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Quantum interference between decay channels of a three-level atom
in a multilayer dielectric medium
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Spontaneous emission of an atom with two close upper levels and one lower level in a multilayer dielectric
medium, and quantum interference between transitions from the upper levels to the lower one, are considered.
Since the medium is inhomogeneous along the direction normal to the interfaces of the dielectric layers, the
vacuum has an anisotropic spatial structure, and quantum intereference between the two decay channels can
appear even if the two dipole matrix elements are orthogonal to each other. If the atom is placed in a
three-layer dielectric plate cavity, a strong quantum interference similar to that for an atom with two nearly
parallel dipole moments in free space arises due to the influence of anisotropic vacuum. Putting the atom in a
three-layer dielectric waveguide and a one-dimensional photonic crystal, there appears a strong quantum
interference similar to that for an atom with nearly antiparallel dipole moments.
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I. INTRODUCTION

Since many interesting phenomena are relevant to sp
taneous emission of an excited atomic system, for a l
time it has been desirable to find an approach to con
spontaneous emission. According to Fermi’s golden rule@1#,
the rate of spontaneous emission of an atom with one exc
level and one ground level is proportional to the squa
atomic dipole matrix element between the two levels and
density of radiation modes at the atomic transition frequen
Therefore, there may be two ways to modify spontane
emission. By placing an excited atom in a confined envir
ment such as a photonic crystal and a resonance ca
@2–6#, one can change or tailor the density of electrom
netic modes in the neighborhood of the transition freque
to control spontaneous emission. On the other hand, one
change the atomic dipole matrix element by adopt
multiple-close-upper-level configurations of an atom. Z
and Scully @7# suggested the cancellation of spontaneo
emission of a multi-excited-level atom via quantum interf
ence between different decay channels. This spontaneo
generated quantum interference can lead to the appearan
ultranarrow spectral lines@9–13#, gain without inversion
@14#, atomic population trapping in excited levels@8#, and
phase-dependent line shapes@11,12,15,16#. However, it
should be noted that the existence of this quantum inter
ence requires that the atomic dipole moments be nonorth
nal when the atom is placed in free space. Unfortunately,
difficult to find such an atomic system which satisfies t
stringent condition. In a very recent paper@17#, Agarwal
studied the spontaneous emission of a V-type three-le
atom in an anisotropic vacuum, and found that quantum
terference between two decay channels can appear ev
the dipole matrix elements are orthogonal. In this way,
stead of trying to find atomic systems with nonorthogo
dipole moments, we may now find the existence of quant
interference in a variety of new classes of systems.
1050-2947/2001/64~1!/013819~10!/$20.00 64 0138
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In this paper, we consider a three-level atom with tw
close upper states and a single lower level embedded
multilayered dielectric medium. Since there may exist ma
interfaces between the layers, the medium is not unifo
along the direction normal to the interfaces. We investig
how the spatial anisotropy of the medium induces quant
interference between two transitions from the upper state
the lower level. This paper is organized as follows. In Sec
the model is presented, and the rate of spontaneous emis
and the interference coefficients between the two decay p
ways are written as scalars formed from the Green func
of the field in the medium and the electric dipole matr
elements. In Sec. III, the influence of the thickness of
layer on which the atom is placed on the quantum interf
ence effect is investigated. The conclusions are summar
in Sec. IV.

II. MODEL AND FORMULA

Consider a V-configuration three-level atom, illustrated
Fig. 1, whose two upper levels are two Zeeman sublev
u1&5u j 51,m51& with energy \v1, and u2&5u j 51,
m521& with an energy\v2, and one ground stateu3&5u j
50,m50& with an energy equal to zero. We choose they
direction as the quantization axis by applying a static m
netic field along they direction. The atomic transitions from

FIG. 1. Level diagram of the V-type three-level atom.
©2001 The American Physical Society19-1
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u1&(u2&)↔u3& are linked by the same vacuum bath. T
transition u j 51,m50&→u j 50,m50& is dropped because
does not involve quantum interference, as mentioned
Agarwal @17#. In the present study, the atom is placed in
multilayer dielectric medium whose permittivity functio
«(r ) is position dependent, as shown in Fig. 2. We assu
the direction normal to interfaces between layers as thz
axis. With this choice, the atomic dipole moment is on t
x-z plane. The atomic dipole moment operator is represen
by d5d(A13«21A23«1)1H.c., where «65(1/A2)(ez
6 iex), the atomic operatorsAab5ua&^bu(a,b51,2,3), and
d is chosen to be real.

Following the lines of the extensive discussions by Kn
et al. @18# and Glauber and Lwenstein@19# and using the
rotating-wave approximation, we can easily derive out
equations of motion for the expectation values of the ato
operators governing the spontaneous emission for the V-
three-level atom as

d

dt
^Ann&522gn^Ann&2km^Anm&2km^Amn&, ~1!

d

dt
^An3&52~gn2 ivn!^A13&2km^Am3&

~nÞm,n,m51,2!, ~2!

d

dt
^A12&52@g11g21 i ~v22v1!#^A12&2k1^A11&

2k2^A22&, ~3!

where the coefficientsgn andkn (n51,2) are defined as

gn5d2vn
2«2 Im GJ ~r0 ,r0 ;vn!•«1 , ~4!

k15d2v1v2«1 Im GJ ~r0 ,r0 ;v1!•«1 , ~5!

k25d2v1v2«2 Im GJ ~r0 ,r0 ;v2!•«2 . ~6!

FIG. 2. A dielectric multilayer stack with an atom embedded
the j th layer.
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The terms involvingk1 and k2 in Eqs. ~1!–~5! are respon-
sible for quantum interferences between the two decay ch
nels u1&→u3& and u2&→u3&. Evidently, the spontaneou
emission ratesg1 and g2 and the coefficientsk1 and k2
reflecting the strength of quantum interference depend on

imaginary part of the Green’s tensorGJ (r0 ,r0 ,v), which is
the solution of the equation

“3“3GJ ~r ,r 8,v!2
«~r !v2

c2
GJ ~r ,r 8,v!5m0 IJd~r2r 8!,

~7!

where IJ5exex1eyey1ezez is the unit dyadic@20#.
Let us now consider the spontaneously generated qu

tum interference between the two decay channels when
atom embedded in thej th layer of the multilayer dielectric
planar cavity shown in Fig. 2. Studying the spontaneo
emission of atoms or molecules in such a dielectric pla
cavity is a very important subject in semiconductor las
@21# and photonic crystals@22#. The permittivity function
«(r )5«(z) of the dielectric multilayer is defined in a step
wise fashion, as depicted in Fig. 2. For the case under c

sideration, the Green’s tensorGJ (r0 ,r0 ,v), which is the so-
lution of Eq. ~7!, is expressed as

GJ j~r0 ,r0 ;v!5exexGjxx~z0 ;v!1eyeyGjyy~z0 ;v!

1ezezGjzz~z0 ;v!, ~8!

where

Gjxx~z0 ;v!5Gjyy~z0 ;v!

5
im0

8p k̃ j
2E0

`dkk

b j
F b j

2

Dp j
~12r j 2

p e2ib j z0!~12r j 1
p

3e2ib j (dj 2z0)!1
k̃ j

2

Ds j
~11r j 1

s e2ib j (dj 2z0)!

3~11r j 2
s e2ib j z0!G , ~9!

Gjzz~z0 ;v!5
im0

8p k̃ j
2E0

`dkk

b j

2k2

Dp j
~11r j 2

p e2ib j z0!

3~11r j 1
p e2ib j (dj 2z0)!, ~10!

wherek̃ j5A« j (v/c), the parameterk is the magnitude of the
vector k5(kx ,ky), the conserved component of the wa
vector is parallel to interfaces of the layers, andb j

5Ak̃ j
22k2 is the magnitude of thez component of the wave

vector in thej th layer. The symbolp stands for the electric
field of the TM electromagnetic wave, whose polarization
in the plane formed by the two vectorsk andez , ands for
the electric field of the TE electromagnetic wave, whose
larization along thek3ez direction. These two kinds of elec
9-2
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QUANTUM INTERFERENCE BETWEEN DECAY CHANNELS . . . PHYSICAL REVIEW A 64 013819
tric fields are herafter referred to asp- ands- polarized waves
or modes, respectively, as in Ref.@23#. In addition,

Dq j512r j 2
q r j 1

q exp~2ib jdj !, ~11!

with r j 6
q 5r j l n(0)

q being the reflection coefficient of the upp
~lower! stack of layers bounding thej th layer. If there is no
absorption in the multilayer medium, these coefficients ob
the usual Fresnel recurrence relation

r i jk
q 5

1

12r j i
q r jk

q exp~2ib jdj !
@r i j

q 1r jk
q exp~2ib jdj !#.

~12!

For a single interfacei -j , the coefficients reduce to

r i j
p 5

b i« j2b j« i

b i« j1b j« i
, r i j

s 5
b i2b j

b i1b j
. ~13!

From Eqs.~8!–~10!, we can see that the inhomogeneity
the medium along thez axis leads to a Green’s tensor of th
electromagnetic field exhibiting an asymmetric spatial pr
erty, i.e., the component along thez axis is different from
those in thex-y plane. Substituting Eqs.~8!–~10! into Eqs.
~4!–~6!, we have

gn5gnx1gnz , kn5
v1v2

vn
2 ~gnz2gnx! ~n51,2!,

~14!

where gnx5d2vn
2 Im@Gjxx(z0 ;vn)#/2 and gnz

5d2vn
2 Im@Gjzz(z0 ;vn)#/2 represent the spontaneous dec

rates of thex and z components of the atomic dipole mo
ment, respectively. We also define the relative strength
quantum interferencep5kn /Ag1g2, which measures the ef
fective parallelism of the atomic dipole matrix elements. A
tually, in free space@7#, if the two atomic dipole moments
are perpendicular to each other, then the relative strengp
50; if the two atomic dipole moments are parallel, thenp
51; when the two atomic dipole moments are antiparal
p521. Evidently, whengnz5gnx , ~that is, when the dielec
tric medium is homogeneous!, k15k250, and consequently
p50. However, if the dielectric structure is inhomogeneo
gnzÞgnx , sok1 andk2 are not equal to zero. From Eq.~14!,
we also see that the larger the difference betweengnz and
gnx , the largerkn is. In conclusion, the anisotropy of th
vacuum led by the inhomogeneity of the medium can ind
quantum interference or the correlation between two tra
tions: u1&→u3& and u2&→u3&.

III. RESULTS AND DISCUSSIONS

A. Atom placed between two parallel dielectric plates

First, we examine a three-layer dielectric structure,
which the permittivity of the layer cladding the atom is«3;
the permittivity of the upper layer, which extends to infini
in the positivez direction, is«2; and the permittivity of the
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lower layer, which extends to infinity in the negativez direc-
tion, is «1. We assume that«3,«1<«2, and that the thick-
ness of the layer with«3 is d.

For the case under consideration, there exist two kind
electromagnetic waves in the medium. One is the propa
ing wave@b j is real, i.e.,k,A«3(v/c)#, in which the atom
emits energy, and the other one is the evanescent wave (b j is
imaginary!. There is no contribution of the evanescent wav
with k.A«2(v/c) on the atomic spontaneous emission, b
cause these waves cannot propagate out of the atom;
those withA«3(v/c),k,A«2(v/c), which may propagate
in both the upper and lower layers or only in the upper lay
affect on atomic spontaneous emission. For simplicity,
assume that the two upper levels of the atom are nearly
generate, so thatv1'v25v. The integrals in Eqs.~9! and
~10! cannot be evaluated analytically any further for gene
cases. For the symmetric case, where«15«25« and d→0
~that is, as the distance between the two dielectric pla
becomes very small!, we can simplify them further and ob
tain

g1z5g2z5gz5g0

«5/2

2«3
2

, g1x5g2x5gx5«1/2g0/2,

~15!

g15g25g0

A«~«21«3
2!

2«3
2

5g, ~16!

k15k25g0

A«~«22«3
2!

2«3
2

5k, ~17!

p5k/Ag1g25k/g5
«22«3

2

«21«3
2

, ~18!

whereg0 represents the spontaneous decay rate of the a
in free space. It is evident that theg ’s andk ’s depend on the
permittivity « of the upper and lower dielectrics. The dec
rate of the atomic dipole component (gz) in the z direction
~proportional to«5/2) is much larger than that of the atom
dipole component (gx) in the x direction ~proportional to
«1/2). This is because the medium is inhomogeneous in thz
direction, and the electromagnetic wave emitted by the a
in the thin layer with«3 is reflected by the«1-«3 and«2-«3
interfaces. If the layer with«3 is very thin then, for the
p-polarized waves in this layer, constructive interference
curs between the polarization component in thez direction of
the reflected waves and that of the incident ones~the atom
emits initially!; however, for the polarization component
the x-y plane, destructive interference occurs. T
s-polarized wave only contains the component inx-y plane,
and destructive interference exits between the reflec
waves and the incident waves. This leads to the mode den
of electromagnetic waves with different polarization dire
tions displaying inhomogeneity due to the anisotropic spa
9-3
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distribution of the dielectric medium. Since the mode dens
of the electromagnetic waves whose polarization along thz
direction is much higher than that in thex-y plane, the spon-
taneous decay of the atomic dipole in thez direction is much
faster than that in thex direction, and the strengthsk1 andk2

reflecting the quantum interference are different from zero
the upper and lower layers are replaced by two ideal cond
tor plates, the emission from the component of the dip
moment parallel to the interfaces of the layers can be tot
inhibited; however, that normal to the interfaces can
greatly greatly enhanced, when the separation between
plates becomes smaller than half of the wavelengthl0

52p/v/c of the atomic transition in free space@17,24#. In
this case, the strongest quantum interference effect, i.ep
51, arises@17#. For the present dielectric structure, howev
gx is not equal to zero, and is moreover increased whe«
becomes large andd approaches zero. Thus, we see that
inhomogeneous configuration of the dielectric medium in
z direction results in an anisotropic property of the vacuu
This results in a quantum interference strengthk different
from zero. Equation~18! also indicates that with increasing«
the relative strengthp of the quantum interference increase
Moreover, if«@«3 andd→0, thenp→1, which means tha
the strongest quantum interference between two decay c
nels u1&→u3& and u2&→u3& arises. This realization is ver
similar to the case where a V-type three-level atom has
parallel dipole matrix elements in free space@7#. This is be-
cause, with increasing«, the evanescent modes involved
the spontaneous emission increase: the mode density o
electromagnetic field polarized along thez axis increases
more evidently than that of the field polarized in thex-y
plane.

In Fig. 3, we plotg, k andp versus the scaled thicknes
d8(d852d/l0) of the middle layer. It is obvious that whend
is smaller than the wavelengthl0, the relative strengthp of
the quantum interference can reach a value larger than
Thus some new effects such as spectral narrowing@9–13#
and gain without inversion@14#, which are revealed in the
system of a V-type three-level atom with two nearly para
dipole elements in free space, will occur here because
anisotropy of the vacuum leads to an atom with two ortho
nal dipole moments exhibiting a strong quantum interf
ence. As we see, with increasingd8, p decreases. This is
because, with increasingd8, for all modes with wave vectors
k,A«2(v/c), ~which involve spontaneous emission!, the
destructive and constructive interferences occur simu
neously between the reflected and incident waves for TE
TM waves. The average effect leads to a reduction of
difference of in the mode density of the field polarized b
tween thez axis and thex-y plane. Therefore, the anisotrop
of the vacuum that the atom ‘‘feels’’ becomes much wea
than that whend is very small. From these figures, we al
observe that whend8 is small,g, k, andp are irrelevant to
the position of the atom. Whend8 becomes large, all thes
quantities are strongly dependent on the position in wh
the atom is embedded. The physical reason for this phen
enon is as follows. In the medium«3, due to reflection
through the«1-«3 and «2-«3 interfaces, there exist inciden
01381
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waves and reflected waves. The superposition of the refle
and incident waves results in the mode density being posi
dependent. Thus the spontaneous emission rateg, the quan-
tum interference strengthk, and the relative strengthp of
quantum interference are strongly dependent on the ato
position.

FIG. 3. The variation of the spontanoeus emission rateg, the
quantum interference strengthk, and the relative strengthp of
quantum interference with the scaled widthd8. The permittivities
are chosen as«351.0 and«15«255.0. Here the solid line corre
sponds toz085d8/2, the dashed line toz085d8/4, and the dotted line
to z085d8/8. g0 has been set to 1.
9-4
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B. Atom placed in a three-layer dielectric waveguide

If the permittivity coefficients of the three dielectric laye
obey«3.«1>«2, the three-layer structure forms a dielectr
waveguide. The electromagnetic modes in this dielec
structure can be classified into radiation modes, whose w
vectors satisfy 0,k,A«2(v/c); substrate modes, with
A«2(v/c),k,A«1(v/c); guided modes, withA«1(v/c)
,k,A«3(v/c); and evanescent modes, withk.A«3(v/c).
It is easily seen that there is no contribution of the evan
cent modes in the waveguide to the spontaneous decay.
contributions of the radiation and the substrate modes to
spontaneous decay rates can be directly obtained by inte
ing Eqs.~9! and~10! numerically. Because the wave vecto
of the guided modes are limited in the regionA«1(v/c),k
,A«3(v/c), the reflection coefficients of these modes a
complex quantities with modulus 1, which can be expres
as

r 6
q 5exp~22if6

q !~q5p,s!. ~19!

The wave vectors of the guided modes obey the resona
condition uDq j

(1)u250, i.e.,

b~kq
(m)!d2f2

q ~kq
(m)!2f1

q ~kq
(m)!5mp
rfe

r
a

e

e
n

,
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~q5p,s;m50,1,2, . . . ,mmax
q !, ~20!

wherekq
(m) is the wave number of themth q-polarized guided

mode in thex-y plane;mmax
q is the maximum integer form to

be chosen, which depends on the thickness of the mid
layer and the mode polarization. For thes-polarization
modes@25#,

mmax
s 5FA«32«2

2d

l0
2

1

p
arctanSA«12«2

«32«1
D G ,

and, for thep-polarization modes,

mmax
p 5FA«32«2

2d

l0
2

1

p
arctanS «3

«2
A«12«2

«32«1
D G ,

where@j# denotes the largest integer that is smaller than
equal toj. These conditions show that for a certain thickne
of the layer with permittivity«3, a finite number of guided
modes exist. These field modes involve atomic spontane
emission. The contributions of thep-polarized guided modes
and thes-polarized guided modes on the spontaneous de
rate are expressed as
ggz
p 5

3g0

4«3
(
m

pxp
(m)@11cos~pb3

p8d82f1
p 2f2

p !cos@pb3
p8~d822z08!2f1

p 1f2
p #

pd81
«1«3

@~«11«3!xp
(m)2«1«3#Axp

(m)2«1

1
«2«3

@~«21«3!xp
(m)2«2«3#Axp

(m)2«2

, ~21!

ggx
p 5

3g0

8«3
(
m

pb3
p82@12cos~pb3

p8d82f1
p 2f2

p !cos@pb3
p8~d822z08!2f1

p 1f2
p #

pd81
«1«3

@~«11«3!xp
(m)2«1«3#Axp

(m)2«1

1
«2«3

@~«21«3!xp
(m)2«2«3#Axp

(m)2«2

, ~22!

ggx
s 5

3g0

8 (
m

p@11cos~pb3
s8d82f1

s 2f2
s !cos@pb3

s8~d822z08!2f1
s 1f2

s #

pd81
1

Axs
(m)2«1

1
1

Axs
(m)2«2

, ~23!
ition

n

ch
ta-

f

where xq
(m)5(kq

(m))2/v2/c2, z0852z0 /l0, and b3
q8

5A«32xq
(m). The total decay rate is given byg5gz

p1gx
p

1gx
s . For the nearly degenerate case, the quantum inte

ence strength is given byk5gz
p2gx

p2gx
s , and the effective

parallelism of the two dipole moments is given byp5k/g.
Figure 4 showsg, k, andp versus the thickness of the laye
with different relative positions of the atom. We see th
whend8 is small,p can take a value close to21. This means
equivalently, that the anisotropy of the vacuum induc
quantum interference between the two decay channelsu1&
→u3& and u2&→u3&, similar to that in the system of th
V-type three-level atom with two dipole moments nearly a
tiparallel to each other in free space@7#. From these figures
r-

t

s

-

we also observe that, whend8 is small, g, k, and p are
irrelevant to the position of the atom. Whend8 becomes
large, these quantities are strongly dependent on the pos
of the atom, and exhibit a quasiperiodic oscillation withd8.

These phenomena can be understood as follows. Whed8
is very small, only the lowest guided modes (m50) are
supported by the dielectric waveguide@25#. Equation~20!
shows that for certaind8, the wave vectorks

(0) for the guide
mode with s polarization is larger thankp

(0) for the guide
mode withp polarization, although both of these approa
A«2(v/c). These guided modes mainly affect on the spon
neous emission ratesggz

p andggx
s , andggx

p is negligible~in
fact, when«15«2 andz085d8/2, the atom is in the node o
9-5
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GAO-XIANG LI, FU-LI LI, AND SHI-YAO ZHU PHYSICAL REVIEW A 64 013819
the guided modes andggx
p is exactly equal to zero!. Because

of ks
(0).kp

(0) , the mode density of the guide mode withp
polarization is much smaller than that of guide mode wits
polarization: gg//.gg' . Also, when «15«25« and z08
5d8/2→0, the contribution of the radiation modes to th

FIG. 4. Same as Fig. 3, except that the permittivities are cho
as«15«251.0 and«355.0.
01381
spontaneous emission rates also obey Eq.~15! except that
«3.«, that is,g rx.g rz . Therefore, different from the situ
ation discussed in Sec. III A, here in the dielectric wavegu
p,0. Because the mode density in the dielectric wavegu
is generally position dependent, the spontaneous emis
rateg, the interference strengthk, and the relative strengthp
of the interference depend on the position of the atomic
cation. However, whend8 is very small the mode density in
the thin waveguide is nearly position independent, sog, k,
and p are insensitive tod8. The oscillation behavior of the
curves results from the fact that with an increase in the of
thickness of the layer, a new guide mode appears whem
increases tom11 in Eq. ~20!. For the symmetric case o
«15«2 andz08 , the atom is located in the nodes of the gui
modes with evenm (m50,2,4, . . . ) and theantinodes of the
guide modes with oddm (m51,3, . . . ), soonly the guided
modes with evenm affect the spontaneous emission. How
ever, if the atom is located outside the center of the mid
layer, all the guided modes are involved in the spontane
emission. So as shown in Fig. 4, the periods ofg, k, andp
for z085d8/2 are nearly as twice as those forz08Þd8/2.

C. Atom placed in a one-dimensional quasiperiodic dielectric
structure

Recently, one-, two-, and three-dimensional perio
structures@22,26–28# of optical materials have attracted
great deal of attention in the optics community, becau
these structures may exhibit the existence of photonic s
bands~or band gaps!. The simplest case is one-dimension
periodic or quasiperiodic multilayer stacks, termed on
dimensional photonic crystal. Dowling and co-workers@22#
studied the spontaneous emission of a two-level atom i
one-dimensional photonic crystal. They found that the sp
taneous emission can be enhanced or inhibited. Howe
their model is essentially scalar, because only the fi
modes polarized parallel to the atomic dipole moment w
taken into account. In this subsection, taking all the TE a
TM polarized modes into account, we investigate the sp
taneous emission of a V-type three-level atom and the qu
tum interference between the two decay channelsu1&→u3&
and u2&→u3&.

We assume that the atom is embedded in the middle
electric layer with permittivity«3 and thicknessd. This layer
is coated by two upper and lower distributed Bragg reflect
mirrors, each of them composed ofN-period dielectric
stacks, in which every period consists of two dielectric lay
with permittivities «1 and «2 («3.«2.«1) and widthsd1
andd2. The multilayer medium is placed in air, so the pe
mittivity of the top and bottom layers is modeled as«051.
This structure forms a one-dimensional photonic crystal w
a defect@28#. Similar to the three-layer dielectric waveguid
discussed in Sec. III B, there are five kinds of field modes
this structure: one is a propagating mode with wave vec
k,A«0(v/c) which can be regarded as a running wave in
directions; the second is a guided mode withA«0(v/c),k
,A«1(v/c) which forms an evanescent wave in the«0-«1
interface in thez direction; the third is a guided mode, but i

n
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wave vector obeysA«1(v/c),k,A«2(v/c), and it can be
treated as an evanescent wave in the layers with«0 and«1 in
the z direction; the fourth is also a guided mode wi
A«2(v/c),k,A«3(v/c), which forms an evanescent wav
in the layers with«0 , «1, and«2 along thez direction; the
fifth is an evanescent mode withk.A«3(v/c), which does
in
e
a
ou

s

ck

e

b
ca
s

e

01381
not affect the spontaneous emission. Evidently, for all
guided modes, the reflection coefficientsr j 6

q (q5p,s) in Eq.
~11! are unit complex, which can be written asr j 6

q 5exp
(22fj

q). By use of Eqs.~9! and~10!, the contribution of the
guided modes to the spontaneous decay rates can be
pressed as
gg'
p 5

3g0

4«3
(
m

pxp
(m)@11cos~pb3

p8d822f j
p!cos@pb3

p8~d822z08!#

pd822
df j

p

db3
p8 U

x
p
(m)

, ~24!

ggi
p 5

3g0

8«3
(
m

pb3
p82@12cos~pb3

p8d822f j
p!cos@pb3

p8~d822z08!#

pd822
df j

p

db3p8 U
x

p
(m)

, ~25!

ggi
s 5

3g0

8 (
m

p@11cos~pb3
s8d822f j

s!cos@pb3
s8~d822z08!#

pd822
df j

s

db3
s8 U

x
s
(m)

, ~26!
te
use
dic

one-
f

ily
in-

eri-
-
t
are
e
the
be-
,

gap
se in
e
ent
ion

ties
ddle
t

wherexq
(m)5(kq

(m))2/v2/c2 are roots of the equation

pb3~xq
(m)!d822f j

q~xq
(m)!5mp ~m50,1,2, . . . !.

~27!

By use of the Fresnel recurrence relation@Eq. ~12!#, we can
obtain the reflection coefficientsr j 6

q , the phasef j
q , and their

derivations exactly. Substituting all these parameters
Eqs. ~24!–~26!, we can obtain the contribution of all th
guided modes to the spontaneous decay rate numeric
The contribution of the radiation modes to the spontane
decay rate can be directly calculated from Eqs.~9!–~11!,
together with Eq.~12!, by numerical integration. In Figs. 5
and 6, we show the decay rateg r due to the radiation mode
with k,A«0(v/c), the total decay rateg arising from all the
radiation modes, and the guided modes withA«0(v/c),k
,A«3(v/c), the quantum interference strengthk and the
relative strengthp of quantum interference vary withd8 for
different values of the periodic number of the coated sta
and the atomic position. These figures illustrate thatg, k,
and p display behaviors similar to these presented in S
III B for the waveguide case.

From Figs. 5 and 6 we see that by increasing the num
of periods of the upper and lower stacks, the atomic de
rateg r due to the radiation modes can be greatly decrea
for certain rangesd8. If we fix the thicknessd of the layer in
which the atom is embedded, then the variation ofd8 can be
treated as a variation of the frequencyv. Since the decay
rate g r is proportional to the local density of state for th
to

lly.
s

s

c.

er
y

ed

radiation modes, the existence of ranges ofd8 corresponding
to very smallg r reflects the fact that there exist incomple
photonic band gaps for the radiation modes. This is beca
the dielectric stack under consideration displays a perio
structure in thez direction; when the periodN is large, the
stack should exhibit the essential feature of the standard
dimensional photonic crystal@22#, i.e., the appearance o
photonic band gaps. However, different from Ref.@22#, here
we take all the TE and TM radiation modes with arbitrar
propagating directions into account, so there only appear
complete gaps. The reason for this is that the stack is p
odic only in thez direction; only the radiation modes propa
gating along thez direction can be completely inhibited, bu
the other radiation modes whose propagating directions
out of the z direction cannot be completely inhibited. W
also see from Fig. 6 that the width of the band gap for
radiation modes is strongly dependent on the difference
tween the permittivities«2 and«1; the larger the difference
the wider the band gaps. With increasingd8, the band gap
becomes narrow; in the high-frequency region the band
nearly disappears. These features are coincident with tho
Ref. @22#. Also we find thatg r is strongly dependent on th
position where the atom is embedded; that is, at differ
positions the photonic density of states for the radiat
modes are different, and the band gaps whenz085d8/2 are
much wider than those whenz08Þd8/2. That is to say, to
control the influence of the radiation modes on the proper
of spontaneous emission, embedding the atom at the mi
of the layer with«3 is much more efficient than doing so a
other positions in this layer.
9-7
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FIG. 5. ~a! The variation ofg r , g, k, and p with d8. Here the permittivity of the middle layer in which the atom embedded is«3

510.0, the periodic number of the upper and lower cladding dielectric layers isN51, and the permittivities of the two layers in each peri
are«151.5 and«259.0. The solid line corresponds toz085d8/2, the dashed line toz085d8/4, and the dotted line toz085d8/8. ~b! Same as
~a!, but «252.0.
013819-8
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FIG. 6. ~a! Same as Fig. 5~a!, except thatN55. ~b! Same as Fig. 5~c!, except thatN55.
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However, when we inspect the behavior of the quant
interference strengthk and the relative strengthp of the
quantum interference, the larger the difference between
permittivities «3 and «2, the stronger the quantum interfe
01381
he

ence is. Therefore, if the atom is embedded in the pres
one-dimensional photonic crystal, then, in order to incre
the relative strength of the quantum interference, the laye
which the atom is embedded should have a large permitti
9-9
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«3, and the difference between«3 and «2 should be large
enough. At this moment, the band gaps for the radiati
modes are very narrow.

IV. SUMMARY

We investigate spontaneous emission of an atom with t
close upper levels and one single lower level, embedded
multilayer dielectric medium, and quantum interference b
tween two transitions from the upper levels to the comm
lower level. It is verified that in the anisotropic vacuum
quantum interference can exist even if the two dipole m
ments are orthogonal to each other. Choosing different
rangements and values of permittivity of the layers, we sh
two situations: a dielectric plate cavity and a dielectric wav
guide. In the cavity case, we find when the separation
tween the two dielectric plates is small, the decay rate of
dipole moment component normal to interfaces of the lay
is much larger than that parallel to the interfaces. This sh
that the vacuum is anisotropic. We show that the anisotro
of the vacuum can induce dipole matrix elements that a
equivalently parallel to one another. In the dielectric wav
guide case, we show that the anisotropy of the vacuum
induce dipole matrix elements that are, in effect, nearly a
01381
n
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tiparallel to one another. The decay rate and the quan
interference strength display an oscillation behavior with
increase of the thickness of the layer where the atom is
bedded, because more guided wave modes are switche
Increasing the number of the layers for appropriately la
contrasts in the permittivity of the layers, the medium grad
ally becomes a one-dimensional photonic crystal. The
hancement and the inhibition of spontaneous emission of
atom into the radiation modes appear alternatively w
variation of the thickness of the layer where the atom resid
This result clearly predicts the existence of photonic ba
gaps. In contrast to previous studies on one-dimensional p
tonic crystals, the present model is completely vectorial,
the photonic band gaps are incomplete.
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