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Spontaneous emission in a photonic crystal near the band edge: Field versus population dynami

Yaping Yang,1,2,3 M. Fleischhauer,1 and Shi-Yao Zhu3
1Fachbereich Physik, University of Kaiserslautern, D-67663 Kaiserslautern, Germany

2Department of Physics, Tongji University, Shanghai 200092, China
3Department of Physics, Hongkong Baptist University, Hong Kong

~Received 12 November 2002; published 3 July 2003!

We investigate the dynamical properties of the radiation field emitted from an excited two-level atom in a
photonic crystal. If the transition frequency of the atom lies within a certain frequency range above the band
edge, the emitted field consists of two components that show a different decay dynamics. In particular it is
shown that one field component decreases faster than the atomic population with a decay constant depending
on the distance from the atom. As a consequence, the decay rate of the electromagnetic field is spatially varying
and, in general, can not be identified with the corresponding rate for the atomic population.
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Spontaneous emission results from the coupling of
atom or molecule to the vacuum of the electromagnetic fie
and is determined by the local density of modes~LDM !.
Altering the mode structure, as, e.g., near reflecting surfa
or inside resonators, one can modify the emission dynam
and the Lamb shift@1#. Substantial deviations from the free
space LDM can be achieved in photonic crystals, which
artificially created periodic dielectric structures. For suf
ciently large modulations of the dielectric constant the
structures can possess gaps in the frequency spectrum@2#. It
has been predicted that inside or in the vicinity of such g
spontaneous emission can be reduced or even compl
suppressed@2–5# and excited photon-atom bound states c
exist @3–6#. Due to the pronounced frequency dependence
the LDM the spontaneous emission has, in general, a no
ponential character@3,7#.

In contrast to the large number of theoretical papers
the subject only little experimental work has been publish
@8–10#. Due to the difficulty in fabricating three-dimension
photonic crystals with a pronounced band gap, unambigu
experimental proofs of several aspects of the atom-light
teraction are still missing. In a recent paper, Petrovet al.
reported the observation of a two-component fluorescenc
dye molecules in a photonic crystal@8#. The decay rate of
one of them was substantially reduced compared to the f
space value, that of the other was however enhanced
average, the decay was changed just by a few per cent
the other hand, a similar later experiment by Megenset al.
@9# using a smaller wavelength did show only a sing
component decay with a rate very close to the free-sp
value. The origin of the results obtained in Ref.@8# is still
subject of some discussion@11,12#. To understand the differ
ent experimental results, an efficient formalism for the d
scription of fluorescence from active materials in a photo
crystal was developed in Ref.@13#, and accelerated and in
hibited decay rates of atomic population predicted depend
on the position and orientation of the dipole in the photo
crystal@14#. The purpose of the present paper is to show t
an atom in a photonic crystal can emit radiation show
both accelerated and decelerated decays as compared
atomic population. We show, furthermore, that the tempo
behavior of the emitted field depends sensitively on the
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tuning of the atomic transition frequency from the band ed
and changes with the distance from the atom.

Let us consider a two-level atom in a photonic cryst
The excited stateu1& of the atom is radiatively coupled to th
ground stateu0&, and the transition frequencyv0 is assumed
to be near the band edgevc . The atom-field interaction is
described in dipole and rotating-wave approximation by
Hamiltonian

Ĥ5\v0u1&^1u1(
k

\vkbk
†bk1 i\(

k
gk~bk

†u0&^1u2H.c.!.

Here bk (bk
1) is the annihilation~creation! operator for the

kth radiation mode in the photonic crystal with frequen
vk . gk5v0 /\A(\/2«0vkV0)ek•d is the atomic field cou-
pling constant@3#, whered is the vector of the atomic dipole
moment, andek are the polarization unit vectors. The sta
vector of the system is given byuc(t)&5a(t)e2 iv0tu1,$0%&
1(kbk(t)e

2 ivktu0,$1k%&, with the atom initially in the ex-
cited state.u1,$0%& describes the atom in the excited sta
with no photon in the reservoir modes, andu0,$1k%& de-
scribes the atom in the ground state and a single photo
modek. The dispersion relation near one band edge can
expressed approximately byvk5vc1Auk2knu2, whereA is
a system dependent constant,kn is a finite collection of sym-
metry related points associated with the band edge. Solv
the Schro¨dinger equation for amplitudesa(t) andbk(t) and
substituting the result into the expression for the field, o
can easily obtain the field amplitude@15#. As shown in Ref.
@6# the resulting radiation field consists of several comp
nents depending on the detuningD5v02vc of the transi-
tion frequencyv0.

Region I. If D<D15b3/2/vc
1/2, the electric field

has two components E(I)5El
(I)1Ed

(I) . Here b3/2

5(v0d)2(n sin2 un /(8p«0\A3/2), and un is the angle be-
tween the dipole vectord of the atom andkn .

El
(I)~r ,t !5E0~r !

2 ip

F8~x1!
e2 i (v02x1)t2rPQ~ t2t1!, ~1!
©2003 The American Physical Society02-1
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Ed
(I)~r ,t !5E0~r !eifE

2`

`

dyH J„i ~D2x1!,y,t…

iF 8~x1!

1
Ai

p E
0

`

dx K~x!J~x,y,t !J . ~2!

x1 is the real root ofF(x)5x2b3/2/(Avc1Ax2D)50 in
the region Re(x).D, P5A(x12D)/A and t15r /(2AP).
F8(x) denotes the derivative of F(x). E0(r )
[(v0/8irAp2«0)(neikn•r

„d2@kn(kn•d)#/(kn)2
…. El

(I) is a
stationary~i.e., nondecaying! component with a spatial local
ization lengthP21. The stationary field component reflec
the formation of a bound atom-field state as predicted
Refs. @3–6#. The frequency of the localized field i
v (I)5v02x1, which is within band gap. The second fie
componentEd

(I) has a diffusive character. The function
J(x,y,t) and K(x) in Eq. ~2! are defined asJ(x,y,t)
5@ i 3/2y1r /(2AAt)#e2y2

/(2xt1 i „i 3/2y1r /(2AAt)…2) and
K(x) 5 b3/2Ax (vc 2 ix) / „ @(D1 ix)(vc2 ix) 2 Avcb

3/2# 2

2 ib3x… andf52vct1r 2/(4At)13p/4. The decay ofEd
(I)

follows a power-law dependence on time and no unique
cay rate can be associated with it. The field behavior is
flected in the dynamics of the atomic population. The am
tudea(t) of the excited state in region I reads

a (I)~ t !5
eix1t

iF 8~x1!
2

Ai

p E
0

`

dx K~x! eiDt2xt. ~3!

Region II. If D1<D<D25vc2b3/2/@ 2
3 vc

1/21(q12q2)1/3

2(q11q2)1/2#, with q15@(4vc
3220vc

3/2b3/2)/271b3#1/2

andq2510vc
3/2/272b3/2, the field has only a diffusive com

ponentE(II) 5Ed
(II) :

Ed
(II) ~r ,t !5E0~r !eif

Ai

p E
2`

`

dyE
0

`

dx K~x!J~x,y,t !. ~4!

In region II the Lamb shift moves all dresses frequenc
exactly to the band edge,v (II) [vc . The dynamics of the
excited state population is again given by Eq.~3!, however,
without the first term.

Region III. Finally if D>D2, the emitted field has two
componentsE(III) 5Ed

(III) 1Er
(III) . Er has radiative characte

and is given by

Er
(III) ~r ,t !5E0~r !

p

G8~x2!
e2 i (v11 ix2)t1 irQQ~ t2t2!. ~5!

Here x2 is the complex root ofG(x)5x2 ib3/2/(Avc

2 iAix1D)50 in the region@Re(x),0 and Im(x),D].
The imaginary part ofx2 represents the modified Lamb shif
its real part characterizes the decay rate of the radiative
component,v (III) 5v02Im@x2#, andG r52Re@x2#. The ra-
diative component has a retardation timet25r /@2A(Im
1Re)Q# with Q5A( ix21D)/A. The diffusion field has the
form
01560
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(III) ~r ,t !5E0~r !eifE

2`

`

dy H J„~ iD2x2!,y,t…

G8~x2!

1
Ai

p E
0

`

dx K~x!J~x,y,t !J . ~6!

Here the first term in the brackets is the dominant one. T
complex amplitude of the excited state reads

a (III) ~ t !5
ex2t

G8~x2!
2

Ai

p E
0

`

dx K~x! eiDt2xt. ~7!

The first term describes exponential decay with rateG r , the
second term describes a nonexponential decay, whic
however only of relevance for very short times.

We first discuss the properties of the spontaneously e
ted radiation when the atomic transition lies in one of t
three frequency regions and compare the field dynamics w
that of the upper state population. For this we first consi
the spectrum of the electromagnetic field at a particular d
tancer from the atom, defined via the Fourier transform
the electric field

S~r ,v!5U 1

2pE0

`

dt E~r ,t !eivtU2

. ~8!

In Fig. 1 we have plotteds(r ,v)5S(r ,v)/uE0(r )u2 for dif-

FIG. 1. Spontaneous emission spectrum for different distan
from the atom and different detunings from band edge~top! D
50, i.e., region I,~middle! D50.100 002b region II, and~bottom!
D50.2b, i.e., region III near the band edge. The solid line rep
sents the spectrum of the total field, the dashed and dotted
show the spectrum of the individual components.r is measured in
units of (bA)21/2. See text for details.
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ferent values ofr for the cases ofD<D1, i.e., in region I~top
part!, D1<D<D2, i.e., in region II ~middle part!, and D
>D2, region III ~lower part!. In region I one recognizes
singularity in the spectrum at the dressed transition
quency associated with the localized electric field. The win
of this line decrease rapidly with increasing distancer from
the atom, which reflects the exponential localization of t
field contribution, see Eq.~1!. There is also a spectral con
tribution above the band edge corresponding to the diffus
field, which does not depend on the distance from the at
The dashed line shows the spectrum of the localized fi
the dotted line shows that of the diffusion field and the so
line the spectrum of the total field.

In region II there is only a diffusive contribution. No lo
calized field exists and one peak in the spectrum occur
vc . The emission spectrum narrows as the distance from
atom increases. Finally in region III the spectrum is a narr
Lorentzian line at the dressed atomic frequency. Here das
and dotted lines represent the spectra of the radiative
diffusive fields only and the full line represents the spectr
of the total field. Since the frequency lies in the propagat
band, the entire energy of the emitted field can propagate
Furthermore, the total emission spectrum does not depen
the distance from the atom. The spectrum of the radia
component is a narrow Lorentzian line, which has the sa
half width with the total spectrum. From Fig. 1 it can be se
that the peak of the radiative component decreases with
distancer from the atom. However, the part of the diffusiv
component increases withr. The spectrum of the diffusive

FIG. 2. Time evolution of intensity of total field~solid line!,
propagating~dotted line!, and diffusion field~dashed line! for vc

5100b, D50.2b and for different distance from atomr in units of
(bA)21/2. ~a! r 5100; ~b! r 51000. The inset shows the same on
logarithmic scale. In the lowest graph the population decay is p
ted, which is clearly exponential.
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component has several maxima with a lower cutoff at
band edge. The position of its most dominant peak chan
with the distance from the atom and comes closer to
frequency of the radiative component.

We now analyze the dynamics of the intensity of the fie
in region III, where both diffusive and radiative componen
contribute to the transport of energy away from the atom
the transition frequency lies deep in the propagation ba
the diffusion field is negligible. However, if the detunin
from the band edge is not too large, both field compone
need to be taken into account. In Fig. 2 we have plotted
total field intensity as well as the intensities of the diffusi
and radiative parts as functions of time for two differe
distances from the atom. After the retardation time of t
radiative fieldt2, the intensity of this component decreas
exponentially with a single decay constantG r . The decay of
the diffusion field, on the other hand, resembles a power-
dependence. If, as in the example shown, the magnitude
the diffusive and radiative parts are comparable, the to
intensity shows oscillations due to interference of the t
components.

Another interesting feature of the decay of the diffusi
field is that it slows down with increasing distance from t
atom. This is illustrated in Fig. 3, where we have shown
relative intensities of the diffusive and radiative field comp
nents as well as the decay times as functions of the dista
from the atom. For small values ofr the initial decay of the
diffusion field is much faster than that of the radiative co
ponent. With growing distance from the atom, the diffusi
decay approaches, however, more and more that of the ra
tive component. At the same time the intensity of the diff
sive field increases relative to the radiative component. T
can be interpreted as a partial transfer of energy from
radiative field component to the diffusive field component.
fact, one finds that Eq.~5! for Er

(III) can be rewritten in the
form

t-

FIG. 3. Spatial dependence of relative intensity of diffusive
radiative field ~upper curve! and decay times~lower curve!. The
solid line corresponds to the diffusive field component; the das
line to the radiative.
2-3
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Er
(III) ~r ,t !5

pE0~r !

G8~x2!
QS t2

r

v f
D

3expH 2 i @v2Im~x2!#S t2
r

vp
D

1Re~x2!S t2
r

ve
D J ~9!

with vp5@v12Im(x2)#/Re(Q), the energy velocityve
5Re(x2)/Im(Q), and the front velocity v f52A(Re
1Im)(Q). It can be proven analytically that the energy v
locity is larger than the front velocityve.v f . This means,
during the propagation of the radiative field component,
energy is partly transferred into the diffusion field.

Finally we discuss how the presence of different dec
times associated with the diffusive and radiative field co
ponents reflects itself in the dynamics of the atomic popu
tion. As can be seen from the lower plot in Fig. 2, the exci
state amplitude of an atom in region III decays after so
initial time according to an exponential law with a decay ra
equal to that of the radiative fieldG r . The exponential decay
of a (III) (t) is described by the first term in Eq.~7!, which is
dominant after some initial time period. Thus we conclu
that the coexistence of field components with different ch
01560
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y
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d
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e
r-

acteristic decay times does not correspond to a similar
havior of the atomic population.

In summary, we have investigated the behavior of the
diation field emitted by a two-level atom in a photonic cry
tal. The emission spectrum and decay properties strongly
pend on the distance from the atom and the position of
atomic transition frequency relative to the band edge. Un
certain conditions, namely, if the bare atomic transition f
quency is in region III not too far from the band edge, the
can be two field components with different characteristic
cay times and spectra. As a consequence the field inten
shows an oscillatory decay. The spectrum of the total field
defined in Eq.~8!, is however Lorentzian and the atom
population decays always exponential with a single de
constant. The detection of field components with decelera
and accelerated decays in Ref.@8# does, however, not neces
sarily imply a modified spontaneous decay of the atom
excitation.
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