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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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[. INTRODUCTION In this paper, we consider a three-level atom with two
close upper states and a single lower level embedded in a
Since many interesting phenomena are relevant to spormultilayered dielectric medium. Since there may exist many
taneous emission of an excited atomic system, for a longnterfaces between the layers, the medium is not uniform
time it has been desirable to find an approach to controflong the direction normal to the interfaces. We investigate
spontaneous emission. According to Fermi's golden fiile  how the spatial anisotropy of the medium induces quantum
the rate of spontaneous emission of an atom with one excitelfterference between two transitions from the upper states to
level and one ground level is proportional to the squaredhe lower I(_evel. This paper is organized as follows. In Se;. I_I
atomic dipole matrix element between the two levels and th&h® model is presented, and the rate of spontaneous emission
density of radiation modes at the atomic transition frequency".de the interference coefficients between the two decay path-

Therefore, there may be two ways to modify spontaneoug"ays are written as scalars formed from the Green function

emission. By placing an excited atom in a confined environ-Of the field in the medium and the electric dipole matrix

ment such as a photonic crvstal and a resonance CaVielements. In Sec. lll, the influence of the thickness of the
P Ty . %yer on which the atom is placed on the quantum interfer-
[2—6], one can change or tailor the density of electromag

. . . " ‘ence effect is investigated. The conclusions are summarized
netic modes in the neighborhood of the transition frequencyy, Sec. IV

to control spontaneous emission. On the other hand, one may
change the atomic dipole matrix element by adopting
multiple-close-upper-level configurations of an atom. Zhu
and Scully[7] suggested the cancellation of spontaneous Consider a V-configuration three-level atom, illustrated in
emission of a multi-excited-level atom via quantum interfer-Fig. 1, whose two upper levels are two Zeeman sublevels
ence between different decay channels. This spontaneousgly)=|j=1m=1) with energy fw;, and |2)=|j=1,
generated quantum interference can lead to the appearancemf — 1) with an energyi w,, and one ground stat8) =|j
ultranarrow spectral line$9—-13|, gain without inversion =0m=0) with an energy equal to zero. We choose the
[14], atomic population trapping in excited levdl®], and  direction as the quantization axis by applying a static mag-
phase-dependent line shapgsl,12,15,16& However, it netic field along the direction. The atomic transitions from
should be noted that the existence of this quantum interfer-

ence requires that the atomic dipole moments be nonorthogo- —_— >

nal when the atom is placed in free space. Unfortunately, it is 4 \"2

difficult to find such an atomic system which satisfies this !
stringent condition. In a very recent paper7], Agarwal !
studied the spontaneous emission of a V-type three-level '

II. MODEL AND FORMULA

1
1]
t
!
1
terference between two decay channels can appear even if \ "

atom in an anisotropic vacuum, and found that quantum in- \ Y Y2

the dipole matrix elements are orthogonal. In this way, in- \

stead of trying to find atomic systems with nonorthogonal 13>

dipole moments, we may now find the existence of quantum

interference in a variety of new classes of systems. FIG. 1. Level diagram of the V-type three-level atom.
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b4 The terms involvingx,; and k, in Egs.(1)—(5) are respon-
sible for quantum interferences between the two decay chan-
nels |1)—|3) and |2)—|3). Evidently, the spontaneous
g, emission ratesy; and y, and the coefficientse; and «,
z reflecting the strength of quantum interference depend on the

imaginary part of the Green’'s tensé(ro,ro,w), which is
the solution of the equation

’ 2,
K (;i / Fo=(0:2,) V><V><§(r,r’,w)—S(r)zwzé(r,r’,w)zuorﬁ(r—r’),
z, c o
Z, where i =ee, + e€ + €€, is the unit dyadid20].

Let us now consider the spontaneously generated quan-
tum interference between the two decay channels when the
FIG. 2. A dielectric multilayer stack with an atom embedded in atom embedded in thgh layer of the multilayer dielectric
the jth layer. planar cavity shown in Fig. 2. Studying the spontaneous

emission of atoms or molecules in such a dielectric planar
[1)(]2))«|3) are linked by the same vacuum bath. Thecavity is a very important subject in semiconductor lasers
transition|j =1,m=0)—|j=0m=0) is dropped because it [21] and photonic crystal§22]. The permittivity function
does not involve quantum interference, as mentioned by (r)=¢(z) of the dielectric multilayer is defined in a step-
Agarwal [17]. In the present study, the atom is placed in awise fashion, as depicted in Fig. 2. For the case under con-
multilayer dielectric medium whose permittivity function gjgeration, the Green’s tens&(ro,ro,w), which is the so-
&(r) is position dependent, as shown in Fig. 2. We assum@tion of Eq. (7), is expressed as
the direction normal to interfaces between layers aszthe
axis. With this choice, the atomic dipole moment is on the S (roro: )= 8.6, (Zo: ) + Givy(Zo: ®)
x-z plane. The atomic dipole moment operator is represented i(Fo:0; @) =8&Gjux(20; @) +€,8,Gjyy(20; @

&

by d=d(Ajse_+Axe,)+H.c, where &.=(1//2)(e, +6,6,G,/20;0), (8)
*ie,), the atomic operator8,z=|a)(B|(«,$=1,2,3), and
d is chosen to be real. where

Following the lines of the extensive discussions by Knoll
et al. [18] and Glauber and Lwensteii9] and using the Gjxx(Z0;®)=Gjyy(Z0; )
rotating-wave approximation, we can easily derive out the
equations of motion for the expectation values of the atomic img (~dkk ,sz b 2ig2 0
operators governing the spontaneous emission for the V-type = Wfo 7 F(l_ ri-e”f%)(1-rp,
three-level atom as ) J Pl
T2

d w @2iBi(dj~20)y 4 —1_ (14 S @2iBj(dj~20)
A = =270 A~ i Bo) ~ A, (D ST, e
d . X (1+r3_e?Pizo) | 9)
A=~ (3100 (A~ Kl Ang) (e
H 2
(n#m,n,m=1,2), ) . \_ _mo [=dkk2k b o262
Gi,(Zp;0)=——=5| —— = (1+rP_eFi%
. JZZ( 0 87T|(]-2 0 j Dpj( j )
E<A12>:_[71+7’2+i(w2_w1)]<A12>_K1<A11> ><(1+r}°+eZiBJ(er°)), (10)
— k(Az), 3 wherek; = \/e;(w/c), the parametek is the magnitude of the

vector k= (ky,ky), the conserved component of the wave

where the coefficienty, and«, (n=1.2) are defined as  on1r g parallel to interfaces of the layers, amgj

_ 42,2 = : = Vk2—Kk? is the magnitude of the component of the wave
n=d wne- ImG(ro.ro;wn)- &4, @ vecto]r in thejth layer. The symbop stands for the electric
) o field of the TM electromagnetic wave, whose polarization is
k1=d°wiwoe, IMG(rg,rg;w1)- €4, ©) in the plane formed by the two vectoksande,, ands for
- the electric field of the TE electromagnetic wave, whose po-
ky=02wiwe_ IMG(rg,ro;w,) £_ . (6) larization along thé X e, direction. These two kinds of elec-
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tric fields are herafter referred to psands- polarized waves lower layer, which extends to infinity in the negatizéirec-

or modes, respectively, as in RE23]. In addition, tion, is ;. We assume thai;<e;<e,, and that the thick-
ness of the layer witla5 is d.
Dgj=1-r%r9, exp2i B;d;) (12) For the case under consideration, there exist two kinds of
I !

electromagnetic waves in the medium. One is the propagat-
with r?i=r?/n(0) being the reflection coefficient of the upper ing wave[ g; is real, i.e. k< \/8—3((1)/C)], in which the atom
(lower) stack of layers bounding thigh layer. If there is no  emits energy, and the other one is the evanescent wavie (
absorption in the multilayer medium, these coefficients obeymaginary. There is no contribution of the evanescent waves

the usual Fresnel recurrence relation with k> \/s—z(w/C) on the atomic spontaneous emission, be-
cause these waves cannot propagate out of the atom; only
1 those with Jes(wlc)<k<\e,(wlc), which may propagate
rd = [rd+r9exp2iB:d)]. in both the upper and lower layers or only in the upper layer,
ijk _ q . i jk IRl . .. . L
1 r,-irjkexp(Zlﬁjdj) affect on atomic spontaneous emission. For simplicity, we

(12) assume that the two upper levels of the atom are nearly de-
generate, so thab;~ w,= w. The integrals in Eqs(9) and

(10) cannot be evaluated analytically any further for general

cases. For the symmetric case, whejee,=¢ andd—0

(that is, as the distance between the two dielectric plates

For a single interfacé-j, the coefficients reduce to

o_Bigi=Bigi o Bi— B

i :,Bi81+,318i o T _,8i+:8j ) (13 ::)gcomes very smajlwe can simplify them further and ob-
ain
From Egs{(8)—(10), we can see that the inhomogeneity of
the medium along the axis leads to a Green'’s tensor of the 52
electromagnetic field exhibiting an asymmetric spatial prop- Vig= Vor= Vo= yos_' Vi = Vox= Vx= 81/27,0/2'
erty, i.e., the component along tlzeaxis is different from 2;;%
those in thex-y plane. Substituting Eq$8)—(10) into Egs. (15
(4)—(6), we have
Ve(s+6d) 6
w103 Yi=Y2=Yo 5 =Y
Yn= Ynxt ¥nz, Kn:7(7nz_ Yo (N=1,2), 28%
n
(14) \/— 2 2
e(e“—e3)

where Ynx= dzwﬁ IM[Gjxx(Zo;wn)]/2 and Vnz Ki=Ko=%Yo— 5, K 17
=d2wﬁ IM[Gj,A2p; wp) ]/2 represent the spontaneous decay 2e3
rates of thex and z components of the atomic dipole mo-
ment, respectively. We also define the relative strength of 2 2
guantum interferencp= «,/+ y17y», which measures the ef- p=«l /),17,2: Kkl y= ﬂ, (18)
fective parallelism of the atomic dipole matrix elements. Ac- g2+ s%

tually, in free spacg7], if the two atomic dipole moments

are perpendicular to each other, then the relative strepgth where y, represents the spontaneous decay rate of the atom
=0; if the two atomic dipole moments are parallel, then in free space. It is evident that thés and «’s depend on the
=1; when the two atomic dipole moments are antiparallelpermittivity e of the upper and lower dielectrics. The decay
p=—1. Evidently, wheny,,= vy« (thatis, when the dielec- rate of the atomic dipole component,) in the z direction

tric medium is homogeneols<; = k,=0, and consequently (proportional toe>?) is much larger than that of the atomic
p=0. However, if the dielectric structure is inhomogeneousdipole component ,) in the x direction (proportional to
Ynz# Ynx» SOK1 andk, are not equal to zero. From EQ4), Y3, This is because the medium is inhomogeneous irzthe
we also see that the larger the difference betwggnand  direction, and the electromagnetic wave emitted by the atom
Ynx» the largerk, is. In conclusion, the anisotropy of the in the thin layer withe; is reflected by the ;-5 ande,-4
vacuum led by the inhomogeneity of the medium can inducénterfaces. If the layer withe; is very thin then, for the
quantum interference or the correlation between two transip-polarized waves in this layer, constructive interference oc-

tions:|1)—|3) and|2)—|3). curs between the polarization component inzla#rection of
the reflected waves and that of the incident oftes atom
lll. RESULTS AND DISCUSSIONS emits initially); however, for the polarization component in

the x-y plane, destructive interference occurs. The
s-polarized wave only contains the componenkiy plane,
First, we examine a three-layer dielectric structure, inand destructive interference exits between the reflected
which the permittivity of the layer cladding the atomdg;  waves and the incident waves. This leads to the mode density
the permittivity of the upper layer, which extends to infinity of electromagnetic waves with different polarization direc-
in the positivez direction, ise,; and the permittivity of the tions displaying inhomogeneity due to the anisotropic spatial

A. Atom placed between two parallel dielectric plates
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distribution of the dielectric medium. Since the mode density 30+
of the electromagnetic waves whose polarization alongzthe

direction is much higher than that in tikey plane, the spon- 25+
taneous decay of the atomic dipole in thdirection is much

faster than that in thr direction, and the strengths andx, 20+

reflecting the quantum interference are different from zero. If
the upper and lower layers are replaced by two ideal conduc- . 15
tor plates, the emission from the component of the dipole

moment parallel to the interfaces of the layers can be totally 10

inhibited; however, that normal to the interfaces can be

greatly greatly enhanced, when the separation between the 51

plates becomes smaller than half of the wavelenggh S

=2m/wl/c of the atomic transition in free spa¢&7,24. In 0 7 r T —
. . . 0 1 2 3 4

this case, the strongest quantum interference effect,g.e., d

=1, arise§17]. For the present dielectric structure, however, 30-

vy IS not equal to zero, and is moreover increased when

becomes large and approaches zero. Thus, we see that the 25

inhomogeneous configuration of the dielectric medium in the

z direction results in an anisotropic property of the vacuum. 20+

This results in a quantum interference strengtluifferent

from zero. Equatiori18) also indicates that with increasirg 154

the relative strength of the quantum interference increases.
Moreover, ife>e5 andd—0, thenp—1, which means that
the strongest quantum interference between two decay chan-
nels|1)—|3) and|2)—|3) arises. This realization is very
similar to the case where a V-type three-level atom has two
parallel dipole matrix elements in free spd@g. This is be-
cause, with increasing, the evanescent modes involved in
the spontaneous emission increase: the mode density of the
electromagnetic field polarized along tlzeaxis increases
more evidently than that of the field polarized in tkey
plane.

In Fig. 3, we ploty, x andp versus the scaled thickness
d’(d"=2d/\g) of the middle layer. It is obvious that wheh
is smaller than the wavelengity, the relative strengtlp of
the quantum interference can reach a value larger than 0.9.
Thus some new effects such as spectral narroinrgl3| E
and gain without inversiofl4], which are revealed in the
system of a V-type three-level atom with two nearly parallel
dipole elements in free space, will occur here because the
anisotropy of the vacuum leads to an atom with two orthogo-
nal dipole moments exhibiting a strong quantum interfer-
ence. As we see, with increasij, p decreases. This is
because, with increasirdy, for all modes with wave vectors
k<\/e,(w/c), (which involve spontaneous emissjorthe o o
destructive and constructive interferences occur simulta- FIG- 3. The variation of the spontanoeus emission natéhe
neously between the reflected and incident waves for TE anfiu@ntum interference strengti, and the relative strengtp of
TM waves. The average effect leads to a reduction of thguantum interference with the scaled width. The p_ermlttlvmes
difference of in the mode density of the field polarized be-2"¢ €h0Sen a83=1.0 ande,=s,=5.0. Here the solid line corre-
tween thez axis and thex-y plane. Therefore, the anisotropy Sp"?ds fczozd /2, the dashed line ty=d"/4, and the dotted line

“ " to z,=d’/8. yo has been set to 1.

of the vacuum that the atom “feels” becomes much weaker
than that wherd is very small. From these figures, we also
observe that whed’ is small,y, x, andp are irrelevant to waves and reflected waves. The superposition of the reflected
the position of the atom. Whed' becomes large, all these and incident waves results in the mode density being position
quantities are strongly dependent on the position in whictdependent. Thus the spontaneous emissionyatee quan-
the atom is embedded. The physical reason for this phenonum interference strengtk, and the relative strength of
enon is as follows. In the medium;, due to reflection quantum interference are strongly dependent on the atomic
through thee-e3 and e,-g5 interfaces, there exist incident position.
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B. Atom placed in a three-layer dielectric waveguide (g=p,s;m=0,1,2 . .. ,m%ax)' (20)

If the permittivity coefficients of the three dielectric layers
obeyes>e=¢,, the three-layer structure forms a dielectric Wherekgm) is the wave number of theath g-polarized guided
waveguide. The electromagnetic modes in this dielectrienode in thex-y plane;m? _ is the maximum integer fam to

structure can be classified into radiation modes, whose wavge chosen, which depgaxds on the thickness of the middle
vectors satisfy & k<i/e,(w/c); substrate modes, with layer and the mode polarization. For treepolarization
Jeo(wlc)<k<\lei(w/c); guided modes, withye,(w/c)  modes[25],
<k< \es(w/c); and evanescent modes, Wkbr \/e 3(w/c).
It is easily seen that there is no contribution of the evanes- s 2d 1 g1~ &5
cent modes in the waveguide to the spontaneous decay. The ~ Mma™| Ve3™ 2 37~ arctan Py
contributions of the radiation and the substrate modes to the
spontaneous decay rates can be directly obtained by integrafnq, for thep-polarization modes,
ing Egs.(9) and(10) numerically. Because the wave vectors
of the guided modes are limited in the regiga,(w/c)<k 2d 1 e e —s
. .. 3 1 2
<\Jes(wlc), the reflection coefficients of these modes are mP = Ves—ep —— —arctar{—\/—
complex quantities with modulus 1, which can be expressed No T g2 T 8378
as where[ £] denotes the largest integer that is smaller than or
ri=exp —2i¢d)(q=p,s). (19 equal toé. These conditions show that for a certain thickness
of the layer with permittivitye, a finite number of guided
The wave vectors of the guided modes obey the resonangaodes exist. These field modes involve atomic spontaneous

condition|D§]1j)|2=0, ie., emission. The contributions of thepolarized guided modes
- - - and thes-polarized guided modes on the spontaneous decay
Blkg™)d— ¢ (kg™) — ¢ (kg™)=mmr rate are expressed as

5 3% X1+ cog w5 d' — ¢ — ¢P )cog w5 (d' —220) — ¢f + ¢ ]
Yor= 4. 2 ) (21)

483 m d’+ €1€3 n €2€3

T
[(81+83)X§;m)_8183]\/xpm —& [(82+83)X§)m)_8283]\/xpm —&;
o 3% mBY °[1-cog w8 d' — ¢f — ¢ )cod mpY (d' —22) — ¢ + ¢P]

7gx__ 2 y (22)

€3 m €1&3 €2€3

md’+ (m) Qe (m) @)
[(e1te3)Xp _8183]\/xp —e1 [(eates)Xy _8283]\/Xp —&
3yo T 1+cogmas d — ¢% — ¢ )cog mpS (d' —22) — p% + 47 ]
YSX_T , (23

) g4
T
\/Xgm)_sl \/Xgm)_sz

where  x{W=(k{™)%w?/c?,  zj=2z5/\,, and B  we also observe that, whet' is small, y, x, andp are
=\ez—xq". The total decay rate is given by=y9+v; irrelevant to the position of the atom. WhelHi becomes
+v5. For the nearly degenerate case, the quantum interfefarge, these quantities are strongly dependent on the position
ence strength is given by= 17— y?— 43, and the effective of the atom, and exhibit a quasiperiodic oscillation wdth

parallelism of the two dipole moments is given py= «/y. These phenomena can be understood as follows. When
Figure 4 showsy, k, andp versus the thickness of the layer IS very small, only the lowest guided modesi€0) are
with different relative positions of the atom. We see thatSuPported by the dielectric waveguid25]. Equation(20)
whend’ is small,p can take a value close to1. This means Shows that for certain’, the wave vectok? for the guide
equivalently, that the anisotropy of the vacuum inducegnode withs polarization is larger thak(® for the guide
quantum interference between the two decay chanjigls mode withp polarization, although both of these approach
—|3) and |2)—|3), similar to that in the system of the Ve,(wlc). These guided modes mainly affect on the sponta-
V-type three-level atom with two dipole moments nearly an-neous emission rateg;, and v, , and y§, is negligible(in
tiparallel to each other in free spaC#. From these figures, fact, whene,=¢, andz)=d’/2, the atom is in the node of

013819-5



GAO-XIANG LI, FU-LI LI, AND SHI-YAO ZHU

0.0 T T T T T

0.4
02
0.0

-0.2-

0.4-

0.4+

0.2

0.0

-0.24

p=x/y
o
+

]
L
o

PHYSICAL REVIEW A 64 013819

spontaneous emission rates also obey @§) except that
eg3>¢, that is, y,x> 7v,,. Therefore, different from the situ-
ation discussed in Sec. lll A, here in the dielectric waveguide
p<0. Because the mode density in the dielectric waveguide
is generally position dependent, the spontaneous emission
ratey, the interference strength and the relative strengih

of the interference depend on the position of the atomic lo-
cation. However, whed’ is very small the mode density in
the thin waveguide is nearly position independent;ysox,

and p are insensitive ta’. The oscillation behavior of the
curves results from the fact that with an increase in the of the
thickness of the layer, a new guide mode appears when
increases tan+1 in Eq. (20). For the symmetric case of
e1=g, andz}, the atom is located in the nodes of the guide
modes with eveim (m=0,2,4 . . .) and theantinodes of the
guide modes with oddh (m=1,3, .. .), soonly the guided
modes with everm affect the spontaneous emission. How-
ever, if the atom is located outside the center of the middle
layer, all the guided modes are involved in the spontaneous
emission. So as shown in Fig. 4, the periodsypfx, andp

for z)=d’'/2 are nearly as twice as those fy#d’/2.

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

Recently, one-, two-, and three-dimensional periodic
structures[22,26—28 of optical materials have attracted a
great deal of attention in the optics community, because
these structures may exhibit the existence of photonic stop
bands(or band gaps The simplest case is one-dimensional
periodic or quasiperiodic multilayer stacks, termed one-
dimensional photonic crystal. Dowling and co-workg?g]
studied the spontaneous emission of a two-level atom in a
one-dimensional photonic crystal. They found that the spon-
taneous emission can be enhanced or inhibited. However,
their model is essentially scalar, because only the field
modes polarized parallel to the atomic dipole moment were
taken into account. In this subsection, taking all the TE and
TM polarized modes into account, we investigate the spon-
taneous emission of a V-type three-level atom and the quan-
tum interference between the two decay chanhkls-|3)
and|2)—|3).

We assume that the atom is embedded in the middle di-
electric layer with permittivitye ; and thicknessl. This layer
is coated by two upper and lower distributed Bragg reflecting
mirrors, each of them composed ®-period dielectric
stacks, in which every period consists of two dielectric layers
with permittivities e, and e, (e3>e,>¢,) and widthsd;
andd,. The multilayer medium is placed in air, so the per-
mittivity of the top and bottom layers is modeled &s=1.

FIG. 4. Same as Fig. 3, except that the permittivities are chosefris structure forms a one-dimensional photonic crystal with

ase;=€,=1.0 ande;=5.0.

the guided modes aanGX is exactly equal to ze)oBecause
of k¥>k{?, the mode density of the guide mode wih
polarization is much smaller than that of guide mode vgith
polarization: yq,> v, . Also, when e;=g,=¢ and z,

a defect 28]. Similar to the three-layer dielectric waveguide
discussed in Sec. Il B, there are five kinds of field modes in
this structure: one is a propagating mode with wave vector
k< \/eo(w/c) which can be regarded as a running wave in all
directions; the second is a guided mode with,(w/c)<k

< /e (w/c) which forms an evanescent wave in thge;

=d'/2—0, the contribution of the radiation modes to the interface in thez direction; the third is a guided mode, but its
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wave vector obeys/e;(w/c)<k<\/e,(w/c), and it can be
treated as an evanescent wave in the layers aygtande in

PHYSICAL REVIEW A 64 013819

not affect the spontaneous emission. Evidently, for all the
guided modes, the reflection coefficienj!§ (g=p,s) in Eq.

the z direction; the fourth is also a guided mode with (11) are unit complex, which can be written a]%i:exp
Jeo(wlc)<k< \es(w/c), which forms an evanescent wave (—2¢Jq). By use of Egs(9) and(10), the contribution of the

in the layers withey, €4, ande, along thez direction; the
fifth is an evanescent mode wik™> \/s3(w/c), which does

guided modes to the spontaneous decay rates can be ex-
pressed as

370 < m™{V[1+cog mpY d' —2¢P)cod mBY (d' —2z))]
Yo =7 , (24
9L 4e, 4 deP
7Td'—2—;,
dﬁs XEjm)
p'2rq_ p p p’ r_ ’
iy :% E mBs [1—cogmp; d' —2¢))cog wP5 (d'—2zp)] 25
ql 883 ™ dd)p ’
md' =2 ! -
dﬂ3p X(m)
p
: 3% 1+ cog w3 d' —24)cog 75 (d’ —22y)] o8
ad' —2 ;,
ds;

wherex{™ = (k{™)? w?/c? are roots of the equation

mBa(x{M)d' = 24(x{M)=m7 (m=0,12...). o

By use of the Fresnel recurrence relat[@&yg. (12)], we can
obtain the reflection coefficient$. , the phasep], and their

derivations exactly. Substituting all these parameters int
Egs. (24)—(26), we can obtain the contribution of all the
guided modes to the spontaneous decay rate numericall

xgm)

radiation modes, the existence of ranges‘otorresponding
to very smally, reflects the fact that there exist incomplete
photonic band gaps for the radiation modes. This is because
the dielectric stack under consideration displays a periodic
structure in thez direction; when the period\ is large, the
stack should exhibit the essential feature of the standard one-
dimensional photonic crystdl22], i.e., the appearance of
hotonic band gaps. However, different from R&2], here
e take all the TE and TM radiation modes with arbitrarily
ropagating directions into account, so there only appear in-
omplete gaps. The reason for this is that the stack is peri-

The contribution of the radiation modes to the spontaneousg yic only in thez direction: only the radiation modes propa-

decay rate can be directly calculated from E(®—(11),
together with Eq(12), by numerical integration. In Figs. 5
and 6, we show the decay raje due to the radiation modes
with k< \/eo(w/c), the total decay rate arising from all the
radiation modes, and the guided modes Wity (w/c) <k
<\/es(wl/c), the quantum interference strengthand the
relative strengttp of quantum interference vary witth’ for

gating along the direction can be completely inhibited, but
the other radiation modes whose propagating directions are
out of thez direction cannot be completely inhibited. We
also see from Fig. 6 that the width of the band gap for the
radiation modes is strongly dependent on the difference be-
tween the permittivitiez, ande,; the larger the difference,
the wider the band gaps. With increasidg, the band gap

different values of the periodic number of the coated stack®ecomes narrow; in the high-frequency region the band gap

and the atomic position. These figures illustrate thatx,

nearly disappears. These features are coincident with those in

and p display behaviors similar to these presented in SecRef.[22]. Also we find thaty, is strongly dependent on the

[l B for the waveguide case.

position where the atom is embedded; that is, at different

From Figs. 5 and 6 we see that by increasing the numbepositions the photonic density of states for the radiation
of periods of the upper and lower stacks, the atomic decaynodes are different, and the band gaps whgnd’/2 are
rate y, due to the radiation modes can be greatly decreaseghuch wider than those wherj#d’/2. That is to say, to

for certain ranged’. If we fix the thicknesgl of the layer in
which the atom is embedded, then the variatiom otan be
treated as a variation of the frequeney Since the decay

control the influence of the radiation modes on the properties
of spontaneous emission, embedding the atom at the middle
of the layer withe; is much more efficient than doing so at

rate vy, is proportional to the local density of state for the other positions in this layer.
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FIG. 5. (a) The variation ofy,, y, «, andp with d’. Here the permittivity of the middle layer in which the atom embeddeslis
=10.0, the periodic number of the upper and lower cladding dielectric lay®&s-is, and the permittivities of the two layers in each period
aree;=1.5 ande,=9.0. The solid line corresponds #g=d’/2, the dashed line tgy=d’/4, and the dotted line ta;=d’/8. (b) Same as
(@), bute,=2.0.
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FIG. 6. (a) Same as Fig. ®), except thaN=5. (b) Same as Fig. &), except thaN=5.

However, when we inspect the behavior of the quantunence is. Therefore, if the atom is embedded in the present
interference strengttx and the relative strengtp of the  one-dimensional photonic crystal, then, in order to increase
guantum interference, the larger the difference between thihe relative strength of the quantum interference, the layer in
permittivities e; and ¢,, the stronger the quantum interfer- which the atom is embedded should have a large permittivity
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€3, and the difference betweesy and e, should be large tiparallel to one another. The decay rate and the quantum
enough. At this moment, the band gaps for the radiationnterference strength display an oscillation behavior with an

modes are very narrow. increase of the thickness of the layer where the atom is em-
bedded, because more guided wave modes are switched on.
IV. SUMMARY Increasing the number of the layers for appropriately large

) ) o ) contrasts in the permittivity of the layers, the medium gradu-

We investigate spontaneous emission of an atom with twgyly pecomes a one-dimensional photonic crystal. The en-
close upper levels and one single lower level, embedded in gancement and the inhibition of spontaneous emission of the
tween two transitions from the upper levels to the common,ariation of the thickness of the layer where the atom resides.
lower level. It is verified that in the anisotropic vacuum, This result clearly predicts the existence of photonic band
quantum interference can exist even if the two dipole moyaps. In contrast to previous studies on one-dimensional pho-

ments are orthogonal to each other. Choosing different afpnic crystals, the present model is completely vectorial, and
rangements and values of permittivity of the layers, we showne photonic band gaps are incomplete.

two situations: a dielectric plate cavity and a dielectric wave-

guide. In the cavity case, we find when the separation be-

tween the two dielectric plates is smal_l, the decay rate of the ACKNOWLEDGMENTS
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