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1. Introduction

Since the observation of strong coupling of light and mole-
cules by the Sheffield group,[1] optical cavities with organic
molecules have been extensively studied,[2–13] as they provide
a new platform to study strong coupling effects at room tem-
perature, with Rabi-splitting values of up to hundreds of meV.
In the recent years, several applications of molecular optical
cavities were demonstrated, including electrically pumped po-
lariton LEDs[7] and low-threshold polariton lasing,[8] and it is be-
lieved that condensation of polaritons[14] should be possible in
such cavities at room temperature, due to the extremely large
Rabi-splitting and the high binding energy of excitons in mo-
lecular dyes. Moreover, these systems offer a unique combina-
tion of quantum electrodynamics and functional molecular
properties,[12] and we have recently demonstrated that the hy-
bridization of photonic and molecular states can even result in
the modification of a chemical reaction.[13] Alternatively, strong
coupling of molecules with surface plasmons[15–19] or localized
plasmons[20–22] provides a complementary approach with simi-
lar physics and which offers greater tunability and potential for
nano-scale integration.

It is already well established that strong coupling with mole-
cules exhibits many different features compared to inorganic
semiconductors, and that it cannot be viewed as the coupling
of a simple two-level system to the electromagnetic field. The
existence of a large manifold of vibrational sublevels and the
so-called incoherent (or uncoupled) states,[9, 10] alters the dy-
namics of the system and results in new underlying physical
processes which are currently the subject of much interest. In
this context, the two representations of strong coupling
shown in Figure 1 will be useful for presenting and discussing

the results of this study. Since a localized molecular excitation
is coupled to a propagating photon in the cavity, the coupled
system has the typical dispersion features shown in Figure 1 a
with an anti-crossing at resonance. On the other hand, in a Ja-
blonski-type molecular state diagram including vibronic mani-
folds, the various relaxation pathways of the system are easily
visualized (Figure 1 b). The relative contribution of these path-
ways as well as the nature of the incoherent states (uncoupled
molecules) and their contribution to the polariton dynamics
are still not fully understood and require further study. Al-
though there have been considerable advances in the theoreti-
cal study of strong coupling with molecules, experiments on
the dynamics of such systems are still relatively scarce.[13, 17, 22–25]

We present a comprehensive experimental study of the photo-
physical properties of a molecule–cavity system under strong
coupling conditions, using steady-state and femtosecond time-
resolved emission and absorption techniques to selectively

excite the lower and upper polaritons as well as the reservoir
of uncoupled molecules. Our results demonstrate the complex
decay routes in such hybrid systems and that, contrary to ex-
pectations, the lower polariton is intrinsically long-lived.

Figure 1. a) Dispersion diagram of a strongly coupled system: The angle-de-
pendent cavity resonance with an energy Ec is coupled to the molecular
level J1, forming the two polariton branches Pþj i and P�j i. b) Jablonski mo-
lecular state diagram of the same system in interaction with the reservoir of
uncoupled J-aggregates.
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Here we report a comprehensive spectroscopic study of po-
lariton dynamics in a prototypical molecular system involving
J-aggregate cyanine molecules. This model system is studied
using both steady-state and time-resolved spectroscopic meth-
ods. With wavelength selective excitation of the upper and
lower polaritons and the uncoupled reservoir of molecules, the
complex relaxation pathways of the coupled system, and its in-
teraction with the uncoupled states is revealed, complement-
ing and clarifying earlier studies.[15, 25]

2. Results and Discussion

The system which we study is a cavity made by J-aggregate
molecules embedded in a metallic planar cavity (see Experi-
mental Section). First, the organic cavity system was character-
ized by measuring its transmission (T) and reflection (R) spec-
tra, extracting the absorption spectrum as �A ¼ 1� T � R (as
opposed to the absorbance given by A ¼ � log T), which is
compared in Figure 2 a to the absorption of a bare polymer/
dye film prepared using the same parameters. A Rabi splitting
of 320 meV is clearly visible between the two cavity absorption
peaks due to the formation of the hybrid light/exciton coupled
states. We note that since the splitting appears in the cavity
absorption spectrum, it unequivocally proves that our system
is indeed in the strong coupling regime.[28]

Static Measurements

In the same Figure 2 a, the fluorescence spectrum of the bare
and the dressed molecules upon UV excitation is shown. For
the coupled system, there are two emission peaks. The one
around 595 nm corresponds to the presence of uncoupled
molecules while the peak at 640 nm is associated with the
lower polariton P�j i. Indeed, by taking the ratio of the absorb-
ance at 590 nm before and after coupling, assuming that the
absorption cross section of uncoupled molecules is the same
as bare molecules, one can estimate that the fraction of un-
coupled molecules is less than 5 %. This assumption is support-
ed by the fact that the fluorescence decay of uncoupled mole-
cules is basically unchanged by the cavity, as demonstrated

below. Our observation that the system is dominated by the
coupled states stands in contradiction to theoretical models,[9]

which evaluate the fraction of coupled states as ~30 % for pa-
rameters similar to those of our experiments. That model, how-
ever, assumes a perfect cavity with a cavity mode existing for
any energy value and a negligible cavity linewidth, which
cannot be assumed for our metallic cavity. It should be noted
that one cannot extrapolate the ratio of uncoupled to coupled
molecules in the cavity from the ratio of their fluorescence in-
tensities (at 595 and 640 nm) since this requires knowledge of
the absolute quantum yields. In Figure 2 b the dispersion dia-
gram is shown as recorded by angle resolved transmission
(white circles) and emission (color map). As expected, the un-
coupled molecule emission is dispersionless while that of P�j i
follows the transmission dispersion. Surprisingly, the fluores-
cence is slightly blue shifted by about 10 nm relative to the ab-
sorption peak (excitation at 380 nm). This might partially origi-
nate from some residual emission of uncoupled molecules at
those wavelengths (see minor emission peak of bare film be-
tween 600 and 650 nm). The upper polariton Pþj i does not
emit at room temperature as has been reported previously[15, 26]

due to a very rapid non-radiative decay as will be seen further
down.

The simplest way to explore the pathways leading to the
P�j i fluorescence is to measure the excitation (also called

action) spectrum as shown in Figure 3 a. The graph gives the
emission intensity at 630 nm as a function of the excitation
wavelength. As expected, the excitation spectrum closely re-
sembles the absorption with two contributions: a major path-
way via Pþj i which is angle-dependent (Figure 3 a), and
a smaller contribution via the uncoupled molecules (shoulder
at 590 nm, angle insensitive). The latter can be both the result
of direct emission from the uncoupled molecules and/or the
consequence of energy transfer from J1 to P�j i. To try to
answer this question, the excitation spectrum were recorded
at different emission wavelengths every 5 nm between 595
and 650 nm as shown in Figure 3 b. The increasing intensity in
the excitation spectra at 550 nm (where Pþj i absorbs) on
going from emission wavelengths 610 to 595 nm (where the J1

emission dominates) reveals that energy transfer is occurring
between Pþj i and J1. The inten-
sity variation in the excitation
spectra recorded for emission
wavelengths between 610 and
650 nm (where P�j i emission
dominates), however, does not
allow one to infer energy trans-
fer from J1 to P�j i. The evi-
dence for the latter process is
found in the transient absorp-
tion data presented below. The
ratio of the area under the
curve of two P�j i peaks in the
excitation spectra gives the rela-
tive quantum efficiencies (after
correction for absorption) of the
pathways and confirms that the

Figure 2. a) Absorption (c) and emission (a) of the bare molecules and the coupled system upon excitation
at 400 nm. b) Dispersion diagram of the coupled system, measured by transmission (white circles) and emission
(color) under nonresonant excitation.
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emission from P�j i by direct excitation of the coupled mole-
cules dominates by a factor of about two under these condi-
tions.

Time-Resolved Analysis

To gain further insight, the dynamics of the system was ana-
lyzed with femtosecond time resolution by both fluorescence
up-conversion and tunable pump–probe differential absorp-
tion spectroscopy. Figure 4 compares the fluorescence lifetime
of the J-aggregate outside the cavity (a) with that of the
coupled system (c). The decays are not mono-exponential
but as the first half-lives indicate, the emission decay from
P�j i with t1=2� 2 ps is twice as slow as that from J1 (t1=2� 1 ps

whether in the cavity or not). The P�j i fluorescence decay is
the same whether exciting at 550 or 590 nm. Moreover, we
verify that the fluorescence decay time is independent of the
excitation intensity used (as shown in the inset of Figure 4),

demonstrating that there are no exciton–exciton interactions
within the intensity range used in our experiment. We ob-
served a small spectral red shift at very early times (<1 ps),
which is most likely due to vibrational relaxation, typical of
such J-aggregates.[29]

Transient absorbance spectra were recorded after exciting or
pumping with different wavelengths to selectively reach Pþj i,
J1 or P�j i. Figure 5 gives the transient spectrum immediately
after exciting directly to Pþj i (150 fs pulse at 555 nm) and its
evolution as a function of time. The inset shows a detail of the
spectrum which evolves over a timescale of the duration of
the pulse (~200 fs) and which is attributed to fast vibration re-
laxation. Otherwise the spectral shape does not change during

Figure 3. a) Excitation spectra of the emission at 630 nm of the coupled
system for three different excitation angles. b) Excitation spectra measured
for emission wavelengths every 5 nm between 595 and 650 nm. Inset : ratio
of emission of P�j i to J1 emission, determined from the area under the
curves. The inset shows the ratio between the area of the Pþj i peak and
the area of the J1 peak, normalized by the ratio of absorption at the same
wavelength. This ratio corresponds to the ratio of the quantum efficiencies
of the two paths leading to P�j i emission.

Figure 5. a) Evolution of transient differential absorbance spectra after exci-
tation at 555 nm into the upper polariton. Inset : rapid growth of the spec-
trum between 540 and 580 nm within the 150 fs pulse width. b) Comparison
of the transient spectra of the cavity at two different pump powers at
555 nm (c) compared to the transient spectrum of the bare film (a).
c) Decay kinetics (normalized at Dt = 0) for conditions as in (b), represented
by the trace of the most significant term of a singular value decomposition
of the raw data.[29]

Figure 4. Time-resolved fluorescence measurements for the cavity (c) and
a bare molecular film (a) following a pulsed excitation. The curves are
normalized at a delay time of t = 0.4 ps. The inset shows the P�j i emission
decay with different pump intensities—20 (g) and 350 mJ cm�2 (c) per
pulse.
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the subsequent decay. It was
verified that the spectral shape
of the transient signal and its
normalized decay kinetics are in-
variant with pump intensity, as
can be seen in Figures 5 b and
c where it is also compared to
the transients of the bare mole-
cules. The decay kinetics are
multi-exponential with a first-
half life of about 4 ps. Notice
also the long decay tail at
100 ps and beyond. These dy-
namic features can be under-
stood by the heterogeneity of
the J-aggregate assemblies formed by the cyanine molecules
in any given sample. For the same reason, the decay kinetics
are similar but not identical to those measured by fluores-
cence, as the latter favors a subset of the excited population
that gives rise to the strongest fluorescence.

The transient spectra in Figure 5, in good agreement with
published data,[25] were measured as the relative change in
transmission upon excitation, that is, DT/T0, where DT = T*�T0,
and T0 and T* are the transmission spectra before pumping
(ground state) and at a time delay Dt after excitation, respec-
tively. In standard pump–probe spectroscopy of molecular sys-
tems, this quantity is directly related to the differential absorb-
ance by the Beer–Lambert law [Eq. (1)]:

DAðlÞ ¼ �log10 1þ DT
T0

� �
¼ ½s*ðlÞ � s0ðlÞ � sSEðlÞ�kd½M*�

ð1Þ

where s*(l) is the excited-state absorption cross-section in
cm�2, s0(l) the ground-state absorption cross-section, sSE(l)
the stimulated emission cross-section of the excited state, k
the constant that relates the molar extinction coefficient to the
cross-section (2.63 � 1020

m
�1 cm), d (cm) the path length or

thickness of the film, and [M*] the concentration of excited
species. Moreover, for small transmission changes, DT ! T0, the
relation in Equation (1) can be approximated by
DA ¼ �lnð10ÞDT=T0, as presented in Figure 5.

However, in the case of the Fabry–Perot cavity, where the
transmission is determined by
the interference of multiple re-
flections, the information con-
tained in the reflection R cannot
be ignored in the estimation of
the transient absorption. Since
the total absorption of the
cavity is �A ¼ 1� T � R, it is
straightforward to plot the tran-
sient absorption change of the
cavity system by summing sum
up the absolute changes in
transmission DT and reflection
DR, that is, D�A ¼ �ðDT þ DRÞ.

Figure 6 shows the resulting spectrum (bold line) which has
the expected features when considering the ground state
spectrum of the coupled system, in particular the negative
dips at the two absorption peaks (see Figure 2) of the polari-
tons states, a consequence of the depopulation of gj i. The
other positive features can only be associated with absorption
towards higher states. Notice that the large negative dip at
590 nm seen in Figure 5 a disappears. The latter looks, at first
sight, as due to the depopulation of the ground state J0 of the
uncoupled molecules, combined with the fact that the cross-
section of the ground state is much greater than that of the
excited state at that wavelength [Eq. (1)] . However, such
a large dip is surprising considering that less than 5 % of the
molecules are uncoupled. In fact, closer analysis indicates that
this feature is exaggerated in Figure 5 a only because T0 is very
small at 590 nm, thereby boosting DT/T0. Hence, it is clear that
using DT/T0 alone to estimate the transient response (as done
by us and others in the past) is not suitable for structures such
as Fabry–Perot cavities. The kinetics of the absorption also
shows a somewhat slower decay compared to the trace of Fig-
ure 5 c, with its half-life time increasing to ~6 ps. This can be
understood by the fact that the slower decay of the signal at
wavelengths around P�j i is obscured in the DT/T0 spectrum
due to the exaggerated contribution of J1.

When exciting at 590 nm, where the residual absorption to
J1 is the strongest, the transient spectrum and its decay kinet-
ics (Figure 7) remain the same. In contrast, upon pumping at
645 nm directly into the P�j i, the transient spectrum and its

Figure 6. a) Spectrum and b) temporal evolution of the total change in absorption at Dt = 0 (c) determined
from the sum of the absolute changes in transmission and reflection, under the same conditions as in Figure 5
(see text).

Figure 7. Evolution of the transient absorption spectrum after excitation at 590 nm, corresponding to the absorp-
tion peak of the uncoupled reservoir, and b) its corresponding decay kinetics.
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evolution are more complex (Figure 8). There is a short compo-
nent which decays very fast over the timescale of the 150 fs
pulse followed by a very long component with similar spec-
trum and kinetics as that observed when exciting into Pþj i
and J1. One could be tempted to attribute the fast component
to the very short radiative lifetime of our low Q-factor cavity
(ca. 25 fs). Nevertheless, when the bare film (without cavity) is
excited under the same conditions, the same fast signal is de-
tected. Moreover, it varies with probe light intensity, unlike the
other transient data, indicating some multi-photonic process.[30]

Note that in all three cases there is a negative signal close to
the Pþj i wavelength. One should emphasize that the origin
for this signal is not the excited Pþj i population (besides the
first ~200 fs in Figure 5), but rather the ground-state bleach-
ing. This is evident by the fact that it evolves at the slow rate
of the P�j i decay.

In summary, all the pump–probe data give the same result
whether exciting into Pþj i, J1 or P�j i, revealing that the ob-
served transient spectrum is the difference spectrum of the
ground state and P�j i. This implies that no matter how the
system is excited, it will quickly evolve to populate the lower
polariton state, after which it will relax back to the ground
state over a timescale of several ps. The kinetics are also in
agreement with the fluorescence decay measured from the
lower polariton. Such data provides a relatively simple picture
of the internal dynamics of the coupled molecules and their in-
teraction with the uncoupled ones, but raises some fundamen-
tal questions as discussed below.

Cavity polaritons are a mixture of the material excitation and
the cavity photon, and their lifetime is expected to be gov-
erned by the dynamics of the shorter of the two components.
For instance, in the case of a single emitter in a low Q-factor
cavity such as the one in the present experiments, the polari-
ton is expected to have a lifetime twice the radiative decay of
the photon in the cavity (ca. 50 fs) as the rates of exchange in
both directions between the cavity and the excited state are
assumed equal. The observation of polariton lifetimes longer
than expected from such considerations, as reported here, has
been explained by energy transfer from the reservoir of uncou-
pled molecules such that the emission from the lower polari-
ton is governed by the kinetics of the uncoupled mole-
cules.[9, 10, 25] While this energy-transfer process does occur, as
seen from the fluorescence excitation spectra, our results indi-

cate that such a mechanism is
not responsible for the ob-
served long P�j i lifetime. First
of all, and most importantly,
P�j i has a slower decay than

the molecules of the uncoupled
reservoir. Secondly, the transient
absorption spectrum is always
that of the coupled system
while if the reservoir was re-
sponsible for the dynamics, the
transient spectrum would be
dominated by that of the un-
coupled molecules. Similar ob-

servations of slowly decaying lower polariton have been made
for very different groups of molecules strongly coupled to
either cavities or plasmonic resonances with similar low Q-fac-
tors.[13, 17, 22–24] In all of these cases, including the present one,
the lower polariton lifetime resembles that of the excited state
of the bare molecule. One possible reason could be the fact
that the splitting is much larger than kBT in these strongly cou-
pled molecular system, such that once the system has relaxed
to P�j i it is in a potential-minima well below the energy of
the non-interacting photon or excitons that compose the po-
lariton. In other words, P�j i can be thought of as a quasi-
bound state, much like a molecular bonding orbital formed by
atomic states, and the corresponding binding energy is much
larger than kBT. Another possible reason for the long-lived P�j i
could be due to the high density of molecules (~1020 cm�3) in-
volved in the strong coupling in these experiments and its
consequences for the coupling exchange rates in the cavity. In
essence, in the process of exchanging photons between the
cavity and the molecules, the rate of absorption by the mole-
cules should be faster than the reverse process by a factor cor-
responding to the number of molecules (ca. 105) in the effec-
tive mode volume of the cavity. Further theoretical analysis,
beyond the scope of this paper, will be necessary in order to
verify and understand the long-lived polaritons, as this is an
issue of fundamental importance.

Looking again at Figure 1 a, one is now in a position to put
some numbers on the various relaxation rate constants in the
system. The Fçrster-type energy transfer between the coupled
and uncoupled molecules occurs within the pulse duration (i.e.
kET and k’ET>1013 s�1), which is not surprising considering the
high molecular concentration which enables efficient dipole–
dipole coupling between the molecules. The energy transfer is
in competition with the decay of J1 (�1012 s�1) and Pþj i (k’nr>

1013 s�1). Finally, the longest lived species P�j i decays relatively
slowly, as discussed above, with kr + knr�1012 s�1<k(J1). The
non-exponential decay of P�j i (as well as J1) and long residual
signal at 100 ps is explained by the heterogeneity of the J-ag-
gregates.

The fact that the lower polariton is the only emitting state in
the coupled system is typical of many aromatic molecules,
where only the lowest excited state emits, which is known as
Kasha’s rule. This is because the non-radiative decay of the
higher states dominates at room temperature. Upon lowering

Figure 8. a) Evolution of the transient absorption spectrum after excitation at 645 nm into the lower polariton,
and b) its corresponding decay kinetics. The inset shows the detailed long-term decay following the fast spike.
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the temperature, emission from the upper polariton has been
observed.[26] An interesting feature of the coupled systems is
the blue shifted emission of P�j i (Figure 2). Unlike other re-
ports of blue-shifted P�j i emission under high-intensity pump-
ing,[31, 32] the shift observed here occurs even at a very low exci-
tation power, and does not depend on the excitation intensity.
Such anti-Stokes behavior is observed in certain inorganic pig-
ments where the extra energy comes from the surrounding
crystal which here could be provided by the J-aggregate lat-
tice. In any case, energy transfer in an inhomogeneous popula-
tion of J-aggregates could already shift the emission within
a range defined by kBT. The simplest explanation, discussed
earlier, is that fluorescence measurement samples the sub-set
of J-aggregates that fluoresce most strongly.

Just as the ground-state spectrum of the coupled system
can be calculated using a semi-classical approach,[33, 34] we have
found that the differential transient spectrum can also be pre-
dicted using a “quasi-static” solution of Maxwell’s equations, as
illustrated in Figure 9. Normally, the ground-state absorption of
the bare film is first measured and using the Kramers–Kronig
relations, the full complex refractive index n0 ¼ n00 þ in0 00 is ob-

tained (Figure 9 a) and inserted into Maxwell’s equations to cal-
culate either the reflection R0 or transmission T0 of the compo-
site cavity. In the same way, the real (Dn0) and imaginary (Dn0 0)
parts of the refractive-index change induced upon excitation
are also connected by the Kramers–Kronig relations. By meas-
uring the transient absorption of the bare film and calculating
the associated refractive index change, we can recalculate the
excited-state transmission T* of the cavity from which the dif-
ferential absorbance (T*/T0) can be determined as a function of
the wavelength. As seen in Figure 9 c, it compares extremely
well with the experimental spectrum. The same can be done
for the transient reflection data, as shown in Figure 9 d. The
fact that one can easily predict the transient absorption spec-
trum, as just shown, should not mislead one into concluding
that new discrete states are not formed by the strong coupling
process. As our results and others show, the polaritonic states
have a discrete emission with long-range coherence, as dem-
onstrated recently by the Lyon group.[19] Furthermore, these
states have their own distinct dynamics, which can be very dif-
ferent from those of the bare molecules and may even result
in modification of the chemical reaction rates.[13]

3. Conclusions

In summary, by using the wavelength-selective transient ab-
sorption technique and fluorescence measurements, we have
been able to further clarify the dynamics of the strongly cou-
pled J-aggregate–cavity system. In particular, we have demon-
strated unequivocally that the intrinsic lifetime of the lower
polariton can be much longer than the radiative lifetime of the
cavity, and that this cannot be explained by energy transfer
from the uncoupled reservoir. This is of fundamental impor-
tance and also has implications in the use of polaritons for
technological purposes.

Experimental Section

Cavity Preparation

A 30 nm-thick Ag layer was sputtered on a quartz substrate. Then,
a polymer film doped with the J-aggregate molecules (TDBC) (5,6-
dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulphobutyl)benzimidazol-2-
ylidene]propenyl]-1-ethyl-3-(4-sulphobutyl) benzimidazolium hy-
droxide, inner salt, sodium salt, Few Chemicals) was deposited by
spin-casting (1550 rpm) to form a layer of ~145 nm, tuned to over-
lap the normal-incidence cavity resonance with the peak wave-
length of the dye absorption (588 nm). This type of molecule was
used previously in strong-coupling studies,[7, 15, 19] due to its narrow
absorption linewidth (30 meV) and relatively high fluorescence
quantum yield in the uncoupled state. The polymer/dye solution
was prepared by dissolving polyvinyl alcohol (molar weight
205 000) in water (5 wt %) at 90 8C for several hours, cooling to
room temperature and mixing with an equal amount of 0.5 wt %
water solution of TDBC. Prior to spin-casting, the mixture was fil-
tered using a 0.2 micron nylon membrane filter. Finally, the cavity
was formed by sputtering a second layer of Ag (30 nm), which
gives an empty cavity Q-factor of ~30.[12]

Figure 9. a) Real (n00) and imaginary (n0 00) parts of the complex refractive
index of a bare molecular film obtained with the Kramers–Kronig relation
from the measured absorbance. b) Differential real (Dn0) and imaginary
(Dn0 0) parts of the complex refractive index obtained from the transient ab-
sorption of the same bare molecular film. c,d) Comparison of the calculated
differential spectra for the strongly coupled cavity system, using the infor-
mation of (a) and (b) (c, see text), and the experimentally measured tran-
sient transmission (c) and reflection (d) spectra (g).
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Time-Resolved Measurements

A pump–probe system (Helios, Newport) pumped by a tunable op-
tical parametric amplifier (OPA) with a 150 fs pulse width was used
for the transient absorption spectroscopy. The fluorescence life-
times were measured by type-II frequency mixing of the fluores-
cence signal with a 40 fs, 800 nm gate pulse in a 200 mm-thick b-
barium borate (BBO) crystal. The same setup as described else-
where[27] is used here for up-conversion of the visible fluorescence
of the J-aggregates, and detection of the UV, time-gated signal re-
sulting from the sum frequency generation (SFG). Photoexcitation
is done with a tunable, sub 50 fs VIS pulse from a home-made
non-colinear optical parametric amplifier (NOPA).
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