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Decay of excited molecules in absorbing planar cavities
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The decay rate of an excited molecule~atom! embedded in a dispersive and absorbing planar cavity is
derived by using a recently obtained compact form of the Green’s function for a multilayer. As a by-product,
a hint is provided for a straightforward extension of the results obtained for lossless cavities of other shapes to
the corresponding absorbing cavities. The decay rate in an absorbing cavity consists of the spontaneous
emission rate and of the nonradiative rates caused by the near-field interaction of the molecule with the cavity
medium and, for nearby molecules, with the cavity mirrors. Only the spontaneous emission rate is satisfactorily
described in the macroscopic approach adopted. The theory is applied to an analysis of the effects of the weak
cavity absorption on the decay rate in a dielectric microcavity formed by two metallic mirrors. As expected,
dissipation in the cavity medium spoils the conditions for controlled spontaneuos emission and strongly
suppresses the intensity of spontaneous emission. However, its effect on the spontaneous emission rate is much
less pronounced.@S1050-2947~97!03411-2#

PACS number~s!: 42.50.Lc, 42.60.Da, 33.50.2j
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I. INTRODUCTION

The development of various light-emitting microdevic
based on controlled spontaneous emission~SE! has raised
the problem of a theoretical description of spontaneous
laxation of excited molecules~atoms! in realistic, i.e., disper-
sive and absorbing cavities. Macroscopic electrodynamic
clearly a natural framework in which to deal with such sy
tems. However, it is only very recently that, based on
result of the canonical field quantization for a microsco
model of a dielectric@1,2#, a scheme has been proposed
quantization of the macroscopic field in dispersive and
sorbing inhomogeneous systems@3–5#. So far, this program
has been fulfilled only for waves propagating along the n
mal to simple multilayers, i.e., effectively one-dimension
systems@4,5#. Since the coupling of the molecule to all po
sible waves supported by the system has to be considere
describe its decay correctly, the appropriate macroscopic
proach to this goal is therefore quantum-mechanical line
response theory in conjuction with the fluctuation-dissipat
theorem, familiar from the theory of spontaneous emissio
the presence of~absorbing! boundaries@6,7#, or the classical
theory developed in the context of molecular fluoresce
and energy transfer at interfaces@8–11#. At zero temperature
these methods give the same result for the~normalized! mo-
lecular decay rate and can be easily extended to fully abs
tive systems including also the cavity interior@12–14#.

So far, only the SE rate@12# and the total decay rat
@14,15# of the molecule in an infinite absorbing cavity~me-
dium! have been considered in more detail. In our previo
work @13# we pointed out that a straightforward extension
a classical result for the molecular decay rate in a transpa
layer @10,11# should describe the molecular decay rate in
fully absorbing multilayered system. In the subsequent
velopment, however, we have restricted our attention t
transparent cavity case. Recently, Lee and Yamanishi@16#
presented a theory on the SE rate in absorbing inhomo
561050-2947/97/56~5!/4197~10!/$10.00
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neous dielectrics based on a photon Green’s-function form
ism. In addition to not accounting for the near-field intera
tions of the molecule, their approach rests heavily on
calculation of a Green’s function of the system. In a ve
recent related work, Nha and Jhe@17# generalized the theory
of molecular decay by Wylie and Sipe@7# to finite but trans-
parent~empty! planar cavites. In this paper, using a recen
obtained compact form of the Green’s function for
multilayer@18#, we reconsider and complement our approa
in @13# and develop a theory of the molecular decay in
absorbing planar cavity or, generally, a multilayer. In th
way, we simultaneously extend the theory of Wylie and S
@7# to finite and absorbing cavities, as well as the theory
Barnettet al. @12,14# to finite planar cavities.

The paper is organized as follows. In Sec. II we estab
a relationship between the classical theory of@13# and the
QED approach described and define the normalized r
Throughout the paper we exploit this equivalence of
~normalized! rate in the two approaches and use~mainly! the
classical language to identify various contributions to t
total rate. In order to clarify the method of calculation em
ployed in Sec. IV, in Sec. III we briefly rederive a few bas
results concerning the decay of a molecule embedded in
absorbing dielectric host. In Sec. IV we derive the molecu
decay rate in absorbing planar cavities and discuss the
tionship between this result and the results obtained pr
ously. As an application of the theory, in Sec. V we consid
the decay of an excited molecule embedded in a dielec
microcavity formed by two metallic mirrors under the ci
cumstances of controlled SE and discuss the effects of ca
absorbtion on various contributions to the total molecu
decay rate. Our conclusions are summarized in Sec. VI.

II. PRELIMINARIES

Consider an excited molecule at a positionr0 in a cavity.
In the classical approach, the molecule is simulated b
4197 © 1997 The American Physical Society
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4198 56M. S. TOMAŠ AND Z. LENAC
point dipolep oscillating at the frequency of the transitionv.
The associated current density j (r ,t)52 ivpd(r
2r0)exp(2ivt) gives rise to the electric field in the syste
of the form E(r ,t)5E(r ,r0 ;v)exp(2ivt). The molecular
decay rateG is then related viaG5W/\v to the power

W~r0!5
v

2
Imp* •E~r0 ,r0 ;v! ~2.1!

lost by the dipole in supporting its own field. Introducing th
Green’s function of the system through@19#

E~r ,r0 ;v!5
v2

c2 GI~r ,r0 ;v!•p, ~2.2!

we have

G~r0!5
v2

2\c2 p* •ImGI~r0 ,r0 ;v!•p, ~2.3!

where we have assumed thatGI (r0 ,r0 ;v) is the diagonal
dyadic.

The quantum-mechanical decay rate is obtained in
usual way starting from the molecule-~total! field interaction
Hamiltonian of the standard form@14# Ĥ int52p̂•Ê(r0), us-
ing the Fermi golden rule, and employing the fluctuatio
dissipation theorem. At zero temperature, one arrives at
~2.3! with p→2pf i , wherepf i is the corresponding transitio
dipole matrix element@20#. Therefore, with this replacemen
in mind, we refer to Eq.~2.3! as the QED rate as well.

In general,G consists of the rateGS associated with losse
WS owing to the quasistatic interaction of the molecule w
its environment and the rateGT related to molecular losse
WT due to its transverse~retarded! interaction with the sur-
roundings. The quantitiesWS (GS) andWT (GT) can be ob-
tained separately from the above formulas through the q
sistatic and transverse parts, respectively, of the total dip
field ~Green’s function!. As usual, we refer toGT as the
spontaneous emission rateGSE and define the normalize
molecular decay rateĜ with respect to the SE rate in th
corresponding infinite cavityGSE

0 , i.e., Ĝ5G/GT
05W/WT

0 .
Clearly, both the classical and the QED approach lead to
same result forĜ given by

Ĝ~r0!5
p̂•ImGI~r0 ,r0 ;v!•p̂

p̂•ImGIT
0~r0 ,r0 ;v!•p̂

, ~2.4!

where nowp̂ describes the direction of the transition. No
that eventual local-field corrections do not affectĜ for cen-
trosymmetric cavity media and in this work, therefore, w
ignore the difference between the local field actually act
on the molecule and the macroscopic field used in the ab
derivation.

A cavity represents an inhomogeneous system that ca
described by the position-dependent complex dielectric fu
tion «~r ,v! defined in a piecewise fashion. One usua
solves for the full dipole fieldE ~Green’s functionGI ! in such
a system. The dipole quasistatic fieldES is then obtained by
e

-
q.

a-
le

e

g
ve

be
c-

letting c→` in this solution, i.e.,ES5 limc→` E. Obviously,
the differenceET5E2ES represents the dipole transver
~retarded! field. Indeed, since Gauss’s law holds for bothE
and ES , the field ET obeys the generalized transversal
condition

“•«~r ,v!ET~r ,r0 ;v!50, ~2.5!

as appropriate for inhomogeneous systems@21#. According
to Eq. ~2.2!, the Green’s function for the transverse fieldGIT
is therefore given by@18#

GIT~r ,r0 ;v!5GI~r ,r0 ;v!2
c2

v2 lim
c→`

v2

c2 GI~r ,r0 ;v!,

~2.6!

where the last term represents the Green’s function for
quasistatic fieldGIS . By definition,GIT comprises the contri-
butions of all polaritonic~retarded! modes in the system.

III. DECAY RATE IN AN INFINITE CAVITY

The Green’s functionGI0 for an infinite medium is ob-
tained by a straightforward generalization of the free-sp
Green’s function and reads@22#

GI0~r ,r0 ;v!5
1

k̃2 F3R̂R̂2II

R3
~12 i k̃R!2

4p

3
IId~R!

1 k̃2
II2R̂R̂

R
Gei k̃ R, ~3.1!

whereII is the unit dyadic,R5r2r0 , R̂5R/R, and

k̃~v!5 k̃8~v!1 i k̃9~v![A«~v!
v

c
5@h~v!1 ik~v!#

v

c
,

~3.2!

with h andk being, respectively, the refractive index and t
extinction coefficient of the medium. SinceGI0(r0,r0 ;v) is

the isotropic tensor, Eq.~3.1! has to be averaged overR̂ to
find its limit for R→0 correctly. With ^R̂R̂&5(1/3)II, one
therefore has

GI0~r0 ,r0 ;v!5 lim
R→0

F2
4p

3k̃2
d~R!1

2

3

ei k̃ R

R
G II. ~3.3!

In the spirit of the macroscopic field approach, we remo
the singularity that appears in the quasistatic componen
the dipole field by lettingdR→0(R)→1/Vm , where Vm

5(4p/3)Rm
3 is an appropriately chosen spherical volum

around the molecule. It is clear from Eq.~3.1! that making
this substitution is equivalent to averaging the quasist
dipole field ~Green’s function! over Vm , as suggested by
Barnettet al. @14#. The total dipole power lossW0 is there-
fore given through Eq.~2.1! by
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56 4199DECAY OF EXCITED MOLECULES IN ABSORBING . . .
W05WS
01WT

0[ImF2
1

«~v!G vupu2

2Rm
3 1h~v!

v4upu2

3c3 ,

~3.4!

where the first term describes the molecular quasistatic~near-
field! loss in the medium, whereas the second one gives
familiar transverse~far-field! loss of the molecule, i.e., th
spontaneous emission power. The quantityRm can be con-
sidered as an effective molecule-medium distance@14#; this
interpretation is also suggested by a very recent microsc
result for the molecular near-field loss@15#. Clearly, WS

0 is
due to the excitation of longitudinal modes in the mediu
and vanishes for nonabsorbing («950) media. Sincep̂ and
R̂ enter symmetrically into the expression forW0, note that
Eq. ~3.4! could have been obtained by averagingW0 over p̂
instead of averagingGI0 over R̂. This method of calculating
W0 will prove useful in Sec. IV.

We stress that the need of averaging the Green’s func
over R̂ concerns its quasistatic~longitudinal! component and
therefore the above procedure is unnecessary if solely the
rate is to be obtained. Indeed, the application of the rec
~2.6! to Eq. ~3.1! leads to

GIT
0~r ,r0 ;v!5

1

k̃2

3R̂R̂2II

R3
@~12 i k̃R!ei k̃ R21#

1
II2R̂R̂

R
ei k̃ R. ~3.5!

Expanding this for smallR, one directly finds

ImGIT
0~r0 ,r0 ;v!5 k̃8~v!

2

3
II. ~3.6!

Through Eq.~2.3! this gives for the SE rate in absorbin
media

GSE
0 5h~v!

4v3upf i u2

3\c3 , ~3.7!

as obtained by Barnettet al. @12#.

IV. DECAY RATE IN A PLANAR CAVITY

Consider an absorbing planar cavity (j ) formed by two
generally multilayered lossy mirrors with an excited mo
ecule embedded in it, as depicted in Fig. 1. A detailed d
vation of a convenient plane-wave expansion of the Gree
function for such a multilayer was presented in Ref.@18#.
Here we quote only the Green’s function element relevan
the present problem.

A. Green’s function

Denoting the~conserved! wave vector parallel to the sys
tem surfaces byk5(kx ,ky), we write the wave vector of an
upward ~downward! propagating wave in anl th layer as
K l

65k6b l ẑ, where
he

ic

n

E
e

i-
’s

to

b l5Ak̃l
22k25b l81 ib l9 , b l8>0, b l9>0. ~4.1!

The Green’s-function element relating an observation poinr
in the cavity to a source pointr0 in the cavity then reads

GI~r ,r0 ;v!52
4p

k̃ j
2

ẑẑd~r2r0!1 (
q5p,s

GIq8~r ,r0 ;v!,

0,z, z0,dj

GIq8~r ,r0 ;v!5
i

2p E d2k

b j
jq

eib j d

Dq j

3@Eq j
. ~k,v;z!Eq j

, ~2k,v;z0!u~z2z0!

1Eq j
, ~k,v;z!Eq j

. ~2k,v;z0!u~z02z!#

3eik•~r2r0!. ~4.2!

Here r[(r,z), jp51, js521, and

Dq j512r j 2
q r j 1

q e2ib j d, ~4.3!

with r j 6
q [r j /n(0)

q being the reflection coefficients of the up
per ~lower! cavity mirror. These coefficients obey the usu
recurrence relations@18#. The functionsEq j

, andEq j
. describe

the z dependence of the electric field in the cavity of aq
5p polarized or aq5s polarized plane wave of unit strengt
incident on the system from its upper~downward! and lower
~upward! side, respectively. They are given by

Eq j
"~k,v;z!5êq j

7 ~k!e2 ib j z
7

1r j 7
q êq j

6 ~k!eib j z
7
,

z2[z, z1[dj2z

êp j
7 ~k!5

1

k̃ j

~6b j k̂1kẑ!, ês j
7~k!5 k̂3 ẑ, ~4.4!

FIG. 1. System considered schematically.« l5nl
2 are the dielec-

tric functions of the layers.
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4200 56M. S. TOMAŠ AND Z. LENAC
whereêq j
7 are the orthonormal~complex! polarization vectors

associated with the downward~upward! propagating wave in
the cavity.

B. Molecular decay rate

We insert the Green’s function~4.2! into Eq.~2.1! @or Eq.
~2.3!# and letr→r0 , remembering, however, that the term
in W corresponding to the infinite-cavity case must be av
aged overp̂. Then, as before, the singular term in the Gree
function gives the molecular quasistatic bulk lossWS

0 . One
can therefore write

W~z0!5WS
01W̄~z0!, ~4.5!

whereW̄ is given through the nonsingular part of the Gree
function and, in most cases, gives the only contribution
the molecular loss.

Omitting hereafter the indexj denoting the cavity, we
have

W̄~z0!5WT
0Re

3

4p
E d2k

k̃8b
(

q5p,s
jq

eibd

Dq

3Eq
.~k,v;z0!•p̂ Eq

,~2k,v;z0!•p̂, ~4.6!

whereWT
0 is classically given by Eq.~3.4! or quantum me-

chanically by\vGSE
0 of Eq. ~3.7!. DevelopingE’s along k̂,

ẑ, and k̂3 ẑ and performing the angular integration (k̂
5coswx̂1sinwŷ), we obtain

W̄~z0!5WT
0Re

3

4
E

0

` dkk

k̃8b
H F 1

Dp

b2

k̃2
~12r 2

p e2ibz0
2

!

3~12r 1
p e2ibz0

1

!

1
1

Ds

~11r 2
s e2ibz0

2

!(11r 1
s e2ibz0

1

)G p̂i
2

1
1

Dp

2k2

k̃2
~11r 2

p e2ibz0
2

!~11r 1
p e2ibz0

1

!p̂'
2 J , ~4.7!

where p̂i and p̂' describe the orientation of the transitio
dipole relative to the cavity mirrors. To extract the remaini
infinite-cavity partW̄0 from W̄, we setr 6

q 50 in Eq. ~4.7!.
This gives

W̄05WT
0Re

3

4
E

0

` dk k

k̃8b
F S b2

k̃2
11D p̂i

21
2k2

k̃2
p̂'

2 G .

~4.8!

Of course, upon prescribed averaging@^p̂i
2&52/3 and^p̂'

2 &
51/3#, the quantityW̄0 becomesWT

0 , as expected. Note tha
W̄0, as it stands, diverges for absorbing cavities owing to
appearance of a nonphysical quasistatic contibution at
upper limit of integration in Eq.~4.8!. Therefore, taking its
transverse partW̄02 limc→`W̄0 also leads to the correct re
sult. For a transparent~k̃ is real! cavity, however,W̄05WT

0

r-
s

o

e
he

explicitly. This can be easily verified by noting that, in th
case, the operation Re cuts the above integral atk̃.

Equation~4.7! is of a form well known from the theory o
molecular fluorescence and energy transfer in transpa
layers @10,11#. In @13# we obtained it by making a direc
generalization of these classical results for simple syste
and conjectured that it also described the molecular po
loss in an arbitrary absorbing multilayered system. T
present derivation justifies this approach provided, howe
that the infinite-cavity part of the total loss is handled mo
carefully. Actually, according to the above discussion, E
~4.7! correctly describes the molecular loss not only f
transparent cavities but~i! for a freely rotating~unoriented!
molecule, where averagingW̄ over p̂ is needed, and~ii ! if
solely the SE power is considered, in which caseW̄
2 limc→` W̄ is to be calculated. A generally valid result i
however,

W̄~z0!5WT
01Wsc~z0!, ~4.9!

whereWsc comes from the molecular~dipole! field scattered
from the cavity walls and is obtained by substracting E
~4.8! from Eq. ~4.7!. This finally leads to the normalized
molecular decay rateĜ5W/WT

0 in the cavity:

Ĝ~z0!5ĜS
0111Ĝsc~z0!, ~4.10a!

where

ĜS
0~z0!5

3k~v!

u«~v!u2 S c

vRm
D 3

~4.10b!

is the normalized molecular decay rate due to the quasis
losses in the bulk of the cavity@14# and

Ĝsc~z0!5Re
3

4
E

0

` dk k

k̃8b
H Fb2

k̃2

1

Dp

~2r 2
p r 1

p e2ibd2r 2
p e2ibz0

2

2r 1
p e2ibz0

1

!1
1

Ds

~2r 2
s r 1

s e2ibd1r 2
s e2ibz0

2

1r 1
s e2ibz0

1

!G p̂i
21

2k2

k̃2

1

Dp

~2r 2
p r 1

p e2ibd1r 2
p e2ibz0

2

1r 1
p e2ibz0

1

!p̂'
2 J ~4.10c!

is the normalized total cavity-induced decay rate of the m
ecule.

Clearly, Wsc5WT
0Ĝsc fully describes the effect of field

confinement in the cavity on the decay rate as well as m
lecular losses due to its interaction with the cavity mirro
The corresponding quasistatic lossesWS

sc are obtained from
Eq. ~4.10c! in the c→` limit. As seen, these losses are d
to the excitation ofp-polarized waves with the large wav
vectorsk (b l5 ik) and, according to Eq.~4.1!, cannot be
explicitly separated from the retarded losses inWsc. There-
fore, further extraction of the SE contribution toĜ can be
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done only numerically for realistic cavities. This can be p
formed, e.g., by calculating the transverse part of Eq.~4.10!
numerically:

ĜSE~z0!511Ĝsc~z0!2
c3

v3 lim
c→`

v3

c3 Ĝsc~z0!, ~4.11!

where the last term on the right-hand side represents
normalized molecular quasistatic rateĜS

sc5WS
sc/WT

0 ~see the
Appendix!. Alternatively, one may simply omitGS

0 and cut
the integral in Eq.~4.10c! at a wave vectorK that is larger
than the wave vector of any polaritonic mode in the syste
We note, however, thatWS

sc is significant only for molecules
close (k̃8z0,1) to a lossy mirror. It has been discussed in
number of papers concerning molecular energy transfe
interfaces, e.g., in the context of molecular fluorescence n
a mirror @10,11# or in surface physics@23#, and its proper
account demands a microscopic description of the co
sponding mirror~interface!. For molecules at larger distance
from the mirrors,WS

sc may, in a very good approximation, b
neglected and for a lossless system it vanishes.

Equation~4.10! is the main result of this work. It extend
the early classical results for the molecular decay rate
transparent layers@10,11# to fully absorbing multilayered
systems. Also, it provides a generalization of the correspo
ing QED result~r 1

q 50 and«51! derived by Wylie and Sipe
@7# to finite and absorbing cavities as well as that (r 6

q 50) of
Barnettet al. @14# to finite planar cavities. To make conta
with other QED theories, we return to Eq.~4.7! and, as in
@13#, use the identity

Dq5
1

2
@~12r 2

q e2ibz0
2

!~11r 1
q e2ibz0

1

!1~11r 2
q e2ibz0

2

!

3~12r 1
q e2ibz0

1

!#

to rewrite Eq.~4.7! in terms ofŴ5W̄/WT
0 as

Ŵ~z0!5
3

4
ReE

0

` dk k

k̃8b
H Fb2

k̃2
Fp

i* ~k,z0!1Fs~k,z0!G p̂i
2

1
2k2

k̃2
Fp

'~k,z0!p̂'
2 J ,

Fp
i
~k,z0!5

1

2uDpu2 @ I p
1~k,z0!u12r 2

p e2ibz0
2

u21$6→7%#,

Fp
'~k,z0!5

1

2uDpu2 @ I p
1~k,z0!u11r 2

p e2ibz0
2

u21$6→7%#,

Fs~k,z0!5
1

2uDsu2 @ I s
1~k,z0!u11r 2

s e2ibz0
2

u21$6→7%#,

~4.12!

where
-

he

.

at
ar

e-

a

d-

I q
6~k,z!512ur 6

q u2e24b9z6
12i Imr 6

q e2ibz6
~4.13!

and the symbol$6→7% denotes the expression in the co
responding bracket with changed subscripts and superscr

Since for a transparent cavity we have, for example,

Re
1

b
I q

6~k,z0!5
1

ubu
3H 12ur 6

q u2, k< k̃

2 Imr 6
q e22b9z0

6

, k. k̃ ,

in this caseŴ naturally splits into a partŴ8 describing the
molecular decay into the propagating~b is real! waves in the
cavity and a partŴ9 coming from the molecular interactio
with the evanescent~b is imaginary! waves in the cavity.
Ĝ85Ŵ8 precisely reproduces the normalized SE rate as
rived by De Martiniet al. by explicitly employing the quan-
tized radiation field in an empty («51) cavity with lossless
mirrors @24#. De Martini et al. have demonstrated thatĜ8
correctly reproduces the SE rate in a number of special c
considered previously. In a dielectric («.1) cavity, how-
ever, in addition to the decay rate due to the coupling of
molecule to the unbound~photonlike! waves,Ĝ8 also gives
the molecular decay rate due to its coupling to the wavegu
modes of the cavity.Ĝ95Ŵ9 describes the decay rate of th
molecule due to its interaction with the waves guided by
cavity mirrors and, for a nearby molecule, due to its qua
static interaction with the mirrors. Clearly, this picture r
mains basically valid also in~weakly! absorbing cavities,
although the mode pattern is smeared sinceb is complex for
all waves and, accordingly, a sharp distinction betwe
propagating and evanescent waves is lost.

We end this section with a remark concerning the mole
lar decay rate in absorbing cavities of other shapes. First
note that generally, according to Eq.~2.3!,

Ĝsc~r0!5
3

2k̃8~v!
p̂•ImGIsc~r0 ,r0 ;v!•p̂, ~4.14!

whereGIsc is the Green’s function for the field scattered fro
the cavity walls. For an absorbing planar cavit
GIsc(r0 ,r0 ;v) is easily recognized in Eq.~4.10c! using p̂i

2

5p̂•( x̂x̂1 ŷŷ)•p̂ and p̂'
2 5p̂• ẑẑ•p̂. It differs from the corre-

sponding Green’s function element for a transparent,
empty, cavity only in that this timek̃ is complex@18#. This is
a general property of the Green’s function. Indeed, since
terial parameters of a system enter the Green’s function o
through k̃’s for various regions,GI obtained for a lossless
system is extended to describe the corresponding dispe
and absorbing system simply by replacing the relevant
k̃’s with their complex counterparts. Now, numerous cons
erations of the decay rate in transparent cavities of vari
shapes ended with Eq.~4.10a! and the form Eq.~4.14! for
Ĝsc. Therefore, with the above replacement inGIsc and an
obvious modification of the prefactor in Eq.~4.14!, these
results describe the decay rate in the corresponding abs
ing systems as well@25#.
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V. DISCUSSION

In this section we analyze the effects of cavity absorpt
on various contributions to the total decay rate in a dielec
cavity. As is the case in practical applications of controll
SE, we assume a weakly absorbing cavity (k!h), i.e., we
consider a molecular transition not coinciding with an a
sorption resonance in the cavity. In this case, one may
differentiate between the~dominantly! propagating (b8
>b9) and the~dominantly! evanescent (b9.b8) waves in
the cavity. According to Eq.~4.1!, these two classes of wave
are described by the wave vectorsk<k8 andk.k8, respec-
tively, wherek85A«8v/c. In the configurations withA«8
.hE , whereE50 or E5n denotes the external layer with
larger index of refraction, propagating waves can be furt
recognized as photonlike~unbound externally! waves with
the wave vectors 0<k<kE and cavity-guided waves~eva-
nescent externally! described bykE,k<k8. In such sys-
tems, the evanescent waves actually represent the w
guided by the cavity mirrors since they are also bound ex
nally. Referring to Eq.~4.10!, the decay rate can therefore b
written as

Ĝ~z0!5Ĝph~z0!1ĜCGW~z0!1ĜMGW~z0!, ~5.1!

where the separate contributions of photonlike~ph!, cavity-
guided waves~CGW!, and mirror-guided waves~MGW! are
determined by the integrals in Eq.~4.10c! over the corre-
sponding wave vector ranges. In writing Eq.~5.1! we have
ignored ĜS

0 as it is not completely specified in the prese
approach. Note also thatĜMGW incorporates the decay rat
ĜS

sc owing to the quasistatic molecule-mirror interaction.
All modes supported by the system show up as re

nances inuDpu22 and uDsu22 considered as functions of th
wave vectork. For photonlike waves, we set

r 6
q ~k!5jqur 6

q ~k!ue2if6
q

~k!, jp51, js521. ~5.2!

This transformsuDqu22 into a familiar~Airy ! form @26# gen-
eralized, however, for absorption in the system:

1

uDqu2 5
~12ur 2

q r 1
q ue2ad!22

11Fqsin2~b8d1fq!
, ~5.3a!

where

Fq5
4ur 2

q r 1
q ue2ad

~12ur 2
q r 1

q ue2ad!2 ~5.3b!

determines the cavity finessef q5(p/2)AFq for a wave. Here
a52b95(v/c)2«9/b8 is the absorption coefficient of th
cavity for the wave andfq5f2

q 1f1
q is the cumulative

phase half shift of the wave due to two successive reflect
in the cavity.

The effects of the cavity absorption onĜph can be de-
duced from the properties of the above generalized A
function. Thus the wave vectorskqm (bqm8 ) of the cavity
resonant~antiresonant! modes are found as solutions of
n
c

-
ill

r

es
r-

t

-

s

y

b8d5mp2f2
q ~k!2f1

q ~k!, k<kE , ~5.4!

with m being an integer~half integer!. Owing to the appear-
ance off’s, dissipation in the system affects the mode po
tions. Specially, for anM th-order SE enhancement~inhibi-
tion! cavity, one haskM50 and bM8 5 k̃8. This gives the
tuning condition for the cavitydM5@M2f(0)/p#l/2h, so
that dM ’s are shifted from the standard half- or quarte
wavelength values in an absorbing system. The mode wid
are found in a standard way@26#. Owing to the decrease o
the average reflectivity of the cavity mirrors by the fact
exp(2aqmd), they are increased in an absorbing cavity. Sin
the peak values of the corresponding resonances are si
taneously decreased, the dissipation in the cavity spoils c
ditions for either enhanced or suppressed SE.

The wave vectors of guided modes and their widths
given by zerosk̃qm of Dq in the corresponding regions of th
complex-k plane. For waveguide modes it is convenient
use the representationr 6

q 5exp(22if̃6
q ), as appropriate for

the total reflection of the waves in the cavity. Therefo
owing to the dissipation in the system, the phasesf̃6

q are
complex. This leads to the usual mode equation of a pla
waveguide

bd5mp1f̃2
q ~k!1f̃1

q ~k!, k.kE , ~5.5!

where m is an integer. Using the recurrence relations
reflection coefficients@18#, the solutions for CGW’s and
MGW’s can be found using standard methods of integra
optics in the regionsb8.b9 andb9.b8, respectively. For
k close to ak̃qm , one can useDq(k).Dq8( k̃qm)(k2 k̃qm),
whereDq85dDq /dk. Accordingly,

1

uDqu2
5

uDq8~ k̃qm!u22

~k2 k̃qm8 !21~ k̃qm9 !2
, ~5.6!

so that the waveguide-mode part of the SE spectrum con
of a series of Lorentzian peaks. As before, since absorp
causes increase ofk̃qm9 , guided-wave resonances are su
pressed in absorbing cavities.

We illustrate these considerations by numerically anal
ing the decay rate in a symmetric dielectric cavity formed
two metallic ~Ag! mirrors and surrounded by air~see the
inset in Fig. 2! taken as a simple system that supports
kinds of modes. Figure 2 illustrates the mode pattern of s
a transparent and an absorbing cavity. It is obtained from
~4.12! by calculating the normalized molecular power dist
bution overk defined as@13#

Ŵ~k,z0!5
k̃8ubu

k

dŴ~z0!

dk
. ~5.7!

Since for propagating waves in a transparent cavity one m
setk5 k̃h sinq, this definition leads to the usual SE intensi
distribution Ŵ(q,z0) over the polar anglesq<p/2 in the
cavity. In general, however, it gives a suitably weight
k-space power spectrum of the molecule. In order to pick
all modes, we have assumed a freely rotating molecule
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cated at the first maximum~antinode! of ReFp1
i (0,z0)

5ReFs1(0,z0) in the second-order enhancement~l! cavity.
Since, for a freely rotating molecule,Ŵ(k,z0)5Ĝ(k,z0), the
curves actually represent the corresponding probabilitie
the decay into ak mode of the system.

Three different regimes inŴ(k,z0) anticipated in Eq.
~5.1! are clearly resolved in the figure. In the region
<k/kc<1, one deals withŴph(k,z0). As mentioned above
in the case of the transparent cavity, this part of the spect
corresponds to the total~above and below the molecule! in-
tensity distributionŴ(q,z0) over the radiation modes in th
cavity expressed in the figure as a function ofh sinq. The
system is adjusted so as to obtain enhanced SE in the no
direction. As seen, only the fundamental cavity mode ex
for this cavity length. Note thatŴph(0,z0) is 80 times larger
than the SE intensity of the freely rotating molecule in t
infinite cavity @Ŵrad

0 (q)51/2#. For a transparent cavity, Eq
~4.12! correctly describes the SE spectrum for an orien
molecule too. Accordingly, for an oriented molecule, th
part of the spectrum should be multiplied by (3/2)p̂i

2 since it
comes only from the parallel dipole transition moment. T
effect of absorption in the cavity onŴph(k,z0) is seen in the
increase of the fundamental-mode width and a strong s
pression of SE intensity.

The waveguide-mode part of the spectrum can be un
stood on the basis of the properties of a symmetric me
clad planar waveguide@28# taking into account the finite
thickness of the cladding~mirrors!. It is dominated by the
two TM modes in the regionk/kc.1.5 formed by the anti-

FIG. 2. Normalized power loss distribution of a freely rotatin
molecule in the cavity shown in the inset. The upper and low
curves correspond to then51.5 ~transparent! and n51.51 i0.05
~absorbing! cavities, respectively. WithnAg50.051 i5.858 at the
SE vacuum wavelengthl5582 nm @27# and the thickness of the
mirrors l m50.06l, the transparent cavity finesse isf (0).31. In
terms of the SE wavelengthl̄5l/1.5 in the cavity, the cavity
length isd50.872l̄ and the molecule position isz050.186l̄. The
wave vectork is expressed in units ofkc5v/c.
of

m

al
ts

d

e

p-

r-
l-

symmetric and symmetric coupling of surface plasmo
polariton ~SP! modes of the mirrors@29#. We denote these
modes by SP2 ~TM1! and SP1 ~TM0! according to the sym-
metry of their fields across the system. Since thez compo-
nent of the SP field dominates, this part of the spectrum
mainly due to the~average! perpendicular dipole transiton
moment. The SP2 mode has a smaller wave vector and is c
off at small cavity lengths. For larged, the SP2 and SP1
modes become degenerate as the SP of the mirrors bec
decoupled. Accordingly, the SP1 mode persists for all cavity
lengths and, as discussed previously@13,18#, provides an ef-
ficient decay channel for molecules close to a mirror t
may spoil the conditions for controlled SE. In this respe
one must not be confused by Fig. 2 in judging the contrib
tion of the SP modes to the total SE rate since the weigh
factor~b! in Eq. ~5.7! is very small in thisk region. Actually,
for the system presented, nearly half the SE rate is due to
coupling of the molecule to the SP modes. As before,
effect of the cavity absorption on this part of the spectrum
seen in the increased widths of the modes and an ove
~strong! suppression of SE intensity.

The role of various terms in Eq.~5.1! is best seen in Fig.
3, where we have plotted the position dependence of
decay rate in the transparent and the absorbing cavity of
2 for the perpendicular and the parallel transition dipole o
entations. WhereasĜph

' (z0) is the largest in the middle of the
cavity, the total decay rateĜ'(z0) is actually the smallest a
this position. This is due to the increasing coupling of t
molecule to the SP modes as it moves from the cavity cen
On the other hand, since the molecule-SP coupling is w
for this transition dipole orientation,Ĝi(z0) is the largest
around the usualz05l̄/4 andz053l̄/4 molecule positions.
At short molecule-mirror distances, the rates are governed
the quasistatic molecule-mirror interaction inadequatly
counted for in the point-dipole model for the molecule a

r
FIG. 3. Dependence of the decay ratesĜ' ~solid line! and Ĝi

~dashed line! on the molecule positionz0 in the transparent~upper
line! and the absorbing~lower line! cavity described in Fig. 2. The
cavity length isd50.872l̄.
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4204 56M. S. TOMAŠ AND Z. LENAC
the macroscopic approach to the cavity mirrors@7#. For this
reason,Ĝ'(z0) and Ĝi(z0) in the transparent cavity diverg
whenz0 approaches a mirror. The corresponding curves
the absorbing cavity tend to negative values owing to
omission of the quasistatic bulk rateGS

0 . Using Eq.~4.10b!,
in the Appendix we show that the total quasistatic rateGS

0

1ĜS
sc(z0) is, of course, positive. However, as one may co

clude from the figure (d.l̄), the effective range of the qua
sistatic molecule-mirror interaction is of the order ofl̄/10.
Accordingly, this theory adequately describes the molecu
decay in the whole cavity space excluding the layers of
thickness;1/k̃8 at the mirrors. As seen in the figure, th
effect of the cavity absorption onĜ'(z0) and Ĝi(z0) is very
small through this cavity region, except, of course, for t
enhancement byĜS

0 .
The dependence of the decay rate on the cavity lengt

illustrated in Figs. 4 and 5, where we have plottedĜ(d/2) for
the parallel and perpendicular transition dipole orientatio
respectively, in the two cavities of Fig. 2. One again o
serves that, disregarding the appearance ofĜS

0 , the cavity
absorption affectsĜi andĜ' only slightly and, as concluded
earlier, tends to spoil the conditions for controlled SE.
larger d’s, the curves exhibit the familiar enhanced or su
pressed SE behavior characteristic for a cavity with reali
mirrors @24,13#. However, it is worth noticing thatĜi(d/2)
.3 at the first peak, i.e., the predicted rate is larger than
rate in the corresponding cavity with ideal (r 6

q 5jq) mirrors.
A more detailed analysis reveals that bothĜph(d/2) and
ĜCGW(d/2) contribute to this peak and that, because
ĜCGW(d/2), it increases rather strongly with the cavity r
fraction index, e.g., forn53Ĝi(d/2).10 at the first peak.
Therefore, this somewhat surprising result is a combin
medium-cavity effect that perhaps, in view of technologic

FIG. 4. Dependence of the total decay rateĜi ~solid line! and the
SE rateĜSE

i ~dotted line! on the cavity lengthd for the systems
described in Fig. 2. The inset shows the rateĜi8 for the decay into
propagating waves in the cavity only. The upper and lower cur
refer to the transparent and absorbing cavities, respectively.
molecule position isz05d/2.
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applications, deserves further exploration.
The small-d behavior ofĜi(d/2) andĜ'(d/2) can be un-

derstood by invoking the mirror symmetry of the system a
the properites of the SP modes. Owing to the central posi
of the molecule, the parallel dipole couples only to the S2

mode whose parallel~small! field component is symmetric
across the system. Since this mode is cut off at smalld, the
rate Ĝi(d/2) is weakly affected by the cavity mirrors fo
almost all relevant cavity lengths. This is clearly seen in F
4, where the total rateĜi(d/2) is slightly larger than the rate
Ĝi8(d/2)5Ĝph

i (d/2)1ĜCGW
i (d/2) for the decay into propagat

ing waves in the cavity only~see the inset!. Contrary to this,
Ĝ'(d/2) increases sharply at small (d,l̄) cavity lengths,
while Ĝ'8 (d/2) demonstrates the usual suppressed SE be
ior ~see the inset in Fig. 5!. This behavior ofĜ'(d/2) is a
consequence of the sharp increase ofĜMGW

' (d/2) at small
molecule-mirror distances caused by the strong coupling
the perpendicular dipole to the SP1 mode with the symmet-
ric perpendicular~large! field component.

As before, for d→0, the rate Ĝi(d/2) becomes inad-
equately described in the present approach owing to the
vailing quasistatic molecule-mirror interaction. In addition
this interaction, the perpendicular dipole is strongly coup
to the surface plasmon mode of the system, i.e., to the q
sistatic counterpart of the~remaining! SP1 mode. This
causes continuous increase ofĜ'(d/2) in the range presente
in Fig. 5. Of course, the corresponding SE rates should
ways remain finite and positive. To check this, we have u
Eq. ~4.11! to calculateĜSE

i (d/2) andĜSE
' (d/2). This method

of calculating the SE rate becomes numerically unstable
d→0 as one has to substract the two uncorrelated diverg
terms. Nevertheless, the dotted curves in Figs. 4 an
clearly indicate the proper behavior ofĜSE

i (d/2) and
ĜSE

' (d/2). In turn, this calculation proves that, indeed, to d
termine the SE rate in a system one may avoid the invol

FIG. 5. Same as in Fig. 4, but for the perpendicular dip
orientation.s

he
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calculation of the corresponding transverse Green’s func
by using instead the full Green’s function and, when nec
sary, by extracting its transverse part numerically, as p
posed in this work.

VI. SUMMARY

Using a recently obtained compact form of the Gree
function for an absorbing multilayer, in this work we hav
derived the decay rate of an excited molecule~atom! embed-
ded in a planar cavity~or, generally, a multilayer! by rigor-
ously taking into account cavity dispersion and absorpti
In this respect, the presented theory generalized nume
previous considerations of the molecular decay rate in lo
less or empty planar cavities. From comparison with th
works, a hint emerged for a straightforward extension of
results obtained for lossless cavities of various shapes to
corresponding absorbing cavities.

In addition to the spontaneous emission rate, the total
cay rate in an absorbing cavity consists of the contributi
coming from the quasistatic~near-field! interaction of the
molecule with the cavity medium and, for nearby molecul
also with the cavity mirrors. These contributions were ina
equately described in the point-dipole model for the m
ecule and the macroscopic approach to the mirrors adop
However, this approach suffices to determine the sponta
ous emission rate of the molecule correctly and we h
proposed~and checked! a simple method for numerical ex
traction, when necessary, of the spontaneous emission
from the otherwise inadequate total decay rate. In this w
the spontaneous emission rate in an absorbing inhom
neous system can be calculated without having the transv
field quantized or, equivalently, without knowing the corr
sponding transverse Green’s function.

The theory was applied to an analysis of the effects of
weak cavity absorption on the decay rate in a dielectric
crocavity formed by two metallic mirrors. A detailed discu
sion of the various contributions to the decay rate was p
sented. Dissipation in the cavity strongly reduced
molecular power distribution over the available retard
modes, i.e., the SE intensity. However, except for an ove
enhancement by the quasistatic bulk rate, the total decay
away from the mirrors was weakly affected by the dissip
tive processes in the cavity. The same holds for the SE r
As the strong dissipation in the cavity may effectively d
stroy its finesse, this may no longer be true for the molecu
transitions in resonance with those of the cavity medium
ys
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we plan to address this situation in a forthcoming pa
along with the frequency dependence of the SE rate i
dispersive and absorbing microcavity.

APPENDIX: QUASISTATIC RATE

From Eqs.~4.10c! and ~4.11! we have

ĜS
sc~z0!5

3

4h
Im

1

« E
0

` dkk2

~v/c!3

1

D
@~r 2e22kz0

2

1r 1e22kz0
1

22r 2r 1e22kd!p̂i
212~r 2e22kz0

2

1r 1e22kz0
1

12r 2r 1e22kd!p̂'
2 #, ~A1!

whereD512r 2r 1exp(22kd) andr 6 are obtained fromr 6
p

by settingb l5 ik for all relevant layers. These reflection co
efficients, therefore, obey the recurrence relation@18#

r i j /k5
r i j 1r j /ke

22kdj

11r i j r j /ke
22kdj

, r i j 5
« j2« i

« j1« i
. ~A2!

The above result is valid for small (k̃8d,1) cavity lengths.
For larger cavity lengths and for a molecule close (k̃8z0
,1) to a mirror, only that mirror matters. In this case, E
~A1! simplifies to

ĜS
sc~z0!5

3

4h
Im

1

« E
0

` dkk2

~v/c!3 r ~k,v!e22kz0~ p̂i
212p̂'

2 !,

~A3!

where r and z0 are the reflection coefficients of the corr
sponding mirror and the molecule-mirror distance, resp
tively. A microsopic approach toGS

sc leads to this result with
a nonlocal expression forr @23#. With Eq. ~4.10b!, the total
quasistatic rate is therefore

ĜS~z0!5
3

2
ImH 2

h2

«
F 1

~ k̃8Rm!3
2

~ p̂i
212p̂'

2 !

~2k̃8z0!3

3
1

2
E

0

`

dyy2r ~y/2z0 ,v!e2yG J . ~A4!

Since Rm is necessarily smaller thanz0 , in an absorbing
cavity ĜS is mainly determined by the bulk rateĜS
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