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Multimode Coherent Hybrid States: Ultrafast Investigation
of Double Rabi Splitting between Surface Plasmons
and Sulforhodamine 101 Dyes

Hai Wang, Hai-Yu Wang,* Lei Wang, Qi-Dai Chen, Huai-Liang Xu, Angelica Carrara,
Remo Proietti Zaccaria, Hong-Bo Sun,* and Andrea Toma*

A multimode coherent hybrid system formed by strongly coupled surface
plasmons in gold nanohole arrays and excitons in sulforhodamine 101 dyes
is investigated by using both a steady-state spectroscopic method and a
femtosecond transient absorption spectra approach. A double Rabi split-
ting up to 255 meV and 188 meV is observed in steady-state transmission
measurements. Furthermore, the dynamics of the multimode coherent
hybrid system are studied under upper band resonant excitation. It is found
that the bleaching signal associated with uncoupled sulforhodamine 101
molecules completely disappears. Instead, two distinctive bleaching signals
corresponding to the middle and lower bands are formed, thus highlighting
the presence of coherent hybrid states. Finally, a remarkebly long lifetime for
the lower band is observed, even longer than the bleaching recovery of the
uncoupled dyes, in perfect agreement with the non-Markovian regime. These
peculiar features can provide new perspectives for coherent energy transfer
and mode-selective chemistry, thus enriching the tools available in the

chemical reaction landscape.

Molecular photonics is an exponentially growing research area
located at the strategic conjunction between nano-optics and
quantum electrodynamics where the controlled manipulation
of light-matter interaction is currently yearning for the ultimate
space- and timescale limits.'?l Within this context, organic
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laser dyes have recently attracted signifi-
cant attention as optically active media.
Owing to their strong oscillator strength
and broad tunable emission,?* organic
laser dye molecules are the most prom-
ising candidates for supporting strong
light-matter interaction.>®/ Strong cou-
pling is achieved when the rate of energy
exchange between excitons and light is
faster than any of their intrinsic dissipa-
tion rates. This gives rise to new coherent
hybrid states endowed with unique mixed
properties of light and matter.”-'? As a
result, intriguing novel applications are
observed, such as quantum information
processing,[¥ ultrafast switching!'¥ and
thresholdless lasers.’! In addition, as an
attractive subject that has been recently
demonstrated, strong coupling can modify
the work-function,'” energy transfer path-
ways,[1®17] and even conductivity'¥! in
organic molecules. These functions are
normally achieved by placing the organic molecules in a con-
fined electromagnetic (EM) field, such as Fabry—Perot micro-
cavities, which are defined by two metal mirrors working at
resonant frequencies.'”! Besides, surface plasmon (SP) modes
represent a viable alternative, since they support giant EM field
enhancement and therefore strong coupling conditions.?% In
particular, strong coupling has been achieved in hybrid system
consisting of plasmonic nanoparticle/nanodisk arrays and
Fabry—Perot microcavities.??2l Such hybrid systems provide
additional interesting pathways for promoting strong coupling
with dye molecules.

SPs are light trapped states at the surface of a metal,
resulting from their interaction with the free electron gas.?’!
In this case, both the light and the matter components can
be confined into the nanometer scale, thus envisioning new
perspectives for the study of strong coupling at the nanolevel.
When strong coupling between SPs and organic molecules is
achieved, the excitation energy is shared and oscillates between
them (Rabi oscillations), leading to the formation of new hybrid
exciton—plasmon states. The energy separation is called Rabi
splitting energy and it is defined as E = Q. Based on the
rotating-wave approximation,?)l quantum theory predicts that
for an individual two-level molecule, the Rabi splitting is given
by Equation (1)
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Figure 1. a) The mode diagram of the hybrid exciton—plasmon system is shown, where the middle column depicts the multiple hybrid states observed
in strong coupling regime (double Rabi splitting). b) The sample architecture (exploded view) is reported. The red upper part illustrates the chemical
structure of sulforhodamine 101 dyes, while a representative SEM image of the Au nanohole array is shown in the yellow box. c) Absorption spectra of
sulforhodamine 101 molecules dispersed in SU-8 epoxy-based polymer resist at different concentrations (10, 20 and 30 mg mL™, black, red, and blue
lines, respectively). d) Normalized-to-area transmission spectra for gold nanohole arrays covered with bare SU-8 films. As illustrated, the SP resonance
wavelength (black-dashed arrow) was tuned from 566 to 645 nm, while the lattice period was changed from 350 to 450 nm.

WOy =2 |2 o1 (1)

2e,V

where d is the molecular transition dipole moment of the oscil-
lator in the molecule exciton, % is the SPs resonance energy,
€ is the vacuum permittivity, V is the mode volume, and ny
refers to the number of photons present in the hybrid system.
In addition, when a number N of molecules is considered, the
Rabi splitting is proportional to the square root of the density of
oscillators (i.e., #Qp o< \/N/V).24

To date, strong coupling between SPs and organic molecules
have been the subject of an intense investigation, in which
a huge Rabi splitting up to 780 meV has been observed.[*’!
Among the many kinds of organic dyes, rhodamine-like
molecules are one of the most popular candidates for strong
coupling. Since the pioneering work of Cade et al.?®l a giant
Rabi splitting of 400 meV has been shown in a monolayer of
rhodamine 6G spin-coated on nanostructured Ag films. Con-
currently, double vacuum Rabi splitting energies up to 230 and
110 meV with rhodamine 6G have been reported by Hakala
et al.?’! In particular, they compared energies and intensities
of the in- and out-coupled modes by investigating the system
dynamics through reflectometry technique. More recently,
strong coupling between SPs and other kinds of rhodamine-like
molecules has been demonstrated, for instance with rhodamine
8001281 and sulforhodamine 101.2%) In contrast to the single Rabi
splitting, the possibility to induce multimode coherent hybrid
states can envision interesting perspective for a better compre-
hension of the strong coupling dynamics, such as the energy
transfer between multiple exciton-SPP branches.””] Moreover,
the investigation of complex multimode states can reveal new
possibilities in the context of mode-selective chemistry, thus
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enriching the available tools for modifying the chemical reac-
tion landscape.’!

In this letter, we explore the ultrafast dynamics of strongly
coupled hybrid-states involving a gold nanohole array and a
sulforhodamine 101 (SR101) dye. A double Rabi splitting was
observed in steady-state transmission measurements, while the
dynamics of the multimode hybridization under double split-
ting was studied by transient absorption (TA) microscopy. In
particular, due the presence of two excitons, the investigation
of the middle branch dynamics appears extremely interesting
since it presents plasmon-induced hybridization between the
two SR101 excitons.?’]

The scheme of the samples used in this work is shown in
Figure 1. The investigated hybrid systems consist of a 200 nm
thick Au film, which has been patterned by means of focused
ion beam (FIB) to create a 2D square lattice gold nanohole array
(see Figure 1b). Three different samples have been prepared
by spin-coating a uniform layer (300 nm thick) of SR101/SU-8
films with different concentrations (more details are given in
the Experimental Section). In order to determine the absorb-
ance of the SR101/SU-8 films, samples without gold layer were
fabricated. The corresponding absorbance spectra, which have a
main and shoulder peak at around 580 and 540 nm, are shown
in Figure 1c. The absorbance values of SR101/SU-8 films at
580 nm are 0.34, 0.81 and 1.10, respectively.

Figure 1d shows the transmission spectra recorded for dif-
ferent gold nanohole arrays covered with bare SU-8 films. As
illustrated, the SP resonance wavelength (pronounced peaks in
Figure 1d) was tuned from 566 nm to 645 nm, while the lattice
period was changed from 350 nm to 450 nm. Normal incidence
transmission spectra for a series of hybrid systems with dif-
ferent SR101 concentration are shown in Figure 2a—c. For each
concentration, three peaks appear and redshift with the lattice
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Figure 2. Transmission spectra normalized to the area occupied by the holes have been acquired for a series of hybrid systems with different SR101
concentrations: a) 10, b) 20, and c) 30 mg mL™". In every case, three peaks appear and redshift by increasing the lattice period from 350 to 450 nm.
The energy dispersion curves are summarized in (d), where the three bands measured by changing the SR101 concentration are highlighted. The
normalized-to-area transmission spectra acquired for resonance period 380 nm and different concentrations are compared in (e). By increasing the
SR101/SU-8 absorbance, the Rabi splitting between the lower and middle bands varies from 217 to 255 meV. f) Experimental Rabi splitting values as

a function of the square root of the SR101/SU8 film absorbance.

period increasing. Compared to Figure 1d, the transmission
spectra of the whole system are significantly modified, thus
highlighting the formation of novel exciton-plasmon hybrid
states.

The upper and lower bands are originating from the cou-
pling between the SPs and the excitons, which correspond to
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the main and shoulder SR101 absorption peaks, respectively.
On the contrary, the middle band presents hybridization
between SPs and both SR101 excitonic modes (as schemati-
cally sketched in Figure 1a). It is worth to be noticed that when
the gold nanohole period equals 380 nm, the SP resonance
matches the main absorption of SR101, thus maximizing the
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coupling strength. Conversely, the plasmon mode with 350 nm
periodicity matches the shoulder absorption of SR101. Hence, a
double Rabi splitting is expected and observed for the two reso-
nant periods.

The dispersion curves of the three bands measured by
changing the SR101 concentration are summarized in
Figure 2d. An anticrossing behavior is clearly observed, as
expected for the strong coupling regime.?! By increasing the
SR101 concentration the Rabi splitting widens in accordance
to 71Qgo<N/V. The measured double Rabi splitting ener-
gies for the highest concentration sample are 255 meV and
188 meV, respectively. The normalized-to-area transmission
spectra acquired for resonance period 380 nm and different
concentrations were compared in Figure 2e. In particular, the
brown dashed line represents the optical behavior of the gold
nanohole array covered by 300 nm thick SU-8 film in absence
of SR101 dyes. The SPP resonance supported by the system is
clearly highlighted. By increasing the SR101/SU-8 film absorb-
ance, the Rabi splitting between the lower and middle bands
varies from 217 meV to 255 meV, following a linear depend-
ence on the square root of SR101 absorbance (see Figure 2f).
This behavior is consistent with previous experimental results
and quantum theory description on strongly coupled hybrid
systems.BU To gain further insight into the photophysical
nature of such hybrid system, TA spectroscopy experiments
were carried out.

Femtosecond TA spectra were carried out with a 100 fs laser
pump-probe setup.’233 The reference sample with SR101/
SU-8 spin-coated on flat gold film was pumped by a 500 nm
laser pulse. In order to reduce the molecule aggregation prob-
ability, the sample with the lowest concentration was chosen.
As shown in Figure 3a, the TA spectra are dominated by a nega-
tive signal with a main and shoulder peak at 593 and 570 nm,
respectively. The observed features appear redshifted with
respect to the steady-state peaks. This can be assigned to the
overlap between the stimulated emission (SE) from the excited
state and the SR101 ground state bleaching signal. The wide
negative signal from 640 nm to 730 nm can also be ascribed to
the weak SE of the SR101 molecules.[4l

TA experiments have been performed on the hybrid system,
keeping the SR101 concentration equal to the reference case.
The sample was resonantly pumped at 500 nm in correspond-
ence of the upper hybrid band. Totally different TA features
emerged from the hybrid system if compared with the refer-
ence one. As shown in Figure 3b, the two bleaching signals at
566 and 614 nm can be assigned to the lower and middle hybrid
bands, in good agreement with the steady-state transmission
measurements. It is worth noticing the presence of a shoulder
peak in the lower band, which can be ascribed to the SE from
the same band. Unfortunately, the upper band dynamics cannot
be investigated, due to the aforementioned limitations in the
detection window. However, particular attention should be
paid to the fact that no positive signals have been recorded:
a behavior related to the absence of any thermal effect.>! In
this view, multimode coherent hybrid systems appear to be the
most promising candidates for the direct investigation of SP-
related nonthermal dynamics.

The kinetics process associated to the middle and lower
hybrid bands are illustrated in Figure 3c. By a first look of the
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Figure 3. Transient absorption spectra of a) SR101 on flat gold film and
b) SR101 on nanohole array with periodicity 380 nm (i.e., overlapping
condition for sulforhodamine 10T molecules and SPs absorption peaks in
static regime). Resonant excitation in correspondence of the upper hybrid
band (500 nm) has been employed. The normalized bleaching dynamics
of the middle and lower hybrid bands is summarized in (c). AOD: optical
density variation.

TA spectra, we can immediately recognize that the lower band
possesses a slower lifetime, while the middle band a faster
decay, if compared with the ground state bleaching dynamics
of the SR101 on flat gold film. However, since the lower and
middle bands both consist of strongly coupled SPs and SR101
excitons coming from the main absorption peak at 580 nm, it

Adv. Optical Mater. 2017, 5, 1600857
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should be stressed that, in the bleaching dynamics, the lower
and the middle bands are sharing a common ground state.
Hence, it is not straightforward to precisely identify in which
excited state (middle or lower) the hybrid system is located.
Moreover, no accurate predictions can be done on the decay
times of the two hybrid states. Nevertheless, we found that the
middle band shows a fast decay at the early stages (blue trian-
gles in Figure 3c), while the lower band displays a slow initial
rise (red circles in Figure 3c). This behavior can be ascribed
to a relaxation of the middle band into the lower band popu-
lation. Namely, the lower band can be thought as a potential-
minimum quasi-bound state. This is in agreement with pre-
vious reports:*® the lifetime of the lower hybrid band is longer
than the bleaching recovery of SR101 molecules. In fact, the
observed experimental lifetimes of the hybrid states correspond
well with a non-Markovian regime.’’l In such a case, the life-
time of the lower band can be relatively long and always pre-
sents a much slower decay in comparison to the middle/upper
band.

In summary, we have experimentally demonstrated the
strong coupling between excitons in SR101 molecules and
SPs in gold nanohole arrays. A double Rabi splitting has been
observed up to 255 and 188 meV. The dispersion of the exciton—
plasmon hybrid states is in excellent agreement with the typical
signature of strong coupling, i.e., anticrossing behavior. More-
over, we verified that the energies of the observed Rabi splitting
depend on the square root of the SR101 molecule absorbance.
Both the evidences confirmed that the interaction between SPs
and SR101 molecules was in the strong coupling regime. The
dynamics of the multimode hybrid states has been studied by
TA spectroscopy under upper band resonant excitation. In the
TA spectra the bleaching signal coming from the uncoupled
SR101 is completely absent; instead, two distinctive bleaching
signals corresponding to the middle and lower bands have been
observed, thus confirming the formation of coherent hybrid
states. Finally, by a deeper analysis of the ultrafast kinetics, an
effective relaxation from the middle to the lower bands was
found. Due to the large Rabi splitting, the lifetime of the lower
band can be intrinsically longer than the bleaching recovery of
the uncoupled dyes, in perfect agreement with the non-Marko-
vian regime. Such an understanding on the dynamics of multi-
mode coherent hybrid systems, involving broad absorption dye
molecules, is of fundamental importance for its implications
in low-threshold lasing and room temperature Bose-Einstein
condensation.[®38l

Experimental Section

Sample Fabrication: To fabricate the sample, 200 nm of gold was
deposited on CaF,(100) substrate by electron beam evaporation.
Then, 2D square lattice gold nanohole arrays with different diameters
and periodicities were fabricated via FIB lithography. The lattice period
varied from 350 to 450 nm, while the ratio of the period-to-diameter
was kept constant at 2.5. Each individual array was 60 X 60 um? large.
Three different samples were prepared by spin-coating a uniform layer
(300 nm thick) of SR101/SU-8 films on top of the gold nanohole arrays.
The molecule/polymer layer was completely filling the subwavelength
holes. In details, sulforhodamine 10T molecules were dispersed in SU-8
epoxy-based polymer resist (Microchem SU-8 2025) by changing their
concentration (10, 20, and 30 mg mL™"). In order to prevent oxidization,
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the samples were sealed by a glass slide under nitrogen environment in
a glove box with oxygen concentration smaller than 0.1 ppm.

Transient Absorption Measurements: Femtosecond TA spectra were
recorded with a 100 fs laser pump-probe setup. A mode-locked
Ti:sapphire laser/amplifier system (Solstice, Spectra-Physics) was used.
The amplified output from the regenerative amplifier (RGA, Spitfire,
Spectra Physics) at a 250 Hz repetition rate with pulse energy of 1.5 m),
100 fs pulse width, and 800 nm wavelength was split into two parts.
The stronger part was used to generate the desired excitation pulse at
A =500 nm through the TOPAS system; the other part was focused on
a sapphire substrate to generate a broadband white light (from 450 to
800 nm) as probe pulse. The two beams were orthogonally collinearly
recombined by a dichroic mirror and then, through a microscope
objective (NA 0.75, magnification 10), focused on the sample at normal
incidence. It is worth noting that, due to chromatic aberrations, the focal
planes of the pump and probe beams were different. In the present
experiments, it was decided to optimize the probe beam focusing.
Conversely, the pump would be out of focus, thus providing a spatially
uniform excitation pulse larger than the probed area. The reflected light
from the sample was collected through the same objective. Finally,
blocking the excitation light by a proper filter, the TA data were acquired
by a fiber-coupled sensitive spectrometer (Avantes AvaSpec-2048x14) in
the detection window ranging from 560 to 800 nm (a dichroic mirror was
limiting the probe light). The group velocity dispersion of the transient
spectra was compensated by a chirp program.
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