
VOLUME 76, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 20 MAY 1996

1-6142

(3.5
ll
Fluorescence of Oriented Molecules in a Microcavity
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(Received 9 November 1995)

Fluorescence decay rate modification has been observed for molecules in liquid microspheres
to 25 mm in diameter) where the molecular position and transition moment orientation are we
defined. For small sizes (,6 mm), the decay rates scale roughly asr21 and agree quantitatively with
semiclassical calculations. For larger sizes (.15 mm) where the cavity storage time and fluorescence
lifetime are roughly equal, an anomalous decrease in the decay rate ofø30% is observed which is
interpreted as a consequence of intermediate molecule-cavity coupling. [S0031-9007(96)00234-7]
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Over the last several years there has been cons
able interest in the properties of atomic resonance fl
rescence in an optical cavity with a primary dimensi
comparable to the relevant transition wavelength [1].
particular, there has been great interest in the realiza
of strong atom-cavity coupling [2] and the suppress
of spontaneous emission into “free-space” modes. Ho
ever, an important but poorly understood issue relev
to low- or zero-threshold condensed phase optical dev
is the nonradiative coupling of the emitting species to
thermal bath. Unlike experiments involving dilute atom
beams where the transition is well defined and broaden
is negligible, coupling to a thermal bath induces spec
broadening which is usually much larger than the cav
resonance width and may often exceed the cavity m
spacing. Interesting examples of such systems are solv
dyes whose condensed phase dynamics are well known
characterized. To date, several studies have been m
on fluorescence properties of solvated dyes in microc
ties [3–5]; however, additional complexities such as s
tial and orientational averaging have obscured to so
extent the connection between radiative and nonradia
processes in such systems. In this Letter, we report w
is to our knowledge the first observation of spontane
emission rate modification for species in a microcav
where both the molecular positionand transition moment
orientation are well defined. These experiments prov
a definitive test of cavity quantum electrodynamics mo
els in microspheres and serve as a test case of atom-c
systems in which the emitting species are nonradiativ
coupled to a thermal bath.

The experiments presented here probe the time de
dence of spontaneous radiation from surfactant molec
in trapped microdroplets. Liquid microspheres have
ceived a great deal of attention in recent years in a w
variety of optical phenomena [6]. High-Q (105–108)
resonances, also called morphology dependent resona
(MDRs), in combination with high mode degeneracy c
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significantly enhance radiative processes in spherical
croparticles [7]. For the smallest microdroplets used
this study (ø4 mm diam), qualitysQd factors for reso-
nant modes are about 103 and roughly 40-fold degener
ate, resulting in emission rate enhancement factors wh
may be considerably larger than in nondegenerate par
plate resonators. Spontaneous emission rate modifica
has been previously observed for chelated europium
[8] and solvated dyes [5] in microdroplets. However, fa
tors such as spatial and orientational averaging, as
as a significant “bulk” background from fluorescence
molecules near the center of the sphere (that do not co
to high-Q MDRs) greatly complicate quantitative theore
cal analysis. By controlling both the position and tran
tion moment orientation of the fluorescent molecules,
semiclassical model could be rigorously tested in the
sence of the aforementioned complications.

It has long been recognized that fluorescence de
rates in a microcavity (as well as in the vicinity of co
ducting surfaces) should depend strongly on the orie
tion of the (electric) transition dipole moment with respe
to the cavity axis. If the transition moment,$m, has a fixed
orientation with respect to the cavity axis, the emiss
rate is determined by a projection of the transition m
ment onto the subset of cavity modes having an elec
field component along the direction of$m. The effect of
transition moment orientation can be conveniently mo
eled using semiclassical methods where the power r
ated from the excited molecule, considered as a dam
oscillating dipole, is controlled by feedback from the ca
ity. Within a linear response formalism [9], the scatter
field seen by the dipole at a given frequencyv and posi-
tion r0 is Esr0d  Gsr, r0, vd? $m whereGsr, r0, vd is the
dyadic Green’s function at positionr for a dipole $m posi-
tioned atr0; the field scattered back to the molecule co
responds to settingr  r0 in the Green’s function. The
effect of driving the oscillating dipole with this “backsca
tered” field is to alter the molecular decay rateR (with
© 1996 The American Physical Society 3931
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respect to the bulk rate,R0) as

RyR0 ø 1 1 s3y2k3d Imfn ? Gsr, r0, vd ? ng , (1)

wherek is the norm of the wave vector. Our numeric
calculations follow closely those of Chew [10], fo
computing the power radiated by a dipole with positi
vector r, and orientationn within a dielectric sphere
The principal modification is the (phenomenologic
introduction of a line-shape function,Pskad, wherea is
the particle radius and the frequency averaged decay
is expressed as [11]ø

R',k

R0

¿


Z
Pskad

R',kskad
R0

dskad , (2)

where' andk denote perpendicular and parallel orien
tion with respect to the surfacenormalof the particle.

Equation (2) is based on similar phenomenological
quency averaging as the model proposed by Yokoya
and Brorson [12], and predicts the same qualitative
havior in the fluorescence decay rate as a function
linewidth. The nature ofPskad is a central issue in un
derstanding the magnitude of emission rate modifica
factors for solvated dyes. Recent photon echo exp
ments [13] have shown that contributions to the fluor
cence emission profile can be divided roughly into t
categories: ahomogeneouswidth that is related to elasti
(phase-destroying) interactions with the solvent, and
inhomogeneouswidth that reflects the (time-dependen
distribution of different local solvent-chromophore en
ronments. The latter mechanism usually dominates
width of the emission spectrum with typical inhomog
neous spectral widths on the order ofø1500 cm21. The
former can be regarded as a transform-limited emiss
3932
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linewidth as a result of rapid decay of electronic pola
ization phase coherencesT2 , 100 fsd, and the contribu-
tion to the spectral width is therefore roughly1ypT2 ø
100 cm21. If the interactions between the fluoresce
molecule and the solvent “bath” can be characterized
Markovian (i.e., the time scales for the two processes
fer widely), an average over thehomogeneouswidth (as
opposed to the inhomogeneous width) is appropriate.

Surfactant molecules may be naturally localized at
surface of liquid droplets due to the free energy discon
nuity at the liquid-air boundary. The fluorescent dye us
in the experiments reported here was octadecyl rhodam
B (ODRB, Molecular Probes), a variant of rhodamine
where a long (saturated) hydrocarbon chain is attache
the chromophore effectively transforming the molecu
into a surfactant. As demonstrated by Arnold and c
workers [14], polarization selective fluorescence imag
of trapped microdroplets provides information on both t
spatial distribution and emission moment orientation. F
ure 1(a) shows a fluorescence micrograph of ODRB i
levitated glycerol microdroplet. Circularly polarized ligh
was used to excited fluorescence, which was imaged wi
microscope viewing with appropriate filters along the ax
of the laser beam. Segregation of ODRB to the surfa
of the droplet is illustrated by a rim of light at the partic
boundary. Figure 1(b) shows an image of the sa
microdroplet taken through a polarization analyz
The nearly complete attenuation of fluorescence near
droplet poles along the analyzer transmission axis indica
that the fluorescence in these regions is polarized ortho
nal to the analyzer transmission axis and is clear evide
that the transition moment is oriented perpendicu
aerosol
oplet is
arization
FIG. 1(color). Fluorescence images of octadecyl rhodamine B (ODRB) in a levitated glycerol microdroplet using an
particle microscope (Ref. [14]). The inset shows a schematic of the imaging geometry. Light passing through the dr
focused to a spot near the surface giving rise to a peak in the center of the image. Image (a) is taken without a pol
analyzer while (b) shows the fluorescence imaged through a polarizer with transmission axis along the “y” direction. The peak in
the center is unpolarized since all azimuthal orientations are present for the molecules on the surface.
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to the surface normal. Similar fluorescence ima
recorded using rhodamine B (rhB) show an unpolari
fluorescence intensity profile across the particle consis
with a homogeneous distribution of molecules having
random transition moment distribution.

Glycerol microdroplets were produced using an o
demand piezoelectric pipet and levitated in an electro
namic trap [15]. The ODRB concentration in glycer
was1026M corresponding to an average distance betw
molecules on the surface of about 50 nm. The droplet
was determined by measuring the elastic scattering in
sity as a function of laboratory angle. Elastic scatter
from the droplet was collected at an angle of 45± with
respect to the direction of propagation of a vertically p
larized HeNe laser and dispersed across a plane ang
30± onto a charge coupled device camera. The resul
“fringe” pattern (corresponding to 0± azimuth with respec
to the scattering plane) was compared to calculated
terns from Mie theory allowing the droplet size to be d
termined to within about 10 nm. The decrease in drop
diameter with time due to evaporation was measured
be ø1 nmys, therefore fluorescence data collection tim
were limited to 1–3 min so that the change in droplet
ameter during data acquisition was less than 0.2mm.

Fluorescence decay rates of ODRB in glycerol mic
droplets were measured using time-correlated single p
ton counting with a time resolution (channel width)
about 10 ps. A mode-locked Ar1 ion laser was used
in combination with an acousto-optic switch to produ
100 ps FWHM excitation pulses (514.5 nm) at a rep
tion rate of 4 MHz. In these experiments, fluoresce
from the droplet was measured at an angle of 135± with re-
spect to the direction of propagation of the laser and filte
through a 577 nm center wavelength bandpass filter w
25 nm bandwidth. Excitation pulse energiess#100 pJd
were adjusted so that on average less than one ex
state is prepared per pulse. Typical detector count r
were held to#5 kHz, and the overall photon detection ef
ciency was known from previous experiments to be 0.0
Thus, the average number of excited states generate
pulse is,1 which ensures that the contribution ofstimu-
latedemission to the measured fluorescence decay sig
is negligible.

As a benchmark, fluorescence lifetimes of rhB we
measured in droplets ranging from 4 to 15mm in diameter.
The observed fluorescence decay kinetics were simila
those previously measured for rhodamine 6G [5]. F
large sizes (10–15mm), single exponential decays we
observed with the same time constant as rhB in b
glycerol stB  3.12 nsd. The same decay constant w
measured for ODRB as for rhB in bulk glycerol. F
small droplet sizes (4–8mm), biexponential decay wa
observed for rhB where the decay constant associated
the fast component increases with decreasing droplet
The biexponential decay can be qualitatively explain
by noting that only molecules near the surface of
droplet may couple emission into highQ modes; molecules
s
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near the center couple into lowQ “radial” modes which
do not significantly alter the fluorescence decay ra
Unlike rhB, the fluorescence decay for ODRB was w
described by a single exponential for all droplet siz
examined. The average decay rate enhancement for 4mm
droplets was about 1.6 which is in excellent agreem
with our calculated value of 1.5 for a perpendicular
oriented transition moment and a homogeneous linewi
of 100 cm21 (see Ref. [5]). In contrast, the calculate
enhancement factor for the parallel orientation with t
same homogeneous width is 4.5.

Observation of single exponential decay for ODRB
the small diameter regime lends further support to o
original interpretation of the biexponential decay kineti
for rhB; there is no “bulk” decay component for ODR
since the molecules are spatially localized on the part
surface. However, biexponential decay might also
expected for ODRB since emission may be coupled i
both MDR and free-space modes. The fact that no b
(or inhibited) component was observed for the smal
sizes can be explained on the basis of spectral diffus
[16]. Such an argument cannot, however, explain
anomalous decay times observed for ODRB in larg
droplets. Figure 2 shows the fluorescence decay
for ODRB normalized to the bulk decay rate as
function of droplet size. For small dropletss#6 mmd,
the fluorescence decay rate has a similar size depend
as observed for rhB and rhodamine 6G. In this s
regime, the resonanceQ’s are of the order of 103–
104 and weak coupling is expected. Thus, the dec
rate should scale approximately as the ratio of the mo
spacing (proportional to1yr) to the homogeneous width
However, in sharp contrast with previous observatio

FIG. 2. Fluorescence decay rates of ODRB (normalized
the bulk decay rate of rhodamine B) in levitated glycer
droplets as a function of droplet size. Different symbols den
data from separate runs. The solid curve shows the
dependence on the decay rate expected from the Yokoya
Brorson (Ref. [12]) model constrained to fit the semiclassi
calculation of the decay rate at 4mm diameter.
3933
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for rhB and rhodamine 6G which show bulk behavi
for droplet diameters larger than 10mm, the apparent
fluorescence decay times for ODRB are significan
longersø30%d than the bulk. This effect was presumab
masked by the significant contribution to the signal fro
molecules near the center of the sphere which do
couple to droplet MDRs.

Figure 2 also shows, as a comparison, the size
pendence of the fluorescence decay predicted from
Yokoyama-Brorson model [12] which assumes we
coupling. The significant deviation of the experime
tal results presented here from the predictions of
Yokoyama-Brorson model clearly indicates a differe
physical mechanism. We believe this result is a manif
tation of intermediate coupling in microdroplets first pr
dicted by Young and co-workers [7]. TheQ’s for MDRs
for glycerol droplets in this size range are known to
$5 3 106 [17] which means that the cavity dampin
time, tcav  Qyv, is approximately equal to the (bulk
fluorescence decay time. It has been predicted [7],
two-level atomic systems, that the excited state decay
should be fastest in an intermediate coupling regime; h
ever, the present experiments do not provide a mea
of excited state population lifetime in this size (couplin
regime. The anomalous decay times observed in this
regime result from the fact that, in these experiments,
measure the time dependence of fluorescence arrivin
the detector. In a weak coupling case, where the ener
storage time in the cavity mode is small compared to
excited state lifetime, the experiments provide a dir
measure of the excited state population decay rate. H
ever, in a regime where the energy storage time in
cavity mode is not negligible with respect to the excit
state lifetime, our experiments measure the character
energy damping time from the molecule-cavitysystem.

The observation of single exponential decay for t
larger sizes suggests that only a small fraction of
emission is coupled into free-space modes even tho
weak-coupling models predict no change in the spon
neous emission rate at these sizes. At present, there
comprehensive theory which describes spontaneous ra
tive decay from molecular systems in a microsphere a
coupled to a thermal bath. This situation therefore p
cludes definitive statements on the physical origin of
anomalous decay times observed at the larger sizes
is hoped that these results will stimulate more theoret
work in this area.

It is clear from the combined evidence of polarized fl
orescence imaging and fluorescence lifetime data tha
have achieved a unique system in which the molecular
sition and orientation is well defined in the cavity.
addition, the size range of droplets studied spans re
nanceQ’s corresponding to cavity damping times bo
small and roughly equal to the (bulk) fluorescence li
time. For small dropletss#6 mmd where weak coupling
is expected, our experimental results agree quantitativ
3934
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with semiclassical calculations (at 4mm diameter) and the
spontaneous emission rate is observed to scale rough
the ratio of the mode spacing to the homogeneous wid
At larger sizes (10–25mm), these experiments have re
vealed an anomalous decay time related to the energy s
age time in the cavity masked in previous studies wh
fluorescence from the “bulk” portion of the droplet dom
nated the signal. Furthermore, the observation of sin
exponential decay indicates a clear molecular “preferen
for MDRs over free-space modes. In summary, these
sults have provided a quantitative test of cavity QED mo
els in liquid microspheres and serve as a test case of a m
general class of atom-cavity systems in which nonradiat
coupling to a thermal bath is important.
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