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The spontaneous emission from a three-level atom embedded in a photonic band gap structure
studied. Interference between two transitions leads to quasiperiodic oscillations of population betwee
the two upper levels with large amplitudes. The spontaneous emission of the atom is characterized
three components in the radiated field: a localized part, a traveling pulse, and as1y

p
td3 decaying part.

An analytical expression for the localization distance of the localized field is obtained. The energy
velocity for the traveling pulse could be close to zero. By selecting an appropriate initial superposition
state, a large amount of population trapping can be achieved. [S0031-9007(97)03521-7]

PACS numbers: 42.50.Gy, 32.80.–t, 42.70.Qs
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Quantum interference between different atomic tran
tions and atomic coherence can lead to various effects, s
as change of spectra, population trapping, phase-sensi
amplification, and laser without inversion [1–3]. In th
past, these phenomena were studied mostly in systems w
a coherent driving field. In a four-level system the spont
neous emission from two neighboring levels (which em
photons of the same polarization) to the lower level ca
be totally suppressed when they are coupled to the fou
level by a driving field [2]. In this case, population trap
ping and oscillation of population in upper levels can b
observed. In the absence of an external coherent field,
cillation of population in the upper levels also exists due
the emission and reabsorption of a single photon from t
two upper levels as a result of the interference [3]. How
ever, such an external field-free oscillation is very wea
as the spontaneously emitted photon travels away from
atom in free space with the vacuum speed of lightc.

It was shown that, in a photonic band gap structu
(PBGS), the prohibition of light wave transmission can b
achieved for some frequency ranges in all directions [4
As a consequence the energy of the field can be localiz
in a space domain without propagating away. Recent
much effort has been concentrated on the study of photo
crystals in which a three-dimensional periodic dielectr
structure is used to create one or several forbidden f
quency bands [5].

An atom (impurity) embedded in such a structure wi
interact with field modes in the propagating frequenc
band as well as those in the forbidden band, localized fie
modes created by the atom [6,7]. Since an emitted pho
can be trapped in the vicinity of the atom, the exchange
energy between the atom and field can be significant.
has been shown that a two-level atom embedded in a PB
could retain some population in the upper level, even wh
the transition frequency was in the transmitting band [6,8
The final state is a dressed state of the atom with a localiz
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field mode, which lies in the forbidden band. A natur
question arises: how to use the localized field to enhan
quantum interference effect. Furthermore, one might a
what the properties of the field emitted by the atom are

In this Letter we report the effect of quantum interfe
ence without a coherent driving field in the spontaneo
emission of a three-level atom embedded in a photo
band structure. The atom has two upper levels and o
lower level (which is different from the three-level atom
treated in Ref. [8], where the atom has one upper le
and two lower levels, and there is no interference betwe
the two transitions [9,10]). The two upper levels are co
pled to the lower one via the same field continuum. T
interference between the two transitions leads to an
change of population between the two upper levels, e
tended oscillations of energy distribution between the fie
and the atom, and a large population trapping in the u
per levels. The field emitted by the atom is composed
three parts: a localized field, a traveling wave with ve
slow energy propagation velocity, and a decaying field.

Our model consists of a three-level atom with two upp
levels ja1l, ja2l and a lower leveljbl (see Fig. 1). The
dipole vectors betweenja1l andjbl and betweenja2l and
jbl are parallel. The dispersion relationship of the ba
gap material near the band gap edgevc can be approxi-
mated by [6,8]

vk  vc 1 Ask 2 k0d2, A  vcyk2
0 . (1)

The Hamiltonian for the system, after carrying out th
rotating wave approximation atvc, is

H 
X

k

h̄svk 2 vcday
k ak

1 ih̄

"X
k

sgs1d
k a

y
k jbl ka1j 1 g

s2d
k a

y
k jbl ka2jd 2 H.c.

#
.

(2)
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The coefficientsgs1d
k , gs2d

k are related to the decay coeffi
cients of each upper level. We assume here, as in pr
tical situations,jva1 2 va2 j ø vc. For a special case
va1b 2 vc  2sva2b 2 vcd  D with gs1d

k  gs2d
k , ana-

lytic results can be obtained for the evolution of an ato
from an arbitrary initial excited state. The state vector
a timet is given by
y

t

r

206
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jcstdl  fAs1dstd ja1l 1 As2dstd ja2lgaj0lf

1
X

k

Bkstd jblaj1klf , (3)

with As1ds0d, As2ds0d fi 0, andBks0d  0.
Following procedures similar to Ref. [8], we obtain th

Laplace transform for the amplitudesAs1dstd, As2dstd:
Ãs1dssd 
As1ds0d ss 2 iDd 2 fAs1ds0d 2 As2ds0dg sigd3y2y

p
s

s2 1 D2 2 2sigd3y2
p

s
,

Ãs2dssd 
As2ds0d ss 1 iDd 2 fAs2ds0d 2 As1ds0dg sigd3y2y

p
s

s2 1 D2 2 2sigd3y2
p

s
.

(4)
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Here g  fv7y2
ab d2

aby6pe0h̄c3g2y3. The right-hand side
contains four poles,si  x2

i , i  1, 2, 3, 4, wherexi are
the roots of the equation,x4 1 D2 2 2sigd3y2x  0, and
are located in the quadratures II, IV, III, and I, respectivel
The inverse of Eq. (4) can be expressed as

As1,2dstd 
4X

i1

a
s1,2d
i ssssxi 1 yidex2

i t

1 yif1 2 erfs
p

x2
i t dgex2

i tddd . (5)

whereas1,2d
i is the expansion coefficient corresponding

the polexi , which depends on bothD and As1,2ds0d, and
yi 

p
x2

i . If xi is on the right half plane, we haveyi  xi ,
and if xi is on the left half plane, we haveyi  2xi , in
order to keep the phase angle ofx2

2 within 2p to p [8].
Therefore, only two purely exponential terms due tox4
(oscillatory without decay at a fixed space point) andx2

(oscillatory with decay at a fixed space point) survive. Th

FIG. 1. A three-level atom in a photonic band gap structu
The two upper levels (ja1l and ja2l) are symmetrically placed
from the band gap edge byD.
.
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second half containing erfs
p

x2
i t d decays usually as1y

p
t,

while similar terms in Ref. [8] decay at a faster pace
s1y

p
t d3.

The radiated field amplitude at a particular space poi
r, is [9]

Esr , td 
X

k

s
h̄vk

2e0V
e2isvkt2krdBkstd , (6)

where the one-photon state amplitude

Bkstd  2
Z t

0
dt0 fgs1d

k As1dst0d 1 g
s2d
k As2dst0dge2isvc2vkdt0

.

(7)

We find that the right-hand side of Eq. (6) can be e
pressed as the sum of three contributions,I1, I2, and I3,
for large timesst ! `d.

The first part,I1, comes from thex4 term in Eq. (5) and
does not decay in time. By neglectingskrd22, and higher
order terms, we found its amplitude drops exponentia
ase2rylc , and its frequencysvc 2 jx4j

2d is within the for-
bidden band [9,10]. It represents a localized field. Th
size of the localized photon mode islc 

p
Ayjx4j

2. The
amplitude of the localized photon mode is proportion
to sinus1 2 i

p
vcyjx4j

2 dykr, which goes to zero asD
increases. Hereu is the angle between the atomic dipol
vector and ther vector.

The I2 part comes from thex2 term. Spatially, it is an
exponential pulse with the phase velocityyp and energy
velocity ye,

y21
p  f1 1 Res

p
ix2

2yvc dgk0ya ,

y21
e  2Ims

p
ix2

2yvc dk0yb .
(8)

The phase and amplitude propagation is proportional
sinue2iast2ryyp de2bst2ryyed with b  2Resx2

2 d. Its fre-
quencya  vc 2 Imsx2

2d is in the transmitting band. The
energy velocityye is considerably smaller thanc (could be
close to zero).

For the third part,I3, the exact result cannot be found
An approximate expression was obtained for largegt. The
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I3 term decays to zero, but, unlikeI2, it does not have
the form of an exponential ofehst2ryyd representing a
wave packet traveling away from the atom. It contain
only a phase propagating factore2isvct2k0rd. At any fixed
time, the amplitude of the third part decreases to ze
exponentially as the distance from the atom increases.
any space point, the amplitude decays to zero as time g
to infinity. Therefore, it represents a decaying field. Th
amplitude decay is proportional tos 1

p
t d3.

We examined the evolution behaviors and the fin
state with various initial superposition states to analy
the roles played by the coupling of the decaying field
the traveling wave and the localized wave, and by t
interference due to the two interaction channels. A pictu
of how the population transfers between levels, and h
the energy is transferred from the atom to the traveli
wave and localized field, is thus obtained.

Interference leads to the transfer of population fro
ja1l to ja2l or vice versa, as witnessed by the oscillation
in Fig. 2 (initially the atom in ja2l). The population
trapping in the two upper levels is due to the photon
band gap with a nondecaying component to form the fin
dressed state. In Fig. 2, the dominating part decays a
rate s

p
gt d21 due to the interference. The population

oscillate many cycless,102d before eventually decaying
to their final values (for other initial states, the oscillation
are similar).

This quasioscillation has quite a large amplitude of t
order of 0.5, a feature significantly different from th
two-level case. In the current situation, the interferen
between the two transitions is enhanced by the localiz
field. Consequently, we have a larger oscillation amplitu
compared to either a two-level atom in a PBGS or a thre
level atom in vacuum. If the atom were continuous

FIG. 2. Upper state population evolution for the initial sta
jcs0dl  1

p
2
sja1l 2 ja2ld. D  g  1. p1, p2 are the popu-

lations in levelsja1l and ja2l, respectively.
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pumped to one of the upper levels, the emitted field wo
show a strong beat signal [10,11]. From the pattern
decay we determined that the strong quasioscillation is
mainly to the energy exchange between the atom and
field. The energy in the decaying localized field (given
the atom initially) will transfer back to the atom and the
become the energy of the traveling wave and the locali
field. This explains the small value ofye.

It can be proven analytically that the amplitude of th
oscillations can be minimized by choosing a special init
stateAs1ds0d  As2ds0d (minimizing the interference), and
with this initial state the amplitude of the populatio
oscillation decays ass1y

p
t d3, as shown in Fig. 3. [Note,

decay ass1y
p

t d3 is the situation for a two-level atom.]
The amount of population trapped in the upper levels

pends on the initial condition. The population in the upp
level within the band gap (ja2l) could be transferred to the
upper level in the transmitting band (ja1l) from which it
could emit the traveling wave. The final state contains
upper level part (trapped excited state population) an
lower level part with one photon in the localized mod
The phase difference between the two upper levels at
nal state is always zero. The ratio of the populations in
two upper levels,As1ds`dyAs2ds`d, is independent of the ini-
tial state, which has been proven numerically. This ra
as well as the portion in the lower level, depends onDyg.

Since the true trapped final state is a dressed state
a lower level component and a localized field (togeth
with the upper level components), no superposition
the two upper levels can evade decay completely. T

FIG. 3. Upper state population evolution for the initial sta
jcs0dl  1

p
2
sja1l 1 ja2ld. D  g  1. Notice the signifi-

cantly different decay time scale compared with Fig. 2.
207
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FIG. 4. Trapped population in the two upper levels as
function of D for the initial state which is a renormalized
state of the final state projected onto the manifold of the tw
upper levels and started from any initial state (solid line
For comparison, the trapped population for the initial sta
jcs0dl  ja2l is also plotted (dashed line).

is in contrast with the dark state of a driven four-leve
system. However, if the atom is prepared in a state, wh
is a renormalized state of the final state projected on
the manifold of the two upper levels starting from an
initial state (i.e., by makingBkst  `d  0 in Eq. (3) and
renormalizing the resulting state), we can minimize th
energy emitted into the traveling wave and could ha
more population trapped in the upper levels (even mo
than the case that the atom is initially in the level in the ga
i.e., ja2l). This final state population trapped in the tw
upper levels is plotted in Fig. 4 (where for comparison w
also plotted the final population trapped in the two upp
levels starting from the atom initially in the upper leve
in the band gap). We have established that the trapp
population for each value ofD is higher than that from
any other initial states (see Fig. 4). This is similar to th
situation of a driven four-level system [2]. If the four-leve
system is prepared in a nondecaying dressed state, the f
level atom will never decay (no traveling wave). In th
current case, the atom gives energy mainly to the localiz
field to form the required component of the lower leve
with one photon. For the sameD, more population trapped
in the upper level means more energy in the localized fie

In conclusion, we found that, in a photonic band ga
structure, the interference of spontaneous emission from
208
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three-level atom with the two upper levels coupled to th
same continuum can be significantly enhanced without t
help of a driving field, which is essential in free spac
The reabsorption and reemission of photons in the thre
level system embedded in PBGS are more pronounc
The atom releases its energy during the spontaneous em
sion process in three forms, a localized field with a loca
ization distancelc, a traveling wave (an exponential puls
with an energy velocity much slower thanc), and a slowly
decaying field. Since there is one level in the forbidde
band and one level in the transmitting band, it could al
serve as a medium to study the coupling of the extern
field and the local trapped field.

The authors would like to thank M. O. Scully and M. S
Zubairy for helpful discussions. This work was supporte
by FRG from the Hong Kong Baptist University.

[1] O. Kocharovskaya and Ya. I. Khanin, Pis’ma Zh. Eksp
Teor. Fiz. 48, 581 (1988) [JETP Lett.48, 630 (1988)];
S. E. Harris, Phys. Rev. Lett.62, 1033 (1989); M. O.
Scully, S. Y. Zhu, and A. Gavrielides, Phys. Rev. Lett.62,
2813 (1989); P. Mandel, Contemp. Phys.34, 235 (1993).

[2] S. Y. Zhu and M. O. Scully, Phys. Rev. Lett.76, 388
(1996); H. R. Xia, C. Y. Ye, and S. Y. Zhu, Phys. Rev
Lett. 76, 1032 (1996).

[3] M. O. Scully and M. S. Zubairy, Opt. Commun.66,
303 (1988); N. A. Ansari, J. Gea-Banacloche, and M.
Zubairy, Phys. Rev. A41, 5179 (1990); S. Y. Zhu, R. C. F.
Chan, and C. P. Lee, Phys. Rev. A52, 710 (1995).

[4] S. John, Phys. Rev. Lett.53, 2169 (1984); P. W. Anderson,
Philos. Mag. B52, 505 (1985); E. Yablonovitch, Phys.
Rev. Lett.58, 2059 (1987); S. John, Phys. Rev. Lett.58,
2486 (1987).

[5] E. Yablonovitch and T. Gimitter, Phys. Rev. Lett.63, 1950
(1989); K. M. Ho, C. T. Chan, and C. M. Soukoulis, Phys
Rev. Lett.65, 3152 (1990); E. Yablonovitch, T. J. Gmitter,
and K. M. Leung, Phys. Rev. Lett.67, 2295 (1991);
G. Kweon and N. M. Lawandy, J. Mod. Opt.41, 311
(1994); U. Gruning, V. Lehmann, and C. M. Engelhard
Appl. Phys. Lett.66, 3254 (1995); I. I. Tarhan and G. H.
Watson, Phys. Rev. Lett.76, 315 (1996).

[6] S. John and J. Wang, Phys. Rev. Lett.64, 2418 (1990);
S. John and J. Wang, Phys. Rev. B43, 12 772 (1991).

[7] S. John and T. Quang, Phys. Rev. Lett.76, 1320 (1996);
S. John and T. Quang, Phys. Rev. Lett.74, 3419 (1995).

[8] S. John and T. Quang, Phys. Rev. A50, 1764 (1994); I. S.
Gradshteyn and I. M. Ryzhik,Table of Integrals, Series,
and Products(Academic Press, New York, 1980).

[9] M. O. Scully and M. S. Zubairy,Quantum Optics(Cam-
bridge University Press, Cambridge, England, 1997
Chap. 6.

[10] P. Meystre and M. Sargent III,Elements of Quantum
Optics(Springer-Verlag, Berlin, 1991).

[11] J. P. Dowling and C. M. Bowden, J. Opt. Soc. Am. B10,
353 (1993).


