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Spontaneous decay behaviors from an assembly of atoms (or molecules) in 3D photonic crystals
(PC’s) with pseudogaps are investigated. Theoretically, a lifetime distribution function for these atoms
or molecules is defined to reveal decay kinetics. Our calculations show that quite wide or narrow lifetime
distributions can occur for different spread configurations of the atoms (or molecules). The pure PC
effect may lead to coexistence of both accelerated and inhibited decay processes. These results provide
theoretical clarification for substantial discrepancies in the recent reported experiments.
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Since the pioneering work of Yablonovitch [1] and
John [2], the spontaneous emission properties of atoms or
molecules in the three-dimensional (3D) photonic crystals
(PC’s) are extensively investigated. Because of the diffi-
culty in the fabrication of samples, the experimental studies
in this topic have been achieved only in the 3D PC’s with
pseudo-photonic-band gaps (pseudo-PBG’s). The inhibi-
tion effect of radiative decay in PC’s was first reported ten
years ago [3]. However, a later comprehensive experiment
showed that the non-PC effects can account for a major
fraction of the change in the radiative lifetime [4]. Re-
cently, the wide lifetime distribution containing both inhib-
ited and accelerated decay components was reported in the
artificial opal sample [5], in which dye molecules homo-
geneously spread over the background solution. However,
when the dye molecules are homogeneously embedded on
a spherical layer inside silica globules in a similar system
[6], only a single decay lifetime was found and very little
change in the decay lifetime was observed. Evidently, there
exist substantial discrepancies in these experimental ob-
servations. Up to now, the clearly theoretical clarification
for these experiments still remains an open question [7].

Theoretically, isotropic and anisotropic dispersion mod-
els near band edges have been extensively employed to
study the spontaneous emission problems in the 3D PC’s
with absolute-PBG’s [8—15]. Obviously, the dispersion
models are not applicable to the 3D PC’s with pseudo-
PBG’s, because the propagating modes in some direc-
tions overlap with pseudo-PBG’s. Moreover, the position
dependence of interaction between atoms and photons is
omitted in these models, while it has been well known in
the 1D inhomogeneous system [16—18]. To understand
different experimental results, the conventional averaged
lifetime over a few positions of atom was evaluated [19].
But, this attempt was a failure. Furthermore, it is assumed
in the numerical calculations that the magnitudes |E,, x (r)]
of the field modes are invariant under the operation of the
lattice point group operator [19-21]. Recently, this as-
sumption has been proven to be invalid and a new calcu-
lation method is presented [22].
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In this Letter, we study the decay kinetics of the atoms
(or molecules) in the PC’s with pseudo-PBG’s by consid-
ering the position-dependent interaction. Theoretically, a
lifetime distribution function for an assembly of atoms or
molecules is defined and numerically evaluated to reveal
the dynamic decay processes. This can provide a theoreti-
cal clarification for the recent reported experiments.

For a two-level atom at r point in a PC, the Hamiltonian
of the system reads as

H = ﬁwob;bg + th,,ka;kank
nk

+ EZ[gnk(r)bf—bﬂl;k + g:k(r)b;blankl (1)
nk

In Eq. (1), b; and b; (i = 1,2) are annihilation and
creation operators of electron in the ground and excited
states, respectively, @, and a, annihilation and creation
operators of the photon; wg is the atomic transition fre-
quency; wyk is the frequency of the electromagnetic (EM)
eigenmode E,k(r) = icV X H,x(r)/[e(r)w,k] in the
PC’s, which can be solved by the plane-wave expansion
method [23]; g,k (r) is the coupling coefficient, given by

k(1) = iwoepiw V) PEx(r) - ug, ()

where uy; = u,0 is the dipole moment between two tran-
sition levels.

For the spontaneous emission, the state vector of the
system can be expressed as

W) = C:(012,0) + > CLak®I1,nk),  (3)
nk

with Co(t = 0) = 1 at the initial moment; [2,0) and
|1,nKk) represent the initial and final states of the sys-
tem, respectively.  Obviously, the Fourier spectrum
C(w) = ftz C>(t)e i®'dt includes all the evolution
information of the excited state. According to the Green
function method in time domain [24], the resulting
expression for Cp(w) reads
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Co(w) = limy—g:
I'(r,w) + 27
[0 — @9 — Alr, @) +[I'(r,®)/2 + ]
C))

X

with

I(r,w) =27 lgax®6(w — 0x),  (5)
nk

© /
Arw) = ——p [ L@, ©)
2 0o w — w'
where P represents the integral principal value.
IfI'(r,w)/wo < 1and I'(r, ) # O near the transition
frequency wg, Eq. (4) can be reasonably approximated to
the famous Lorentzian form

- F(r, a)())
[w — wyg — A(r, w)* + T%(r, wo)/4~

which leads to the Weisskopf-Wigner exponential decay
law with a decay lifetime

7(r, wg) = 1/T'(r, wo). ®)

In fact, Eq. (5) gives the famous expression ['g(wo) =
wWrwgn/3mephicd = nly(wo) [Ty (wo) corresponds to the
value in vacuum] for the homogeneous bulk medium of
refractive index n when the local field effect (LFE) is ig-
nored. It should be mentioned that the LFE is important
in determining the spontaneous emission lifetime (SELT)
[25]. However, the recent experiments [5,6] were to study
the inhibited and enhanced effects of the PC’s on the spon-
taneous emission. Thus, in each of these two experiments,
a reference sample was prepared for making a comparison
in the lifetime. The experimental conclusions were drawn
from this comparison. In other words, the lifetime ratio
T(r,wo) = 7(r, wo)/7¢(wo) [here 7/(wo) is the SELT in
the reference sample] can reveal the effects of the PC’s.
Moreover, the host medium (in which atoms or molecules
are embedded) of the reference sample in the experiments
is the same as that in the PC. For this case, it is unneces-
sary to consider the modification of the LFE in the calcu-
lations of the lifetime ratio, as pointed out in Ref. [18].

It is shown from Eq. (8) that the assembly of atoms (or
molecules) in the PC’s with pseudo-PBG’s should lead to a
distribution of the decay lifetimes, rather than only a single
lifetime decay. Thus, we define a lifetime distribution
function as

Cr(w) @)

p(T) = Z‘_Wib‘(?" - 7(r;, »9)), 9

where r; denotes the position of the ith atom (molecule)
and W; is a weight factor. For the homogeneous distri-
bution of the atoms (molecules) in space and the random
orientation of the dipole moment, we have W; = 1. The
radiative intensity /(7) from these atoms (molecules) with
the lifetime 7 should be proportional to p(7).
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Note that |g,k(r + R;)| = |g.x(r)| due to Bloch theo-
rem. This makes it possible to calculate the distribution
of the position-dependent decay lifetimes in a unit cell.
The detailed numerical calculations involve the following
steps: (i) We discretize the first Brillouin zone (BZ) into
256000 grid points and a unit cell (UC) of the PC into
524288 grid points; (ii) the eigenequation of magnetic
field H,x (r) is solved by an expansion of 965 plane waves
[23], and the convergency accuracy is better than 1%. Ac-
tually numerical calculations can be achieved in an irre-
ducible BZ and an irreducible UC, due to the symmetry
of the crystals (i.e., [Huf |t ()| = [Hu({a | to} )]
[22,26], rather than [H,{q ¢k (r)] = [Hu(r)] [19-217;
here {a | to} represents an operator of space group [27]);
(iii) the lifetime distribution function is obtained by as-
suming random orientation of the atomic transition dipole
moment. A given dye molecule has a fixed direction of the
transition dipole moment, in contrast to an atom in which
the transition dipole moment fluctuates on the time scale
of the excited-state lifetime. But, the molecules in differ-
ent positions should have different orientations of transi-
tion dipole moment; consequently, the assumption of the
random orientation of the transition dipole moment still re-
mains valid for an assembly of dye molecules.

We consider three different PC’s of the fcc lattice con-
sisting of spherical globules with refractive index n in
the background media with refractive index n;: (a) PC1
with n = 1.3, n, = 1.49, and filling fraction f = 0.74;
(b) PC2 withn = 1.45, n;, = 1.33, and f = 0.60; (c) PC3
with n = 2.6, n, = 1.33, and f = 0.65. PC1 and PC2
possess almost the same parameters as those of the samples
in the experiments of Refs. [5,6], respectively. These three
PC’s possess pseudo gaps along the (111) direction.

Figure 1(a) displays the radiative line width for two dif-
ferent positions of the atom (molecule) in the background
medium of PC1. It can be seen that the ratio I'(ry, wg)/
[(ry, wo) near the pseudo gap is high up to about 1.7.
This implies that the lifetimes of the atoms (or molecules)
possess a quite wide distribution. To clearly show this,
we plot the lifetime distribution for homogeneous disper-
sion of the atoms (molecules) over the background medium
in Fig. 1(b) with three different reference lifetimes, in
which the frequency is at the lower band edge of the
pseudo gap (i.e., at the probe frequency in the experiment
of Petrov et al. [5]). Indeed, a very wide lifetime distri-
bution is found. The relative width of the lifetime dis-
tribution (RWOLD) T}, = (Tmax — Tmin)/Tmin for three
different reference lifetimes is about 70%, which closes
the measured value of about 120% in the experiment of
Petrov et al. [5]. We also observe that the fraction of the
accelerated or inhibited components in the whole distri-
bution depends on the scale of the reference lifetime 7.
In the case of atoms inside an optically thick film, if the
localized modes can be reabsorbed and do not carry any
energy away [28], the spontaneous emission rate (SER)
isT; =T[n — (n* — 1)1/2] [29], where n is the refrac-
tive index and I', is the SER in vacuum. On the other
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FIG. 1. (a) Radiative linewidth for two different atomic posi-
tions r; = (0.5,0.5,0.5) (solid line) and r, = (0.25,0.25,0.01)
(dotted line) in the background medium of PC1. Center fre-
quency w, of the pseudogap is indicated by arrows. (b) Decay
lifetime distribution for the homogeneous dispersion of
atoms over the background medium of PCl. The solid,
dotted, and dashed lines correspond to 7 = 7,, T, /1.2, and
T, /1y, respectively.

hand, if there is no absorption of emitted luminescence in
the film, the SER is I'y = I'yn [18]. In Petrov et al.’s
experiment, a weak reabsorption of the fluorescence from
the dye molecules exists in the reference film [5]. As a
result, the value of I'; is between 0.385I", and 1.49T", for
n = n, = 1.49, close to 1.49T",,. As there exists no exact
expression for the SER in the weak absorption case, thus,
we prefer to adopt three different values of I'y = 1.00I,,,
1.20T°,, and 1.49T",, in Fig. 1(b). In addition, the size inho-
mogeneity of the dielectric globules in the sample of Petrov
et al. also causes some quantitative discrepancies between
the theoretical evaluations and experimental results. Even
so, our results have demonstrated that the pure PC effect
may result in the wide distribution of lifetimes and the co-
existence of both the accelerated and inhibited components
in spontaneous decay kinetics. However, it is believed that
the pure PC effects cannot cause these phenomena [7,19].

We now turn to study the PC2 sample. Figure 2(a)
displays RWOLD T,,, at the center of the pseudo gap
(i.e., at the probe frequency in the experiment of Megens
et al. [6]) to be about 2% for the atoms (molecules) located
on two different spherical surfaces inside the dielectric
globules, and no appreciable PBG effects can be observed.
This result agrees well with the experimental result of
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Megens et al. A very narrow RWOLD for different spheri-
cal surfaces manifests that the radial distribution of the
lifetimes (RDOL) along any direction can very well re-
veal the decay kinetics for homogeneous spreading of
the atoms (molecules) over the whole dielectric globules.
Figure 2(b) shows that the RWOLD T, inside the whole
dielectric globules still remains large, up to about 38%.
It is very interesting to note that the change in the life-
times is lower than 4% for 0.4 < r/ry = 0.8. The radius
of the atomic layers of the samples in the experiment of
Megens et al. is just r/ro = 0.6. Apparently, the spe-
cial space configuration of the atoms (molecules) leads
approximately to a single lifetime decay in the experiment
of Megens et al., which is invalid for the homogeneous
spreading of the atoms (molecules) over the whole dielec-
tric globules. The symmetry of spherical surface leads to
a very narrow lifetime distribution. In addition, when two
atomic layers of r/ro = 0.2 and 0.9 are simultaneously
embedded in the dielectric globules, the spontaneous de-
cay kinetics containing both the accelerated and inhibited
components can also be observed in PC2.

The lifetime distributions of the atoms in PC3 are dis-
played in Fig. 3. Figure 3(a) shows that the observable
RWOLDs T, of atoms outside dielectric spheres are high
up to 600% ~ 700%, for three different transition frequen-
cies wy, respectively, at the lower, center, and upper edges
of the pseudo-PBG’s. Compared with the chosen reference
lifetime 79, the decay process for most of the atoms out-
side dielectric globules is remarkably accelerated. How-
ever, Fig. 3(b) reveals that the spontaneous emission is
substantially inhibited when atoms are embedded on the
spherical surface of radius » = 0.6r¢ inside the dielectric

p(T) (Arb. Units)

T,

0.8 —_—
0.0 0.5 1.0
r/r,
FIG. 2. (a) Lifetime distribution of atoms (molecules) located

on two spherical surfaces with different radius r inside the di-
electric globules of the radius being r( in the PC2, the solid line
for r = 0.6r¢, and the dotted line for r = 0.8ry. (b) Variation
of the lifetime with the radius of the spherical surface along the
x axes direction. 7 is the lifetime of the atoms in an infinite
homogeneous medium with n = 1.45.
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FIG. 3. Lifetime distribution of the atoms in PC3: (a) out-

side the dielectric spheres and (b) on the spherical surface with
a radius of r = 0.6ry inside the dielectric globules. In (a)
and (b), the solid, dotted, and dashed lines correspond to the
transition frequency wg = 0.387(27c/a), 0.404(27c/a), and
0.421(27c/a), respectively. (c) Variation of the lifetime with
the radius of the spherical surface along the x axes direction at
wo = 0.404(27c/a). 79 is the lifetime of the atoms in an infi-
nite homogeneous medium with n = 2.6.

spheres. We observe once again that the accelerated and
inhibited decay processes of atoms simultaneously occurs.
The observable RWOLDs T,,, for the atoms located on
the spherical surface still remain narrower, less than 9%.
Hence, the RDOL still approximately characterizes the de-
cay kinetics of the atoms in the whole dielectric spheres.
Figure 3(c) displays that the RWOLD inside the dielectric
spheres is large, up to 400%. The results in Figs. 3(a)-3(c)
demonstrate that the increase of index contrast rapidly
broadens the lifetime distribution of atoms.

Based upon the lifetime distribution function, we have
studied the decay kinetics of the spontaneous emission
from an assembly of the atoms in the PC’s with pseudo-
PBG’s. Itis shown that the decay kinetics strongly depends
on the spread configurations of the atoms (molecules) in
the PC’s. The concept of the single-averaged lifetime
of spontaneous emission remains generally invalid for the
PC’s. The pure PC effect may cause the coexistence of
both the accelerated and inhibited decay processes. These
results provide a theoretical clarification for the substantial
discrepancies among the recent reported experiments.
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