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Microcavity effect of dyes adsorbed on a levitated droplet
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The fluorescence spectra and lasing behavior of dye molecules adsorbed on a droplet levitated in an elec-
trodynamic trap have been studied. A simple classical model describes the dye—cavity-mode interaction quan-
titatively well when the homogeneous linewidth of the dye is wider than the free spectral range of the cavity.
When the free spectral range becomes comparable with the homogeneous linewidth, the prediction of the
model systematically deviates, indicating that stochastic fluctuations of the radiating dipoles need to be taken
into account[S1050-29479)04909-4

PACS numbd(s): 42.55.Sa, 42.50.Ct

[. INTRODUCTION treatments of a radiating dipole interacting with the resonant
modes have appearg8,6]. In the following, we will use the
The interest in microsphere optical resonatidrsis de-  treatment by Drugeet al.[6], based on a classical model in

rived both from the fundamental study of the photon confinewhich a point dipole interacts with a classical electromag-
ment with its quantum-electrodynamical consequences andetic field. The validity of the classical approach, for the case
from the application in electro-optics. The basic effect of ain which the coupling between light and matter is weak, has
microcavity on the matter inside is enhancement or suppregseen shown in the seminal work by Kufr.
sion of the radiative decay rate. The phenomenon has been We will not repeat the derivation of the formula here but
generally discussed on the basis of the mode volume considnly summarize it as follows: Consider a classical point di-
eration[2]. Some further arguments for the case of a spheripole embedded in a dielectric microsphere. The dipole emits
cal dielectric cavity have also been presented along the sanlight into various resonance modes of the sphere. The cou-
line [3]. One outstanding issue, however, igaantitative  pling strength with each mode is calculated from the overlap
understanding of the enhancement or inhibition of the radiaef the mode with the dipole radiation pattern. These modes
tive transition due to the cavity mode. In order for the quan-in turn form a radiation field at the location of the dipole,
titative study, it is of prime importance that the system undemhich is felt by the transition moment as a reaction field.
study be as simple as possible so that a theoretical model cd¥epending on the phase of the reaction field, the dipole tran-
be applied in a most straightforward manner. A levitatedsition is suppressed or enhanced. This is the classical de-
droplet with dye molecules selectively adsorbed on the surscription of the cavity quantum electrodynamics.
face is an ideal system; one has a perfect sphere without any When the molecule is located on the surfgbat inside
support that disturbs the mode structure and with the light{8]) of the sphere, the effect of the reaction field can be
matter interaction localized at a well-defined position in thecalculated in a relatively simple closed form. Expressed in
cavity. Here we present experimental results on a systematierms of the modulation of the radiative decay rate relative to
study of fluorescence spectroscopy of dye monolayers adhe decay rate in the free space, it is written as
sorbed on a levitated droplet. We found in a dilute dye sys-

tem that a simple classical theory describes the spectra quite ¥(0,0) 3 < ji(mX))?
accurately when the homogeneous willih,,,, of the dye is y 1+ 2 |=El 2+ 1)) ™™ 1(+1) (mX)
larger than the free spectral ran@&SR) of the cavity modes. 5 )
However, when the FSR is comparable With, o, @ Sys- 1/ [(mX)ji(mX)]"\*

. o . X coF(0)+ = | —————| sir(6
tematic deviation was found, a sign that the dynamics of the cos(0)+ 3 (mX) Si(9)
radiating molecule must be taken into account. The lasing
property was also studied. 1. .

+5TE, JE(mX)sirf(6) 1)
Il. THEORY where TM and TE are given by

The optical resonance-mode analysis of a dielectric (1) 1) b2 (1) (1) ,
sphere, the so-called morphology-dependent resonanchlzh' COLmXHP(mMX)]’ —m?h(mX)[Xhi(X)]
(MDR, or whispering-gallery modehas been the subject of mzj,(mX)[Xhl(l)(X)]’—hfl)(X)[ij|(mX)]'
continuing studie$4]. Furthermore, a variety of microscopic (29
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_hPoormxHPmx)) —hmX)[XhH(x)]’ (A) ODRB

i (MX)[XAM(X)] = hMO[mXji(mX)]’
(2b)

andj, andhl(l) are the spherical Bessel function and Neuman
function of the first kind ofth order, respectively. The prime
implies differentiation with respect to the respective argu-
ment. Herep is the angle of the dipole moment with respect
to the surface normaln is the index of refraction of the
dielectric spherdoutside is vacuum and X is the size pa-
rameter, i.e.X=2wa/\ (a=the radius of the sphere and
A =the wavelength of light in a vacuym

It has been shown that Edql) gives semiquantitative
agreement with the experimental observation as far as the (B) Rhodamine 6G
orientational ¢) dependence of the dipole moment is con-
cerned[9]. One important aspect of El) is its w depen-
dence throughX, which gives the cavity enhancement or O

COOCyHy

N(CH3CHg)g

suppression of the radiative transition probability. Although
others have obtained qualitative agreement with(Ep[.10],

with efforts to reduce background noise, we are able to ob- CHy ~ CHg
tain a quantitative agreement.
(CoHg)HNT 0 NH(CyHg)
IIl. EXPERIMENT FIG. 1. Molecular structures of the dyes. DieODRB= octa-

decyl rohdamine B. Dyaé: rohdamine 6G, which is electrostati-
ecaIIy adsorbed onto the stearic acid monolayer on the surface of the

presented previoushi1]. It consists of a spherical void elec- droplet.

trodynamic levitator tragSVELT) [12] with a picopipette
injecting a droplet whose radius is in the range 4-if.
The droplet is illuminated with either a pulsed laser light
(second harmonic of a pulsed Nd:YAG laskr532.7 nm,
pulse rate~10 kHz, pulse width= 1 n9 or a cw laser light
[all line (488—515 nm) Ar lasér In order to achieve uni-
form illumination over the central volume of the trap, the
laser beam was not focused tighth (00 wm diametey. At

the focal point, the pulse energy was less than 4 mf/cm

(corresponding to the peak power density of 4 MWLM This dilute concentration avoids Eter-type energy transfer

Th(;hcwﬂenergy was less tha”n 2t0 (\jN/?fm ht le of the i .which becomes active at a distance less than 10 nm. Just
€ fluorescence was coflected at rignt angie of he InCI'enough stearic acid was added to form a monolayer on the
dent light. The image of the sphere was formed at the en

trance slit of a 30-cm monochromator equipped with droplet surface. This acts as a “filler” for dy& and provide

%he surf tion sifa3] f B which is not sur-
liquid-N,-cooled charge-coupled devi¢€ECD) camera. The fagesgtr:t?\f: t?;l istc;(ra[laflon sita3] for dye B which is not sur
spectral resolutioffull width at half maximum(FWHM)] of '

bout 0.2 d ined using i ¢ | The mixture was drawn into a capillary of the picopipette.
about 0.2 nm was determined using line spectra from a loWsnce the driving fluid of the pipette is purified water, the
pressure gas discharge tube.

2 . . water inevitably gets into the solution to varying degrees. All
Photobleaching limited the total observation time to beexperiments were done at room temperature.

less than 1 min. Exchanging the air in the trap with dgds
from a liquid N, boiloff extended this time by a factor of 5.
A more serious limiting factor, however, is the slow evapo- IV. RESULTS AND DISCUSSION
ration from the droplet. The initial composition of the droplet
contains watefsee below. The time needed for the water to
evaporate completely and the final water content in equilib- In order for a quantitative study, the reproducibility and
rium varies depending on the relative humidity in the trap.reliability of data were first examined. In Fig. 2 are shown
This time can be long since prolonged injection to find athree fluorescence spectra of dge The mode asignment
droplet of the desired size increases the water vapor concefifE, TM, mode numben, and order numbes) was done
tration. using fitting parameters described below. Figurés 2nd

The residual water in the droplet has two effed: it 2(b) [=(b1) and(b2)] are from two different droplets formed
lowers the index of refraction antb) it slows the rate at and detected under nominally identical conditions. The simi-
which the droplet diameter decreases. From the spectral shiftrity of the spectral shape indicates that the diameters of the
observed after repeated data collection on a single dropletwo droplets matches within 0.4%. Two spedird) and(b2)
we judged that the data collection time of 1-5 s is shortwere taken from the same droplet several minutes apart with-

enough to avoid the broadening of the line shape due to the
slow change in the droplet size.

The sample consists of methanol solution of a dye and
stearic acid mixed with glycerol in 3:1 volume ratio. The
dyes used are listed in Fig. 1. After being injected into the
trap, methanol evaporates quickly, leaving a monolayer on
the surface of the droplet. The dye concentration was such
that the average distance between dye molecules is 50 nm.

A. Reproducibility
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FIG. 2. Reproducibility of the fluorescence specta.and (b) iving off a photon at a particulas is determined solely b
[= (b1) and(b2)] are two droplets formed under nominally identi- %q (% P P y by

cal conditions(b2) was taken several minutes afterd), showing a In Fig. 4 are shown fluorescence spectra of dedB.

slight reduction in the droplet size due to evaporation. The dashed line is a fit using E€L). The fitting parameters
are the radiusd) and index of refractionr() of the droplet

out the laser illumination. The shift of the spectra and reducand the tilt angle ¢) of the dye chromophore. There are
tion in intensity from(bl) to (b2) are due to the gradual further factors to be consideredl) The quantum yield of
decrease in the size of the droplet and the photobleaching dfiese dyes in dilute solutions is high4] enough so that the
the dye, respectively. Although the overall spectral shapesonradiative decay is ignored) The instrumental resolu-
are fairly stable despite the photobleaching, $hel modes tion is convoluted in Fig. 4. This is the limiting factor of the
tend to fluctuate from spectrum to spectrum. This point willresolution in Fig. 4 and actual peaks should be much nar-
be discussed later. Since the period for a stable trapping fdgewer and taller(3) The background absorption coefficient
the majority of droplets is scores of minutes, it turned out to(mostly attributed to the glycerp[15] is estimated to have
be not practical to allow a waiting period for a droplet to an effectiveQ value Qaps) of 10". Varing Qaps in the range
reach a stable size after the complete water evaporatiof 10°~10° does not significantly affect the quality of the fit

Therefore, in a multiple exposure experiment, a small shift of S€ below: o S o
the size could not be avoided. The fit to the data in Fig. 4 is quite good within the re-

Figure 3 shows two spectra with the incident light po|ar_producibility of the data(Fig. 3). Note that this is the first
ized parallel(a) and perpendiculafb) to the plane of inci- time that the relative contribution of the off-resonance part
dence. Since they are similar, we judge that the poIarizatiorﬁt.he background fluorescence corresponding to the suppres-

dependence does not affect the discussion below. All datgo" of the transitionand resonance pafenhancements

were taken with the laser light polarized at 45° with respec :3?2223%5 Omgasrgrigv'ctﬁrg:ﬁothﬁ:g' '|-'rr?ee d?ffy: 2?1?:Ein the
to the plane of incidence. Figure¢bd) and Zb2) and Figs. y P '

: P orientation @) of the dye chromophores of the two reflects
ifjar) c?:tg 3b) represent the quality of the reproducibility of the difference in the adsorption mechanism: one is surface

active while the other is electrostatically adsorbed to the
stearic acid monolayer.
Thes=1 modes are systematically missing in Fig. 4. In a
When the droplet is large such thBf,m is wider than  lossless medium, the inhere@t values ofs=1 modes are
the FSR of the MDR, the application of E€l) is most much larger than 10(of the order of 18F). The low instru-
straightforward. Because the homogeneous width covemnental resolution does not wipe out these lines since the

B. Case for a larger droplet
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FIG. 5. Emission spectra of a droplet with dye (a) Pulsed
FIG. 4. Fluorescence spectra @ dye A and (b) dye B. The excitation and(b) cw excitation.a=4.7975um, m=1.405, ¢
surface density is about 1 molecule/(50 Rnijhe dashed line is a = 7/2. (b) was recorded aftef@) so that(b) is smaller.
]1_t5lf23|4n7(‘;5 incl (ﬂ':-lir_]zsgyttlz(‘i gfzrar;r?éeg) a;e: g.soiggivf) ri cause the droplet is smaller, the inher@values fors=1
=1.460, 0= 7/3. modes(slightly above 18) are lower than those in Fig. 4 and
thus they become visible in Fig(ly. When excited by light
integrated intensity of all modes is nearly equal. The lowwith a stronger peak power from a pulsed laser, lasing occurs
instrumental resolution would simply reduce the peak heighfFig. 5a)]. Note that only the TEs=1 peaks are lasing.
of the s=1 modes to the level of other resonance peaksSince the molecules are lying flat, the TE modes have larger
However, the absorption affects the spectrum in a differengain. With a stronger excitation, Tig=1 modes can also
manner. The photon of higQ- mode stays much longer in lase but at much lower intensity compared with the TE
the cavity so that it has much better chance to be absorbeflodes. In all cases, however, lasing was observed only from
while trapped. Due to this mechanism, any mode ha@ng s=1 modes. As has been discussed, thealues of thes
> Q,ps disappeardrom the fluorescencgl6]. The relatively =1 modes should be larger than those of other modes, de-
large uncertainty 0Q,,s Simply reflects the fact that in these spite their apparent lower peak heights in the fluorescence
dropletsQ values for thes=1 modes Q;) ands=2 modes spectra. Since the absorption affects all modes equally in the
(Q,) satisfy the inequalityQ,<10°<Q,,<10*<Q;. lasing condition, the modes with high@rvalues(larger den-
The actualQ values of the higlQ mode are also very sity of statey are favored for stimulated emission, the 1
sensitive to the state of the droplet and can be easily spoile@hodes as observed.
e.g., by the deviation from a perfect sphere due to surface
ripples or by scattering by impurity. Whenever tQevalues D. Case for a smaller droplet
of s=1 modes are spoiled and become comparable to or . . .
lower thanQ,,,. the peakseappearin the spectrum. This is The FSR gets larger as the droplet size shrinks. Figure 6

the reason for the rather unstable appearance ofsthe shows the emission spectra of d@n progressively smaller
modes in Fig. 2 droplets. Onlys=1 modes are now dominant, in strong con-

trast to Fig. 4. Th& values of thes=1 modes are less than
10* in this size range and the peak width of the smallest
sphere clearly exceeds the instrumental resolution. Note that
The effect of inherently highQ values ofs=1 modes the fit [shown in dashed line, calculated using Efj)] is
relative toQ,,s can be further seen in a lasing experiment.quite poor.(The overall intensity variation across the spec-
Figure 5 shows the emission spectra of dyeith a pulsed trum is due to the fluorescence profile of the dye. The fit does
excitation(a) and with a cw excitatiorib), respectively. Be- not take this factor into accouhtThe peak height with re-

C. Lasing property



PRA 60 MICROCAVITY EFFECT OF DYES ABSORBED ON A. .. 2495

i ‘ RN 250 T
250 fo b TR @ L | en | ]
F 3 : : | | | 1 200 it o Ly S L | R R
T 200¢ TE ------------ [SETTRTIE SR 3 ] ‘ j 1 P
: i 291 TE281  TE271 = r : ‘ ; L
o I ' ; [ 3 Lo DR IR { RO SU L S S _
> 150 [ . g PO s | | T
@ i £ : bl : ; ]
& 100 | 2 100 il AR ]
c [ i) 3 : ] : ]
£ r < ‘ P
50 i 50 [ p LU EE sty MR RA D K
ol ~ vEE e T
—_——— T T T T T ot v i e e
r : : : : § b ] 540 560 580 600 620 640
400 | TE2BA () """ . Wavelength(nm)
S i ‘ | ]
@ 500 Ll . 250
= i M4, 155 1 5 ] ; | | | ; |
@ 200 | BT | AR TE231 1 TE2211 200 F i ]
8 I ; ? } | boa ] _
= 100} : R A TMe2 ] 3 150 fo ]
g 100 i
o
£
50 |- ]
«; 0 . P S RIE I B . -
;>" 520 540 560 580 600 620 640 660
% Wavelength(nm)
£ .
= FIG. 7. Emission spectra of dy& on glass spheres of diameter
~9 um (@ and~5 um (b).

Wavelength(nm) I'homo-) Therefore, with time-resolved fluorescence spec-
troscopy, one would see initial resonance peaks followed by
FIG. 6. Emission spectra of smaller dropletsd) a 5 rapid decay of these peaks into the slowly decaying back-
=2.3175um, (b) a=1.9656um, and(c) a=1.6670um. In all 45 nd. An indication of such a phenomenon has been in-
cases,m= 1.4_135 andg= w/2._The dashed line is th_e calc_ulated deed observed previous[iL9]. The appearance of the fast
fs”;;ectrum using Eq(l) assuming a flat fluorescence intensity pro- decay component has also been observed in the energy-
: integrated fluorescence lifetime measurenié&gt. However,
all molecules of high quantum yield will emit photons of
spect to the background is much larger than the calculatetheir respective energies sooner or later. Therefore, under a
value, or conversely, the background is quite suppressedveak excitation in which the molecules spend most of the
The relative peak heights of the TE and TM modes are alstime in the ground state so that the number of photons ab-
grossly off the mark. Both modes tend to become of equasorbed per unit time is independent of the radiative enhance-
height. ment or suppression factor, thiene integratedluorescence
The homogeneous width of a dye in solution at a roomspectrum should showo peaks.
temperature is not well understood but is probably in the The observatioienhanced peaks and/or suppressed back-
range of ~100 cm ! corresponding to~5 nm [9,17,19. ground is just the opposite of the above expectation.
The FSR of the droplets shown in Fig. 6 is, therefore, equaClearly, the consideration of FSR anld,,,, alone is not
to or larger thar'ome. In this case, Eq(l) cannot be used adequate to interpret the data. One possible mechanism that
in a straightforward manner to interpret the data as has bearan account for the observation is the spectral diffusfy.
done above. The spectral diffusion is the shift of the central frequency of
Let us consider a case in whidh,,ois small compared the dye fluorescence spectral profile due to the fluctuating
with the FSR. What has been calculated in Eb. is the  environment. Of course, a clear boundary between physical
effect on the radiative transition rate by the cavity resonanc@rocesses that lead 16,,,,, and the spectral diffusion may
modes at a particular frequeney. Suppose that the fluores- be difficult to draw especially in the case of molecules in
cence spectrum is inhomogeneously broadened. Then, dkguid solution at room temperature. But in the case under
pending on the environment, some molecules with matchingonsideration, any fluctuating behavior occurring in the time
frequency with the resonance modes feel the strong enhancseale between subpicosecond to the fluorescence lifetime
ment and radiatively decay back to the ground state quicklf~ ns) can be identified as spectral diffusion Agt, ..
while others which are off resonant feel suppression and the&vhen the molecular emissidie., I';,,mo falls between the
lifetime is prolonged. (This distinction is absent when resonance modes, the fluorescence is suppressed and the
I'nome™> FSR because no net effect remains after the integramolecule remains excited. Through the spectral diffusion,
tion of the emission profile of individual molecules over however, the molecule has a chance to come into resonance
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with the MDR mode. The ehnanced decay rate in this caseatio as one from a glycerol droplet of comparable $ig.,
makes the fluorescence at the MDR mode more likely. Thésig. 4). On the other hand, the spectrum from the smaller
process thus favors the fluorescence on the MDR mode at thgphere (diameter ~5 uwm), shows much smaller peak to
expense of the reduced fluorescence off the resonance. Basggckground ratio in strong contrast with Fig. 6. Although
qn this Scenariq, it is also eaSin understood that the diStinCmany aspects such as the surface roughness and Sphericity of
tion between different mode§’M and TB tends to be re-  the glass spheres make the straightforward comparison diffi-
duced. Note that this effect starts to show up when the diamyit, the trend in going from Fig. (@ to 7(b) seems clearly

eter of the droplet is less than5 um, which coincides agreement with the above explanation.

nicely with the size of the droplet with which the cavity-
enhanced decay rate becomes noticeable in the time-resolved
experimen{18].

Spectral diffusion is strongly dependent on the matrix in  We have shown that Eq1) based on a simple classical
which the dye is embedded. It is expected to be as large afodel quantitatively describes the modification of the emis-
the inhomogeneous width in the case of the liquid solution akjon spectrum of a dye molecule embedded in a microsphere
room temperature. The effect should be less pronounced fgn the regimel'},,,,o>FSR. It deviates systematically for the
a more rigid matrix. For comparison, we have performed aasel',,,,,<FSR. We propose that in the latter regime, the
reference experiment using glass spheres. Glass spheres wegsideration for the dynamics of the molecule in the excited
dispersed in ethanol and dye-stearic acid solution and instate has to be taken into account explicitly.
jected into the levitator in the same way as the glycerol drop-
let. The number density of the spheres in the solution was
chosen such that, on the average, much less than one sphere ACKNOWLEDGMENTS
was contained in an ejected droplet from the picopipette. If
the droplet contains a sphere, the sphere stays in the trap Part of this work was supported by the JST-CREST pro-
coated with a monolayer of dye or stearic acid after evapogram. S.A. was a visiting professor at The University of
ration of methanol. In Fig. 7 are shown the fluorescencelokyo sponsored by JST-CREST while this work was per-
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