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The understanding and control of the dynamics of hybrid modes consisting of strongly coupled surface
plasmon polaritons and molecular excitations of dye molecules is of great timely interest, as it allows one to tailor
interactions between optical signals as needed for active all-optical devices. Here we utilize dye molecules with
an especially large Stokes shift to demonstrate the absence of mutual scatterings among the strongly coupled
hybrid modes. We employ a quantum mechanical three-level model and show that the hybrid modes decay via
dephasing and internal relaxation of the molecules to a fluorescing state of the dye, which can be used as a
measure for the decay. Our results provide essential information about the dynamics of the strongly coupled

modes.
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I. INTRODUCTION

Surface plasmon polaritons (SPPs) have attracted consider-
able interest in recent years because of numerous foreseen
applications.'> The evanescent nature and the extremely
confined mode volumes of these coupled excitations between
electromagnetic fields and free electrons of the metal strongly
enhance light-matter interaction at the nanoscale*~ and open
routes towards photonics beyond the diffraction limit.3!%-13
Strong coupling between SPPs and optically active molecular
excitations (MEs) manifests itself through the formation
of new hybrid states,'¢ i.e., polaritons between MEs and
SPPs (not to be confused with pure SPP), which exhibit
Rabi splittings up to several hundreds of meV depending
on the molecular species and concentration.'”>° However,
the inhomogeneous broadening, practically always present in
the assemblies of organic molecules, decreases the observed
Rabi splitting if the width of the broadening is close to the
coupling strength—and also gives rise to a coexistence of
noncoupled MEs and the polaritons.’® This results in a pure
ME fluorescence appearing together with the luminescence
of polaritons in a strongly coupled system'32" (with similar
results for the cavity photon polaritons>’2?).

Earlier studies of strongly coupled SPP-ME systems have
reported that the luminescence of polaritons with an energy
higher than the ME, the so-called upper polariton branch
(UPB), is usually very weak despite the large incoupled in-
tensity monitored via reflectance'®! (standard Kretschmann
measurement,’” see Fig. 1). Despite these clear and consistent
observations, the relaxation dynamics of the polaritons into the
noncoupled MEs, as well as scatterings among them, are still
not fully understood.?>*!3> Recent time-resolved studies have
shed some light on the issue,**** and have demonstrated Rabi
oscillations as a clear signature of strong coupling.’> However,
at the same time there has been significant evidence about
unexpectedly long lifetimes of the polaritons,*® suggesting
more pronounced scattering or maybe even thermalization
among them.

Since the molecular fluorescence is directly related to the
ME occupation, it provides an ideal tool for studying the
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polariton dynamics. So far all experiments have been carried
out with molecules whose fluorescence energy coincides with
the energy of the polariton modes lower than the ME, the lower
polariton branch (LPB),'%2?? or with molecules/aggregates
without any Stokes shift,'821.24.25 \which makes the ME
fluorescence undistinguishable in luminescence measurements
or makes the recoupling of the ME fluorescence back to LPBs
very efficient.3”3¥ To overcome this problem, in this paper we
employ a fluorophore 9-diethylamino-benzo[a]phenoxazin-5-
one, commonly referred to as Nile Red (NR), which has a
very high Stokes shift >350 meV, also when embedded in
polymers.* This shift is about three times higher than for pre-
viously studied dyes, such as Rhodamine 6G (~112 meV).!
Thus, the fluorescence can be separated from the luminescence
of polaritons and SPPs, and the recoupling to LPB is weaker. In
addition, polarization can be used for an even better separation
of the signals, as the ME fluorescence is mostly unpolarized
in contrast to the polarized luminescence of the polaritons or
uncoupled SPPs. With this setup, we show that the hybrid
SPP-ME polaritons decay to MEs via dephasing and internal
relaxation of the molecules. Our results provide essential
information on the dynamics of the strongly coupled modes.

II. METHODS

A. Sample fabrication

The samples used in this study consist of a thin layer of
silver on a glass substrate with a polymer matrix on top with
the NR embedded in. The fabrication started with a thorough
cleaning of a microscope glass slide with a thickness of 1.5 mm
and refractive index of 1.52. The silver layer was formed on top
of the glass by electron-beam evaporation in ultrahigh vacuum
(108 mbar). The evaporation rate of 2—4 nm/s was chosen
to obtain smooth surfaces. The thickness of the metal layer
is ~50 nm and the surface roughness ~2.1 nm,ys, which
were verified with atomic force microscopy (AFM) (Veeco
Dimension 3100).

SU-8 epoxy-based polymer negative resist (Microchem
SU-8 2025) was used as a matrix for the molecules. A suitable

©2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.88.085425

KOPONEN, HOHENESTER, HAKALA, AND TOPPARI

Detection 1

<Slits—>

Polarizer

— 1

N N Detection 2
_4 O
o

Nile Red

FIG. 1. (Color online) Schematics of the measurement setup and
the samples. The sample is mounted on the flat surface of the rotatable
hemicylindrical prism by index matching oil. The excitation of SPPs
is done by linearly polarized and collimated white light and both the
reflected signal (detection 1) and the luminescence signals (detection
2) were collected to a fiber guiding the radiation to a spectrometer. ¢
is the angle of incidence as well as the detection angle in detection 1.
The lower left part represents the structure of the sample consisting of
two layers, silver and SU-8 polymer with the Nile Red dye embedded,
at the top of a glass substrate. Thickness of the silver and polymer
layers were about 50 nm.

amount of Nile Red (Sigma-Aldrich) was first dissolved in
cyclopentanone and subsequently mixed with SU-8 resist
already diluted with cyclopentanone by a 1:6 volume ratio.
Further filtering was used to remove any possible aggregates
or residues of size above 0.2 um. After the filtration the resist
was spin-coated on top of the silver with a rate of 6000 rpm
resulting in a ~50 nm thick layer. The obtained layer was used
as is without any subsequent baking. For the absorption and
fluorescence measurements, reference samples without silver
were similarly fabricated.

B. Measurement setup

For measurements the samples were installed by index
matching oil on the flat face of a hemicylindrical prism
(ThorLabs) made of BK7 glass with an index of refraction
of 1.52. An Oriel 66 182 white light source was used for
excitation of the SPPs on the silver layer via Kretchmann
configuration,®® as shown in Fig. 1. The linearly polarized
collimated light beam was formed and aligned by two slits
having a large separation compared to the beam width, and
polarized by a prism polarizer positioned in between the slits
(see Fig. 1). The maximum intensity of the excitation used was
~15 W/m?, which was shown not to induce any nonlinearities
on the experiments. The angle of incidence for the incoming
light was adjusted manually by rotating the goniometric prism
mount. The obtained angular precision was about 0.5°.

The reflected signal (D1) and the luminescent light (D2),
i.e., out-scattered polaritons and SPPs as well as fluorescence
of the MEs, were collected by a collimating optics assembly
(ThorLabs F220SMA-A) connected to an optic fiber guiding
the radiation to a Jobin Yvon iHR320 spectrometer equipped
with a Jobin Yvon Symphony CCD camera. It should be noted
that D1 and D2 signals were not collected simultaneously. An
extra polarizer was utilized in front of the D2 collection for
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improved separation of the luminescence due to out-scattered
polaritons and ME fluorescence. The polarizer is positioned
before the fiber, between the flat face of the prism and
the collection assembly (see Fig. 1), and thus after all the
relaxation and scattering processes on the sample.

The absorption of the polymer layers on three samples with
different NR concentrations, which we denote as samples NR1,
NR2, and NR3 for the NR/SU-8 mass ratios of ~0.2, ~0.45,
and ~1, respectively, were measured separately, i.e., without
the silver layer, by a spectrometer (Perkin Elmer UV/VIS
Lambda 850). We checked by separate fluorescence measure-
ments of plain NR/SU-8 films that the NR fluorescence is fully
unpolarized, i.e., the recorded transverse electric (TE) and
transverse magnetic (TM) spectra coincide, in contrast to the
luminescence of the polaritons which is purely TM polarized.

C. Modeling of the dielectric layer

The absorption of the NR-polymer film consists of two
overlapping maxima and needs to be fitted with two peaks to
yield a reliable fit. The measured absorptions from the samples
NR1, NR2, and NR3 were fitted with two Gaussian peaks
having center wavelengths of 570 and 520 nm, and standard
deviations of 148 and 125 nm, respectively. The weaker
maximum at lower energies could be due to the formation
of J-aggregates, although Nile Red can have several maxima
due to its internal structure alone.>® The absorption spectra are
presented together with the fits in Fig. 2(a).

D. Calculations by the transfer matrix method

We use a transfer matrix approach to compute the elec-
tromagnetic fields in the layered system, as well as the
reflection and transmission coefficients. The model system
used is a multilayered structure that consists of semi-infinite
dispersionless glass (refractive index 1.52), 50 nm silver layer
with dielectric function calculated using the data from Ref. 40,
50 nm of resist containing Nile Red, and a semi-infinite air
layer. The imaginary part of the dielectric function €(w) of the
molecule layer was obtained from the above-mentioned fitting
of the two Gaussian peaks to the NR absorption. The real part
was calculated from the Kramers-Kronig relation and using a
constant of 2.5 for the permittivity of the SU-8 medium hosting
the molecules.

Figure 2(b) shows a compilation of the reflectance spectra
calculated by the transfer matrix method, together with the
measured ones. The agreement between measurements and
the calculations is very good throughout. However, as the NR
concentration increases the calculation starts to overestimate
the strength of the UPB. This could indicate that the relaxation
from the UPB is so fast that it can be detected even through the
reflected light. This would further imply that the decoherence
time decreases with increasing NR concentration.

For the calculation of the molecular excitation probability
we employ the Poynting vector at the interface between the
silver film and the NR-doped polymer layer, which describes
the transfer of energy into the molecular film. Since for the
Kretschmann geometry no light can propagate on the air
side, the energy transported into the molecular layer must be
absorbed by the molecules, whose subsequent decay can be
monitored in fluorescence.
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FIG. 2. (Color online) Absorptions and reflectances. (a) Measured absorptions (in the scale from O to 1) from the samples NR1, NR2, and
NR3 shown as blue, green, and red circles, respectively, together with the double Gaussian fits (solid lines). (b) Measured reflectance (D1)
spectra for all the samples and for several angles (solid circles), together with the results obtained from the transfer matrix method (solid lines).

The spectra with different angles are shifted vertically for clarity.

E. Coupled oscillator model

To calculate the molecular fluorescence probabil-
ity/intensity for each angle of excitation, the dispersion curves
obtained from the D1 Kretchmann measurements were fitted
with the model of coupled oscillators or strong coupling
between MEs and SPPs. The coupled oscillator model yields
three polariton branches, i.e., upper (UPB), middle (MPB), and
lower (LPB) polariton branches, separated by ME; ~ 2.38 eV
(520 nm) and ME, & 2.17 eV (570 nm) in energy. These
states are then utilized to model mutual scatterings between
the polaritons and MEs, as explained later in the results section.
Full details of this three-level model can be found in the
Appendix.

III. RESULTS

A. Measurements of the dispersion curves

In white-light excitation and for a given angle of excitation
¢, all modes crossing the angle dependent light line are

launched [see Fig. 6(a)]. The energies of these modes were
obtained from the dips on the measured reflectance spectra
D1, shown for several angles in Fig. 2(b). In the case of an
assembly of organic molecules, the Rayleigh criterion for the
existence of the hybrid polariton mode is relaxed since the
linewidth of a molecular absorption is not due to the lifetime
broadening but rather due to a large manifold of vibrational
sublevels of the molecule. As stated above, the inhomogeneous
broadening can also decrease the observed Rabi splitting from
the real coupling strength if the width of the broadening is close
to the coupling strength, as in our case.”®*! Thus, although the
widths of the absorption maxima of NR are slightly higher
than the observed Rabi splittings, the polariton modes were
indeed formed, which could be easily verified and determined
by fitting of two or three Gaussian dips. The Rayleigh criterion
for the mode visibility still naturally exists, and special care
had to be taken to use only a minimum number of dips to
produce a valid fit, i.e., to not introduce spurious, additional
modes.

085425-3



KOPONEN, HOHENESTER, HAKALA, AND TOPPARI

PHYSICAL REVIEW B 88, 085425 (2013)

Absorption (%)

o0 0 10 o

0

¥ g

ol o

\

B3l =

Tgl £
' o

3t 13 €
c vl re g =
— —
<
% gl 3%

L, .
c O, © e
g | o
(] =™ [
S gl S 12
g £ Lo1s £ %
i —

o 7§o.1o ;

I 0.05 1 8

™~ | 520 25 30 / ~

1, I
9 Absorpt‘ion/2 (a.u.) /
al L. . X . 4 . R
™~ 50 60 70 50 70 50 60 70 ™~

Excitation angle (degrees)

FIG. 3. (Color online) Center wavelengths of the measured dips (circles) in the reflectivity (D1) as a function of the excitation angle,
showing clear Rabi splittings in the dispersion curves for all three samples NR1, NR2, and N3 (blue, green, and red, respectively). Overlayed
color/grayscale is the reflectance coefficient calculated by the transfer matrix method using the parameters fitted from the absorptions, shown
on the left axis with scale on the top axis (dashed lines). Dotted horizontal lines show the center wavelengths of the molecular excitations. The
inset shows the widths of the higher (ME), ) splitting (circles) as a function of square root of the total absorption. The solid line is a linear fit to

the points.

Figure 3 presents the center wavelengths of the measured
modes/dips for all three samples as a function of the excitation
angle, together with the reflectance coefficients calculated by
the transfer matrix method using the parameters fitted from
the absorptions, which are also shown on the left axis. The
measured data are in good agreement with the calculations.

As seen from the figure, a clear Rabi splitting is observed
at the higher energy excitation of NR, ME,, for the samples
NR1 and NR2. Similarly, a double Rabi splitting, i.e., splitting
at both NR excitations E; ~ 2.38 eV and E; ~ 2.17 €V, is
visible for the sample NR3 with the highest concentration,
showing clearly all three polariton branches. The ME, splitting
in the lower concentration samples NR1 and NR2 could not be
determined due to narrow splitting and thus too high overlap
of the modes. The inset shows the widths of the higher energy
splitting as a function of square root of the total absorption,
and reveals the linear dependency as expected within the strong
coupling regime.?"-?

B. Measurements of the ME occupation

To study the scattering dynamics via ME occupation, the
fluorescence data were measured as a function of the SPP
incoupling angle ¢. To separate the fluorescence from the
luminescence of the polaritons, the D2 data were collected
via an additional polarizer (see Fig. 1). The results from the
sample NR2 are shown in Fig. 4(a) for several angles and for
both TM and TE polarizations.

Since the SPPs as well as the polaritons always have a
TM character, the measured TE signal is purely due to the
ME fluorescence, as also clearly visible from the spectra of
Figs. 4(a) and 4(c). As the molecules in the polymer film are
randomly oriented, the fluorescence is unpolarized, i.e., the TE

and TM spectra coincide, and the luminescence of the genuine
polaritons can be obtained by subtracting the measured TE
spectrum from the TM one, as shown in Fig. 4(b). This
subtraction also clearly reveals the Rabi splitting at ~570 nm.

As a measure of the excited molecular population, we
integrate the total fluorescence intensity of the TE spectra as a
function of the coupling angle ¢. The results are presented in
Fig. 5(a), revealing a clear maximum around an angle of 55°
which is attributed to an efficient energy transfer to the MEs.
We also show results of calculations based on the transfer
matrix method. Here we use the Poynting vector to compute
the energy transported into the NR film, where it becomes
absorbed as MEs, which subsequently decay and are monitored
in fluorescence. Overall, the measured and calculated results
are in very good agreement, with minor deviations at the
smaller angles probably due to measurement uncertainties
caused by the small fluorescence intensities and a finite angle
distribution of the excitation light, not taken into account in
the theory.

C. Three-level model

To understand better the physics of the increased energy
transfer around ¢ ~ 55°, we next employ a generic quantum
mechanical three-level model for the fluorescence. First, the
measured dispersion curves are computed from the eigen-
modes of the Hamiltonian

Espp(k) Ci1 (o
H = Ci E; 0 [, (1)
C, 0 E,

which is expressed in the basis of eigenstates for the SPP and
the two molecular excitations. Here Espp(k) is the energy of
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FIG. 4. (Color online) D2 spectra measured from the sample NR2 at different angles and polarizations. (a) Measured TE (red/light gray)
and TM (blue/dark gray) D2 spectra at different angles. The TE spectra match well with the measured fluorescence spectrum of the NR [see
(c)]. (b) Pure polariton luminescence obtained by subtraction of the spectra TM—TE. Note that the spectra with different angles are shifted
vertically for clarity both in (a) and (b) (gray horizontal lines as zero levels). (c) Measured TE (red/light gray) and TM (blue/dark gray) D2
spectra for the excitation with a 488 nm laser from the silver side at the angle where the corresponding polaritons are launched, together with

a measured fluorescence of a plain NR/SU-8 film (black).

the SPP for a given wave number k, i.e., SPP dispersion, E;
and E, are the energies of the two MEs obtained from the
absorption, and C; and C; are the coupling strengths between
the SPP and the ME:s.

From the Hamiltonian (1) one obtains through diagonaliza-
tion the polariton eigenstates with k-dependent coefficients «,
B, and y,

|Wa(k)) = an(k)ISPP) + B, (k)IME1) + yu(K)IME2),  (2)

where n labels the different eigenstates, i.e., LPB, MPB,
and UPB. By fitting the coupling strengths C;, a precise
correspondence can be obtained between the eigenenergies E,
and the energies of the measured polariton modes as shown in
Fig. 6.

In the following, we assume that the excitation strength
of each polariton branch is proportional to its plasmonic
component, given by the coefficient «, and ignore any leakage

of light through the silver film, which is a fair assumption in
the present setup. On the other hand, the total probability
for molecular excitation is given by B2+ y2. These MEs
will subsequently undergo vibrational relaxation and fluoresce
at lower energies. Thus, the probability that the polariton
mode n becomes excited at a certain incoupling angle ¢
and subsequently undergoes fluorescence through the ME is
proportional to the product «2(82 + y,2). The full fluorescence
intensity is obtained by summing over all three branches. The
corresponding results are shown in Fig. 5(b) displaying again
good agreement with the experimental data.

D. Analyzing mutual scatterings

The simple three-level model allows us to also analyze
the situation where the excited polariton population would
thermalize prior to fluorescence. In this case, the branches
are populated with a thermal distribution, according to the
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FIG. 5. (Color online) Fluorescence as a function of the incou-
pling angle. (a) Measured total fluorescence (circles) for the three
samples NR1 (blue), NR2 (green), and NR3 (red), together with the
theoretical transfer matrix calculations (solid lines). (b) Measured
total fluorescence (circles) together with the results of the quantum
mechanical three-state model (solid lines). (c)—(e) Measured total
fluorescence (circles) of (c) NR1, (d) NR2, and (e) NR3 together
with the results of the three-state model including relaxation and
thermalization of the polariton modes (dashed lines), as well as
decoherence via thermalization (solid lines).

excited energies E,(k,) (see Fig. 6). We again assume that the
ME component of the different polaritons is proportional to
the fluorescence. For more details see the Appendix. Results
including such thermalization are presented in Figs. 5(c)-5(e)
(dashed lines) for all three samples. As one can clearly see, they
do not agree at all with the measurements. This demonstrates
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that the scattering from the polariton states to MEs occurs
much faster than thermalization of the polaritons.

Above we assumed that the ME occupation and thus the
fluorescence is proportional to 8%+ y2. This corresponds
to the situation where the decoherence of the polaritons
to a statistical distribution of its ME and SPP components
happened via pure dephasing or internal molecular relaxation,
without affecting the probability amplitudes «?, 2, and y2.
However, since the SPP and the MEs are strongly coupled
to each other, one can a priori not rule out that decoherence
also involves relaxation prior to fluorescence. To study such
a possibility, we consider the situation where each polariton
mode n thermalizes and replace «,, B,, and y, by the
corresponding thermal distributions, while still relating the
excitation of the modes to the initial «, value. The results
for this model are also presented in Figs. 5(c)-5(e) (solid
lines). As one can clearly see, they do not agree with the
measurements either, proving that the scattering/decoherence
from the polariton states to MEs happens faster than any
thermalization.

To further study the time scale of internal molecular
relaxation, we altered the experimental setup to a single
wavelength SPP excitation by replacing the white light source
with a 488 nm laser, and adjusted the angle so that only
the corresponding polaritons are launched. The resulting D2
spectrum is shown in Fig. 4(c) together with a measured
fluorescence spectrum for the NR film. As can be clearly seen,
the D2 measurement exhibits pure fluorescence without any
luminescence of polariton branches (the UPB could not be
measured due to overlap with the laser). This demonstrates
again that the UPB scatters only to the MEs and the scattering
to other polariton branches is negligible. The result was
obtained with several other molecules also (data not shown).

Similar phenomena have also been shown for polaritons
of cavity photons strongly coupled to molecules, where the
UPB decays with a time constant of several 100 fs to the
ME.?” On the contrary, the scattering from the ME to LPB
was shown to be much slower than the usual time scale of the
vibrational relaxation.?” Our laser excitation result implies a
similar dynamics for the SPP-ME polaritons. This would also

i b
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FIG. 6. (Color online) Dispersion curves for the samples (a) NR3 and (b) NR2, measured via reflectance D1 (green/light-gray squares) and
luminescence D2 (red/dark gray squares). Solid blue lines are fits by the coupled oscillator model and the dotted black line is the calculated
dispersion of SPP without NR. In (a) an example of the angle dependent light line of the excitation light within the prism is also shown as a
solid black line. Launching of the polaritons happens on the marked k, values at the crossings of the dispersion and the light line.
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explain the observed decrease of the UPB luminescence in
previous measurements.'$-2°

IV. CONCLUSIONS

In conclusion, we have shown that the SPP-ME polaritons,
i.e., SPPs strongly coupled to molecular excitations of Nile
Red, solely decay through an internal molecular relaxation,
and the process occurs in absence of any prior mutual polariton
scattering or relaxation. In addition, single wavelength SPP
studies further clarify that there is a negligible amount of
energy transfer between the polariton branches, and the
decrease of the UPB luminescence is due to fast decay to
the MEs.
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APPENDIX: THREE-LEVEL MODEL WITH
THERMALIZATIONS

To calculate the emission probability/intensity for each
angle of excitation, the dispersion curves obtained from the
D1 Kretchmann measurements were first fitted with the model
of coupled oscillators or strong coupling between MEs and
SPP. The Hamiltonian written in the basis formed of the
SPP eigenstate |SPP), and the two ME absorption bands
IME;) and |ME,), is shown in Eq. (1). Diagonalization
of the Hamiltonian yields three eigenstates |W¥,(k)), and
corresponding eigenenergies E,(k), as a function of wave
vector k (n = 1,2,3), as illustrated in Fig. 6 and in Eq. (2).
The states show clear avoided crossings, i.e., Rabi splittings
at the crossings of the SPP dispersion and the k-independent
MEs at E; = 2.17 eV and E, = 2.38 eV, revealing forming of
new ME-SPP-polariton states.

Three polariton branches were used for fitting in all the
samples, even when the Rabi splitting at the low-energy ME
could not be resolved in lower concentration samples. In this
case only the coupling coefficient of the lower excitation was
set to an estimated value below the experimental detection
limit, yielding invisible small splitting as shown in Fig. 6. In
other words, for each angle of excitation in the Kretschmann
configuration three polariton eigenstates were always excited.
The effect of the absolute value of this estimated small
coupling, within reasonable limits, had a negligible effect to
the result and only slightly affected the width of the maximum
fluorescence in Fig. 5.

We assume that there is no leakage of direct light through the
silver layer. Thus, the excitation strength/probability of each
mode is proportional to its plasmonic component, described
by the coefficient o since this is the only way energy can
be transported through the silver film. Furthermore, after
launching of the polariton it propagates and at some point
either dissipates, scatters, or loses its coherence due to
dephasing, thus becoming a statistical ensemble of the SPPs
and the MEs. We assume here that the probability to scatter
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or dissipate is the same for all polaritons, independent of the
wave vector or energy, and thus only affects the final emission
probability by a constant factor.

No thermalization: Assuming that the decay of a polariton
to a statistical distribution of its components |SPP), |[ME,),
and |ME,) happens faster than any mutual scattering between
them, the probability to end up in either of the MEs is B2 +
y2. These excitations will undergo vibrational relaxation and
fluoresce at the lower energies, with a probability determined
by the quantum efficiency of the molecule. Thus the probability
for each polariton to be excited at a given excitation angle and
fluoresce afterwards is related to the product a2(B2 + y2).
Taking into account all of the three launched polaritons, the
full fluorescence probability for a given excitation angle ¢ can
be written as

3
P(p) o< Y k) [ Bakn) + v, (ka)]

n=1

where the different &, values are indicated in Fig. 6. The cal-
culated probabilities together with the measured fluorescence
intensities are plotted in Fig. 5(b), and they agree well with
each other.

Thermalization between the polaritons: To analyze the
situation where the mutual scattering between the excited
polaritons is so strong that they first thermalize and then
undergo decoherence and fluoresce, we populate the polariton
branches with a thermal distribution according to the excited
energies E,(k), and again assume that the ME component
of the different polaritons is proportional to the fluorescence
intensity. The initial excitation strength for each polariton is
again related to a2, so the total excitation strength for all the
polaritons is proportional to the sum A = a%(kl) + (X%(kz) +
a%(k3). Thus, the total fluorescence reads

3 _kEBnT
P@) o Ay ——— [Bhtk) + 7]

e kBT

n=l 2 =1

Results for such thermalization are presented in Figs. 5(c)-5(e)
for all three samples. The results do not agree at all with
the measurements proving that scattering from the polaritons
states to MEs occurs much faster than thermalization among
them.

Thermalization under wave number conservation: In prin-
ciple, decoherence can also involve internal relaxation and lead
to thermalization between the components |SPP), IME;), and
IME,) of each polariton. Here the probability to be in ME and
fluoresce is again (B/> + y,%), except now the coefficients g,
and «;, are calculated from the thermal distribution between
the energies Espp(k,), E|, and E, of the polariton state. With
o still being the excitation probability, the full fluorescence
probability is again calculated by summing over all three
polariton branches

32
k)T _E _ By
P((p)O( E %[e kBIT +e kBZT:I’
n=1

where Z = e Esrekn)/keT  p=Er/leT 4 p=E2/ksT jg the parti-
tion function. The results are plotted in Figs. 5(c), 5(d), and 5(e)
showing clear disagreement with the measurements.
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