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Weak photonic band gap effect on the fluorescence lifetime
in three-dimensional colloidal photonic crystals
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The photonic band gafPBG) effect on the fluorescence lifetime of molecules in three—dimensional colloi-
dal photonic crystals is studied theoretically by means of a full vectorial quantum electrodynamics. In these
colloidal systems where the refractive index contrast is as low as below 1.2, the PBG-induced lifetime variation
is found to be below 5%. Our theoretical simulations can help to distinguish the pure PBG effect on the
observed fluorescence lifetime variation from other effects such as complex electronic and chemical interac-
tions that can occur in condensed-matter materials.
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[. INTRODUCTION suited for our current task to investigate quantitatively the
pure PBG effect on fluorescence lifetime of molecules em-
Atomic spontaneous emission can be engineered by modbedded in colloidal photonic crystals. We will limit our dis-

fying the photon density of statedOS) in mesoscopic cussion only to several reported experimental systems, where
structures. In the last decade, there appeared great interest iRumerical calculation will be evaluated to clarify the true
controlling the spontaneous emission rate via threePBG effect. We only focus on what the real PBG effect
dimensional(3D) photonic crystalé; ' which are artificial s_hould be |n'thes.e experimental systems. Other effects are
periodic materials. It was suggested that if the atomic transidiscussed briefly in a general way.
tion frequency lies inside the photonic band d&BG), the
spontaneous emission will be completely inhibifeas there Il. THEORETICAL FORMALISM

is no photon mode that can perturb atomic states. ~ conyentionally, spontaneous emission in a vacuum can be
The variation of atomic/molecular spontaneous emissionRg)yed by the Weisskopf-Wigner approximation thety?

in photonic crystals has become the subject of extensive exrhe excited state decays exponentially to the ground state,
perimental observations as well as theoretical discussiohs. with the decay constant being

Martorell and Lawandy reported the first observation of in-

hibited spontaneous emissi¢BE) of dye molecules in dilute 5

colloidal crystals composed of polystyrene microspheres in FZZW”(“”):ZWE |gk(N[78(w—wy), @
water? They found a single exponential decay of the excited

state and a variation of the fluorescence lifetime of 1.79Vvheregy(r) is the transition matrix of the excited state. In
times. However, Tonget al. argued that this remarkable the dipole approximation, it readg(r)=—u-E(r)/%,
variation was caused mainly by electronic and chemical inwhere u=ugu is the dipole moment, andE(r)
teractions between dye molecules and the medium, instead ef % w,/2e,VEX " is the quantized electric field of motte a

a pure PBG effect Besides these complicated electronic andplan wave function. Her¥ is the volume of the system, and
chemical interactions, other effects such as lattice defect< is the vacuum permittivity. For a general multilevel atom/
dislocations, and randomness inherent in the system mayolecule, we can use the perturbation theory and the Fermi’s
also influence the atom-field interaction, and, therefore, th@olden rule. The result is uniform to the Weisskopf-Wigner
SE. Thus it is very helpful to use accurate theoretical apapproximate theory, i.e., Eql).

proaches to distinguish the pure PBG effect of an ideal pho- The photon DOS is defined a¢w) =2y 6(w— ). For a
tonic crystal on fluorescence lifetimes from other factors invacuum, we can easily derive

observations made in a realistic photonic crystal.

Although many theoretical discussions have been reported p(w)=Vw? 7°c?,
on this subject in recent yeat&''2so far they either so s
adopted a too simplified an isotropic model that is essentially p(w,r=wug/6m€phic”, 2

scalar'! or treated spontaneous emission classicllgy - .
adopted phenomenological mod&fsin highly inhomoge- where we have assumed that the direction of the dipole mo-

neous media like 3D photonic crystals, electromagneti¢nent () is randomly oriented in space, and a directional
(EM) fields are also highly inhomogeneous, therefore, weaverage is taken. For a homog_eneou_s medium with a refrac-
have to consider photon-atom coupling in a full vectorialtive index of ng, the photon dispersiom,=kc/n, means
way. In a recent wor we developed a method to study that the volume of phase space below the frequendy-
quantum optics problems in 3D photonic crystals based on greases tmg times that in vacuum, and so does the number
vectorial QED theory? This method allows for a quantita- Of photons. In addition, the quantized electric-field amplitude
tive understanding of light-atom interaction, and is bestof the photon (/hwk/ZeongV) reduces by a factor ofig
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compared to that in vacuum. Therefore, the DOS and the For a 3D photonic crystal, numerical calculation is neces-
functionp(w,r) in a homogeneous medium are a cubical andsary to obtain the DOS ane{ w,r) from Egs.(4) and(5), as
linear functions of the refractive inder,, respectively. no analytical solution is available. The full vectorial treat-

Similar to Eq.(2), we have ment is quite complex and tedious; it involves several nu-
merical steps: discretizing the Brillouin zone into many sam-
p(w)=Vnjw?/m?c?, pling cells of the Bloch wave vector, solving the photonic
bands and EM fields at each cell by the plane-wave expan-
p(,1)=w’noud/6m2ehic. (3)  sion method, and finally calculating the DOS gs(dv,r) by

) ) o ) summing the contribution from all the eigenmodes via Egs.
A detailed investigation of the quantum theory of light- (4) and(5). Because of the crystalline symmetry, it is enough
atom interaction in a realistic 3D photonic crystashows o' only consider an irreducible BZ. To improve the numeri-
that the Weisskopf-Wigner approximate theory is also applica| accuracy, in our calculations we employ a modified tet-
cable even for highly inhomogeneous media, and spontanganhedral integration meth&icombined with an linear inter-
ous emission follows a simple exponential—decay_ _behaviorpo|ation techniqué? which have been readily developed in
The DOS and the functiop(w,r) are now superpositions of - gjectronic systems. The tetrahedral integration method cor-

Bloch's states, rectly accounts for the integration weight of the discretizing
v points around the boundary of the irreducible BZ. The inter-

_ _ _ 3 _ polation technique enables us to obtain quite stable numeri-

p(w) % (= wn) (2m)% “n Bzd ko= o), cal results using rather a small number of discretization cells

(4) in the BZ, and greatly releases the computational efforts.

I1l. RESULTS AND DISCUSSIONS
meﬂ=%|%MﬂFﬂw—%U

All the experimental observations concerned the fluores-
cence lifetime of dye molecules in colloidal systeth$The
observed lifetime is generally composed of two parts: one is
Wnk due to the spontaneous emission of electronic excited states,

the other is caused by other nonradiative internal processes

_ ugc? f O [V X HaDI?
2heg(2m)3€?(r) “n JBz

X 8= wnk) in molecules. The corresponding decay rates can be denoted
u2c2 IV X H o ()2 asI'=1/r, and 1f,,, respectively. The total fluorescence
N f ek lifetime 7 is given by 1/=1/7,+ 1/7,,. The PBG effect only
2h 50(277)362(0 n JBZ 3wk contributes to the variation of radiative lifetime, and can

s 5 be observed when quantum efficiency of the molecules is
X Ol =ong), ®) " high, namely,r, < r,, andr~1, .

where BZ denotes the first Brillouin zone of the crystal. In  The spontaneous emission rate for general molecules in
the final equality of Eq(5) we have assumed thatis ran- Ny photonic crystal systems can be calculated via(Eg.
domly oriented in space, and an average oweyields a ['=2mp(w,r). The functionp(w,r) given by Eq.(5), can be
number of3. The Bloch’s stat¢n,k) at the wave vector of decomposed into & product of two parts as

and thenth photonic band for a periodic structure with the p(w,1)=[U(w,1)/3k2][ (hwl2e) pow,1)], 7)
dielectric function ofe(r) can be solved numerically by a

plane-wave expansion meth&H:> The eigenmode has a fre- With the former factor reflecting the atomic states; the latter

quency of w, and a magnetic-field function ofi,(r), IS only related to the macroscopic structure for EM waves,
which satisfies the following orthogonalization and normal-andp. denotes the local density of statés.’ Generally, the
ization relations: dipole moment, is determined by the electronic structures

of molecules, which is subject to the influence of local elec-
tronic or chemical interactions with a microscopic back-
ground. Thus it becomes a function of the emission photon
frequency as well as the molecular position. In addition, as
Equation (6) is automatically satisfied in our numerical the fluorescence might correspond to a transition among
scheme that uses the wave propagation equation for the magrany degenerate energy levels of dye molecules, the dipole
netic field{**°as here the eigenvectors obtained by standaréhoment is the sum of all possible transitions from excited
matrix-diagonalization techniques are normalized with astates to lower states via emission of a photon of frequency
norm of unity. . The separation of contributions from the electronic/
The functionp(w,r) defined in Egs(2), (3), and(5) con-  chemical interactiongmolecule$ and the photonic interac-
sists of a contribution of the atomic dipolg which is a tion (photonic crystalsin Eq. (7) enables us to distinguish
natural reflection of light-atom interaction. If the dipole mo- the PBG effect on the observed fluorescence variation in a
ment is randomly oriented in space, this function reduces tgquantitative way.
the local density of states defined in Refs. 13,16, and 17, Below, we only discuss some of the previous experi-
apart from a proportional constaugw/Gﬁeo. ments, and make a comparison with our theoretical calcula-

J HE o (0) - Hoe(Nd3r=Vé, o 8(k—k'). (6)
\%

125106-2



WEAK PHOTONIC BAND GAP EFFECT ON TH . .. PHYSICAL REVIEW B 63 125106

1.24
%01 Y \ \
sample 1
. sample 2 1.0+
(&) ——— g o
2 40 sample 3 &g 05, ]
S g \
3 <
= Z 06
) 2 — .
Q 0] g 0.4 4
a g o
[T -
0.2
0 T
< 100 1 00
w7 sample 1 X u L r X W K
> 804 .-'
o sample 2 Z . .
£ _._..sam&e 3 /4 FIG. 2. Photonic band structures of the colloidal crystal corre-
E sponding to sample 1 in Fig. 1.
QA
é 40 assumed to be randomly oriented, and remains unchanged as
3 a constant. The general variancepdiw,r) is below 7% of
v 204 the averaged value, indicating that the radiative lifetime is
slightly dependent on the molecule position. For the disor-
0 - - - : - - - dered colloidal sample, we adopt the vectorial effective me-
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Frequency /c (um'1) dium theory—the Maxwell-Garnett theory, e{ e5)/(e

+2e,)="f(e;—€,)/(e1+2€,)—then use Eq(3), whereng

FIG. 1. DOS and averaged{ w,r) plots for three systems: col- = \/;— We also use the scalar effective-medium theary,
loidal crystals of polystyrene spheres in water with parameters of=fe, +(1—f)e,, and find that the scalar, is about 0.2%
a=0.338 um, f=0.101 (sample 1, a=0.296 um, f=0.082 |arger than the vectorial value. The excellent agreement is
(sample 2, and colloidal liquid withf=0.101(sample 3. Some  qye to the small dielectric contrast. There appears a shallow
symbols in the coordinate labels ag the permittivity of vacuum; dip in the DOS andp(w,r)) centered at a wavelengthof
h,. the Planck constany,, thg volume of.the photonic crystalg, the about 524 and 455 nicorresponding to a frequeney/c of
dipole moment; ana, the light speed in vacuum. 12.0 and 13.8um™?!) for samples 1 and 2, respectively.

Herec is the light speed in vacuum. To understand better, we

tions in regard to the PBG effect, which allows one to judgealso plot the photonic band structures of colloidal crystals in
whether the observed variation in the fluorescence lifetimd=ig. 2 for sample 1, where the frequeneyc is in units of
could be attributed purely to the PBG effect. In the experi-18.6 um™*. Almost the same band structures are found for
ment by Martorell and Lawandyfluorescence lifetimes of sample 2. It is seen that the dip corresponds exactly to the
Kiton Red in three colloidal samples were measurednarrow directional band gafwidth below 3%) between 2
Samples 1 and 2 are both face-centered-c(fbm lattice of  and 3 bands along th@11) (L-point) direction. The maxi-
polystyrene microspheresi€ 1.6) in water (=1.33). The  mum variation in{p(w,r)) (and thus the lifetime,) is about
filling fraction and lattice constant ard=0.101, a 5% in the dip.
=0.338 um, and f=0.082, a=0.296 um for samples 1 The frequency of probe lightA(=625 nm, or equiva-
and 2, respectively. Sample 3 is a disordered colloidal melently w/c=10.1 um™*, shown by the arrowsis well be-
dium with f=0.101. The measured lifetimes for the threelow this dip for both samples 1 and 2, and enters the long-
samples arer;=1.75r,=1.75r3, and this significant varia- wavelength regime, where the photon dispersion is almost
tion was attributed to the inhibition of spontaneous emissionlinear. Then it is evident that no apparent PBG effect can be
a pure PBG effect. However, later investigations in similarobserved in the fluorescence lifetime variation. In fact, the
systems by Tongt al® and Megen®t al® showed that elec- values of (p(w,r)) for the two crystals differ from each
tronic interaction between a dye molecule and a mediunother below 2%, and they are about 4% smaller than for the
might account for a large fraction of the lifetime changeliquid. Therefore, the PBG-induced lifetime variation in the
observed. The controversy has continued until fow. three samples should be less than 5%, far below the ob-

To verify to what extent the PBG effect is pure, we cal- served variation of 1.75 times. This weak PBG effect persists
culate the DOS and the functiop(w,r) for the three even if the probe light frequency falls right inside the direc-
samples. The DOS and the average(b,r) over different  tional gap. The observed significant variation can only be
molecular positions, denoted s(w,r)), are plotted in Fig.  attributed to different weight of contributions from electronic
1. The curves for colloidal crystals are obtained according tand chemical interactions in three samples, which in turn
Egs.(3) and(4) by solving over 2300 points in the irreduc- might modify the dipole momenty(w,r), as well asr,,,
ible BZ with the use of 343 plane-wave expansions. As thdifferently.
refractive index contrast is quite small, the numerical con- Following this scheme, we further analyze two recent ex-
vergence is quite satisfactory. The molecule momens  periments where significant disagreement also afose.

125106-3



ZHI-YUAN LI AND ZHAO-QING ZHANG PHYSICAL REVIEW B 63 125106

T T T T T T I/ 50 T T T T T r
60 - f
samp:e ; 404 sample 1 vall
) sampe —_ sample 2
o )
“.‘E 40 o~ 304
s g
e 2 20
g M Q
N 104
0 ; T T T T T T
'Co 1004 ‘/ E 0 T T T T T T
£ /
o sample 1 . &~ 60+
=) / «
@ 804 —-—--sample 2 . o sample 1
' /, =)
% y QE sample 2
2 60
o 2 40-
o
A <
q 404 N
S =
% T 204
S 201 %
v
0 L 1 T T T T T
0 2 4 6 8 10 12 14 16 0 : . . . . .
Frequency «/c (um™) 0 2 4 6 8 10 12

Frequency o/c (pm™)
FIG. 3. DOS and averaged w,r) plots for an artificial close-
packed opal filled with a polymeisample }, and a homogeneous FIG. 4. DOS and averaggt{ w,r) plots for two colloidal crys-

polymer medium(sample 2. tals of silica microspheres in water with parameters af
=0.3574 um, f=0.65 (sample 1 and a=0.3826 um, f=0.53
(sample 2.

Petrovet al. measured the fluorescence of dye molecules em*
bedded in artificial close-packed op@@ilica, n=1.3) filled
with a polymer =1.49), and observed spontaneous decaynore likely caused by electronic/chemical interactions,
kinetics containing both accelerated and inhibitedwhich differ much between the polymer reference, a bulk
exponential-decay components compared to the fluorescenggaterial, and the submicrometer-size inverse-opal struéture.
in a reference polymer matrix. They attributed the lifetime The two fluorescence components observed in the inverse-
variation to the redistribution of photon DOS in photonic opal structure can only be ascribed to twg(w,r) and 7,,
crystals, also a pure photonic effect. We have calculated phoalues, which should be caused by two overwhelming types
tonic band structures for this opal, and found nearly the samef microscopic background inside the submicrometer-sized
characteristics as in Fig. 2. We also calculate the DOS angolymer.

{p(w,r)) for the opal(sample 1, and reference polymer  Another observation for dye molecule embedded inside
matrix (sample 2, which are shown in Fig. 3. The variance silica microspheresn(=1.45), forming a fcc lattice in water

of p(w,r) is below 8% of the averaged value, and thus the(n=1.33), showed no appreciable PBG effédve have
position dependence is also weak. The DOS §pidv,r)) considered two opal crystals with parameters af

for a polymer are higher than for the opal, which is clear=0.3574 um, f=0.65 (sample ]} and a=0.3826 um, f

from Fig. 3, and also from Ed2). At the frequency of probe =0.53 (sample 2. The DOS andp(w,r)) are displayed in
light (\=510 nm, orw/c=12.3 um™*, shown by arrows  Fig. 4. The variance of(w,r) is below 3% of the averaged
we have found a ratio of about 1.3 for the DOS and 1.05 fowvalue. The frequency of the probe light €577 nm, w/c
{p(w,r)) between samples 2 and 1. This means that the=10.9 um™?) lies inside the DOS dip of sample 1. At this
photonic-induced fluorescence lifetime in opal crystal shouldrequency, the calculated value @f(w,r)) for sample 2 is

be close to that in the polymer matrix. However, in the ex-about 9% larger than that for sample 1. The center of the dip
periment, 7~6.5 ns (accelerated and 7~11.6 ns(inhib- in {(p(w,r)) for sample 2 lies atA=610 nm (@/c

ited) were observed, compared t6-9.5 ns for the polymer =10.3 um™1); at this frequency, the value ¢p(w,r)) for
matrix, in great contradiction with the theoretical prediction.sample 1 is about 4% larger than that for sample 2 because
The most apparent variation in lifetime is caused by a direcof the PBG-effect. Accordingly, the PBG-induced variation
tional weak gap, corresponding to a dip in the DOS andn {p(w,r)) for each sample can be set to be about 4%,
{p(w,r)) (centered at about 506 nm, @fc=12.4 um 1) below 5%.

for the opal crystal. The PBG effect is about 2% at the probe Beyond the two dips;p(w,r)) for the two crystals differs
light frequency, and the maximum value is also below 5% very little (below 2%) in the wide frequency range below
Thus the observed significant variation of the fluorescenca =520 nm /c=12.1 um™1); this is in good agreement
lifetime is by no means caused by PBG effects, but insteadvith the experimental observations, where the fluorescence
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lifetime for the two crystals differs by less than 3¥@n the  strong disorders, i.e., a colloidal liquid, no PBG effect was
other hand, the observed lifetime has a tiny change in thebserved,® as expectedfor a homogeneous mediymSo
range of 540-700 nm (9.0-11.6m™1); however, the we believe that the major influence on the molecular fluores-
photonic-induced lifetime due to the PBG effect should in-cence lifetime comes from the electronic/chemical interac-
crease nearly cubically with respect to the wavelength, actions, instead of a PBG effect, even in a realistic sample.
cording to Fig. 4. It has been suggested that this discrepancy
could be caused by nonradiative decay, wh_ic_h is _fast at long IV. CONCLUSIONS
wavelengthd. However, as the quantum efficiencies of dye
molecules are high, it is also likely that the appreciable In summary, we have employed a vectorial QED ap-
change of dipole momeniy(w,r) with wavelength plays the proach to investigate the PBG effect on molecular fluores-
key role. As the lifetime is an inverse square functiorugf ~ cence lifetime in 3D colloidal photonic crystals, and found
[see Eq.(5)], the increase ofi, at long wavelengths, for that the pure PBG effect on the fluorescence lifetime is be-
exampleuy~ X%, can well compensate for the effect due to low 5% for these systems with a small dielectric contrast. In
the change op(w,r). addition, the fluorescence lifetime can be appreciably influ-
In the above discussions we only considered perfect phaenced by electronic and chemical interactions of molecules
tonic crystal structrues. In a realistic photonic crystal struc-with their microscopic environment. The disagreement be-
ture, there always exist many kinds of randomness, such dween accurate theoretical calculations and experimental ob-
the dispersion in particle size, lattice defects and dislocaservations clearly implies that the remarkable effect of
tions. The presence of disorder will introduce resonant ogelectronic/chemical interactions on the molecular fluores-
localized states into the band g&mnd thus weaken the dip cence lifetime remained residual in most previous experi-
in the DOS curves. Such states usually possess larger spatiaents in colloidal systems. The theoretical simulations can
fluctuations in the EM fields, and, therefore, can enhance thke of great help in quantitatively distinguishing the contribu-
atom-field interaction. This is especially true in the case oftion of PBG effects on observed variation of fluorescence
structures with a complete band gap, where the localizatiotifetimes from other complex electronic and chemical inter-
of EM fields is very strond In these structures, the fluores- actions.
cence lifetime variegfluctuate$ much with respect to mol-
ecules positions. However, in colloidal structures where the
refractive index is as small as below 1.2, we expect that such
disorder-induced spatial fluctuation is weak, and the fluctua- This work was supported by Hong Kong RGC Grant No.
tion of the fluorescence lifetime is also small. In the limit of HKUST 6160/99P.
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