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Dielectric cavity QED between photonic crystals: An effective uniaxial medium approach
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The spontaneous-emission rate is evaluated for dipole emitters situated in the thin slab region between two
semi-infinite one-dimensionally periodic photonic crystals, a situation reminiscent of planar cavity laser struc-
tures. It is pointed out that the long-wavelength electromagnetic fields supported by such complex structures
can be directly quantized provided that the pair of semi-infinite photonic crystals are treated within the
effective-medium approach, in which each photonic crystal is represented by a truncated uniaxial medium
whose dielectric tensor components are determinable in terms of layer thicknesses and dielectric functions of
the individual photonic crystal components. The spontaneous-emission rate is evaluated for a dipole emitter
situated in the slab region, and oscillating at a frequency resonant with one of the modes that are localized
within the slab and exponentially decaying within the photonic crystals. Both symmetric and asymmetric
structures are discussed. Interesting features are predicted when the variations of the adjustable parameters are
examined, including suppression and enhancement of the spontaneous rate.

PACS number~s!: 42.50.Dv, 42.50.Ct, 42.70.Qs
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I. INTRODUCTION

It has been unambiguously established in cavity quan
electrodynamics~CQED! that the spontaneous rate of a po
dipole emitter can be controlled at will by suitably tailorin
the environment in which the dipole emitter is situated. Sin
the pioneering work of Purcell@1#, much research has bee
carried out, especially recently, on the modification of t
spontaneous rate and its practical consequences for dip
immersed in various dielectric media and cavity structures
different shapes and sizes. The dielectric slab structure
particular, has been the subject of investigation by many
thors @2–6#, but most treatments of this problem consider
the simplest case in which the slab is sandwiched betw
two much thicker layers of isotropic media. There has a
been little work done on the influence of possible frequen
dependence@7# of the relevant dielectric functions in thi
three-layer structure.

In a parallel development, considerable work was do
recently on electromagnetic modes guided within artificia
fabricated ordered photonic crystal structures@8–11#. These
structures can lead to the generation of efficient semicond
tor laser sources, principally because they can act not on
efficient waveguides, but also provide the possibility of
ducing, or maybe even completely suppressing, spontan
emission. A particular configuration often encountered
planar cavity laser structures is that in which the dipole em
ter is situated in the thin slab region between two se
infinite one-dimensionally periodic photonic crystals@12#.
We concentrate here on this configuration, because o
relevance to laser structures. We evaluate the spontan
emission rate for this situation, and explore the factors t
influence the suppression and enhancement of this rate.

Fortunately, the problem can be reduced to that of
three-layer slab structure mentioned above by invoking
effective-medium approach which has been successfully
1050-2947/2000/62~4!/043804~9!/$15.00 62 0438
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plied to the study of various electromagnetic excitations
layered structures@13–16#. The effective-medium approxi
mation considered here pertains to any layer structure form
by the alternate periodic stacking of two types of layers
locally isotropic materials of thicknessesd1 andd2 with di-
electric functions«1 and «2 , one or both of which may be
frequency dependent. This layer system is regarded
equivalent to a homogeneous uniaxial medium with a di
onal dielectric tensor containing two distinct componen
one for propagation along the optical axis, and the second
propagation parallel to the interfaces. Once this approxim
tion has been applied, one can deal with the quantization
the electromagnetic field modes of a homogeneous, but
isotropic medium which can then be made to form one of
sandwich layers in the slab structure under consideration
volving two semi-infinite periodic photonic crystals. Wit
the electromagnetic modes quantized, one can evaluate
spontaneous-emission rate, and explore its variations w
the controllable parameters of the system.

The plan of this paper is as follows. In Sec. II we set
the effective-medium formalism for the principal structur
namely, a thin slab region between two semi-infinite on
dimensionally periodic layered structures identified as
photonic crystals and treated within the effective-mediu
approach. Section III deals with the formalism for the eva
ation of the spontaneous-emission rate of a dipole positio
within the central slab region. The results of the theory
given in Sec. IV and are illustrated with reference to typic
situations involving a GaAs slab sandwiched between p
tonic crystals with frequency-independent dielectric fun
tions. Section IV A deals with the situation in which phot
nic crystal regions have different layer compositions and
layer thicknesses, leading to different effective uniaxial m
dia, while Sec. IV B concerns a symmetric structure w
identical photonic crystal regions. Section V contains co
ments and conclusions.
©2000 The American Physical Society04-1
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II. EFFECTIVE-MEDIUM THEORY OF DIELECTRIC
SLAB BETWEEN UNIAXIAL MEDIA

It is well known in electromagnetic theory that in anis
tropic media the electromagnetic fields are described
Maxwell equations, with additional constitutive relations th
describe the medium@17#:

D5«E, ~1!

B5mH, ~2!

where« andm are tensors in general. Here we assume e
trically anisotropic media, but magnetically isotropic su
that m is the permeability constant and« is the permittivity
tensor. This tensor has nine components in general, bu
assume that a principal coordinate system is used such
this tensor is diagonal with only three components«x , «y ,
and«z along the principal axes of the structure.

Moreover we shall specialize to uniaxial media whe
«x5«y5« i , so that our system has only two principal ax
with thez axis as the optic axis. Thus we take the permitt
ity tensor as

«5«oS « i 0 0

0 « i 0

0 0 «z

D . ~3!

The dispersion relations obtained from the Maxwell wa
equation of this system lead to two distinct equations@17#

k25
v2

c2 « i ~4!

for ordinary or TE waves, and

kz
21

« i

«z
ki

25
v2

c2 « i ~5!

for extraordinary or TM waves that propagate in the m
dium. For extraordinary waves the magnitude of the wa
vector is a function of its direction of propagation, where
for the ordinary wave it is independent of direction of prop
gation. These two waves are the two permissible nor
modes of the system.

We shall now present the effective-medium approach
the dielectric slab between two photonic crystals. As sho
schematically in Fig. 1, our system consists of a dielec
slab occupying the region 0,z,L, and the photonic crys
tals occupy the regionsz.L andz,0. Each photonic crysta
consists of a one-dimensionally periodic array of alternat
layers of materials. The thicknessesd1 andd2 and dielectric
functions«1 and«2 characterize one photonic crystal, whi
the corresponding parameters for the second photonic cr
are d3 and d4 for the thicknesses and«3 and «4 for the
dielectric functions.

In the effective-medium approach each photonic crysta
described by a dielectric tensor of the form given in Eq.~3!.
In this approach the photonic crystal has the optical cha
teristic of a uniaxial medium, as described above. The co
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ponents of the dielectric tensor appropriate for the photo
crystals were given in an illuminating argument in Ref.@12#,
and it is instructive to summarize the main ideas leading
the effective-medium approach. Consider the average v
of the displacement vectorDi parallel to interfaces over the
period (da1db) of a photonic crystal~with layers labeleda
andb! which, by definition, is given by;

D̄i5
«aEi

~a!da1«bEi
~b!db

da1db
, ~6!

with the bar denoting the average value. For lon
wavelength fields, where the wavelengthl is much greater
thanda anddb(l@da ,db), the variations of the electric field
over the crystal period may be neglected, and the elec
field may be approximated by its average value over
crystal period. Thus we may write

D̄i5« iĒi , ~7!

where

« i5
«ada1«bdb

da1db
. ~8!

Similarly the average value of the normal component of
electric field may be written as

Ēz5S Dz
~a!

«a
da1

Dz
~b!

«b
dbD 1

da1db
. ~9!

In the long-wavelength approximation the electric displa
ment may be approximated by its average value over
crystal period, and we write

Ēz5
D̄z

«z
, ~10!

FIG. 1. A schematic representation of the layer system un
consideration comprising a thin slab of dielectric function«s(v),
occupying the region 0,z,L between two photonic crystals.
4-2



ts
ch
it
ite

d
n

to
th
e

m
th
ys
b
et

a

de

y

e-
ero
re-
if-

TE

h

the
t

he

ute
ient
ore
ut

-

he
ider
a

by

DIELECTRIC CAVITY QED BETWEEN PHOTONIC . . . PHYSICAL REVIEW A62 043804
where we now have

«z5«a«b

da1db

«adb1«bda
. ~11!

Equations~8! and ~11! are the dielectric tensor componen
in the effective-medium description. Applying this approa
to the pair of photonic crystals at hand, we immediately wr
the dielectric tensor components for the two semi-infin
crystals as

« i15
«1d11«2d2

d11d2
, ~12!

«z15«1«2

d11d2

«1d21«2d1
~13!

for the first photonic crystal, and

« i25
«3d31«4d4

d31d4
, ~14!

«z25«3«4

d31d4

«3d41«4d3
~15!

for the second photonic crystal, where the subscripts 1 an
on the left-hand sides refer to the first and second photo
crystals, respectively. The dielectric functions of the pho
nic crystal will be taken to be frequency independent, but
slab dielectric function is assumed to be frequency dep
dent, and is represented by«s(v).

Having determined the forms of the dielectric tensor co
ponents we can now investigate the normal modes of
system of the slab between two semi-infinite photonic cr
tals. The electric fields in the different regions of the sla
crystal structure are determined by applying electromagn
boundary conditions atz50 and L to the solutions of the
wave equation. We write

E~z,0!5~Ai,0,Az!e
2 ikz1z1 i ~ki•r i2vt !,

E~z.0!5~D i,0,Dz!e
ikz2z1 i ~ki•r i2vt !, ~16!

E~0,z,L !5@~Bi,0,Bz!e
iksz1~Ci,0,Cz!e

iks~z2L !#

3ei ~ki•r i2vt !,

where theA’s, B’s, C’s, andD’s are the field amplitudes,ki

is the in-plane wave vector parallel to the interface, andkzs
andkzi are the wave vectors normal to the interfaces and
given as

kzs
2 5

v2

c2 «s2ki
2, ~17a!

kzi
2 5

v2

c2 « i i2
« i i

«zi
ki

2 ~ i 51,2!, ~17b!

which, for notational convenience, we write aski ( i
51,2,s). The various components of each field amplitu
04380
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are related to each other by the transversality condition“

•D5“•(«E)50. Application of electromagnetic boundar
conditions at the interfacesz50 andz5L ~Fig. 1!, and using
the transversality condition, leads to the set of equations

Ai2Bi2Ci f 50,

Ai1BiZ12CiZ1f 50,
~18!

Bi f 1Ci2D i50,

BiZ2f 2CiZ22D i50,

where

Zi5
«s

ks

ki

« i i
, ~ i 51,2! and f 5eiksL. ~19!

This set of equations admits a nontrivial solution if the d
terminant vanishes. Setting the determinant equal to z
leads, after simple algebra, to the well-known dispersion
lation for the slab between asymmetric structure of two d
ferent photonic crystals systems@18–20#:

~ks /«s!2~k2 /« i2!

~ks /«s!1~k2 /« i2!
f 5

~ks /«s!2~k1 /« i1!

~ks /«s!1~k1 /« i1!
f 21. ~20!

The dispersion relation in Eq.~20! is for the TM modes. It
can be shown that the corresponding relation for the
modes are obtainable from this by replacing («ski /« i iks)( i
51 and 2! by (ks /ki). In this paper we are concerned wit
the interface polaritons which are characterized@18,19# by
imaginary wave vectors normal to the interfaces such that
waves are decaying with distance from the interfaces az
50 andz5L into the outer regions and are hyperbolic in t
slab. These modes are purely extraordinary~or TM! modes.
Thus we ignore the TE modes here as they do not contrib
to the surface polariton modes. Moreover to see the sal
features of the effective medium description we shall ign
retardation effects, which amounts to ignoring througho
(v/c) terms such as in Eq.~5!. In this case dispersion rela
tion ~20! for the surface polaritons takes the form

tanh~bsL !52
bs

«s

~b1 /« i1!1~b2 /« i2!

~bs /«s!
21~b1b2 /« i1« i2!

, ~21!

where we have made the replacementb j5 ik j ( j 51,2,s).
This is the general form of the dispersion relation of t
system of interest. For illustration purposes we shall cons
a specific system in which the slab is GaAs, with
frequency-dependent dielectric function given by

«s5«`

v22vL
2

v22vT
2 , ~22!

where «`510.89, \vL536.25 meV, and \vT
533.29 meV. The photonic crystals parameters are given
the arbitrary setd15600 A, d25400 A, «158.89, «251.3,
d35500 A, d45300 A, «3510, and«451.5.
4-3
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The dispersion curves corresponding to Eq.~21! are
evaluated numerically for this set of parameters and the
sults are given in Fig. 2 for different slab thicknessesL, asv
versus the in-plane wave vectorki parallel to interface, with
d5d11d2 . It is clear that the dispersion curves depen
among other things, on the photonic crystal parameters
fact by changing the periodicityd of one of the crystals,
which is equivalent to changing its dielectric tensor comp
nents, the curves are found to shift up or down. The gap
occurs aroundv51.064vT is the reststrahl region of GaAs
a common feature of band-gap systems which makes t
special when one considers the interaction of dipole emit
with these modes, as we shall see in the next sections.

The case of a symmetric structure where the uniaxial m
dia are identical follows immediately from the above discu
sion by putting« i15« i25« i , «z15«z15«z , and b15b2
5b. The dispersion relations in this case follow from E
~20!, and leads to the well known@18,20# even and odd
modes:

«s

« i

b

bs
52tanhS 1

2
bsL D ~even modes!, ~23!

«s

« i

b

bs
52cothS 1

2
bsL D ~odd modes!, ~24!

These modes are shown in Fig. 3 for different slab thickne
The difference between these two modes and the mode
the asymmetric structure is evident; in the asymmetric str
ture there is only one mode, and this leads to the interes
feature of the band gap. In the symmetric structure there

FIG. 2. Dispersion curves of the interface modes in an as
metric structure. Different pairs of curves correspond to differ
slab thicknessesL50.5d, d, and 1.5d, whered5d11d2 . See main
text for other parameters.
04380
e-

,
In

-
at

m
rs

-
-

.

s.
of

c-
g
re

two distinct branches; one commences just belowvL , and
the other just abovevT and there is no gap. For largeki

these two branches approach a single asymptotic value,
from above and the other from below.

III. DIPOLE RELAXATION RATE

Having determined the dielectric tensor components
the effective-medium approach, our next task is the eva
tion of the emission rate by dipole emitters whose freque
lies in the frequency range spanned by the interface mode
shown in Figs. 2 and 3. First we have to normalize the mo
using standard quantization methods. The quantized ele
field is written as sum over the modesl, in the form

E~r ,t !5E d2ki(
l

@Eo~ki ,l!a~ki ,l!ei ~ki•r i2vlt !1H.c.#,

~25!

where the field functionEo is determined as follows: first we
write the field Hamiltonian of the slab-crystal system as

H5Hm1Hs , ~26!

whereHm is the field Hamiltonian in the anisotropic mediu
and is given by

Hm5
1

2 E d3r @D•E1«oc2B2#, ~27!

andHs is the field Hamiltonian in the slab which, in dispe
sive media, is given as@32#

Hs5
1

2
«0E d3rE d2ki(

l
F ]

]v
~v«s!El

21c2Bl
2G , ~28!

-
t

FIG. 3. Dispersion curves for the symmetric structure to
compared with Fig. 2. Note the disappearance of the frequency
between the horizontal lines in Fig. 2.
4-4
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DIELECTRIC CAVITY QED BETWEEN PHOTONIC . . . PHYSICAL REVIEW A62 043804
where the summation is over all modes, and the dielec
slab can have a frequency-dependent dielectric function.
total Hamiltonain in 26 is now required to reduce to t
canonical form

H5
1

2 (
l
E d2ki\v~ki ,l!@a~ki ,l!a†~ki ,l!

1a†~ki ,l!a~ki ,l!#, ~29!

where the annihilation and creation operators obey the u
commutation relation, namely

@ai~ki ,l!,aj
†~ki8 ,l8!#5d i j dlld~ki2ki8!. ~30!

This procedure culminates in the description of the field v
tor amplitude in terms of some structure functionsF andG:

Eo~ki ,l!5C~ki ,l!~ r̂ iFl1 ẑGl!, ~31!

where the normalization factorC(ki ,l) is given by

C~ki ,l!5S \vl

~2p!2«oFSE
l1

v2

c2 SB
l G D . ~32!

The form of the structure functionsF andG and the normal-
ization factorC(ki ,l) depend on the particular geometric
structure, and they are given in Sec. IV for symmetric a
asymmetric structures separately.

The surface polaritons described by this field will now
coupled to a point oscillating dipole of frequencyvo that is
situated in the slab. The dipole emitter is modeled as a t
level system with the groundug& state and the excitedue& state
separated by transition frequencyvo5(Ee2Eg)/\. An ex-
cited dipole discharges its energy by spontaneously emit
a surface polariton. For a dipole emitter situated atr
5(0,z) within the slab, the relaxation rate is given by Fe
mi’s golden rule as

G~r !5
2p

\ (
l
E d2kiu^e,$0%uH intug,$ki ,l%&u2

3d„\~vo2v~ki ,l!…, ~33!

where H int is the electric dipole interaction Hamiltonia
@21,22#

H int52
m•D~r !

«~r !
, ~34!

with D(r )5«(r ) E(r ) is the electric displacement field at th
position of the point dipole inside the dielectric slab whe
the permittivity is«(r )5«o«s , andm is the dipole moment
vector, which we write asm5m i r̂ i1mzẑ. Expressions~25!,
~33!, and ~34! lead, after carrying out theki integration, to
the following expression for the atomic dipole relaxati
rate:
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Gl~r !5G i1Gz

5S 2pm

\ D 2 kluC~kl!u2

u~]v/]ki!ukl

F1

2

^m i&2

m2 Fl
21

^mz&
2

m2 Gl
2G ,
~35!

wherekl is the value ofki at which a horizontal line atv
5vo crosses the dispersion curve labeledl.

The final step in the derivation of the spontaneou
emission rate is to incorporate the local-field correctio
which account for the fact that the dipole interacts with
own local field, rather than the macroscopic field which w
have derived here assuming locally continuous media. T
matter received attention in the recent literature@23–25#, and
it is generally accepted that such effects lead to modificati
of the spontaneous rate, which can be written as

Gl~r !→Gl~r !R~«s!, ~36!

whereR(«s) is the local-field correction factor. This facto
is, in general, model dependent, relying on a consideratio
small virtual free-space cavity surrounding the point dipo
and is embedded in the continuous medium where the dip
is situated@26#. However, there has been a number of expe
ments@26–28# to investigate the model dependence of t
local fields. These experiments favor the virtual cavity mo
due to Glauber and Lewenstein@23#. We shall therefore
adopt the Glauber-Lewenstein scheme according to wh
the local field correction factor is given as

RGL@«s~vo!#5S 3«s~vo!

2«s~vo!11D 2

~37!

with «s(vo) the local dielectric function of the slab calcu
lated at the dipole transition frequency. An alternative to
above procedure for incorporating local-field effects into t
theory is to use an interaction Hamiltonain in which the
pole couples to the local microscopic displacement fi
rather than the macroscopic one@29,30#. Expressions~35!
and ~37! will be calculated numerically in Sec. IV, in th
nonretarded limit, subject to the condition thatv andki sat-
isfy the dispersion relation~21! for asymmetric structures o
Eqs.~23! and ~24! for symmetric ones.

IV. NUMERICAL RESULTS

The spontaneous emission rate is now given by E
~35!–~37!, with local-field effects included. To perform th
numerical calculation of the decay rate we need to spe
the field amplitude and the functionsF andG. These depend
on the structure geometry, and we in Secs. IV A and IV
consider both asymmetric and symmetric structures.

A. Asymmetric structure

For the asymmetric structure case in which the slab
sandwiched between two different photonic crystals, the fi
function of model is given by Eqs.~25!, ~31!, and~32!, with
4-5
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SE5
« i1

2b1
S 11

« i1

«z1

ki
2

b1
2D 1

« i2

2b2
S 11

« i2

«z2

ki
2

b2
2DR21

]

]v
~v«s!

3F ~M21N2!
bs

21ki
2

bs
2

sinh~bsL !

bsL
12MN

bs
22ki

2

bs
2 G

3e2bsLL, ~38!

and

SB5
« i1

2

2b1
3 1

« i2
2

2b2
3 1

«s
2

bs
2 F ~M21N2!

sinh~bsL !

bsL
22MNG

3e2bsLL, ~39!

M52
1

2

12y1

y1
, ~40!

N52M
12y2

11y2
f , ~41!

R52M
y2

11y2
f , ~42!

yi5
«s

bs

b i

« i i
, ~ i 51,2!, ~43!

f 5exp~2bsL !. ~44!

The structure functions that appear in Eq.~3! can be speci-
fied in all three regions. However, since we are only int
ested here in the region within the slab where this appro
is valid, we need only display the structure functions fo
dipole positioned atr5(0,z), where 0,z,L:

Fl5@Me2bsz1Nebs~z2L !#l , ~45!

Gl5F i
ki

bs
~Me2bsz2Nebs~z2L !!G

l

.

~46!

It should be noted here that Eqs.~38!–~46! are given for the
general case where retardation effects are included, but
we are only interested in the nonretarded limit, and the
merical calculations will be done for this case. Having spe
fied the various field amplitude parameters, we now pres
the results of our numerical analysis and the results of
calculations are given Figs. 4–7 as the dipole relaxation
G, in units ofGs5vT55.05731013s21.

Figure 4 displays the relaxation rate as a function of
dipole transition frequencyvo /vT in the reststrahl region o
GaAs for a dipole oriented parallel~solid curve! and normal
~dashed curve! to the interfaces. A characteristic feature
the frequency dependence is the divergence of the rate a
frequency approaches one of the asymptotic values note
Figs. 2 and 3. This can be traced to the fact that the gro
velocity approaches zero in this limit. This behavior is w
known in the literature@31,32# where the rate suffers sup
pression when the dipole transition frequency is within
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reststrahl region. Near the band edges the group velo
approaches zero, and the rate peaks at the edge sides o
gap. In Figs. 5~a! and 5~b! we display the rate as a functio
of the slab thicknessL/d for dipole located atz5d/4 with
transition frequency ~a! vo51.066vT and ~b! vo
51.062vT . The solid curve is the parallel rate, while th
dotted curve is the normal rate. For a small slab thickness
rate diverges, consistent with the interaction with interfa
modes. For large slab thickness the dipole rates diminis
zero, since the interface modes themselves vanish in
limit. For certain values of slab thickness the dipole rate
totally suppressed in a manner that depends on the di
orientation and frequency. For frequencies above the b
gap the parallel rate for a dipole at the given fixed posit
vanishes at a certain slab widthL, while the normal rate
shows no such behavior. At frequencies below the gap
situation is reversed, and it is the normal rate that vanishe
a certainL. For frequencies within the gap, both rates vani
This is an interesting result, since it suggests that by app
priate choice of geometrical arrangement it is possible
control the atomic radiation rate in the cavity and may u
the cavity as filter to suppress or enhance the desired c
ponent of the relaxation rate. Figures 6~a! and 6~b! show the
relaxation rate as a function of dipole positionz/d for slab
thicknessL5d/2, for dipole transition frequencies~a! vo
51.066vT and~b! vo51.062vT . The solid lines correspond
to the parallel rate, and the dashed lines to the normal r
Clearly, since the geometrical structure of interest is
symmetric, the rate is not symmetric with respect to the s
center.

B. Symmetric structure

The field functions for the symmetric case are easily o
tained from the asymmetric case by putting« i15« i25« i ,
«z15«z25«z , d15d3 , d25d4 , and b15b25b. In this
case expressions~38!–~44! reduce to the following equation
appropriate for the symmetric structure:

FIG. 4. Dipole relaxation rate in units ofGs5vT , as a function
of dipole transition frequency for a dipole emitter positioned az
5d/4 and forL5d/2 with d5d11d2 . The solid curve is the par-
allel rate, and the dashed one is the perpendicular rate. See the
text for the other parameters used here.
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SE5
« i

b S 11
« i

«z

ki
2

b2D 1
]

]v
~v«s!~2M2L !

3Fbs
21ki

2

bs
2

sinh~bsL !

bsL
1a

bs
22ki

2

bs
2 Ge2bsL, ~47!

SB5
« i

2

b3 1
«s

2

bs
2 ~2M2L !Fsinh~bsL !

bsL
1aGe2bsL,

~48!

where

M52
1

2

12y

y
, ~49!

FIG. 5. Dipole relaxation ratesG i and Gz , in units of Gs

5vT , against the slab thickness for a dipole emitter atz5d/4, ~a!
vo51.066vT and ~b! vo51.062vT . See the main text for othe
parameters.
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N5a
1

2

12y

y
, ~50!

y5
«s

bs

b

« i
, ~51!

f 5exp~2bsL !, ~52!

wherea51 for the even mode and21 for odd mode, which
have been given in Eqs.~23! and ~24!. The structure func-
tionsF andG are still given by Eqs.~45! and~46! but withM
andN as in Eqs.~49! and ~50!.

As in asymmetric geometry, the even and odd modes
this structure constitute relaxation channels for the ato
dipole and the relaxation rate in this case can be calcula
from expressions~35!–~37!. The results are given in Figs

FIG. 6. Dipole relaxation ratesG i and Gz , in units of Gs

5vT , in the case of the asymmetric structure against the dip
positionz/d for a slab thicknessL5d/2 and transition frequencie
~a! vo51.066vT and ~b! vo51.062vT .
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7~a! and 7~b! as the rateG, in units of Gs5vT55.057
31013s21. Figures 7~a! and 7~b! show G as a function of
dipole position forL5d/2. The decay rate is symmetric wit
respect to the slab midpointL/2. This is to be contrasted with
the asymmetric case. At the slab midpoint both the para
decay rate that couples to the even mode and the no
decay rate that couples to the odd mode are zero, while o
rates are finite.

V. DISCUSSION AND CONCLUSIONS

In this paper we have focused on the application of
effective-medium theory to the problem of spontaneo

FIG. 7. Dipole relaxation ratesG i and Gz , in units of Gs

5vT , for the symmetric structure against the dipole position fo
fixed slab thicknessL5d/2: ~a! the parallel rate, and~b! the normal
rate. The curves were calculated for the same in-plane wave ve
kid53.5, which corresponds to transition frequency (vo

51.0764vT) in the even branch~full curve! and to (vo

51.0672vT) in the odd branch~dashed curve!.
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emission in a nanoscale dielectric cavity QED situation. T
effective medium approach permits a system of o
dimensionally periodic layered structure~photonic crystal! to
be represented as a uniaxial medium with well-defined
electric tensor components. We have shown how this le
to a determination of the electromagnetic fields localiz
within a slab which is sandwiched between two such pho
nic crystals, and hence to the evaluation of the decay rat
the dipole emitter situated in the slab region. We have ill
trated the theory for dipole emitters with frequencies in t
reststrahl band of GaAs, with the dipole situated within
GaAs slab which is sandwiched between two sets of pho
nic crystals of given layer widths and compositions. Wh
compared with typically numerically intensive methods th
would normally be needed to solve such a problem,
effective-medium approach is considerably more conven
for the evaluation of spontaneous emission in this and o
complicated dielectric cavity QED contexts involving one
more sets of one-dimensionally periodic layers.

The results point to a number of interesting featur
which arise from the variation of the adjustable paramet
of the system, namely, the dipole oscillation frequency,
pole vector orientation, dipole position within the slab, t
slab width, and finally, the photonic crystal parameters: la
widths and dielectric functions. We have shown that the
pole rate spans a wide range of values for dipole relaxa
into the interfacelike modes of the structure. These mo
propagate along the interfaces, but are localized within
slab region, and decay exponentially into the photonic cry
regions. We have seen that these modes and their couplin
dipole emitters positioned within the slab are sensitive to
values of the parameters mentioned above, constituting
tential flexibility for tailoring such a structure as, for ex
ample, for the purpose of achieving a desired suppressio
the spontaneous rate. One feature that should be highlig
in this context is the appearance of a frequency gap betw
the pair of interface dispersion curves. This gap is pres
only when the two photonic crystal regions are different, a
disappears when they are identical. A second feature of
asymmetric case is that for a given emitter position th
exists a slab width in which the point dipole would not dec
spontaneously.

The effective-medium approach can in fact be applied
situations in which all three regions of the structure poss
frequency-dependent dielectric functions. A particular cas
that in which one or both photonic crystals has a meta
component. This situation is likely to be considerably mo
involved algebraically than the case considered here,
should still benefit from the simplifications afforded by th
effective-medium picture. This problem will not be pursu
any further here.
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