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We observed fast nonexponential luminescence decay from a molecular dye in a suspension of dyed poly-
styrene spheres when both the interparticle distance and the sphere size is comparable to the wavelength of the
emission. This nonexponential lifetime depends on the square root of the time, suggesting a resonance dipole-
dipole interaction associated with the Mie resonances. This phenomenon is interpreted in terms of resonance
energy transfer between molecules leading to the formation of a photonic band mode.

Quantum electrodynamics of atoms and molecules inter-
acting with photons in a class of strongly scattering dielectric
materials has been extensively studied.~> These dielectrics
consist of an ordered or nearly ordered array of spherical
scatterers with high refractive index and exhibit a photonic
band gap or pseudogap.®~8 For an isolated atom with a tran-
sition frequency in the photonic band gap, spontaneous emis-
sion is inhibited"® and a quantum-electrodynamic photon
state bound to the atom is formed.> When a collection of
identical impurity atoms is placed within the photonic band
gap, the localized photon can hop to the unexcited atom by
the resonance dipole-dipole interaction (RDDI). This leads to
the formation of a narrow photonic impurity band. This im-
purity band exhibits different kinds of nonlinear optical
properties.> Along with these studies of quantum electrody-
namics, there has also been interest in photoluminescence or
chemical interactions modified by electromagnetic modes.’

Experimental observations of a change in the lumines-
cence lifetime of dye molecules in dielectric media were re-
ported by Martorell and Lawandy.' They measured the spon-
taneous emission lifetime from a molecular dye in
crystallized and colloidal suspensions of monodispersed
polystyrene spheres. In their experiments it has been argued
that the dye molecules stay in water, away from the polysty-
rene particles. Recent experimental results for similar dielec-
tric media by Tong et al., however, suggest otherwise. They
reported that most dye molecules are either in, on, or in the
near neighborhood of the monodispersed polystyrene par-
ticles, and this chemical-surface interaction causes the ob-
served increase in the luminescence lifetime of dye mol-
ecules in a colloidal suspension of polystyrene spheres.'’
With such chemical-interaction effects excluded, the change
in the luminescence lifetime of the dye in the colloidal sus-
pensions may be a result of the quantum electrodynamics
effect, which has attracted much attention in recent years.

Here we present a preliminary analysis of luminescence
lifetime measurements in colloidal suspensions of dyed poly-
styrene spheres. In contrast to the previous measurements of
the luminescence lifetime, the dyed polystyrene spheres, in
our measurements, were used where the dye molecules are
incorporated in the polystyrene spheres. Consequently, the
chemical-interaction effect may be excluded and there re-
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main observed changes that bear a plausible relation to the
quantum electrodynamics of photon-field effect on the radia-
tion source.

We used six kinds of suspensions of rhodamine-doped
polystyrene spheres in water. The diameters are D =0.0481
pm, 0.11 um, 0.21 um, 0.489 pm, 0.993 um, and 1.89
pm. The standard deviations vary from 0.8 to 4.7 % depend-
ing on the sphere size. The rhodamine was incorporated
when styrene monomers were polymerlized (Polyscience
Inc.). With some part of dye molecules being left undoped,
the best estimation of the dye concentration in the polysty-
rene is 0.75*0.25 wt. %, which corresponds to the intermo-
lecular distance from 27 to 34 A. The excitation light source
was the second harmonics of a Nd** YAG (yttrium alumi-
num garnet) laser with a wavelength of 532 nm and a rep-
etition rate of 82 MHz. The laser beam of 10 mW in average
power was focused on the sample cell of 1 mm in thickness.
The luminescence from the sample cell window on which the
incident laser beam was focused was led to a monochrometer
and detected by a microchannel plate photomultiplier tube.
The detected signal was analyzed using a time-correlated
single-photon-counting system. In some experiments, the lu-
minescence was also examined in the transmission-type ge-
ometry, and the same results were obtained. The temporal
resolution of the system was 65 psec.

Figure 1 shows the time dependence of the luminescence
lifetime for spheres of 0.993 um in diameter for different
wavelengths. The intersphere distance is d=850 nm, where
2d is the average distance between the centers of neighbor-
ing spheres. In addition to the intrinsic slow decay in the
isolated dye molecule, the anomalous fast nonexponential
decay appears. We tried to find the origin of this fast decay.
Measurements of the excitation power dependence of the Iu-
minescence have been performed. The resultant lumines-
cence intensity was proportional to the excitation power.
When the excitation power was also increased by a factor of
1000, the time dependence of the luminescence was un-
changed. Therefore, it appears that the fast decay component
is not a laser oscillation'' or a stimulated emission.? This fast
decay was observed only in spheres larger than 0.21 xm in
diameter, whereas it was not observed in spheres of 0.048
and 0.11 um in diameter. For spheres of 0.048 and 0.11
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FIG. 1. The time-resolved luminescence for spheres of 0.993
pm in diameter for different wavelengths.

um the luminescence decay curve was well described by a
single exponential function with the lifetime of 3.2 nsec. In
our experiments of dyed polystyrene sphere, the slow life-
time in spheres of 0.048 and 0.11 um was unchanged with
the intersphere distance varying from 40 to 800 nm, which is
in contrast to a previous report’ where dye molecules were
dissolved in the water. At the wavelength observed, the di-
ameters 0.048 and 0.11 um are smaller than the minimum
size required for the Mie resonances (Rayleigh limit). There-
fore, it shows that the observed fast decay is associated with
the Mie resonance of spheres.

The importance of the cooperative effect of neighboring
spheres is clearly demonstrated in Fig. 2, where the depen-
dence of the time-resolved luminescence on the intersphere
distance is shown for the spheres of 0.993 um in diameter.
The relative intensity of the fast decay component decreases
with the intersphere distance increase. Figure 3 shows the
luminescence spectra for the sphere of 0.993 xm in diameter.
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FIG. 2. The time-resolved luminescence for spheres of 0.993
pm for different intersphere distances.
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FIG. 3. Luminescence spectra for 0.993 pm spheres. The solid
line is for the intersphere distance d =850 nm and the dotted line is
for d=180 nm.

The wavelength in the peak of the luminescence spectra is
shifted to red at the short intersphere distance where the fast
decay component appears. This shift is qualitatively related
to the relative intensity of the fast decay component. We also
investigated aggregated dyed polystyrene spheres of 0.21,
0.489, 0.993, and 1.89 um, which were prepared by drying
the water from the original samples. The resultant relative
refractive index between polystyrene and the surrounding air
becomes large enough to be 1.60. The fast decay component,
however, was not observed in all these samples. From this
result, it is considered that our fast decay does not originate
from the contact or aggregation of spheres. It may be sug-
gested that the high Q factors of resonant modes of indi-
vidual spheres are reduced by the contact or aggregation of
nearby spheres.

We consider the resonance energy as the origin of the fast
decay component and explain the experimental data by the
following equation (1):

I(t)=exp[ — (¢/79) }{(1— @)+ a exp[ — ¥(t/79) V*]},

where 7y is the intrinsic lifetime of rhodamine in bulk poly-
styrene and is 3.2 nsec. Equation (1) represents the energy
transfer by dipole-dipole interaction when acceptor mol-
ecules are randomly distributed in space.'>!® In a free space
with dielectric constant €, the factor vy is represented as

TOlMegllege|2
27k €?

12
y=TI(1/2)C f fa(V)fb(V)dV} ,
where |M 4| and |[M,,| are dipole moments, C is the con-
centration of molecules, and f,(v) and f,(v) are the absorp-
tion and the emission spectra, respectively.!> The first term in
Eq. (1) denotes the intrinsic decay process of the isolated dye
molecule in free space, while the second term is attributed to
the energy transfer between molecules in the strongly scat-
tering media. In general, the transferred energy by RDDI is
dissipated through nonradiative energy relaxation processes
in the molecular systems. Here, we will not discuss the de-
tails of the energy dissipation processes after the resonance
energy transfer. The critical transfer distance for rhodamine 6
G in bulk glycerol is reported to be 39 A.!* This value is
comparable to our intermolecular distance, suggesting our
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FIG. 4. The relative intensity of the fast decay component as a
function of the intersphere distance, for spheres for A, 0.21 um;
@, 0.489 pum; O, 0.993 um; and M, 1.89 um.

fast decay originates from RDDI. The major fraction in our
time dependence of the luminescence decay may be caused
by the nearby molecules within a single sphere, since the
dipole-dipole interaction is rapidly attenuated with the inter-
molecular distance increase. The resonance energy is, how-
ever, also expected to be transferred between dye molecules
in the neighboring spheres. Inside the medium, there exists a
dark and bright irregular pattern referred to as volume
speckle, which is due to the random interference of the inci-
dent coherent light. This interference pattern suggests that
the unexcited spheres exist in nearly the same number as
excited spheres when the sphere size is comparable to the
wavelength. Therefore, the energy transfer from excited
spheres to unexcited spheres may effectively occur. In Fig. 1,
the fitting curves calculated on the basis of Eq. (1) are plot-
ted together with the experimental results. Parameters used
are y=5.2, 3.8, 2.6, 2.3, and 2.2 for A =560, 580, 600, 620,
and 640 nm, respectively. The factor «=0.89 is common to
all wavelengths. The relative intensity of the fast decay com-
ponent is independent of the wavelength, whereas the decay
is faster in the short-wavelength regions. The spectral over-
lapping factor in Eq. (1) denotes the observed wavelength
dependence of 7y, which may be subject to the dispersion
relation of an electromagnetic mode in the polystyrene sus-
pensions. This spectral factor may also explain the change in
the luminescence spectra in Fig. 3. The calculated curves for
the intersphere distance of a are plotted in Fig. 2 together
with the experimental results. The parameter y is 3.8
throughout all curves, while @=0.89, 0.71, 0.45, and 0 for
d =850, 1800, 2300, and 3100 nm, respectively. The relative
intensity of the fast decay component decreases with the in-
tersphere distance increase, whereas the decay rate is not
changed. The dependence of a on the intersphere distance is
shown in Fig. 4 for different sphere diameters.

It is suggested that the observed fast decay originates
from a cooperative effect in a large number of spheres. In
this connection, it is of interest to understand our experimen-
tal results in terms of the tight-binding photonic band model,
because the tight-binding approximation is a good approach
for the band structure in some electric crystals, such as alkali
metals, where each atom in the crystal still retains the main
characteristics of an isolated state. Each sphere is dressed
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with evanescent light in the range of the order of the wave-
length. Every neighboring sphere mode may couple when the
evanescent modes are overlapped, resulting in a macroscopic
photonic band mode throughout the medium. Impurity mol-
ecules would strongly couple with this photonic band mode
and interact with the surrounding impurity-sphere systems.
This mechanism will result in a cooperative response in the
system. We introduce a parameter x, which represents the
extinction length of the evanescent light. We then assume
that the macroscopic band mode is developed when the cen-
ters of two spheres approach within the interaction region of
D+2k\, where \ is the wavelength. We consider a model
in which the parameter « in Eq. (1) is represented by the
probability that a particular sphere couples with at least one
other sphere. The parameter « is estimated to be 1.3, 1.5, 3.1,
and 2.6 for spheres of 0.21, 0.48, 0.993, and 1.89 um, re-
spectively, from the intersphere distance d;,,, where d;; is
the distance where a becomes 0.5 in Fig. 4. We then find that
the extinction length of the evanescent light becomes long
with the sphere size increase. The enhancement of the mo-
lecular interaction in strongly scattering media is the mani-
festation of the breakdown of the independent scattering ap-
proximation. Therefore, we may compare the interaction
distance d,, with the influence diameter for which Mie reso-
nances appear. Using the Lorentz Mie theory,'® the normal-
ized scattering cross sections in the absence of absorption are
calculated as 0=0.11, 0.93, 2.9, and 3.0 for spheres of 0.21,
0.489, 0.993, and 1.89 um in diameter, respectively, which
corresponds to the influence diameter D', where
m(D'/2)*=0om(D/2)%, and D'=0.07, 0.47, 1.7, and 3.3
pm, respectively. These rough estimations are in qualitative
agreement with the experimental results. Contributions from
molecules coupled with the band mode are given by the pa-
rameter « in Eq. (1), whereas there exist also molecules
coupled with the propagating mode. Therefore, at the fixed
wavelength, the band mode and the modified free space
mode coexist. The lower-energy part of the band mode may
correspond to the energy of the fundamental morphology de-
pendent resonance. It is seen that the RDDI is inhibited be-
low this tight-binding photonic band edge in our system.

In conclusion the observed changes in the luminescence
lifetime in a collection of dyed spheres are attributed to the
enhancement of the molecular interaction in strongly scatter-
ing media. However, in order to study the effect related to
quantum electrodynamics, it is important to isolate all con-
tributions from the chemical interactions. Further measure-
ments are in progress to resolve the many factors that can
contribute to the observed changes in the luminescence life-
time and spectra of dye molecules in colloidal suspensions of
dyed polystyrene spheres. It is suggested that resonant en-
ergy transfer occurring in the photonic band gap may result
in new types of nonlinear optical phenomena such as second
harmonics generation.> Therefore, it may be interesting to
investigate the energy dissipation processes following RDDI.
In suspensions of polystyrene spheres, a local periodic struc-
ture exists in a macroscopic disordered structure.'® It is also
of interest to investigate RDDI between impurity systems
placed in periodic dielectric structures where the restriction
in the phase space is more clear.
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