)/2. Here,
[dr= [ dx [% dy [ dzis the integral over the whole
space.

We now present the Hamiltonian for the atom-field inter-
action. In the dipole and rotating-wave approximations and in
the interaction picture, the atom-field interaction Hamiltonian
is

Hy = —ih Z Gootage @ 4 He., 4)

where of = |e)(g| describes the atomic transition from the
lower level g to the upper level e, wy = w, — w, is the angular
frequency of the transition, and

k

“= 4w /meohp;

is the coefficient of coupling between the atom and the mode
a = (wKgj). In expression (5), d., = (e|D|g) is the matrix
element of the dipole moment operator D of the atom. In
general, d,g can be a complex vector.

The time reverse of the mode o« = (wKgj) is also a mode
of the field. We introduce the label & = (w, — K,q,f) for the
time reverse of the mode @« = (wKgj). The mode function of
the mode & is given by Uy = U},. It is clear that the mode &
has a single output coming from the interface into medium
J [see Fig. 1(c)]. Like the set of the modes «, the set of the
modes & is a complete and orthogonal basis for the field.
We can use the basis formed by the modes & instead of the
basis formed by the modes «. We note that an evanescent
mode o = (wKgqj) with j = 1 and k < K < kn has a single
input and a single output in the dielectric. Thus, we have
(wKgj) = (wKgqj) when j =1 and k < K < kn;. In other
words, there is no difference between single-input evanescent
modes and single-output evanescent modes [see the left panels
of Figs. 1(b) and 1(c)].

eiK‘R(Uquj : deg) (5)

III. SPONTANEOUS EMISSION RATE

We use the mode expansion approach and the Weisskopf-
Wigner formalism [59] to derive the microscopic dynamical
equations for spontaneous radiative decay of the atom. We first
study the time evolution of an arbitrary atomic operator O. The
Heisenberg equation for this operator is

O = (Galo!.0lage ™" + G1al[0,01e" ™). (6)

Meanwhile, the Heisenberg equation for the photon anni-
hilation operator a, is @y = Gloe' @), Integrating this
equation, we find

t
ay(t) = ay(to) + G f dt’ o(t")e! @', @)
fo
Here, 1, is the initial time. For convenience, we take fo = 0.
We consider the situation where the field is initially in the
vacuum state. We assume that the evolution time r — #y and the
characteristic atomic lifetime 7 are large as compared to the
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characteristic optical period T'. Since the continuum of the field
modes is broadband, the correlation time of the field bath is
short as compared to the atomic lifetime 7. Hence, the Markov
approximation o (t') = o (¢) can be applied to describe the back
action of the second term in Eq. (7) on the atom [59]. Under the
condition ¢t — ) > T, we calculate the integral with respect
to ¢’ in the limit + — t) — oco. We set aside the imaginary
part of the integral, which describes the frequency shift. Such
a shift is usually small. We can effectively account for it by
incorporating it into the atomic frequency and the surface-atom
potential. With the above approximations, we obtain

aa(t) = aq(ty) + TG0 (1)8(w — wo). ®)

Inserting Eq. (8) into (6) yields the Heisenberg-Langevin
equation

O = %([UT,O]U +0'[0,0]) + £o. ©)

Here,

y =21 ) |Gal8(0 — w) (10)

is the rate of spontaneous emission and &¢ is the noise operator.
We emphasize that Eq. (9) can be applied to any atomic
operators. Due to the presence of the function §(w — wy), all
the parameters needed for the calculation of the decay rate are
to be estimated at the frequency w = wy. We will adopt this
convention in what follows.

In the half-space x > 0, where the atom is restricted to, the
rate of spontaneous emission y can be decomposed as

Y = Vevan + Vrad> (11)
where
kony 21
Vevan =27 / KdK/ Gunkgi*dp (12)
q=s,p ko 0

is the rate of spontaneous emission into evanescent modes and

ko 2
Yaa=21 Y Z[O KdK/o GokaiPde (13)

q=s,p j=1,2

is the rate of spontaneous emission into radiation modes.

In the particular case where the atom is in free space, that
is, where ny = np = 1, we have Yeyan = 0 and y = y1aq = 0-
Here,

32
_ a)odeg
3meghc?

is the natural linewidth of the two-level atom [59].

In the remaining part of this paper, we analyze the
consequences of expressions (10)—(13). We note that these
expressions, apart from a normalization constant equal to
Y0, can be obtained by using the model of an arbitrarily
polarized classical oscillating dipole. Consequently, the results
of the remaining part of this paper can be used not only for
spontaneous emission of a two-level atom with an arbitrarily
polarized dipole, but also for the rate enhancement factor
and the radiation pattern of an arbitrarily polarized classical
oscillating dipole. We emphasize that expression (14) cannot
be derived by using the classical formalism. In addition, Eq. (9)

Yo (14)
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stands for a two-level atom but not for a classical oscillating
dipole. This equation describes not only the decay of the atomic
level population inversion, but also the decay of the atomic
coherence.

A. Spontaneous emission into evanescent modes

The rate of spontaneous emission from the atom at a
position x > 0 into evanescent modes is

Vevan = )/gfvan + Vel\)/an» (15)

where the notation

kony 2
Ve = 2n/ KdK/ Gukgid¢ (16

ko 0
with g = s, p stands for the rate of spontaneous emission into
the g-type evanescent modes.

We introduce the notation x = K/ ko, where kg = wy/c,
for the normalized magnitude of the in-plane component K
of the wave vector. In addition, we introduce the notation
& = /|1 — k2| for the normalized magnitude of the out-of-
plane component B,% of the wave vector in the half-space
x > 0. In the case of evanescent modes, we have 8, = iky&,

I<k<n,and 0<E =2 —1<
the parameter £ determines the penetration length A = 1/koé
of the evanescent mode in the half-space x > 0. We change
the integration variable of the first integral in Eq. (16) from K
to £. Then, we obtain

n? — 1. In this case,

n%—l 2
Yevan = VO/() Edé‘_ A Fevan(§ﬂ¢) d¢’

(17)
n%fl 27
Vi = Yo f eds [ FLc.0)d0.
0 0
where
Fevan = Fesvan + Fel\)/an’ (18)
with
3
Fesvan = E Se_ZEkOX[|uy|2 Sinzd) + |MZ|2 COS2 ¢
—Re (uyu;)sin 2¢] (19)
and
3
Fluw = ——=Tpe O [|uy (1 + £ + Juy |67 cos® ¢

evan 47_[%. P

+ |uz|?&? sin® ¢ + Re (ufu;)&” sin 2¢

+2&6y/1+&E2Im (uuy cos ¢ + uiu; sing)].  (20)

Here, u,, uy, and u, are the Cartesian-coordinate components
of the unit vector u = d,,/d,, for the polarization of the dipole
matrix element d,,. In Egs. (19) and (20), we have introduced
the parameters 7, = (£ /2n)|t},|* and T, = (& /2n)|t},|*, which
are proportional to the transmittivity of light coming from
medium 1 to medium 2. Here, we have used the notations t}, =

2n/(n +i&), th, =2n1n/(n+in}), and n=/n} —k?=

/nt — 1 — &2, The explicit expressions for 7; and 7, in terms
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of & are given as

25,/}1% —1-—£2
Iiy=————,
’ n%—l

T Zn% é\/n%—l—EZ 1)

P -1 m 4 DE2+ 17
In the half-space x > 0, the wave vector of an evanescent
mode is (82,K,K;), where B, = ikoé. The parameters & and

k = /1 + &? and the angle ¢ characterize the components of
the complex wave vector (8,,K,,K;) of an evanescent mode
in the half-space x > 0 via the relations 8,/ ko = i&, K, /ko =
ky =k cose, and K,/ ko = k, = K sin¢.

The functions Fj,,, and Fl.. are, respectively, the angular
densities of the spontaneous emission rates into the TE
evanescent modes ;4 = (wpKs 1) and the TM evanescent modes
w = (0oKpl), withky < K < kony, in the wave-vector space.
The function F,y,, is the angular density of the spontaneous
emission rate into both s and p types of evanescent modes. In
the limit « — 1, that is, K — kj, we have

3

lim Feyan = —
k=1 2

2 2 2 :n2
[nTlusl? + |uy|* sin® ¢
ni—1

+ |uz|* cos® p — Re (ulu;)sin2¢].  (22)

In the limit x — kpax = 11, that is, K — K. = kony, the
rate density Feyay for evanescent modes tends to zero, that is,
we have lim,_,, . Fevan = 0.

In the half-space x < 0, the wave vector of an evanescent
mode is (B1,K,,K;), where B; =kon. Let 6 be the angle
between the axis x and the wave vector (B(,K,,K;) of
the evanescent mode in the dielectric medium. This an-
gle is determined by the formulas n;sinf =« = /1 + &2
and n;cosd = —n for 8 € [x/2,m — arcsin(1/ny)]. We find
Fevan(§,0)6 dé dp = — Peyan(0,¢) sin 6 df d¢p, where

Peyan = ninFeyan = —I’l% €08 6 Feyan (23)

is the angular distribution of spontaneous emission into
evanescent modes with respect to the spherical angles 6 and
¢. The explicit expression for P, can be easily obtained
by substituting Eq. (18) together with Eqgs. (19) and (20) into
Eq. (23). In the particular case where the dipole polarization
vector u is real, this expression reduces to the result for the
far-field limit of the radiation pattern in the forbidden zone of
the dielectric [18].

As already pointed out in the previous section, an evanes-
cent mode u = (woKqgl) with kg < K < kon; has a single
input and a single output in the dielectric. Consequently, there
is no difference between single-input evanescent modes and
single-output evanescent modes.

The propagation direction of the evanescent mode in
the interface plane yz is characterized by the vector K =
(0,K,,K;). The transformation K — —K is done by the
transformation ¢ — ¢ + w. We observe that all the terms in
expression (19) are associated with the coefficients sin’ ¢,
cos® ¢, and sin2¢, which do not vary with respect to the
transformation ¢ — ¢ + m. Thus, the rate density F, has

van
the same value for the s evanescent modes with the opposite
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in-plane wave vectors K and —K. Meanwhile, the terms in the
last line of expression (20) contain the coefficients cos ¢ and
sin ¢, which change their sign when we replace ¢ by ¢ + 7.
This means that the rate density FP o may take different values
for the p evanescent modes with the opposite in-plane wave
vectors K and —K. This asymmetry in spontaneous emission
occurs when either Im (ufu,) or Im (u}u;) is not zero, that
is, when the atomic dipole polarization vector u is a complex
vector and has a nonzero projection onto the axis x. The fact
that u is a complex vector means that the direction of the mean
dipole (D(t)) = doq (uo e’ + u*oe~'®!) of the atom rotates
with time in space. The asymmetry of spontaneous emission
into evanescent modes with respect to central inversion in the
interface plane is a consequence of the interference between
the emission from the out-of-plane dipole component u, and
the emission from the in-plane dipole components u, and u;
where u, has a phase lag with respect to u, or u,. When the
dipole polarization vector u is a real vector, the rate density
Feyvan for evanescent modes is symmetric with respect to central
inversion in the interface plane. It is interesting to note that,
according to Eq. (22), in the limit k — 1, the rate density Feyan
is symmetric with respect to central inversion in the interface
plane for an arbitrary dipole polarization vector u.

It is clear from Egs. (19) and (20) that the difference
AFean = Feyan(§,0) — Fevan(&,¢ 4+ ) between the rate den-
sities of spontaneous emission into the evanescent modes with
the opposite in-plane wave vectors K and —K is

3
AFoan = —1+82 T,e %k
x Im (uju, cos ¢ + uyu, sing). (24)

We note that the sign (plus or minus) of the rate density
difference A Feyay for evanescent modes depends on the dipole
polarization vector u and the azimuthal angle ¢ of the in-plane
wave vector K in the yz plane. However, the sign of A Feyyy
does not depend on the atom-interface distance x and the
evanescent-mode penetration parameter £&. When the dipole
polarization vector u is a real vector, the rate density difference
for evanescent modes with opposite in-plane wave vectors is
AFeyan = 0.

The asymmetry degree of the angular density Fey,, under
central inversion in the interface plane is characterized by
the factor ¢r,,, = AFean/Fimn, Where Fiin = Feyan(€,¢) +
Feyan(§,¢ 4+ 7). It is clear that the asymmetry factor ¢f,,,
depends on & and ¢. However, ¢f,,, does not depend on the
distance x.

We can easily show that

3

———[u" x u] - [U} 1 X Unpiipil-
8w /nt—1—¢&2

(25
We note that the vector i[u* x u] is the ellipticity vector
of the atomic dipole polarization. Meanwhile, the vector
—i [UZUKPl x Ugykp1] is proportional to the ellipticity vector
of the local electric polarization of the TM evanescent mode
= (woKpl) with K > ko at the position of the atom.
Equation (25) indicates that the difference A Feyqy, is a result
of the overlap between the ellipticity vector of the atomic

dipole polarization and the ellipticity vector of the local electric

AFeyan =
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polarization of the TM evanescent mode u = (woKp1) with
K > k. The electric part of the other evanescent mode, that is,
the TE mode u = (woKs1) with K > k, is linearly polarized
in the half-space x > 0. This mode does not contribute to
A Fevan-

Consider a light field with the electric component E =
(Ee™'®" +c.c.)/2, where £ = Ee is the envelope of the
positive-frequency component, with £ being the amplitude
and € being the polarization vector. It is known that the
local electric spin density S of the light field is related to the
ellipticity vector —i[€* x €] = Im [e¢* x €] of the local electric
polarization via the formula
O\ PImle* x €] (26)
4w

It follows from Egs. (25) and (26) that

S= Ime* x ] =
4w

3600

21'[6(),/}1% -1 —52

where S, kp1 is the local electric spin density of the field
in the TM evanescent mode 1 = (woKp1) with the in-plane
wave number K > kq and the positive-frequency-component
envelope £€,ky1 = Uykpi- In the half-space x > 0, where
the atom is located, the electric polarization vector of the TM
evanescent mode u = (wKpl) with K > k is

kX — itEK
Eprl = /—/(2 i %_2'

The ellipticity vector of the electric polarization of the field is

found to be
EV1+82

e K& 29

which leads to the local electric spin density

2 2
nj—1-%& kD a
V14267 B K x K.
(30)

AFeyan =

ifu* xul-Sykp1,  (27)

(28)

Im[ej‘UKpl X €uKkp1] =2

€0 Zn%

Sprl =

We note that [K x &] = ysin¢g — Zcos ¢.

It follows from Eqs. (28) and (29) that the ellipticity of the
local electric polarization of the TM evanescent mode p© =
(wKpl) with K > k arises as a consequence of the fact that
field in the TM evanescent mode has a longitudinal component
that is aligned along the in-plane wave vector K. The phase
of this component is shifted by 7 /2 from the phase of the
transverse component that is aligned along the axis x.

Equation (30) shows that the local electric spin density
vector S,k 1 is perpendicular to the in-plane wave vector K
and the axis x. In addition, a reverse of the vector K leads to a
reverse of the vector S,k 1. This is a signature of the so-called
spin-orbit interaction of light [36—40]. Thus, the difference
between the rates of spontaneous emission into the evanescent
modes with the opposite in-plane propagation directions K and
—Kis a consequence of spin-orbit coupling of light.

We observe from Eqgs. (27) and (30) that the local electric
spin density S,k 1 of the TM evanescent mode ;& = (woKp1)
with K > ko and, consequently, the rate difference A Feyqn
for evanescent modes with opposite in-plane propagation
directions reduce exponentially with increasing distance x
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from the atom to the dielectric surface. For x =0, the
magnitudes of S, k,1 and AFey,, achieve their maximum
values, which depend on &. In the limit § — O, thatis, k — 1,
we have S, k1 = 0 and, hence, A Feyyy = 0.

In order to get deep insight into the underlying physics
of asymmetry between the rates of spontaneous emission
into opposite in-plane propagation directions, we perform the
following general tensor analysis: It is clear that the rate y,
of spontaneous emission into a mode o with the mode profile
function e® is proportional to the quantity |d,, - €®|?, that is,

Yo = Nyld,g - €12, 31)

where N, is a parameter that does not depend on the relative
orientation between d,, and e®. It follows from Eq. (A8) of
the Appendix that we can decompose the rate y, as

Yo = v+ vV +v2, (32)
where
= %|deg|2|e<“>|2, (33a)
D = %[djg X dg] - [€“ x ], (33b)
v = Noldl, @ dgg)s - (€9 @ ). (33c)

In Eq. (33c), the notation {A* ® A}, stands for the tensor
product of rank 2 of the complex vectors A* and A. The
quantities %, {1, and y? are called the scalar, vector, and
tensor components of the rate y,, respectively.

According to Eq. (33a), the scalar component 3% of the
spontaneous emission rate does not depend on the orientations
and circulations of the atomic dipole matrix element vector
d.; as well as the orientations and circulations of the field
mode profile vector . This component is the spontaneous
emission rate averaged over the orientation of the dipole matrix
element vector d,, in space.

According to Eq. (33b), the vector component y{" of the
spontaneous emission rate depends on the overlap between
the vectors i[d}, x d,,] and —i[e®* x e@], which are pro-
portional to the ellipticity vector of the atomic electric dipole
polarization and the ellipticity vector of the electric field po-
larization, respectively. The vector i [djg x d,,] characterizes
an effective magnetic dipole produced by the rotation of the
electric dipole, and is responsible for the vector polarizability
of the atom. The vector —i[e®* x e®] characterizes an
effective magnetic field and is responsible for the local electric
spin density of light. The vector component y{" of the rate
can be considered as a result of the interaction between the
effective magnetic dipole and the effective magnetic field.
Due to spin-orbit coupling of light [36-40], a reverse of the
propagation direction leads to a reverse of the spin density of
light and, consequently, to a reverse of the vector component
<D of the spontaneous emission rate.

According to Eq. (33c), the tensor component y? of the
spontaneous emission rate depends on the scalar product of
the irreducible tensors {d}, ® d,,}, and {e* ® e}, for the
atomic dipole and the field mode profile, respectively. The
tensor {dj, ® d.,}, is responsible for the tensor polarizability

of the atom. In general, {e®* ® e®)}, and, hence yo(f) depend
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on the azimuthal angle ¢ of the in-plane wave vector K
in the yz plane. We can show that, for the evanescent
modes, in the half-space x > 0, the tensor {e@* ® e@)},
and, hence, the tensor component Y ? of the rate y, do not
change when we reverse the direction of the in-plane wave
vector K.

We now calculate the rates of spontaneous emission into
evanescent modes propagating into separate sides of a plane
containing the axis x, on which the atom is located. Without
loss of generality, we choose the plane xy. The rates y.})
and y{;) of spontaneous emission into evanescent modes
propagating into the +z and —z sides, respectively, are given
by

ni—1 T
ye(\j;; = VO/ 5615/ Fevan(s’qb) dd)»
0 0

ni—1 27
M= [ eds [ RanGorde. 6o
0 T
We find
(+) _ Yevan Aevan
yevan - 2 2 ’
(35)
(=) _ Yevan _ Acyan
yevan - 2 2 ’
where
3 «/n%fl )
Youn = 370 / (1~ PT(&)
0
+[Juc P2 + 8% + 21T, (§)}e " dE  (36)

is the rate of spontaneous emission into evanescent modes in
all directions [10,11,18] and

Aeyan = ;)/0 Im (M;uz)/ gm Tp(g)efl;%kgx d&
0
(37)

is the difference between the rate components y2) and ;)
for the opposite sides +z and —z, respectively. It is clear
from Eq. (37) that the rate difference A.y,, depends on the
imaginary part of the cross term uu., that is, on the ellipticity
of the polarization of the atomic dipole vector in the xz
plane. Meanwhile, Eq. (36) shows that the rate yey,, for all
evanescent modes does not depend on the ellipticity of the
dipole polarization. We note that the sign (plus or minus) of the
rate difference Ay, for evanescent modes is determined by the
sign of Im (u%u,) and, hence, does not depend on the distance
x. In the limit x — 00, we have Yeyan — 0 and Agyan — O.
When the dipole polarization vector u is a real vector, the rate
difference for evanescent modes propagating into the opposite
sides +z and —z 1S Agyan = 0.

The asymmetry between the rates ) and y) for the
+z and —z sides, respectively, is characterized by the factor
Cevan = Aevan/Yevan- It 18 interesting to note that, unlike the
asymmetry factor {,, for the angular rate densities Feyan(§,¢)
and Feyan(€,¢ + m), the asymmetry factor ey, for the side
rates 0 and y{;) depends on the distance x. The reason
is that, according to Eqgs. (37) and (36), the difference Aeyan
between and the SUM Yeyqy Of the side rates yS5) and ;) are
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given by different integrals over the variable &. The kernels of
these integrals are different from each other although they
contain a common exponential factor e~2%*. Due to the
integration over &, the x dependence of A.,, is different
from that of yyan. Consequently, the asymmetry factor eyan =
Aevan/ Vevan for the side rates y;) and ;) is a function of the
distance x.

In the particular case where the dipole matrix element vector
d., is perpendicular to the interface, we obtain [10,11,18]

2

3 nl—l
Vevan = Vevan = 370 / Ty (&)e Mg, (38)
0

and, in the particular case where the dipole matrix element
vector d,, lies in the interface plane yz, we find [10,11,18]

2

I 3 vt “Dgkox
Yevan = Veyan = _VO/ TII (é)e 0 d%_ (39)
0

4

Here, we have introduced the parameters 7, = (1 4+ & 2)Tp and
Ty=T,+& 2T,,, whose explicit expressions are

2n? \/”%_1_52

nt—1 (i +1)E2+1

. 2 n%éz 2 5
Ti= n%—1[1+(n%+1)52+1}§w1 - 1= E0)

In both cases, we have Agyan = 0.

T, = E(1+8%),

B. Spontaneous emission into radiation modes

The rate of spontaneous emission from the atom at a
position x > 0 into radiation modes is

Yd = Y Y v, (41)
q=s,p j=12
where the notation
. ko 2 2
v =2x / K dK / |Gukys| do (42)
0 0

with ¢ = s,p and j = 1,2 stands for the rate of spontaneous
emission into the g j-type radiation modes.

We again use the notation k = K /ky for the normalized
magnitude of the in-plane component K of the wave vector
and the notation & = /|1 — «2| for the normalized magnitude
of the out-of-plane component $,X of the wave vector in the
half-space x > 0. For radiation modes, we have 8, = ko&,0 <
k < 1,and 0 < & = +/1 — k2 < 1. We change the integration
variable of the first integral in Eq. (42) from K to &. Then, we
obtain

1 2
Vet = 70 / £ dt / Fa(6.6)dg.
01 0271 (43)
v =y /0 £ dt /0 FU(&.¢)do,
where
(44)

Fraa = Z ZFrZ{i’

q=s,p j=12
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with
sl 3 2 2.2 2 2
Fil = %(1 — r2)[luyl? sin® ¢ + |u.|* cos® ¢
—Re (u;uz)sin 2¢1, (45)
. 3
F2 = %[1 + 17 + 2r; cos(2Ekox)][|uy|* sin® ¢
+ |u.|* cos* ¢ — Re (ujuz)sin2¢], (46)
Fia = g (1= D)l P(1 =€) 4 1y 6 cos” g
+ |u|*&” sin® ¢ + Re (u}u; )€ sin 2¢]
—2(1 —rp)&y/1 — E2Re (ufuy cos ¢ + ufu_ sing)},
“47)
and
Fre = {1+ r2)[us (1 — €% + Juy [£? cos® ¢

87E
+ |uz|?£” sin® ¢ + Re (u}u.)&” sin 2¢]

+2(1 = r7)&y/1 — &2 Re (uuy cos ¢ + uiu, sinp)}
3

+ mr,,{cos(zskomnum(l — &%) — |u,|’&% cos® ¢

— |u:|*8% sin® ¢ — Re (uju.)&” sin 2]

+2Ey/1 — E2sin(2Ekgx)

x Im (uiuy cos ¢ + uiu, sing)}. (48)

Here, we have introduced the notations r; =r3 = (§ —
n)/(E +n)andr, =r), = (n3€ — n)/(n3€ + n) for the reflec-
tion coefficients of light coming from medium 2 to medium 1,

\/n%—/czz

where n = \/ n} — 1+ &2 The explicit expres-

sions for the reflection coefficients 7; and r, are given in terms

of & as
£— . /n?—1+&2
ry = s
E4,/n? —1+§&2
nig — . /n7—1+§&2
rp = .
niE +/nt — 1+ &2

In the half-space x > 0, the wave vector of a radiation mode
is (B2,Ky,K;), where B, = ko&. The parameters & and « =
/1 — &2 and the angle ¢ characterize the components of the
wave vector (f2,K, K ;) of a radiation mode in the half-space
x > Oviatherelations B,/ ko = &, K,/ ko = ky = k cos ¢, and
K./ky =Kk, = Kk sin¢.

The functions F.); and F) are, respectively, the angular
densities of the spontaneous emission rates into the radiation
modes v = (wpKsj) and (woKpj), with 0 < K < ko, in the
wave-vector space. The function Fi,y is the angular density
of the spontaneous emission rate into both s and p types of

(49)
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radiation modes. In the limit « — 1, thatis, K — kg, we have

. 3 22 22
lim Frg = — [n7lucl? + luy)? sin® ¢
Kk—>1 2 l’l2 -1

I

+ |u:|* cos® g — Re (ulu)sin2¢].  (50)

Comparison between Egs. (50) and (22) confirms that
hm/{%l Frad = hm/{»l Fevan-

. . _ 1
We introduce the notations F:, = F}4

+ F32 and F? =

ra
FP + FP2 which are the angular densities of the spontaneous
emission rates into the radiation modes of the s and p types,

respectively. We find

3 .
Fiq= E[1 + 7 cos(2f»§k0x)][|uy|2 sin® ¢ + |u.|* cos® ¢

—Re (uju;)sin2¢] (51)
and
p _i 201 _ g2 262 2
Frad - 47[5 [|MA| (1 ";: )+ |M)| %' COS ¢

+ |u|*&” sin® ¢ + Re (ulu)€” sin 2¢]

+ %rﬂcos(%kox)nuﬂz(l — &%) — |uy|*E% cos’ ¢

— |u|*&? sin> p — Re (u}u.)&” sin 2¢)]

+2&/1—8%sin(2€kox) Im (uuy cos d + uu, sing)}.
(52)

It is clear that Frq = F3, + Fl,.

The mode function Uy, given by Egs. (1) and (2), describes
the mode o = (wKgqj), which has a single input incident
from medium j to the interface. The function Uy = U}
describes the mode @ = (w, — K,q,f), which has a single
output coming from the interface into medium j. The density

F1J of the rate of spontaneous emission into a single-output
mode (wKg ) can be obtained from that for the single-input
mode (w, — K,g, j) by replacing the dipole polarization vector
u with its complex-conjugate vector u*, that is, by applying
the transformation 7 = (u — u*,¢p — ¢ + ) to F¥.. The

rad”
transformation 7 does not change the rate density functions

F./, [see Eqgs. (45) and (46)], F:, [see Eq. (51)], F2, [see
Eq. (52)], and F;,q. However, the transformation 7 reverses
the sign of the term in the last line of Eq. (47) and the term
in the third line of Eq. (48) for Fr{;; and F"3, respectively.

rad’
These terms cancel each other and therefore do not appear

in the expressions for F”; and Fy,q. Thus, the functions F/,,
FS4 FP,, and Fpq describe the distributions of the emission
rates not only for single-input modes, but also for single-output
modes.

We observe that all the terms in expression (51) are
associated with the coefficients sin? ¢, cos? ¢, and sin2¢,
which do not vary with respect to the transformation ¢ —
¢ + m. Hence, the rate density F;}; for the TE radiation modes
has the same value for the opposite in-plane propagation
directions K and —K. Meanwhile, the terms in the last line of
expression (52) contain the coefficients cos ¢ and sin ¢, which

change their sign when we replace ¢ by ¢ + . Hence, the rate
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density F; for the TM radiation modes may take different
values for the opposite in-plane propagation directions K and
—K. This asymmetry in spontaneous emission occurs when
either Im (uju,) or Im (u}u;) is not zero, that is, when the
atomic dipole polarization vector u is a complex vector in
a plane containing the axis x. As already mentioned, the
fact that u is a complex vector means that the direction
of the dipole of the atom rotates with time in space. The
asymmetry of spontaneous emission into radiation modes with
respect to central inversion in the interface plane appears as a
consequence of the interference between the emission from the
out-of-plane dipole component u, and the emission from the
in-plane dipole components u, and u. where u, has a phase
lag with respect to u, or u;. When the dipole polarization
vector u is a real vector, the rate density Fi,q for radiation
modes is symmetric with respect to central inversion in the
interface plane. We note that, according to Eq. (50), in the
limit k — 1, the rate density Fi,q is symmetric with respect to
central inversion in the interface plane for an arbitrary dipole
polarization vector u.

It is clear from Egs. (51) and (52) that the difference
AFq = Fra(€,0) — Fra(€,¢0 + ) between the rate densities
Fraa(&,¢) and Fiq(&,¢ + ) of spontaneous emission into the
radiation modes with the opposite in-plane wave vectors K
and —Kis

3
AFpg = —

1 —&2r, sin(2&kox)
T

x Im (uju, cos ¢ + uyu, sing). (53)

We note that the sign (plus or minus) of the rate density
difference AF,q for radiation modes depends on not only
the dipole polarization vector u and the emission azimuthal
angle ¢ but also on the atom-interface distance x and the
out-of-plane wave-vector-component parameter £&. When the
dipole polarization vector u is a real vector, the rate density
difference for radiation modes with opposite in-plane wave
vectors is A Fpq = 0.

The asymmetry degree of the angular density F,q under
central inversion in the interface plane is characterized by
the factor (p, = AFng/Foy", where FJI" = Fa(§,0)+
Fraa(§,¢ + ). It is clear that the asymmetry factor (p,,
depends on not only & and ¢ but also x.

We can easily show that

3
AFa = ——[u* xu]- [U} x,» X Unkpa]- (54

8é&

As already mentioned, the vector i[u* x u] is the ellipticity
vector of the atomic dipole polarization. Meanwhile, the vector
—i[Uj;(Jsz x Uy p2] is proportional to the ellipticity vector
of the electric polarization and, consequently, to the electric
spin density vector of the TM radiation mode v = (woKp2)
at the position of the atom. Equation (54) indicates that
the difference A F,q is a result of the overlap between the
ellipticity vector of the atomic dipole polarization and the
ellipticity vector of the local electric polarization of the TM
radiation mode v = (wpKp2). The electric parts of the other
radiation modes, that is, the modes v = (woKs1), (wyKs2), and
(woKpl), with K < ko, are linearly polarized in the half-space
x > 0. These modes do not contribute to A Frug.
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Comparison between Egs. (54) and (26) shows that

3600
2w ep

where S,k 2 is the local electric spin density of the field in the
TM radiation mode v = (woKp2) with the positive-frequency-
component envelope €,ky2 = Uy kp2. In the half-space x >
0, where the atom is located, the electric polarization vector of
the TM radiation mode v = (wKp2) is

1
€pKp2 = ﬁ

where Z =1+ rf, +2r,(1 — 28 %) cos(2&kx). The ellipticity
vector of the electric polarization of the mode is found to be

AFq = ifu* xul-Sykp2s (55

[k + EK + r,e? 5 (icx — K], (56)

4 .
Im[e;")sz X €uKkp2] = 25\/1 — &2r, sin(2€kx)[K x K],
(57)

which leads to the local electric spin density

niE — . /n?—1+¢&2 .
Sukp = 2&y/1— 62— : sin(2&kx)[K x &].
@ n3E + n? —1+£2

We note that [K x ] = ysing — Zcos ¢.

It follows from Egs. (56) and (57) that the ellipticity
of the local electric polarization of the TM radiation mode
v = (wKp2) arises as a consequence of the change of the
polarization vector from «X + eK to k% — K due to the
reflection, the additional phase 2£kx of the reflected beam
due to a round trip between the point x and the interface,
and the interference between the incident and reflected beams.
We note that the reflection leads to a change of the electric
polarization vector in the case where the electric component
of the field lies in the incidence plane, that is, the case of p
modes.

Equation (58) shows that the local electric spin density
vector S,k 2 is perpendicular to the in-plane wave vector K
and the axis x. In addition, a reverse of the vector K leads to
areverse of the vector S,k ». This is a signature of spin-orbit
coupling of light [36-40]. Thus, the difference between the
rates of spontaneous emission into the radiation modes with
the opposite in-plane propagation directions K and —K is a
consequence of spin-orbit coupling of light [36—40], like in
the case of evanescent modes.

We observe from Eqgs. (58) and (55) that the local electric
spin density S, k2 of the TM radiation mode v = (woKp2)
and, consequently, the rate difference AF;,q for radiation
modes with opposite in-plane propagation directions oscillate
as sin(2&kgx) with increasing distance x from the atom to
the dielectric surface. For x =0, we have S, k,» =0 and,
hence, A F,q = 0. This result is in contrast to the result for the
case of evanescent modes, where the magnitudes of the spin
density S,k,1 for the TM evanescent mode u = (woKpl)
with K > ko and, hence, the rate difference A F.,,, achieve
their maximum values at the interface. The explanation for
the fact that AF,g =0 at x =0 is simple. Indeed, at the
interface, the relative phase between the incident light and

(58)
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the reflected light is just the phase of the reflection coefficient
rp. This phase is equal to 0 or = when the incidence angle
6 = arccos(§) is smaller or larger than the Brewster angle
6p = arctan(n), respectively. Due to this fact, the ellipticity
of the local electric polarization of the TM radiation mode
v = (woKp2) and, hence, the rate density difference A Fioq
vanishes at x = 0.

We now calculate the rates of spontaneous emission into
radiation modes propagating into separate sides of a plane
containing the axis x. To be specific, we choose again the plane
xy, as in the case of evanescent modes. The rates yr(az) and yr(ag)
of spontaneous emission into radiation modes propagating into
the +z and —z sides, respectively, are given by

1 T
Yt = %o fo £ dt /0 Fraa(£,9)d,

1 2
S = / £ de / Fu.0)dp.  (59)
0 T

‘We can show that

+) _ Vrad Arad
Taa =TT

(=) Vrad Arad
yrad = 2 - 2 ’

(60)

where

3 1
Yad = Yo+ 7% / {(1 = Ju,|Pry(&)
0
+ [lux 22 — &%) — £2r, ()} cos(2Ekox) dE  (61)

is the rate of spontaneous emission into radiation modes in all
directions [10,11,18] and

1
Apg = SVO Im (ujuz)‘/0 é\/ I - %_2 rp(é) sin(2€ kox) d§

(62)
is the difference between the rate components yr(;g) and )’r;)
for the opposite sides +z and —z, respectively. It is clear from
Eq. (62) that, like the rate difference A.y,, for evanescent
modes, the rate difference A, for radiation modes depends
on the imaginary part of the cross term ufu,, that is, on the
ellipticity of the polarization of the atomic dipole vector in the
xz plane. Meanwhile, Eq. (61) shows that, like the rate yeyan
for evanescent modes, the rate y;,q for radiation modes does
not depend on the ellipticity of the dipole polarization. We
note that the sign (plus or minus) of the rate difference Ay
for radiation modes depends on the distance x. In the limit
x — 00, we have Y. — ¥ and Apq — 0. When the dipole
polarization vector u is a real vector, the rate difference for
radiation modes propagating into the opposite sides +z and
—Z is Arad =0.

The asymmetry between the rates yr(as) and yr;) for the
+z and —z sides, respectively, is characterized by the factor
Crad = Arad/Vrad- It is clear that the asymmetry factor {,q for
the side rates yr(a’;) and yr(,;i) reduces to zero in the limit x — oo.
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In the particular case where the dipole matrix element vector
d., is perpendicular to the interface, we obtain [10,11,18]

3 1
Yrad = Vea = Yo F EVO/ ri(§)cos(25kox)ds  (63)
0

and, in the particular case where the dipole matrix element
vector d,, lies in the interface plane yz, we find [10,11,18]

3 1
s = vl =10+ 330 /0 Fi(E) cos2ekor)dE.  (64)

Here, we have introduced the parameters r; = (1 — £2)r » and
ry = ry — £%r,, whose explicit expressions are

n? —,/n%—l—i—&z

= (1— &)

n%€+,/n%—l+r§2,
2_1+ 2 26 2_1+ 2
A & ni§ —\/nj & 65)

%'_
_é§-2 .
£+ ,/nT—1+§&2 ni§ +/ni —1+§2

In both cases, we have A;,q = 0. The terms that contain the
integrals in Egs. (63) and (64) are the results of the interference
between the emitted and reflected fields.

In order to derive the rates Y™ = y(P) + J/ri? and y ) =
v+ yr;) of spontaneous emission into both evanescent and
radiation types of modes propagating into the +z and —z sides,
respectively, we sum up Egs. (35) and (60). Then, we obtain

=

(66)

where

3 nffl
y=wn+ ZVO/ {(1 = |u HT()
0

+[ue 22 + E%) + ET, (6)}e 2Rvdg
3 1
~I—Z)/of (1 = i Py ()
0

+ [ue 22 — £%) — £ p(§)} cos2Ekox) dE  (67)

is the total rate of spontaneous emission [10,11,18] and

f EVTF BT, ()0 25" a

6
A==y Im(u,’:uz)[
T 0

1
+ /0 EV1—E2r,(8) sin(2$k0x)d$i| (68)

is the difference between the rate components y ™ and y =) for
the opposite sides 4+z and —z, respectively. When the dipole
polarization vector u is a real vector, the difference between the
rates of spontaneous emission into the combined sets of both
evanescent and radiation types of modes propagating into the
opposite sides +z and —z is A = 0. The asymmetry between
the rates y™ and (™) of directional spontaneous emission
into both types of modes is characterized by the parameter

E=A/y.
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C. Spontaneous emission into radiation modes with outputs
on a given side of the interface

The function Fyy,y, calculated in Sec. III A, is the density of
the rate of spontaneous emission into evanescent modes, which
have outputs in the dielectric. The function Fi,q4, calculated in
Sec. III B, is the density of the rate of spontaneous emission
into radiation modes with outputs on both sides of the interface.
In this section, we consider the densities of the rates of
spontaneous emission into radiation modes with outputs on
a given side of the interface.

Let F24" and F)% be the angular densities of the rates of
spontaneous emission into the radiation modes with outputs in
the dielectric and the vacuum, respectively. The functions Foq"
and F% are determined as the results of the application of the
transformation 7 = (u — u*,¢p — ¢ + 7) to the functions
Fr(alg and Frfd), respectively. Here, we have introduced the
notations .\ = FS\ + FP\ and F = F2 + F23 for the
angular densities of the spontaneous emission rates into the
radiation modes with single inputs incident from medium 1
and medium 2 to the interface, respectively. When we perform

the above-described procedure, we get

mat __ _ <~ (1 _ .2 2 a2 2 2
Fli = SE (1 rx)[luy| sin” ¢ + |u,|” cos” ¢
—Re(u;uz)sin2¢]
+ %{(1 — o)l (1 — %) + |uy|’€7 cos” ¢
+ |u|*&” sin® ¢ + Re (u}u)€” sin 2]
+2(1 —r2)&y1 — E2Re (uhuy cos ¢ + uiu, sinp)}
(69)
and

3
Fa = geg 1 70 +2rcos@ko)]llu, [ sin” ¢

+ |u.|?* cos* ¢ — Re (uyu;)sin 2¢]

e (U P2) iy 21— £2) + |uy 282 cos® ¢

+ |u|*&” sin® ¢ + Re (ulu )€ sin 2¢]
—2(1 = r)&y/1 — E2Re (ufuy cos ¢ + ulu_ sin )}

+ irp{COS(kaoX)[Wx|2(1 —£2) — uy|*€% cos? ¢
4E )

— |u|*€%sin® ¢ — Re (u;uZ)E2 sin 2¢]

+2&y/1 — E2sin(2Ekyx)

x Im (uuy cos ¢ + uiu, sing)}. (70)

According to Eq. (69), the angular density FI3' of the
rate of spontaneous emission into the radiation modes with
outputs in the dielectric does not depend on the atom-interface
distance x.

The differences AFT:' = F™'(§,¢) — F23'(§,¢ + ) and

rad — *rad

AFJY = FIX(§,¢) — F5(§,¢ + m) are found from Egs. (69)
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and (70) to be
AR = 2 TmE (1-12)
T
x Re (uiuy cos ¢ + uju, sing) 71
and
AFY = 3 1-£2(1-r))
rad — _27.[ —-£ -
x Re (uju, cos ¢ + uju, sing)
3
+ —+/1—&2r, sin(2€kox)
T
x Im (uju, cos ¢ + uju, sing). (72)

Itis clear that AFS" + AFYS = AFpq, Where A Fryq is given
by Eq. (53).

According to Eq. (71), the difference AF:' between
the rate densities of spontaneous emission into the radiation
modes outgoing into the dielectric with opposite in-plane wave
vectors does not depend on the atom-interface distance x.
This difference is associated with the coefficients Re (uju,)
and Re (ufu;). It can be nonzero when the atomic dipole
polarization vector is a real vector tilted with respect to the
axis x and to the interface plane yz. Thus, AF5" is just the
result of the geometric asymmetry of the orientation of the
dipole vector with respect to the interface plane.

Equation (72) shows that the difference A Fi for the radia-
tion modes with outputs in the vacuum has two contributions:
one is associated with the coefficient 1 — 2 and the other
one is associated with the coefficient r,,. The first contribution
is equal to —AF™" and is caused by the asymmetry of the
orientation of the dipole vector with respect to the interface
plane. The second contribution is equal to A Fi,,q and is related
to spin-orbit coupling of light [36—40].

We introduce the notations y,ms' " = v, [ £ d& [T F™d¢

rad

and y1 ) =y, fol £dE fnz” FMatde for the rates of sponta-
neous emission into the radiation modes outgoing into the +z

and —z sides, respectively, of the dielectric half-space and,
similarly, the notations y,™ =y, [ £ d& [ FY%d¢ and
yar=) = fol £dg fjﬂ FY3%d¢ for the rates of spontaneous
emission into the radiation modes outgoing into the +z and

—z sides, respectively, of the vacuum half-space. We find

mat A mat

rr:(;lt(ﬂ:) _ Vead 4 Ord
2 2
vac AV’dC
) = Yond 3 73
Here, we have introduced the notations [18]
v 3 !
it == — =y / (A = lu, i)
2 87 J,
+u P2 =383 + E1rp(E)} dE - (T4)
and
vac y 3 1
yur =2 4 —VO/ {4 = JucPyr}E)
2 87 J,

+[u*2 — 38%) + £ ()} dE
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3 1

+ ZVO/ (A =l Pry(®)
0

+ [lus P2 — &%) — E2]r,(€)} cos(2Ekox) d&

for the rates of spontaneous emission into the radiation modes
with outputs in the dielectric and the vacuum, respectively. We
have also introduced the notations

1 1
A;‘;ﬁ‘=;yoRe<u;*uz>[1—3 /O wl—sZr;(@ds] (76)

and

1 1
=~ oRewuo| 13 [ e/T= ke

(75)

6 1
T Im (ujuz)/o Ev1 —&2r,(&)sin(2Ekox) d§

(77)

for the differences between the rate components for the oppo-
site sides +z of the dielectric and the vacuum, respectively.

It is clear that ™™, ™ and A™ do not depend on the

atom-interface distance x [18], while yr\;ff(i), yuac and AV
oscillate with increasing x.

We now derive the radiation patterns of spontaneous
emission into radiation modes with outputs on a given side
of the interface in the far-field limit. For the radiation
modes with outputs in the half-space x < 0, the angle 6
between the wave vector (81,K,,K;) and the axis x is given
by the formulas n;sinf =k = /1 — &2 and n;cos = —n
for 6 € [w — arcsin(1/n;),7]. For the radiation modes with
outputs in the half-space x > 0, the angle 6 between the
wave vector (fB,,K,,K;) and the axis x is given by the

@ ] (b)

A
u=x u

Il
N>

"\"""".radiation 1 14

\ 4
\ evanesent \ \
\
\ ] ]
S \\ \\

~
-~
- ~

0 400 8000 400 8000
Atom-interface distance x (nm)

~
S~

FIG. 2. Rates Yeyan, Vrad> and y of spontaneous emission from a
two-level atom into evanescent modes (dashed blue lines), radiation
modes (dotted red lines), and both types of modes (solid black lines),
respectively, as functions of the atom-interface distance x. The atomic
dipole polarization vector u is equal to X (a), Z (b), and 9M =X+
2)/ V2 or &, =%+iz2)/ /2 (). The rates are normalized to the
spontaneous emission rate y, of the atom in free space. The refractive
index of the medium is n; = 1.45. The wavelength of the atomic
transition is Ay = 852 nm.
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formulassinf =k = /1 —&Zandcos = & ford € [0,7/2].
Then, we find Fi'(§,¢)€ dédp = —Pri'(0,¢)sinf db d¢
and F}¥(§,0)6 dé dp = P;5(6,¢)sin0 db d¢, where

mat __ mat _ __ 2 mat
Prad _nlnFrad - I’ZICOSGFrad ’
vac _ vac __ vac
P.d =EF =cosOF Y. (78)

The functions PJi" and P are the angular distributions of
spontaneous emission into radiation modes with respect to
the spherical angles 6 and ¢. In the particular case where the
dipole polarization vector uis real, the expressions for P)s" and
PJ¥ reduce to the results for the far-field limit of the radiation
patterns in the allowed region inside and the half-space outside

the dielectric medium, respectively [18].

x =200 nm
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FIG. 3. Angular densities Fey (a) and Fg (b) of the rates
of spontaneous emission into evanescent and radiation modes,
respectively, as functions of k, and «. in the case where the dipole
polarization vector u is aligned along the axis x and the atom-interface
distance is x = 200 nm. Other parameters are as for Fig. 2. The
contour lines of the surface plots are shown to help visualization. The
bottom panel shows the one-dimensional profiles of Fey,, and F,4. In
(c) and (e), k, = 0. In (d) and (f), x, = 0.
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IV. NUMERICAL RESULTS

We perform numerical calculations. For the wavelength
of the atomic transition, we use the value Ao = 852 nm
corresponding to the D, line of atomic cesium. For the
refractive index of the dielectric medium, we use the value
ny = 1.45 corresponding to silica.

According to the previous section, the rates Veyan, Yiads
and y of spontaneous emission from a two-level atom into
evanescent modes, radiation modes, and both types of modes,
respectively, are determined by Egs. (36), (61), and (67),
respectively. We plot in Fig. 2 the normalized rates Yeyan/ 0,
Vrad/ Y0, and y /o as functions of the atom-interface distance
x. Figures 2(a) and 2(b) correspond, respectively, to the cases
where the dipole polarization vector u is equal to X and
Z. The results for the cases where u = éxz =®+2)/V2
and u = &,, = (X 4 i2)/+/2 are the same and are shown in
Fig. 2(c). The solid black curves for the normalized total
rate y /yp show not only the enhancement y /yy > 1, but also
the inhibition y/yy < 1 of spontaneous emission, depending
on the atom-interface distance x. Such changes are quantum
electrodynamic effects resulting from modifications of the

evan

F rad

evan

ad

FIG. 4. Angular densities Fy,, and F,q of the rates of sponta-
neous emission into evanescent and radiation modes, respectively,
in the case where the dipole polarization vector u is aligned along
the axis z and the atom-interface distance is x = 200 nm. Other
parameters are as for Fig. 3.
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field mode structure in the presence of the dielectric [9-11].
The enhancement of the total rate of spontaneous emission
y/vo > 1 is mainly due to the presence of emission into
evanescent modes. The maximum value of y /yy is about 2.18,
achieved at x = 0 for u = X. We observe a rapid decrease of
Yevan and oscillations of y;,q and y as x increases. The rapid
decrease of yeyvan 1S @ consequence of the tight confinement
of evanescent modes in the direction 4+x. The oscillations of
¥rad and y are due to the interference between the emitted and
reflected fields. The period of oscillations is roughly equal
to one half of the wavelength Ay of the atomic transition
[see Egs. (61) and (67)]. The dotted red curves in Fig. 2
show that the interference is destructive, y;,a/Y0 < 1, when the
atom is close to the interface, and may become constructive,
Yrad/Yo > 1, in some specific regions where the atom is not too
close to the interface. The inhibition of the total spontaneous
emission y/yy < 1 may occur in some specific regions of
x. In the limit of large distance x, we have Yey,n — 0 and
Y = Yrad = Yo-

According to the previous section, the angular densities
Fevan and Fq of the rates of spontaneous emission into
evanescent and radiation modes, respectively, are given by

FIG. 5. Angular densities Fey,, and F,q of the rates of sponta-
neous emission into evanescent and radiation modes, respectively,
in the case where the dipole polarization vector is u = b,. =
(& +2)/+/2 and the atom-interface distance is x = 200 nm. Other
parameters are as for Fig. 3.
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FIG. 6. Angular densities F.,,, and F},q of the rates of sponta-
neous emission into evanescent and radiation modes, respectively,
in the case where the dipole polarization vector is u = &,, =
&+iz)/ /2 and the atom-interface distance is x = 200 nm. Other
parameters are as for Fig. 3.

Egs. (18) and (44), respectively. We plot in Figs. 3-6 the
angular densities Fiy,, and Fr,q as functions of the components
ky and k., of the normalized in-plane wave vector k =
(0,xy,x;) =K/ko = (0,K,,K;)/ ko. The dipole polarization
vector u is chosen to be equal to x (Fig. 3), Z (Fig. 4), 9XZ
(Fig. 5), and &,, (Fig. 6). The distance from the atom to the
interface is x = 200 nm.

We observe that in the case of Fig. 3, where u is aligned
along the axis x, the angular densities Feyan and Frq are
cylindrically symmetric functions of k. In the cases of Fig. 4,
where u is aligned along the axis z, and Fig. 5, where u
is aligned at a nonzero angle with respect to the axis x in
the xz plane, Fey., and Fi,q are not cylindrically symmetric
but are symmetric under the transformations «, — —«, and
k, = —k. Thus, in the cases of Figs. 3-5, where u is a real
vector, Fey,y and Fryg are symmetric under the transformation
K — —k.

In the case of Fig. 6, where u is a complex vector, that
is, where the atomic dipole rotates with time (in the xz
plane), Feyan and Frygq are symmetric under the transformation
ky — —ky [see Figs. 6(c) and 6(e)] but not symmetric under

PHYSICAL REVIEW A 93, 043828 (2016)

FIG. 7. Same as Fig. 6, but the distance from the atom to the
interface is x = 0.

the transformation «, — —k, [see Figs. 6(d) and 6(f)] and,
consequently, not symmetric under the transformation x —
—k. The asymmetry between the rates for the opposite in-plane
wave vectors K and —K results from the overlap between the
ellipticity vector of the dipole polarization of the atom and
the ellipticity vector of the local electric polarization of the
field mode. Figures 3—6 show that, in the limit x — 1, the
angular densities Fy,, and Fi,q approach the same limiting
values and there is no difference between the limiting values
of the rates for the modes with the opposite in-plane wave
vectors K and —K. These numerical results are in agreement
with the analytical results of the previous section.

In Figs. 7-10, we study in more detail the case u = &,,. We
focus on this case in order to get insight into the asymmetry of
the angular distributions Fy,, and Fr,q with respect to central
inversion in the interface plane. In order to see the effect of the
atom-interface distance x on the asymmetry of spontaneous
emission, we plot in Figs. 7 and 8 the angular densities of the
rates of spontaneous emission from an atom with the dipole
polarization vector u = &, at the distances x = 0 and 400 nm,
respectively. Other parameters are as for Fig. 6.

We observe from Fig. 7 that, when x =0, the angu-
lar density Feyan of the rate of spontaneous emission into
evanescent modes is strongly asymmetric with respect to
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x =400 nm
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FIG. 8. Same as Fig. 6, but the distance from the atom to the
interface is x = 400 nm.

the transformation k, — —«, and, hence, the transformation
K — —k [see Figs. 7(a) and 7(d)], while the angular density
Fraq of the rate of spontaneous emission into radiation modes
is symmetric [see Figs. 7(b) and 7(f)]. Comparison between
Figs. 8(a) and 7(a) shows that the density of the rate of
spontaneous emission into evanescent modes in the case of
Fig. 8(a), where x = 400 nm, reduces with increasing ¥ much

faster than that in the case of Fig. 7(a), where x = 0.

According to the previous section, the rates ye(vfa)n yr(a];), and

y /) of spontaneous emission into evanescent modes, radiation
modes, and both types of modes, respectively, propagating
into the side f = +,— of the axis z, are determined by

Egs. (35), (60), and (66), respectively. We plot in Fig. 9 the

rates ye(VJ;L, yr(az), and y(f ) as functions of the atom-interface

distance x in the case of u = &,,. Figure 9(a) shows that the
rates y}) and ;) of directional spontaneous emission into
evanescent modes quickly decrease to zero with increasing x

and the inequality ") > y{-) holds true for every x > 0.

Vevan evan (Jr) (7)
Meanwhile, Fig. 9(b) shows that the rates y,," and y.4

T
of directional spontaneous emission into radiation modes

oscillate with increasing x and approach the value yy/2 in
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evan

Y )/Y0
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Atom-interface distance x (nm)

FIG. 9. Rates yf) (a), ¥} (b), and y") (c) of spontaneous
emission into evanescent modes, radiation modes, and both types of
modes, respectively, propagating into the positive side f = + (solid
lines) or negative side f = — (dashed lines) of the axis z as functions
of the atom-interface distance x. The polarization vector of the
atomic dipole is u = &,,. The rates are normalized to the spontaneous
emission rate y; of the atom in free space. Other parameters are as
for Fig. 2.

the limit x — +o00. We observe that the equality yr(;g) = )/r(ag)

holds true for x = 0 and that both inequalities yr(;g) > yr(ag) and

yr(;(;) < yr(az) are possible depending on the distance x.

The asymmetries between the rates y7) and y,), between
the rates ;) and y.;), and between the rates y* and
are, as already stated in the previous section, characterized
by the parameters evan = Aecvan/Vevan> $rad = Arad/Vrad>» and
¢ = A/y, respectively. We plot in Fig. 10 the asymmetry

0.5

Asymmetry parameters

0 200 400 600 800
Atom-interface distance x (nm)

FIG. 10. Asymmetry parameters Cevs, (dashed blue line), (g
(dotted red line), and ¢ (solid black line) for the rates of directional
spontaneous emission into evanescent modes, radiation modes, and
both types of modes, respectively, as functions of the atom-interface
distance x. The polarization vector of the atomic dipole is u = &,..
Other parameters are as for Fig. 2. The short-dotted black line is for
the zero value of the asymmetry parameters and is a guide to the eye.
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FIG. 11. Angular densities F ' (a) and F. (b) of the rates of
spontaneous emission into radiation modes with the outputs inside
and outside the dielectric, respectively, as functions of «, and «, in
the case of Fig. 5, where the dipole polarization vector is u = 0., and
the atom-interface distance is x = 200 nm. Other parameters are as
for Fig. 2. The bottom panel shows the one-dimensional profiles of
FXand F2%. In (c) and (e), x, = 0. In (d) and (f), k, = 0.

rad *

parameters Seyan, (rad, and ¢ as functions of the atom-interface
distance x in the case of u = &,,. The dashed blue curve of the
figure shows that the asymmetry parameter ey, for emission
into evanescent modes is positive and monotonically decreases
with increasing x. The dotted red and solid black curves of
the figure show that the asymmetry parameters ¢.,q and ¢
for emission into radiation modes and both types of modes,
respectively, oscillate with increasing x and can be positive
or negative depending on the distance x. For x = 0, we have
Crad = 0 and Ceyan > ¢ > 0. In the limit of large x, we have
¢ > &g = 0. In this limit, Ceyay is also small.

According to the previous section, the angular densities
F2' and FJ% of the rates of spontaneous emission into
radiation modes outgoing into the dielectric and the vacuum,
respectively, are given by Egs. (69) and (70), respectively.
Unlike the angular densities Fey,, and Fryg, the dielectric-side
component F7i" and the vacuum-side component F) of Fyuq
can be asymmetric with respect to central inversion in the
interface plane when the dipole polarization vector u is a real
vector tilted with respect to the axis x and to the interface plane

PHYSICAL REVIEW A 93, 043828 (2016)

FIG. 12. Angular densities F™"' (a) and F% (b) of the rates of

rad rad
spontaneous emission into radiation modes with the outputs inside

and outside the dielectric, respectively, in the case of Fig. 6, where the
dipole polarization vector is u = &,, and the atom-interface distance
is x = 200 nm. Other parameters are as for Fig. 2. The bottom panel
shows the one-dimensional profiles of Fi' and F}. In (c) and (e),
k; =0.In(d) and (f), k, = 0.

yz. In order to get insight into the asymmetry of the angular

densities Fia' and F% with respect to central inversion in

the interface plane, we present in Figs. 11-14 the results
of numerical calculations for these distribution functions and

PN

their related rates in the cases of Fig. 5, where u = 6,,, and
Fig. 6, where u = &,,.
We plot the angular densities F™ and F'¥ in Figs. 11

rad rad
and 12 for the cases of u = 0, and u = &,., respectively. We
observe from Fig. 11 that, in the case where u = 6., both Frr;‘j“

and F)Y are asymmetric with respect to the transformation

k — —k. This asymmetry of F25' and F\f is a consequence

of the asymmetry of the orientation of the dipole polarization
vector u with respect to the interface. We note that the dif-
ference Fii'(ky,k;) — Fou'(—ky, — k;), which characterizes

the asymmetry of F7{', is exactly opposite to the difference

Fl¥(ky,kz) — FJ¥ (=K, — k), which characterizes the asym-

metry of F%. Due to the cancellation of the asymmetry in

the sum, the density Fiq = Fog' + Fy¥ is symmetric with

respect to the transformation k¥ — —k [see Figs. 5(b), 5(e),
and 5(f)]. Figure 12 shows that, in the case where u = &,,,
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FIG. 13. Rate 3™ and its components y,+™ for radiation modes

T
with outputs in the dielectric (red curves) and rate y.y and its

ra
components ¥, for radiation modes with outputs in the vacuum
(blue curves) as functions of the atom-interface distance x. The
polarization vector of the atomic dipole is u = 0... The rates are
normalized to the spontaneous emission rate y; of the atom in free

space. Other parameters are as for Fig. 2.

the distribution F™' [see Figs. 12(a), 12(c), and 12(d)] is

T

symmetric and theaddistribution FJ% [see Figs. 12(b), 12(e),
and 12(f)] is asymmetric with respect to the transformation
k — —k. The asymmetry of F% in Fig. 12 is a consequence
of the overlap between the ellipticity vector of the atomic
dipole polarization and the ellipticity vector of the field mode
polarization. The symmetry of Fimi' in Fig. 12 is a consequence
of the fact that we have Re (ufu,) = Re (uju.) = 0 in the case
considered. When Re (u*u,) or Re (u*u.) is not zero, F5" is
not symmetric with respect to the transformation ¥k — —k.

We plot in Figs. 13 and 14 the rate y " and its components

Y for radiation modes with outputs in the dielectric

0.6 1

Xz vac
0.5+

mat

0.4+

0.3+ vac(—) U

Rates v, /v,

T -

0.1+

0.0 T T T 1
0 200 400 600 800
Atom-interface distance x (nm)

FIG. 14. Rate 3" and its components ;™" for radiation modes
with outputs in the dielectric (red curves) and rate y.y and its
vac(+) e . .
components y,,, for radiation modes with outputs in the vacuum
(blue curves) as functions of the atom-interface distance x. The
polarization vector of the atomic dipole is u = &,,. The rates are
normalized to the spontaneous emission rate j; of the atom in free

space. Other parameters are as for Fig. 2.
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x =50 nm
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FIG. 15. Angular densities Fyy, (a), Fi' (b), and F. (c) of
the rates of spontaneous emission into evanescent modes, radiation
modes with outputs in the dielectric, and radiation modes with outputs
in the vacuum, respectively, in the case where the dipole polarization
vectorisu = @, . and the atom-interface distance is x = 50 nm. Other

parameters are as for Fig. 2.

(red curves) and the rate yoac and its components Vs for
radiation modes with outputs in the vacuum (blue curves) as
functions of the atom-interface distance x. The polarization

N

vector of the atomic dipole is u = 6, in the case of Fig. 13

and is u = &, in the case of Fig. 14. Figures 13 and 14 show

m

that ™ and y,y k) (red curves) do not depend on the distance
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x =50 nm
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FIG. 16. Angular densities Fuyy (a), Fia' (b), and F.y (c) of
the rates of spontaneous emission into evanescent modes, radiation
modes with outputs in the dielectric, and radiation modes with outputs
in the vacuum, respectively, in the case where the dipole polarization
vector is u = &,, and the atom-interface distance is x = 50 nm. Other

parameters are as for Fig. 2.

x while ¥4 and %™

with increasing x.

Comparison between Figs. 13 and 14 shows that we obtain

the same values for y, " (solid red curves) and the same values

for y;& (solid blue curves) in the two cases. The reason is

that the rates ¥ = yug" " + g and y = vl +

Y2 depend on |u |2 but not on the cross terms of the type

(blue curves) vary nonmonotonically

PHYSICAL REVIEW A 93, 043828 (2016)

u=é x =50 nm

Xz

(a) xy plane (b) xz plane

vac
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evan

FIG. 17. Radiation patterns P, (blue curves), P™' (green

rad
curves), and P.3 (cyan curves) for evanescent modes, radiation
modes with outputs in the dielectric, and radiation modes with outputs
in the vacuum, respectively, in the case where the dipole polarization
vector is u = 9“ and the atom-interface distance is x = 50 nm. The
horizontal axis of the figure is the direction of the x axis. In (a), we
set ¢ = 0,7 to calculate the patterns in the xy plane. In (b), we set
¢ = /2 to calculate the patterns in the xz plane. Other parameters

are as for Fig. 2.

uiuj where j # j'and j,j" = x,y,z [see Eqgs. (74) and (75)].
We note the following interesting features: y,m' =~ 0.4y, <

Y0/2, Vol < vt and yyi > ymt for x < 195 nm and x >

195 nm, respectively, y,i° > vo/2 for x > 397 nm, and ;¥
tends to approach the limiting value 1 — y23" ~ 0.6y, in the
limit x — +o00.

Figure 13 shows that, in the case where u = 9xz, the
difference y™' — 5™ (see the dashed and dotted red
curves) is a nonzero constant and is equal to the difference
y ) _ vt (see the dotted and dashed blue curves). This
difference is caused by the tilting of the dipole polarization
vector u with respect to the axis x and the interface plane yz
[see expression (76) and the first term in expression (77)].

Figure 14 shows that, in the case where u = &,,, we have

ym) = M) (see the dash-dotted red curve) and y, ™ #
Y22 (see the dashed and dotted blue curves). The difference
ye) _ ¥ can be positive or negative depending on the

distance x. This difference is caused by spin-orbit coupling of
light [see the second term in expression (77) and Egs. (53)—
(55)].

The angular distributions of the rates of emission of a
dipolelike particle can be measured experimentally by direct
imaging the emission patterns in the back focal plane of a
high-numerical-aperture objective lens [47,60,61]. The images
are the contour plots of the angular densities of the rates of
emission. We show the color-filled contour plots of the angular
densities Feyan, F™, and FY* in Figs. 15 and 16 for the

rad ° rad
cases where u = 9xz and &,,, respectively. The atom-interface
distance is chosen tobe x = 50 nm. Figure 15 shows that, in the
caseofu = 9”, the function Fyy,, [see Fig. 15(a)] is symmetric
but the functions Fms' [see Fig. 15(b)] and F,\% [see Fig. 15(c)]
are not symmetric with respect to central inversion in the in-

terface plane. Figure 16 shows that, in the case of u = &, the
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u= gxz x =50 nm
(a) xy plane (b) xz plane
vac
Prad

P

evan

FIG. 18. Radiation patterns Pe,, (blue curves), P™' (green

rad
curves), and P}¥ (cyan curves) for evanescent modes, radiation
modes with outputs in the dielectric, and radiation modes with outputs
in the vacuum, respectively, in the case where the dipole polarization
vector is u = &, and the atom-interface distance is x = 50 nm. The
horizontal axis of the figure is the direction of the x axis. In (a), we
set ¢ = 0,7 to calculate the patterns in the xy plane. In (b), we set
¢ = £ /2 to calculate the patterns in the xz plane. Other parameters

are as for Fig. 2.

function F2i" [see Fig. 16(b)] is symmetric but the functions

Fevan [see Fig. 16(a)] and FJY [see Fig. 16(c)] are not sym-
metric with respect to central inversion in the interface plane.

In the far-field limit, the radiation patterns of emission
into evanescent modes, radiation modes with outputs in the
dielectric, and radiation modes with outputs in the vacuum
are described by the functions Pey,n(60,0), Pr’;jt(e,@, and

PY%(6,¢), respectively, We plot these functions in Figs. 17

rad
and 18 for the cases where u =0,. and &,,, respectively.
The atom-interface distance is chosen to be x = 50 nm. The
horizontal axis of the figures is the direction of the x axis.
Figures 17(a) and 18(a) show that the radiation patterns in the
xy plane are symmetric with respect to the x axis. We observe
from Fig. 17(b) that, in the case where u = ?)xz, the pattern
Peyan in the xz plane is symmetric with respect to the x axis
but the patterns P45 and P}y are not. Figure 18(b) shows
that, in the case where u = &,,, the pattern P}' in the xz
plane is symmetric with respect to the x axis but the patterns
Pevan and PJY are not. These features are in agreement with

the analytical results presented in the previous section.

V. SUMMARY

We have studied spontaneous emission of a two-level
atom with an arbitrarily polarized electric dipole in front of
a flat dielectric surface. We have treated the general case
where the atomic dipole matrix element is a complex vector,
that is, the atomic dipole can rotate with time in space. In
order to get deep insight into the underlying physics, we
have employed a full quantum formalism for the atom and
the field, and have used the Hamiltonian method and the
mode expansion approach. We have calculated the rates of
spontaneous emission into evanescent and radiation modes.
We have examined the angular densities of the rates of
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spontaneous emission in the space of wave vectors for the
field modes. We have confirmed that, like in other physical
systems [19,30-49], when the ellipticity of the atomic dipole
is not zero, the angular density of the spontaneous emission rate
of the atom may have different values for the modes with the
opposite in-plane (transverse) wave vectors. The asymmetry
of the angular density of the spontaneous emission rate under
central inversion in the space of transverse wave vectors is
a result of spin-orbit coupling of light and occurs when the
ellipticity vector of the atomic dipole polarization overlaps
with the ellipticity vector of the field mode polarization.

Since the ellipticity of the electric polarization of the TE
modes is zero, only the TM modes can contribute to the
asymmetry of spontaneous emission with respect to central
inversion in the interface plane. The ellipticity of the electric
polarization of the TM evanescent mode (wKp1) arises as a
consequence of the fact that the field in this evanescent mode
has a longitudinal component whose phase is shifted by 7 /2
from that of the transverse component. Due to the fast decay
of the field in the evanescent modes, the difference between
the rates of spontaneous emission into evanescent modes
with opposite in-plane wave vectors decreases monotonically
with increasing distance from the atom to the interface. This
difference achieves its maximum value when the atom is
positioned on the surface of the dielectric. Meanwhile, the
ellipticity of the electric polarization of the TM radiation mode
(wKp2) results from the interference between the incident and
reflected fields in this mode, which have different polarization
vectors and different phases. Due to the oscillatory behavior of
interference, the difference between the rates of spontaneous
emission into radiation modes with opposite in-plane wave
vectors oscillates with increasing distance from the atom to the
interface. This difference can be positive or negative depending
on the atom-interface distance x, and is zero for x = 0. The
lack of asymmetry for radiation modes under the in-plane
central inversion in the case of x = 0 is a consequence of the
fact that the relative phase between the incident and reflected
fields at x = 0 is just the phase of the reflection coefficient
and hence is equal to O or 7. In addition, we have shown that
the ellipticity of the atomic dipole affects the angular density
of the rate of spontaneous emission into the radiation modes
outgoing into the vacuum but does not modify the angular
density of the rate of spontaneous emission into the radiation
modes outgoing into the dielectric.

The results of this paper can be used not only for
spontaneous emission of a two-level atom with an arbitrarily
polarized dipole, but also for the rate enhancement factor
and the radiation pattern of an arbitrarily polarized classical
oscillating dipole. These results can also be extended to the
case of a multilevel atom by summing up the contributions
from different transitions from each upper level. Due to
the competition between different types of transitions, the
directional dependence of the spontaneous emission rate of a
multilevel atom is, in general, weaker than that of a two-level
atom with a circularly polarized dipole.
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APPENDIX: TENSOR DECOMPOSITION

We use the Cartesian coordinate frame {x,y,z}. The
spherical tensor components A,, with ¢ = —1,0,1, of an
arbitrary complex vector A = {A,,A,,A_} are given by

A = (A —iA)/V2,

Ao = A,

Al = —(A, +iA)/V2. (A1)
The absolute length of the complex vector A is given
by |Al=|A*+|A,[>+]A.]>. The compound
tensor components {A* ® A}g,, where K =0,1,2 and
q =—K, ..., K,are given by

AP+ AP+ AL P

{A* ® Ao = A , (A2)
. |A1]2 — A2
(A* @A} = #
. AgA* | + A%A,
(A*® A}, = —#, (A3)
ApAT 4+ A*A_
{A* ®A}1’71 — %’
and 2
2|Aol> — AL — |A_ 2
A* @A)y = —— jg L
. AgA* | — A*A,
(A*® A}y, = —%,
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| AoAT— AjAL
V2 ’

{A*@ A} p = —A1AY,,

(A" ® A}, i

A*® A}z,,z = —A,1A>1k. (A4)

The scalar product of arbitrary complex vectors A and B is
defined by

1
A-B=AB, +A,B,+A.B, = Z (—1)7A,B_,. (A5)
qg=—1

We have the relation |A|> = A* - A. The vector product of the
vectors A and B is defined by

[A x Bl = (A, B, — A.B,)X + (A, B, — A,B.)§

+(AyBy — AyBy)i. (A6)
According to [62], we have
A-BP= ) (-DMA"®A)x - (B*®@Blx. (A7)
K=0,1,2
The above formula can be rewritten in the form
|A- B> = {JAP[B* + 5[A* x A] - [B* x B]
+{A*® A}, - {B* ® B},. (A8)
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