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Intensity fluctuation spectroscopy of small numbers of dye molecules in a microcavity

S. C. Kitson, P. Jonsson,* J. G. Rarity, and P. R. Tapster
Defence Evaluation and Research Agency, St. Andrews Road, Malvern, Worcestershire WR14 3PS, United Kingdom

~Received 12 January 1998!

The spontaneous emission from a thin layer of a dilute solution of fluorescent dye molecules within an
optical microcavity has been studied. Strong fluctuations in fluorescence intensity are observed when the
average number of molecules in the measurement volume is small. We have performed experiments that
simultaneously characterize these fluctuations over nine orders of magnitude of time, from ns to s. These
measurements have identified photon antibunching characteristic of single-molecule emission, along with
triplet-state shelving and diffusion driven number fluctuations. The results give fundamental information on the
kinetics of dye molecules and allow one to speculate about the prospect of using single molecules as sources
of single photons for quantum optics.@S1050-2947~98!00107-3#

PACS number~s!: 42.50.Dv, 33.50.2j, 42.55.Sa
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I. INTRODUCTION

The advent of relatively efficient single photon detecto
has made it possible to study the emission of light fro
single molecules@1–3#. This allows one to study the prope
ties of single molecules rather than the bulk and can g
otherwise unobtainable information on the molecular en
ronment. In this paper we describe measurements of the
emitted from single dye molecules located in a microcav
The measurements give information on the kinetic proces
involved and are aimed at developing this system as a so
of single photons.

A reliable and efficient source of single photons is des
able for both basic research into the quantum propertie
light, and for applications including quantum computing a
quantum cryptography@4#. A single fluorescent molecule o
atom is one potential source@5,6# because it can only emi
one photon at a time. It then takes a certain character
time for the electron to be excited to the upper state be
another photon can be emitted. The emitted light is thus
tibunched and tends to consist of single photons separate
a time interval determined by the excited-state lifetime a
the pumping rate.

In our system the dye molecules are in a thin~40-nm!
liquid layer confined within a Fabry-Perot cavity, whic
serves to increase the efficiency with which the spontane
emission is collected. The single-molecule regime is reac
by using very dilute (1029M ) dye solutions and a sma
illumination volume~around 40 nm thick by 6mm diameter!.
The fluorescence signal exhibits strong fluctuations on t
scales ranging from ns to s. In this paper we describ
system for measuring these fluctuations over the requ
nine orders of magnitude of time interval and extract inf
mation related to the excited-state lifetime, the triplet lif
time, and the diffusion time.

II. EXPERIMENT

The dye used was Rhodamine 6G~R6G! dissolved in pro-
pylene carbonate. Propylene carbonate was chosen a

*Present address: KTH-Electrum, Department of Electron
FMI, Electrum 229, S164 40 Kista, Sweden.
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solvent because of its low intrinsic fluorescence and l
volatility. R6G is highly efficient and can be excited with th
488-nm line from an argon ion laser.

The dye solution is placed in a microcavity consisting
two dielectric mirrors, made from alternating layers of sili
(n51.5) and tantalum pentoxide (n52.265). The microcav-
ity serves to increase the efficiency with which the spon
neous emission from the dye is collected. The peak refl
tivity of the mirrors was designed to be at a wavelength
560 nm by making the thickness of each layerl/4n ~wherel
is 560 nm andn is the refractive index of the layer!. The top
layer of each mirror is silica, deliberately grown 20 nm thi
ner than thel/4n condition. The microcavity is formed by
placing a drop of the dye solution on one mirror, and th
pressing the other one on top. Placing the cavity in a vacu
chamber for approximately 1 h causes the liquid to slowly
evaporate, pulling the two mirrors together. The result
structure is al/2n-thick microcavity with a dye layer, ap
proximately 40 nm thick, at the center.

The cavity material is the lower index silica so that t
dye layer sits at the antinode of the electric field of the fu
damental cavity mode, into which the molecules prefer
tially emit. This narrows the emission spectrum to match
cavity bandwidth and so increases the efficiency with wh
the light can be collected through a narrow band pass fi
that is used to discriminate the fluorescence from scatte
laser light. The narrowing of the emission spectrum can
seen in Fig. 1, which shows the emission spectrum obtai
from a microcavity~solid line! and from a sample that doe
not have the multilayer dielectric mirror coatings, but whi
is identical in all other respects~broken line!.

As well as narrowing the emission spectrum the mic
cavity also increases the total intensity of the emitted light
a factor of 2, because the structure is designed to only e
light through the top mirror. This is achieved by designi
the output mirror~with five pairs of layers! to have around
10% transmission over the range 540–590 nm, while
second mirror~with nine pairs of layers! is highly reflecting
~99.9%!. The increase in emitted light is evident from th
measured spectra in Fig. 1. The area under the curve for
microcavity sample is twice the area under the curve for
sample without the mirrors. Taking into account the colle

s,
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PRA 58 621INTENSITY-FLUCTUATION SPECTROSCOPY OF SMALL . . .
tion efficiency of the microcavity, the transmission of th
filters used, the reflections at the glass interfaces in the se
and the quantum efficiency of the detectors, we estimate
photon collection efficiency of our system to be 231024.

Figure 2 is a schematic of the confocal fluorescence
croscope used to study the fluorescence from the micro
ity. The 488-nm light from a cw argon ion laser is focus
through a 100-mm pinhole and then through a microsco
objective (325,0.35 numerical aperture! onto the microcav-
ity. The same lens also collects the fluorescence from the
molecules. The diameter of the region from which the ligh
collected is defined by the pinhole to be around 6mm. The
collected light passes through the dichroic mirror and ad
tional filters are used to remove any remaining laser lig
The fluorescence light is divided equally between two a
lanche diode single photon counting detectors that are c
nected to a photocount correlator and to a time interval a
lyzer. Two detectors are used to circumvent the proble
associated with the deadtime of the detectors~1 ms!, allow-
ing the measurement of time intervals as small as 0.5 ns.
filters in front of the detectors block the transmission of I
preventing crosstalk between the detectors.

The electronics measures the photocount correlation fu
tion @7#

FIG. 1. Fluorescence spectrum of R6G in propylene carbon
measured in the microcavity~solid line! and in a structure withou
mirrors ~broken line!. The measurements for the sample witho
mirrors have been multiplied by a factor of 10 to improve clarit

FIG. 2. Schematic of the apparatus used to study the fluo
cence fluctuations from a small number of dye molecules in a
crocavity.
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~2!~ t !5

^I d1~ t0!I d2~ t01t !&

^I d1&^I d2&
, ~1!

whereI d1(t0) andI d2(t01t) are the recorded photocounts
detectors 1 and 2 at timest0 andt01t, respectively, and the
angle brackets denote averages over the start timest0 . It is
this function that characterizes the fluctuations in the sign
It can be shown that this measurement is equivalent t
measurement of the normalized autocorrelation function
intensity @8#

g~2!~ t !5
^I ~ t0!I ~ t01t !&

^I &2 [gc
~2!~ t !, ~2!

but avoids the short time distortions arising due to detec
after pulsing and dead time.

Over the time range 100 ns to 1 s,g(2)(t) is measured
using the digital correlator, which samples the photocoun
time bins of widthT and uses parallel multipliers to evalua
Eq. ~1! in real time. The system used here contains ei
32-channel correlators with sample timesT,6T,36T,..., etc.
with T5100 ns.

The time range from 0.5 to 100 ns is covered by the ti
interval analyzer, which records a histogram of the time
terval between consecutive pairs of photons. At low co
rates, so that the average number of photocounts per 10
sweep is much less than 1, the time interval distribution i
good approximation tog(2)(t) @9#. In our system the photo
count rate is typically 5 kHz so that this approximatio
holds. Combining the data from the time interval analyz
and the correlator then givesg(2)(t) over the time range ns to
s.

The nature ofg(2)(t) can be understood by considerin
the case of a single dye molecule in the microcavity. Fig
3 is a schematic representation of the lowest electronic
ergy levels of R6G. The emission of light occurs via tran
tions between the singlet excited state and the ground s
There is also a triplet state that the system enters and le
nonradiatively.

g(2)(t) is related to the joint probability for the detectio
of a photon at timet0 and the detection of a subseque
photon at some later timet01t. The detection of a photon a
time t0 ensures that the molecule is prepared in its grou

te

t

s-
i-

FIG. 3. Schematic energy scheme showing the ground (G), ex-
cited singlet (S), and triplet (T) states, and the various transitio
rates between the states.
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622 PRA 58KITSON, JONSSON, RARITY, AND TAPSTER
state. g(2)(t) then follows the conditioned time evolutio
of ^I d(t01t)& and hence the population of the excited sing
state.

After emitting a photon it takes a characteristic time f
the electron to be excited back to the singlet excited state
to then subsequently relax emitting a second photon. T
time interval is related to the excited-state lifetime and to
pumping rate and is of order ns. At short time delays, the
fore, g(2)(t) follows the time evolution of the population o
the singlet excited state and exhibits an exponential rise
nanosecond time scale.

A further fluctuation in the signal arises from the mo
ecule getting shelved in the triplet state. Transitions to
from the triplet state are nonradiative so that on time sca
comparable to the lifetime of the triplet state there are few
photons emitted than one would otherwise expect. T
mechanism reduces the conditioned^I d(t01t)& and hence
we see a drop ing(2)(t) on time scales of orderms.

If the molecule is not fixed but is free to move within
liquid, then there is a third mechanism that gives rise
fluctuations in the fluorescence signal. The molecule can
fuse out of the collection volume under Brownian motio
For our system the diffusion time is of the order of ms a
leads to a drop in the value ofg(2)(t) on that time scale.

Figure 4 is a plot ofg(2)(t) versust for time scales rang-
ing from ns to s obtained for a cavity containing 1028M dye
solution and a laser power of 35 mW~measured at the
sample!. The data took one hour to accumulate. The circ
are experimental points and the line is a fit to the data us
Eq. ~23!, which is derived in the next section. The cur
clearly shows the three features that we expect. The in
rise is due to antibunching, the drop at around 1ms is due to
triplet-state shelving and the drop at around 1 ms is due
diffusion. The emitted light tends, therefore, to consist
bursts of antibunched photons separated by dark interva
ordersms due to the triplet state and ms due to diffusion.

By solving the equations that describe the dynamics
this system we now go on to derive an analytic express
for g(2)(t) that will allow us to extract the time constants a

FIG. 4. g(2)(t) vs time for a cavity containing 1028M R6G and
an incident laser power of 35 mW. The circles are experime
data and the line is a fit according to Eq.~23!, giving the parameters
A50.3260.02,t t50.860.1ms, te52.360.1 ns,M58.960.1 and
td51.3460.07 ms.
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the number of molecules from the experimental curves.

A. Theory of number fluctuations

We can write the fluorescent intensity at timet0 arising
from a fluctuating number of molecules in a small sens
volume within a much larger sample as

I ~ t0!5(
j 51

N

i j~r j ,t0!, ~3!

where i j (r ,t0) is the intensity arising from moleculej at
positionr j andN is the total number of molecules within th
sample. The mean intensity emitted by the sample is thu

^I &5N^ i & ~4!

where ^ i & is the intensity per molecule averaged over
positions in the collection volume. We calculate the intens
correlation function from

I ~ t0!I ~ t01t !5(
j 51

N

i j~r j ,t0!(
k51

N

i k~r k ,t01t !. ~5!

When we assume that emission from separate molec
is uncorrelated@10# we can separatej 5k terms fromj Þk to
obtain

^I ~ t0!I ~ t01t !&5N~N21!^ i &21N^ i ~ t0!i ~ t01t !&. ~6!

We can write the intensity per molecule as a product
the probability of emission per unit timep and a position
r -dependent efficiency factorh describing the collection vol-
ume

i j~r j ,t0!5h j~r j !pj~ t0!. ~7!

In the simplest theory we assume that the molecules s
a uniform intensity pump beam and that the averages of
sition and emission probability are thus separable, he
Eqs.~4! and ~6! become

^I &5N^p&^h&,

^I ~ t0!I ~ t01t !&5N~N21!^I &21N^h~r ,t0!h~r 8,t01t !&

3^p~ t0!p~ t01t !&,

g~2!~ t !5
N~N21!

N2

1
1

N

^h~r ,t0!h~r 8,t01t !&

^h&2 •

^p~ t0!p~ t01t !&

^p&2 .

~8a!

For the diffusional case studied here we assume thatN is
large and in the experiment we select a small part of
sample with the optics. Equation~8a! then approximates to

g~2!~ t !511
1

N

^h~r ,t0!h~r 8,t01t !&

^h&2 •

^p~ t0!p~ t01t !&

^p&2 .

~8b!

l
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We can evaluatêh& and ^h(r ,t0)h(r 8,t01t)& from

^h&5
1

A E
s
h~r !d2r ,

^h~r ,t0!h~r 8,t01t !&

5
1

A E
s
E P~r ,t0 ;r 8,t01t !h~r !h~r 8!d2rd2r 8. ~9!

We assume that the probability distribution of particle p
sition at timet0 is uniform andP(r ,t0 ;r 8,t01t) is the con-
ditional probability that the molecule found at positionr at
time t0 is found atr 8 a timet later. The integrals are over a
possible start and finish positions within the sample~total
areaA!. When the molecule is confined to move by diffusio
in two dimensions we can write@10,11#

P~r ,t0 ;r 8,t01t !5
1

4pDt
expS 2~ ur2r 8u2!

4Dt D . ~10!

We then model the collection volume from which the m
lecular fluorescence is collected by a Gaussian function
position with 1/e2 half-width v,

h~r !5h0expS 22ur u2

v2 D . ~11!

Substituting Eqs.~10! and~11! into Eq. ~9! we calculate the
normalized correlation between the efficiencies

1

N

^h~r ,t0!h~r 8,t01t !&

^h&2 5
A

N

1

pv214Dt

5
1

^M &
•

1

~114Dt/pv2!
~12!

when we note thatN/A5C, the concentration of molecule
per unit area, and denote the average number of molecul
the scattering volume aŝM &5Cpv2.

B. Theory for three level molecules„R6G… in a microcavity

We now consider the fluorescence fluctuations aris
from single molecules. The probability of emission at a
time is going to be proportional to the steady-state proba
ity of the molecule being in the excited singlet stateps(`).
The detection of a photon at timet0 @with probability
aps(`)# prepares the molecule in the ground state. T
probability of emission of a second photon a timet later is
then proportional to the evolution of the population of t
singlet excited state conditioned on starting from the grou
stateps(t0 ,g;t). Hence taking the single-molecule contrib
tion to the autocorrelation function in Eq.~8b! we can write

^p~ t01t !p~ t0!&

^p&2 5
ps~ t0 ,g;t !

ps~`!
. ~13!

Consider the three level dye molecule shown in Fig.
We write the rate equations for the occupation probabilit
(pg ,ps ,pt) of the ground state, singlet excited state, a
triplet states in matrix form:
-

of

in

g

l-

e

d

.
s
d

d

dt S pg

ps

pt

D 52S r 12 2r 21 2r 31

2r 12 r 231r 21 0

0 2r 23 r 31

D S pg

ps

pt

D . ~14!

The solutions to these equations are

S pg

ps

pt

D 5S a11 a12 a13

a21 a22 a23

a31 a32 a33

D S exp~2l1t !
exp~2l2t !
exp~2l3t !

D , ~15!

where thel i are the eigenvalues of the matrix in Eq.~14!,
and theai j are multiples of eigenvectors, depending on t
initial conditions. Diagonalizing the matrix gives

l15 1
2 @r 121r 211r 311r 23

1A~r 121r 211r 232r 31!
224r 12r 23#,

l25 1
2 @r 121r 211r 311r 23

2A~r 121r 211r 232r 31!
224r 12r 23#,

l350. ~16!

Making the approximation of low transition rates to and fro
the triplet state compared to the singlet excited state
ground-state decay rate,r 231r 31!r 21 gives

l15r 121r 21,

l25r 311r 23r 12/~r 121r 21!. ~17!

The t→` limit is of course independent of the initia
conditions. The three coefficients giving equilibrium occup
tion probabilities area13,a23,a33 and form the eigenvecto
corresponding to the zero eigenvalue, with the normaliz
conditiona131a231a3351. Note thata235ps(`). We find
in the above approximation

a135r 21r 31/~r 21r 311r 12r 311r 12r 23!,

a235r 12r 31/~r 21r 311r 12r 311r 12r 23!5ps~`!,

a335r 12r 23/~r 21r 311r 12r 311r 12r 23!. ~18!

To calculateps(t0 ,g;t) we start from the initial condi-
tions pg51, ps50, pt50 and follow the subsequent beha
ior of the singlet state. The remaining coefficients requir
area21,a22 and they can be found from the values ofps and
dps /dt at t50. The equations are

a211a221a2350,

l1a211l2a2252r 12 ~19!

with solutions

a2152r 12/~r 121r 21!,

a225r 12
2 r 23/@~r 121r 21!~r 21r 311r 12r 311r 12r 23!#. ~20!
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Substituting in the appropriate part of Eq.~15! gives the
results

ps~ t0 ,g;t !/ps~`!5@12~11a!exp~2l1t !1a exp~2l2t !#,

l15r 121r 21,

l25r 311r 23r 12/~r 121r 21!,

a5r 12r 23/@r 31~r 121r 21!#. ~21!

Substitutingps(t0 ,g;t) from Eq. ~21! into Eq. ~13! and then
combining with Eqs.~12! and ~8b! we obtain the autocorre
lation function,

g~2!~ t !511
1

M ~114Dt/pv2!

3@12~11a!exp~2l1t !1a exp~2l2t !#.

~22!

Equation~22! can be reexpressed in terms of time consta
rather than rate constants by making the substitutions

te51/l1 ,

t t51/l2 ,

td5
pv2

4D
,

wherete ,t t ,td are the time constants related to the excite
state lifetime, the triplet-state lifetime, and the diffusio
time, respectively. This substitution gives

g~2!~ t !511
1

M ~11t/td!

3@12~11a!exp~2t/te!1a exp~2t/t t!#,

~23!

An interesting feature of this result is the zero-time ca
g(2)(0)51. This means that the Poisson fluctuation in t
number of molecules due to diffusion exactly cancels
intrinsic antibunching of the fluorescence from a single m
ecule. However, in the case where the diffusional fluct
tions are frozen outg(2)(t) can go below one. The theory i
this case requires one to use a fixed small value ofN in Eq.
~8a!.

The theory described in this section is not correct in
situation where we have a pump intensity that varies ac
the volume as we have in the confocal case. However, as
diffusional fluctuations are much slower than the triplet- a
singlet-state lifetimes we can calculate the single-molec
correlation function for each position in the collection vo
ume, then perform the intensity~squared! average over all
possible positions. This procedure is briefly outlined in t
Appendix, where we see that at low pumping powers
general form of the correlation function is unaltered.
ts
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III. RESULTS AND DISCUSSION

The agreement between Eq.~23! and data in Fig. 4 is
excellent and yields the values given in the caption. T
results show the three features that we expect and becau
R6G, the three different processes occur on very differ
time scales we can readily determine the time constants
reasonable uncertainties. In addition, the mean numbe
molecules within the collection volume can also be e
tracted, and in this case is equal to 8.960.1.

From Eq.~23! it is evident that the amplitude of the fea
tures in the measured value ofg(2)(t) scale inversely with
M . We can vary the number of molecules within the colle
tion volume by changing the dye concentration. Figure
shows measurements ofg(2)(t) for concentrations ranging
from 1029 to 1028M and an incident laser power of 55 mW
The lower limit on the concentration that can be used
determined by the background counts in the system.
though the measured value can be corrected for the b
ground count rates, the uncertainties become overwhe
ingly large when the photocount rate becomes smaller t
the background count rate. For our system this effectiv
limits the concentration to being above 5310210M .

Fitting Eq. ~23! to the data in Fig. 5 yields the number o
molecules in the collection volume as a function of dye co
centration, Fig. 6. The error bars are the uncertainties aris
from the fit. The straight line is a fit to the data points, forc
to pass through the origin. The gradient of the line gives
effective volume of the cavity as (1.360.1)310218 m3.
This compares well with the expected value of 1
310218 m3 given by a 40-nm-thick dye layer and a 6-mm
spot diameter. From Fig. 6 it is also apparent that we
readily reach the regime of a single dye molecule within
cavity volume by using a dye concentration of order 1029M .

The excellent agreement between theory and data in
4 begins to break down as the laser power is increased.
ure 7 shows data recorded for a microcavity contain
1028M dye and an incident laser power of 90 mW. Th
theory and data disagree at around 1025 s, with the data
showing clear evidence of another fluctuation. The agr
ment can be restored by arbitrarily introducing another te
in Eq. ~23! to represent another process,

FIG. 5. Measurements ofg(2)(t) for a range of dye concentra
tions between 1029M and 1028M . As the dye concentration de
creases the magnitude ofg(2)(t) increases.
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g~2!~ t !511
1

M ~11t/td!
@12~11a1b!exp~2t/te!

1a exp~2t/t t!1b exp~2t/ta!#, ~24!

whereb andta are the amplitude and time constants, resp
tively, of the extra process. Equation~24! produces a good fi
to the data in Fig. 7. Although it is not clear what this ad
tional process is, there are at least two possibilities. Fir
there may be transitions to a higher energy level perhap
two photon absorption. Alternatively, it may be a result
the fact that in the confocal arrangement the beam inten
is not uniform but will have a Gaussian profile. At hig
pump powers this will lead to a multiexponential tripl
shelving decay~see Appendix!.

By making measurements ofg(2)(t) it is clearly possible
to study the emission of light by a single molecule, and
study the fluctuations in signal that occur over a vast rang
time intervals. The effect of the antibunching on the em
sion is seen in the dip that occurs att50. However, as noted
in the theory section,g(2)(0)51, and this is confirmed in the
experimental measurements. This is the value obtained f
classical light source, governed by Poisson statistics, so

FIG. 6. The number of molecules as a function dye concen
tion determined by fitting Eq.~23! to the data in Fig. 5. The straigh
line is fit to the data points, passing through the origin.

FIG. 7. g(2)(t) vs time for a cavity containing 1028M R6G and
an incident laser power of 90 mW. The circles are experime
data and the line is a fit according to Eq.~23!.
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the current system is no more efficient at producing sin
photons than a conventional attenuated laser diode. Fo
efficient single photon sourceg(2)(0) would be less than one
and ideally would tend to zero, so that it would be impo
sible for two photons to be emitted at the same time. Thi
not the case in the current system because the numbe
molecules is not fixed because diffusion can take pl
within the liquid layer. Therefore although the average nu
ber of molecules may be one, at an instant in time there m
be two or more molecules within the collection volume.
would certainly be possible to fix the number of molecu
within the collection volume by immobilizing the dye laye
for instance, within a solid polymeric host. By appropriate
choosing the concentration of the dye, it would be possible
arrange for there to be only one molecule within the colle
tion volume. Organic dye molecules are, however, prone
photobleaching so such a system would have a limited l
time.

The effect of photobleaching on our current system can
observed by making measurements ofg(2)(t) as a function of
laser power. Molecules within the intense laser beam w
undergo irreversible bleaching, probably through react
with oxygen in the solution@12#. This destruction of mol-
ecules will be balanced to some extent by diffusion of fre
molecules into the collection region. Since the pump volu
is much smaller than the total cavity, a dynamic equilibriu
will be reached, at least on the time scale of the meas
ments. The result will be a depleted number of molecu
within the collection volume. As the laser power increas
the photobleaching rate will also increase, resulting in a
duced equilibrium number of molecules within the cavity.
significant photobleaching occurs, it seems likely therefo
that the mean number of molecules in the cavityM will drop
as the laser power increases.

Figure 8 shows the results of a series of measuremen
g(2)(t) as a function of laser power. The graph shows
fitted value of the number of molecules as a function of
incident laser power for a 1028M sample. It is clear that the
mean number of molecules within the collection volum
does drop as the laser power increases.

The values ofM were obtained by measuringg(2)(t) for t
in the range 1ms to 1 s, covering just the diffusional part o
the full function. From Eq.~23! it is the amplitude of this

-

l

FIG. 8. The number of molecules in the collection volume a
function of the incident laser power.
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part that determinesM . In order to obtaing(2)(t) with rea-
sonable statistics, data was accumulated for 10 min. In o
to measureg(2)(t) down to the small time intervals of les
than 1 ns as in Figs. 4 and 7, however, data had to be a
mulated for at least an hour. This was because of the r
tively low photocount rates, typically 5 kHz. Although th
microcavities appeared to be stable for time periods of
order of an hour, over the course of a day significant eva
ration of the dye caused the cavity thickness to change.
this reason it was not possible to obtain the power dep
dence ofg(2)(t) over the full time range that would hav
given information on the triplet state and antibunching
fects.

IV. CONCLUSIONS

We have fabricated a microcavity containing a very th
layer of dye solution at the center of al/2n cavity. By using
a low-concentration dye solution and looking at a small v
ume of the cavity it is possible to reach the regime wh
there is only one molecule contributing to the emission.
measuring the photocount correlation function, the fluct
tions in the emitted light can be simultaneously characteri
over a vast range of time intervals. Fitting theory to the d
gives the mean number of molecules, the diffusion time c
stant, the triplet lifetime, and the excited-state lifetime. A
though correlation spectroscopy has been used previous
make these measurements separately@12–14#, it has not pre-
viously been possible to make all these measurements
such a vast range of time scales simultaneously. We h
achieved this through the simultaneous use of a digital c
relator and a time interval analyzer. The potential of t
technique for characterizing the photophysical properties
systems is obvious. In particular, the technique is capabl
characterizing the time constants of nonradiative proces
such as triplet-state shelving and diffusion, which are di
cult to extract with other techniques.

From the point of view of using individual molecules a
the basis for single photon emitters the current work is
couraging. It is clearly possible to detect the light from sing
molecules, and to understand the kinetics of the proce
giving rise to the emission. For a true single photon sou
however, we needg(2)(0)50. In the current system this i
not the case because the dye molecule number fluctua
driven by diffusion exactly balance the intrinsic antibunchi
from a single molecule. This could be overcome by usin
solid dye layer, perhaps in a polymeric host. By applying
knowledge about triplet states and photobleaching that
current measurements are yielding together with impro
ments in the cavity design, it seems it may be possible
achieve an efficient source of single photon pulses us
single dye molecules. Ultimately, however, the performan
will be limited by photobleaching of the dye. Although th
may be reduced by removing oxygen from the system and
using a more photostable dye, it may ultimately be bette
use rare earth ions or quantum dots as the light sources
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APPENDIX: THEORY FOR NONUNIFORM
ILLUMINATION

We start from the general form of the correlation functi
given in Eq.~8b!

g~2!~ t !511
1

N

^h~r ,t0!h~r 8,t01t !p~ t0!p~ t01t !&

^hp&2 ,

~A1!

but note that we cannot separate the averages whenp(t0) is
now also a function ofr . However, in this instance we ca
assume that the time scales associated with the sin
molecule emission and triplet fluctuations are short co
pared to the diffusion component. We can thus adapt
~13! to

^p~ t01t !p~ t0!& ts5^p~r ,t0!& ts^p~r 8,t01t !& ts

ps~r ,t0 ,g;t !

ps~`!
,

~A2!

where the average is taken only over short timests!td such
that r5r 8 andps(`)5^p(r ,t0)& ts . From Eq.~21! we see

ps~r ,t0 ,g;t !/ps~`!

5@12~11a!exp~2l1t !1a exp~2l2t !#,

l15r 121r 21,

l25r 311r 23r 12/~r 121r 21!,

a5r 12r 23/@r 31~r 121r 21!#, ~A3!

but now the rate of excitationr 12 is proportional to the illu-
mination intensity. We can now substitute Eq.~A2! into Eq.
~A1! and recast the long-time average over initial and fi
positions@Eq. ~9!# as

^hp&5
1

A E
s
^p~r !& tsh~r !d2r ,

^h~r ,t0!h~r 8,t01t !p~ t01t !p~ t0!&

5
1

A E
s
E P~r ,t0 ;r 8,t01t !h~r !h~r 8!

3^p~r ,t0!& ts^p~r 8,t01t !& ts

3@12~11a!exp~2l1t !1a exp~2l2t !#

3d2rd2r 8. ~A4!

If we assume a Gaussian illumination intensity profile

i p~r !5 i 0 expS 22ur u2

vp
2 D ~A5!
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with 1/e2 width vp we can write the excitation rate consta
as

r 125b i p~r !, ~A6!

and following Eq.~18!,

p~r ,t0!5ps~`!5a235r 12r 31/~r 21r 311r 12r 311r 12r 23!.
~A7!

In general whenr 12 is comparable withr 21 the integrals in
Eq. ~A4! can only be evaluated numerically. We can ma
analytic progress whenr 12r 23!r 21r 31 ~the weak pumping
limit !; then

l15r 21,

l25r 31,

a5r 12r 23/r 31r 21!1. ~A8!

Evaluating~A4! in this limit leads to a correlation function
of similar form to uniform pumping@Eq. ~22!#

g~2!~ t !511
1

M 8~114Dt/v82!

3@12~11a8!exp~2l1t !1a8 exp~2l2t !#

~A9!
.

.

m
,

tt

v

e

with a modified mean number of molecules arising from
reduction in the effective beam waist tov8
5vvp /Av21vp

2 and a modified triplet shelving fraction

a85
b i 0r 23~v21vp

2!

r 31r 21~3v212vp
2!

. ~A10!

In the case of ideal confocal pumpingv5vp ; then v8
5v/& and a852b i 0r 23/5r 31r 21. The above approxima
tions are only valid whena,0.1, which is clearly not the
case for the data presented. We may thus ask why the re
fit the simple model so well whena'0.3. It is clear, even for
the maximum pumping rate we have achieved, thatr 12
!r 21. In this case

l15r 21,

l25r 31~11a!,

a5r 12r 23/r 31r 21. ~A11!

The integral in Eq.~A4! now involves averaging over th
Gaussian distributed linewidthl2 . It is well known that dis-
tributions of exponentials with up to 30% width are difficu
to distinguish from a single exponential decay without ve
low noise data. Hence we are not surprised that the d
continue to fit the simple model up toa'0.3. However, at
the highest pumping powers we might expect to see the t
let shelving decay become multiexponential as in Fig. 7.
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