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ABSTRACT: We use femtosecond transient absorption
spectroscopy to study the temporal dynamics of strongly
coupled exciton−plasmon polaritons in metasurfaces of
aluminum nanoantennas coated with J-aggregate molecules.
Compared with the thermal nonlinearities of aluminum
nanoantennas, the exciton−plasmon hybridization introduces
strong ultrafast nonlinearities in the composite metasurfaces.
Within femtoseconds after the pump excitation, the plasmonic
resonance is broadened and shifted, showcasing its high
sensitivity to excited-state modiﬁcation of the molecular surroundings. In addition, we observe temporal oscillations due to the
deep subangstrom acoustic breathing modes of the nanoantennas in both bare and hybrid metasurfaces. Finally, unlike the
dynamics of hybrid states in optical microcavities, here, ground-state bleaching is observed with a signiﬁcantly longer relaxation
time at the upper polariton band.
KEYWORDS: Plasmonics, strong coupling, ultrafast photonics, organic polaritons, aluminum nanoantennas, temporal dynamics
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mirrors. When quantum emitters are placed within the
plasmonic mode volume, they can interact with the EM nearﬁelds associated with the LSPs. Even when no plasmons are
excited in the cavity, vacuum EM ﬁeld ﬂuctuations can
manipulate the transitions of the quantum emitters.30
Among the plasmonic materials of choice, aluminum (Al) has
emerged recently as a very attractive material for numerous
applications.24,31−36 Because the interband transition of Al
exists only at a narrow energy band around 1.5 eV, the LSP
modes supported by Al nanoparticles can have suﬃciently high
quality factors and large optical cross-sections over the entire
visible region up to ultraviolet frequencies. Furthermore, Al is
cheap, abundant, and forms a 2−3 nm stable oxide (Al2O3)
layer almost immediately on exposure to air. This layer protects
and preserves the nanoparticles, giving them long-term
durability.31
Previously, we have shown24 that metasurfaces of Al
nanoantennas coated with molecular J-aggregates enable the
formation of strongly coupled localized exciton−plasmon
polaritons (X-LSP) at room temperature.24 These metasurfaces
can be engineered to control the polarization of the hybrid
states and to decrease their mode volume. However, their
optical nonlinearities and temporal dynamics, which can be
extremely important for technological applications, are still not
well-understood. Here, to bridge this gap, we use femtosecond
transient absorption (TA) spectroscopy to study X-LSPs in

ptical cavities can have a strong eﬀect on the interaction
between light and matter due to modiﬁcations of the
local density of photonic states. Hence, engineered cavity
design can be used to obtain faster energy transfer between
quantum emitters, e.g., atoms, molecules, quantum dots, or
color centers in diamond, and electromagnetic (EM) ﬁelds,
leading to a variety of interesting physical phenomena. In the
weak coupling regime, the presence of cavities leads to brighter
spontaneous emission, also known as the Purcell eﬀect.1−4
However, in the strong coupling regime, where the rate of
energy transfer between the quantum emitters and EM modes
is faster than their individual uncoupled decay, the presence of
cavities gives rise to the formation of hybrid states with mixed
properties of light and matter.5,6
Novel applications based on such hybrid light−matter states
are now emerging. These include low-threshold polariton
lasing,7−9 ultrafast switching,10,11 parametric ampliﬁcation of
optical signals,12 nanoscale quantum devices,13,14 and the
modiﬁcations of energy-transfer pathways and chemical
reactions.15−20 Many of these applications require subwavelength conﬁnement and control of the EM ﬁelds. Such
conﬁnement can be achieved in a variety of nanophotonic
systems and speciﬁcally by using plasmons in metallic
nanoparticles.13,14,21−27
Optical excitation of metallic nanoparticles at their localized
surface plasmon (LSP) resonance results in strong scattering
and absorption of light and in enhancement of the EM ﬁelds
close to the metal surface.28,29 As a result, metal nanoparticles
can be used as antennas that focus light on the nanoscale and
act as nano-optical cavities without the need for external
© 2017 American Chemical Society
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such composite Al−molecular metasurfaces. We ﬁrst study the
linear optical properties of the uncoupled and hybrid systems
and then proceed to study their nonlinear dynamics. To analyze
the complex TA results, we use a transient coupled harmonic
oscillator (THO) model (see the Methods section) that
captures some of the key physical processes of the nonlinear
and temporal dynamics. We show that the nanoscale plasmonic
conﬁnement in metallic nanoparticle cavities introduces novel
ultrafast phenomena in the strong coupling regime. These
include modiﬁcations of the hybrid system due to femtosecond
changes in the molecular environment, picosecond oscillations
due to acoustic breathing modes of the nanoantennas, and long
relaxation times of the nonlinear perturbation at the upper XLSPs frequency band.
Experiment and Results. Linear Optical Properties of the
Bare Subsystems. As our LSP platform, we studied
metasurfaces composed of arrays of Al nanoantennas in the
form of nanodisks on top of an indium tin oxide (ITO)-coated
glass slide. Each array had a diﬀerent disk diameter, D, ranging
from 95 to 205 nm, and a ﬁxed side-to-side separation, Γ, which
was ∼190 nm. The nanoantennas were all 40 nm high, and the
area of each of the arrays was 0.5 mm × 0.5 mm. The
nanoparticle sizes and the separation distances are such that the
resonances in each array are determined by the LSP resonances
of individual nanoparticles.21,24 A relatively large area was used
to make sure that the probe beam remained entirely within the
sample borders during the transient pump−probe experiments.
A scanning electron microscope (SEM) image of one of the
nanodisk arrays (D = 125 nm) is shown in Figure 1a. Figure 1b

that operate at optical frequencies follow linear design rules, as
was shown previously.37,38
For the excitonic material in this study we used thin ﬁlms of
TDBC molecules (see the Methods section). The absorption
spectrum of a low concentration of 10 μM TDBC monomers in
aqueous solution is shown in Figure 1d as a dashed line. It is
composed of a broad asymmetric band with a peak at 2.41 eV
(514 nm) and a fwhm of 185 meV. At higher concentrations,
TDBC forms linear chains of J-aggregating molecules.39 The
absorption spectrum of TDBC J-aggregates in an aqueous
solution at a concentration of 9.84 mM, spin-coated on ITOcoated glass, is shown in Figure 1d as a solid line. The J-band
absorption peak is at 2.12 eV (585 nm) and has a narrow line
width of 53 meV. The red shift and narrowing of the
absorbance resonance is due to the intermolecular coupling
between the molecules, which causes delocalization of the
electronic excitations on the aggregate.40
Linear Optical Properties of the Hybrid System. To study
the behavior of hybrid states, the nanodisk metasurfaces were
spin-coated with a thin layer of molecular J-aggregates. Figure
2a shows the measured transmission spectra through the coated
arrays with varying disk diameters. For each array we observe
two dips corresponding to a hybrid lower and upper X-LSPs
states of the strongly coupled system and a dip at 585 nm,
which corresponds to absorption due to uncoupled J-aggregate
excitons in the area between the nanodisks (outside of the
plasmonic mode volume). The resonance energies as a function
of nanodisk diameter are shown in Figure 2b.
The experimental results were compared to a theoretical
energy dispersion by5,6,24
E LP,UP =

1
[E X + fE LSP ±
2

(ℏΩ R )2 + (E X − fE LSP)2 ]
(1)

where EX and ELSP are the uncoupled LSP and exciton energies
and were taken from the experimental transmission dips of the
uncoupled systems. The ﬁtting parameters included the Rabi
splitting ℏΩR and an additional parameter, f = 0.975, which
takes into account the red shift to the bare LSPs resonances due
to the change in the background dielectric constant after
covering the samples with the J-aggregate dye layer. It can be
seen that the experimental results agree very well with the
model. A Rabi splitting of 0.3 eV was found from the energy
dispersion, corresponding to an ultrafast periodic energy
exchange between the excitons and LSP modes on a 14 fs
time scale. A condition for strong coupling and Rabi

Figure 1. Linear optical properties of the bare subsystems. (a) SEM
image of a sample of nanodisks with D = 125 nm and Γ = 190 nm. (b)
Normalized transmission spectra of bare nanodisk arrays. The
nanodisk diameter of each array is D = 95, 125, 145, 170, 190, and
205 nm. (c) Localized surface plasmon (LSP) resonance vs nanodisk
diameter showing a linear dependence of λLSP = αD + β with α = 1.85
and β = 273. (d) Absorbance spectra of TDBC monomer (dashed
line) and of TDBC J-aggregates (solid line) in aqueous solution. The
inset shows the chemical formula of TDBC.

γ2

γ2

splitting6,24 is Ω R > 2X + LSP
, where γLSP and γX are the
2
uncoupled LSP and exciton decay rates, respectively. This
condition is fulﬁlled in our experiments. Figure 2c shows a
diagram of the bare and hybrid energy levels, including their
vibronic manifolds, when the transitions |X⟩ and |LSP⟩ are in
resonance. The upper and lower X-LSP states are marked by
|UP⟩ and |LP⟩.
Nonlinear Optical Properties of the Bare Subsystems.
Figure 3a shows the experimental TA spectrum of a thin layer
of TDBC J-aggregates on ITO-coated glass. The pump
wavelength in this case was 530 nm. The ﬁgure shows the
relative change in transmission ΔT(Δt,λ)/T0(λ) = [T(Δt,λ) −
T0(λ)]/T0(λ), where T0 and T are the transmission spectra
without pump excitation and at a time delay Δt after pump
excitation, respectively. The positive ΔT/T0 signal is a result of
stimulated emission and ground-state bleaching (GSB), and

shows the measured spectral transmission through nanodisk
arrays of varying disk diameters. The corresponding reﬂection
measurements are shown in Figure S1. The dips in the
transmission (or peaks in the reﬂection) correspond to light
coupling to LSPs and the modiﬁcation of the spectral position
reveals the size-dependent dispersion of the LSPs. Figure 1c
shows the linear relationship between the LSP resonance and
the nanodisk diameter. The results show that nanoantennas
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Figure 2. Linear optical properties of the hybrid system. (a) Normalized transmission spectra of TDBC J-aggregates-coated nanodisk arrays. The line
colors correspond to the same nanodisk diameters as in Figure 1b (D = 95, 125, 145, 170, 190, and 205). (b) Energies of the transmission dips as a
function of the diameter of the nanodisk array. Blue diamonds: bare nanodisk arrays (multiplied by the dielectric background correction factor). Red
dots: nanodisk arrays coated with TDBC J-aggregates. Solid lines: theoretical ﬁt. (c) Schematic diagram of the energy levels and the strong coupling
between the molecular and plasmonic transitions |X⟩ and |LSP⟩, giving rise to new hybrid lower and upper polaritonic states |UP⟩,|LP⟩.

Figure 3. Transient absorption of the uncoupled subsystems. (a) Transient absorption spectra ΔT/T0 of a thin TDBC J-aggregate layer on indium
tin oxide-coated glass, measured by the relative change in transmission upon excitation with a 530 nm pump pulse with ﬂuence of 5 μJ/cm2 and
diﬀerent pump−probe delay times. (b) Transient absorption spectra ΔT/T0 of aluminum nanodisk array with diameter D = 150nm upon close-toresonance excitation with a 545 nm pump pulse with relatively high ﬂuence of 175 μJ/cm2 and diﬀerent pump−probe delay times. The solid white
line shows the linear transmission spectral shape. (c) Decay of the normalized ΔT/T0 signal at a probe wavelength of 528 nm showing 30 ps
oscillations due to acoustic breathing modes of the nanodisks. The red dashed line is the corresponding normalized simulation result from the
transient harmonic oscillator model (THO). (d) THO simulation with temporal resonance red shift and oscillations according to eqs 2 and 3.

corresponds to the creation of excited-state population at the
single-exciton states. The blue-shifted negative ΔT/T0 signal is
a result of excited state absorption (ESA) from the one-exciton
state to the two-excitons state.41 From a one-dimensional
model of a homogeneous chain of molecules with nearestneighbor interactions, it can be seen that the transition energy
of the one exciton to two exciton state is larger than the energy
of the one exciton state. This blue shift can be used to calculate
the coherence size of the J-aggregate excitons41,42 (see the
Supporting Information). We used low pump ﬂuence (5 μJ/
cm2) to avoid exciton−exciton annihilation eﬀects43 and
photodegradation, and we veriﬁed that the transient spectra
and relaxation lifetimes did not change with the pump intensity
around this value. We observed that the pump-induced
nonlinearities of the J-aggregate thin layer occur very rapidly
and reach a maximum 300 fs after excitation. The positive
bleach signal has a multiexponential decay with an initial decay
time of 0.85 ps followed by a longer decay time of several
picoseconds. Note that monomer traces were not observed in
the linear or nonlinear spectral measurements of the Jaggregates. From our linear and nonlinear measurements, we

estimate the coherent size of the J-aggregate excitons in our
experiments to be spread over ∼10 molecules (see the
Supporting Information).
Figure 3b shows the nonlinear ΔT/T0 signal of a bare
nanodisk metasurface with a disk diameter D = 150 nm and an
LSP resonance at 554 nm. The sample was excited using a
pump pulse close to the LSP resonance at a wavelength of 545
nm with a ﬂuence of 175 μJ/cm2. This gave relatively weak
optical nonlinearities with respect to the pump ﬂuence. The
nonlinearities appeared around the LSP resonance and reached
maximal magnitude after a few picoseconds, followed by a slow
decay lifetime of several hundreds of picoseconds and strong
temporal oscillations with a period of ∼30 ps (Figure 3c). The
observed oscillations are due to the creation of acoustic
breathing modes in the disks by plasmon-induced thermal
expansion. Such acoustic breathing modes in nanostructures
have been studied mostly using gold,44−47 but very recently also
with Al nanodisks.48 It was shown that there are substantial
diﬀerences in the thermal nonlinearities between Al and gold
nanodisks48 with the TA signal of Al nanodisks an order of
magnitude smaller than that of gold nanodisks. Another
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Figure 4. Transient absorption spectra of J-aggregate-coated nanodisk arrays with disk diameter of D = 155 nm, measured by the relative change in
transmission upon excitation with a 630 nm pump pulse with ﬂuence of 45 μJ/cm2 and pump−probe delay times between (a) 0−1 ps and (b) 1−
125 ps. The solid black line shows the corresponding linear transmission spectral shape of the studied sample before the pump−probe measurement.
(c) Decay of the normalized ΔT/T0 signal at a probe wavelength of 535 nm exhibiting 30 ps oscillations due to acoustic breathing modes of the
nanodisks. The red dashed line shows the coupled THO model simulation. (d) Coupled THO simulation with temporal resonance red shift and
oscillations according to eqs 2 and 3.

the experimental data (Figure 3b). These results demonstrate
that TA spectroscopy, combined with the relationship between
nanoparticle geometry and LSP resonance, can be used to
measure subangstrom electro-mechanic volume modiﬁcations.
This method has potential use for nanostructures in emerging
optomechanical applications, e.g., photoacoustic imaging,49
mass sensing,50 or as nanomechanical resonators.51
Nonlinear Optical Properties of the Hybrid System. To
study the temporal dynamics of the hybrid states and their
optically induced nonlinearities, we performed extensive TA
spectroscopy analysis of the TDBC J-aggregate-coated nanodisk
arrays. To reveal the eﬀects of the excited-states dynamics, our
study included arrays with diﬀerent disk diameters corresponding to detuning between the bare LSP and exciton resonance
energies and pump excitation at diﬀerent energies.
Initially, we evaluated the TA results for the case of a pump
pulse tuned to the lower polariton (λ = 630 nm) of the
composite sample of nanodisk array with a disk diameter of D =
155 nm (Figure 4). At low pump ﬂuences of 5 μJ/cm2, such as
the ones used to pump the bare J-aggregate sample, no
nonlinear signal was observed at the polariton wavelengths.
However, when we increased the pump ﬂuence signiﬁcantly (45
μJ/cm2), a ΔT/T0 signal above the noise level at polariton
wavelengths was observed. Figure 4a focuses on delay times of
0−1 ps, where the nonlinear signal around the uncoupled Jaggregates band appears distorted, decays very rapidly and does
not resemble the TA signals obtained with low pump ﬂuences.
This could be due to nonlinear eﬀects such as exciton−exciton
annihilation.43 Figure 4b shows the dynamics between 1−125
ps, where thermal and acoustic eﬀects dominate the nonlinear
signal in a similar manner to the bare nanoantenna samples.
The results show three slowly decaying spectral bands, one with
a positive ΔT/T0 signal and the other two with a negative ΔT/
T0 signal. As presented in Figure 4c, the decay of the

diﬀerence was that the fast, initial relaxation due to electron−
phonon coupling seen in gold was not apparent in Al. In
addition, the acoustic vibrations in Al nanodisks were shown to
be aﬀected by the native Al oxide layer.
Using a THO model (see the Methods section) with a
pump-induced red shift of the LSP resonance ω0LSP gives:
0
ωLSP(Ipump , Δt ) → ωLSP
− Δω(Ipump , Δt )

(2)

and
⎛ 2π Δt
⎞
Δω(Ipump , Δt ) = Δωa ·e−Δt / τa + Δω b ·e−Δt / τb·cos⎜
− ϕ⎟
⎝ T
⎠
(3)

where the ﬁrst term in eq 3 corresponds to the cooling of the
nanodisk with a decay time of τa = 390 ps, which is the time
required for the thermal exchange between the Al lattice and
the environment. The second term in eq 3 corresponds to the
acoustic breathing mode with a decay time of τb = 100 ps,
which results from the acoustic energy dissipation to the local
environment. Δωa = 1.04 meV, and Δωb = 0.18 meV are the
frequency shift amplitudes, T = 30 ps is the oscillation period,
and ϕ = 0.08π is the oscillation phase. We can then further
relate the temporal oscillations of the resonance to expansion of
the nanodisk due to acoustic vibrations. Using eq 3 together
with the observed linear relation between the nanodisk
diameter and the LSP resonance λLSP = αD + β (see Figure
1c) and Δλ/λLSP = Δω/ωLSP, the maximal expansion of the
diameter of the nanodisk as a result of the pump pulse is
calculated to be:
ΔDmax ≈

λLSP
Δω b = 0.025 nm
αωLSP

(4)

The simulated dynamics, based on the THO model with the
above parameters, are shown in Figure 3d and clearly reproduce
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Figure 5. Transient absorption spectra of J-aggregate-coated nanodisk arrays with disk diameter of (a) D = 125 nm, (b) D = 145 nm, and (c) D =
170 nm, measured by the relative change in transmission upon excitation with a 530 nm pump pulse with a ﬂuence of 5 μJ/cm2 and diﬀerent pump−
probe delay times. (a−c, top) The solid blue line shows the transient absorption spectrum for a delay time of 300 fs. The solid red line shows the
coupled THO simulation, and the dashed black line shows the decrease of absorption and scattering of the hybrid modes in the coupled THO model
marked as GSB. (a−c, bottom) Transient absorption spectra for pump−probe delay times of 0−2 ps. The solid white and black lines show the
corresponding linear transmission spectral shape of the studied sample. (d−f) The corresponding normalized decay of ΔT/T0 signal for probe
wavelengths as indicated in the ﬁgures. The solid black lines show the decay of a sample composed of only a thin TDBC J-aggregate layer at the GSB
signal resonance for the same pump excitation.

ΔT/T0 signal for a single time delay of 300 fs (blue lines). The
ﬁgure shows that hybridization with excitons introduces strong
ultrafast nonlinearities in the composite metasurfaces. The
entire spectrum of the ΔT/T0 signal reaches a maximal
magnitude after a mere ∼300 fs time delay between the pump
and probe pulses, similar to the nonlinearity rise time that we
observed in the J-aggregate thin layer (Figure 3a). The positive
and negative ΔT/T0 signals at the vicinity of the J-aggregate
spectral band are due to the uncoupled J-aggregate excitons. In
addition, as can be seen in all three arrays, there are clear
positive ΔT/T0 signals at the exact spectral locations of the
linear transmission resonances of the upper and lower X-LSPs.
The experimental results can be described by using a coupled
THO model (see the Methods section) with the following
pump induced transient eﬀects. A blue shift and broadening of
the LSP resonance by ω L S P (I p u m p ,Δt) → ω L0S P +
ΔωLSP(Ipump,Δt), γLSP(Ipump,Δt) → γ0LSP + ΔγLSP(Ipump,Δt) and
a decrease in the absorption and scattering of the hybrid modes
by Aσ,c(Ipump,Δt) → A0σ,c − ΔAσ,c(Ipump,Δt). Note that we also
included contributions from uncoupled J-aggregates to the
nonlinear spectra (see the Methods section). The coupled
THO model results are shown in the top curves in Figure 5a−c
as red lines. A decrease of the parameter Aσ,c in the coupled
THO model corresponds to the experimental GSB and is
shown as dashed black lines. The LSP resonance blue shifts by
ΔωLSP = 0.15 meV, and the resonance is broadened by ΔγLSP =
0.3 meV. The decrease in absorption we found is ΔAσ,c = 5 ×

normalized ΔT/T0 signal at a probe wavelength of 535 nm
clearly shows temporal oscillations of 30 ps, similar to the
oscillations of the bare Al metasurface (Figure 3). Figure 4d
shows that the ΔT/T0 signal can be described well by a coupled
THO model (see the Methods section) with a red shift of the
LSP resonance. This can be done using eqs 2 and 3 with
reduced coupling coeﬃcient G (see the Methods section) due
to high pump ﬂuence induced damage to the aggregates. The
resonance red shift decays with time constants of τa = 500 ps
and τb = 80 ps, frequency shift amplitudes of Δωa = 0.836 meV
and Δωb = 0.204 meV, an oscillation period of T = 30 ps, and a
phase of ϕ = 0.15π. Compared with the results of the bare
nanodisk, the oscillation time period is found to be the same,
and the values of the decay times τa and τb are also very close.
The small diﬀerences could result from the eﬀects of the
molecular surrounding on the acoustic energy dissipation and
on the thermal conductivity of the medium. To the best of our
knowledge, this provides the ﬁrst observation of the inﬂuence
of acoustic nanoantenna breathing modes on hybrid light−
matter states.
Figures 5a−c show the TA spectra for J-aggregate coated
arrays with disk diameter of D = 125 nm, D = 145 nm, and D =
170 nm, respectively, using pump pulse excitation at a
μJ
wavelength of 530 nm with a ﬂuence of 5 cm2 (single delay
time line plots of the data are shown in Figure S4). The lower
section of the ﬁgures shows the ΔT/T0 spectra for pump−
probe time delays of 0−2 ps, and the top section shows the
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10−4, 4.5 × 10−4, or 10−3 for arrays with disk diameter of D =
125, 145, or 170 nm, respectively.
We attribute the ultrafast change of the plasmonic resonance
to the modiﬁcation of the optical properties of the molecular
surroundings as a result of the pump excitation. Note that the
negative ΔT/T0 signal at probe wavelengths around 604 nm for
Figure 5b or around 610 nm for Figure 5c are not represented
very well by the model. This is due to the fact that the linear
transmission lineshapes of X-LSPs and of the uncoupled
molecules are not homogeneous52 and cannot be described
exactly with Lorentzian functions. As can be seen in Figure S2,
there are diﬀerences in the sharp maximum features in the
model ﬁt to the linear transmission data, which aﬀect the THO
model results as well. Note that in the cases of Figures 5a and
S3c, when the sharp features are less pronounced, the
agreement between the experiment and the THO model is
much better. Nevertheless, in Figure 5b,c, the qualitative trends
agree very well. It is also important to note that the energy at
which these negative ΔT/T0 signals appear does not match
excited-state absorption to the XX state. Moreover, because we
use low pump ﬂuence, we do not ﬁnd that the modiﬁcation of
the coupling strength G is responsible for the spectral transient
absorption features as has been found in other systems.10,11,53
The normalized ΔT/T0 decay kinetics for probe wavelengths
at the lower and upper polariton resonance are shown in Figure
5d−f. The signal at probe wavelengths corresponding to the
lower X-LSP resonance decays in a similar way to the GSB of
bare TDBC J-aggregates (shown as a black line). Remarkably,
at a probe wavelength corresponding to the upper X-LSP
resonance, the nonlinear signal decays much slower. The slow
decay occurs when the pump energy is lower (Figure 5d and
also in Figure S3), the same as (Figure 5e), or higher (Figure
5f) than the upper X-LSP resonance energy. As can be seen in
Figure S5, a similar decay is also observed in measurements of
the relative change in reﬂectance. As elaborated in the
Discussion section, such a phenomenon was not observed in
microcavity polaritons. Note that the ΔT/T0 signal in the
spectral vicinity of the upper X-LSP resonance band decays
faster than the positive ΔT/T0 signal at resonance. As shown by
the model, this is due to a shift and broadening of the LSP
resonance shape. The negative ΔT/T0 signal that appears at
wavelengths shorter than the lower X-LSP resonance wavelengths in Figure 5b,c is attributed to similar eﬀects.
Discussion. TA measurements were performed to unveil
the complex behavior of the hybrid molecular X-LSPs states in
composite metasurfaces. Our study is quantitative and permits
the comparison of diﬀerent nonlinear mechanisms. Importantly, the thermal nonlinearities of the aluminum metasurfaces
were found to be much weaker and to have a completely
diﬀerent transient ﬁngerprint than other nonlinear eﬀects of the
hybrid-states dynamics or the J-aggregates. This allowed us to
study the photophysics of hybrid states directly.
We observe that the dynamics of the hybrid system goes far
beyond the Rabi oscillations time scales. Observation in real
time of the Rabi oscillations11 is not manifested here because
the ultrafast time period of the Rabi oscillation in our system is
14 fs, far below the temporal resolution of our measurement,
which is dictated by the pump and probe pulse durations. The
relaxation dynamics of the molecular and hybrid states also play
an important role in the observation of Rabi splitting in
photoluminescence, as was shown in recent studies using
similar systems.54,55 Interestingly, in these studies it was

observed that the Rabi splitting in photoluminescence increased
when the system was cooled to cryogenic temperatures.54
The coupled THO model that we use is shown to extract the
key processes that inﬂuence the TA spectra. Using this model,
we ﬁnd that when the composite metasurfaces were excited by
a pump pulse at higher energy than the J-aggregate absorption
band, with a wavelength of either 530 nm (Figure 5) or 580 nm
(Figure S3), the eﬀect of the pump on the TA spectra is due to
a broadening and a blue shift of the LSP resonance and the
GSB of the upper and lower X-LSP bands. Because the
modiﬁcations to the LSP resonance decay on a time scale
similar to that of the uncoupled J-aggregates, we conclude that
these eﬀects are due to the LSP resonance sensitivity to pumpinduced changes in the molecular medium that covers the
metasurface. The decay behavior of the GSB signal of the lower
X-LSP band is also very similar to the decay of the uncoupled Jaggregates, but surprisingly, the decay time of the GSB signal of
the upper X-LSPs band was found to be much longer. Such
slow upper polariton decay behavior was not previously
reported in microcavity organic exciton−polaritons,56−58 nanoparticles covered by J-aggregate shells in a solution,53,59−61 or
gold nanoslit arrays.11,62,63 To the best of our knowledge, the
only publication of a similar eﬀect is a very recent report in a
system composed of gold nanohole arrays covered by a 300 nm
thick layer of J-aggregates embedded in a poly(vinyl alcohol)
ﬁlm.64 In that paper, the slow upper polariton decay was
attributed to a trapped state under upper-polariton excitation.
Here, our comprehensive study shows that a slow decay also
occurs when the pump energy is lower than the upper X-LSP
resonance (Figure 5d and also Figure S3), ruling out the direct
ﬁlling of the upper X-LSP states as the cause for the slow decay.
Filling of the upper X-LSP states from higher-energy state
transitions (e.g., from the XX level) is also less likely to be a
dominant process because it would have to involve a twophoton absorption process, which is expected to be much
weaker. It is reasonable to assume that this eﬀect is due to the
high sensitivity of plasmonic nanostructures to interactions with
their molecular surrounding, which can alter the LSP resonance
and possibly even modify the electronic relaxation pathways. In
fact, it is well-known that metal nanoparticles are extremely
sensitive to modiﬁcations close to the metal surface, which is
the basis of surface plasmons sensing applications and the main
cause for the breakthrough of the entire plasmonic ﬁeld.
Nevertheless, to fully reveal the origin of this unique
phenomenon, additional extensive experimental and theoretical
studies are required.
Conclusions. In this study, we observed novel and
intriguing phenomena in the temporal dynamics of hybrid XLSPs in the metasurfaces of Al nanoantennas coated with
molecular J-aggregates. For pump excitations with a wavelength
shorter than the uncoupled J-aggregate band, we found that the
relaxation dynamics are mostly dominated by the uncoupled
states. Using a transient coupled harmonic oscillator model, we
analyzed the complex transient absorption spectra and found
broadening and a shift of the plasmonic resonance and, notably,
asymmetric relaxation times of the GSB signal for the lower and
upper X-LSP bands, where the latter was found to be much
longer. Moreover, we observed temporal oscillations due to
acoustic breathing modes of the Al nanoantennas in the bare
and hybrid systems. These eﬀects result from the nanoscale
plasmonic conﬁnement in the nanoantennas and their
interaction with the molecular surroundings.
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Transient Coupled Harmonic Oscillator Model. To analyze
the TA spectra for the hybrid system in our experiments, we
extended the previous model to account for the interaction
between the excitons and LSPs.65,69,70 The coupled THO
equations of motion are:

Methods. Sample Preparation. A cleaned substrate of
indium tin oxide coated glass was spin-coated with poly(methyl
methacrylate) (PMMA), followed by baking at 180 °C on a hot
plate for 1 min. The nanodisk arrays were written using an
electron-beam lithography system (Raith 150) at 10 kV. The
area of each array was 0.5 mm × 0.5 mm, and to reduce the
writing time, we used a ﬁxed-beam moving stage (FBMS)
method. A 40 nm ﬁlm of Al was evaporated at a rate of 1Å/s,
followed by removal of any excess with acetone. The samples
were then treated with oxygen plasma for 20 s, followed by spin
coating at 2500 rpm with a solution prepared by sonicating
0.015 g of cyanine dye molecules (TDBC) in 2 g of DI water
for 10 minutes. 5,6-Dichloro-2-[[5,6-dichloro-1-ethyl-3-(4sulfobutyl)-benzimidazol-2-ylidene]-propenyl]-1-ethyl-3-(4-sulfobutyl)-benzimidazolium hydroxide (TDBC), inner salt,
sodium salt) was purchased from Few Chemicals. The
dimensions of the nanodisks were measured using a scanning
electron microscope (SEM JSM-6700).
Optical Characterization. All measurements were performed at room temperature. Spectral transmission and
reﬂection measurements were performed using an inverted
microscope (Zeiss Axio Observer Z1m with 10×/0.25 objective
and multicolor LED illumination), in transmission or reﬂection
mode, respectively. The light was collected by a spectrometer
(Andor, Shamrock 193i). Transient absorption spectroscopic
measurements were performed using a commercial broadband
pump−probe femtosecond system (HELIOS, Ultrafast Systems). The pump source was a pulsed femtosecond laser
(Spitﬁre Ace, Spectra Physics; pulse width of 80 fs and
repetition rate of 1 kHz) with a tunable wavelength OPA
(Topas, Light Conversion). The probe was a white-light (400−
800 nm) generated by a sapphire plate. The system was
operated in transmission mode.
Transient Harmonic Oscillator Model. To analyze the TA
spectra in our experiments, we modiﬁed an harmonic oscillator
model65−68 to include the nonlinear eﬀects induced by the
pump pulse. The transient harmonic oscillator (THO)
equation of motion that describes the LSP can be written as:

2
(Ipump , Δt )x LSP − G(Ipump , Δt )x X
x LSP
̈ + γLSP(Ipump , Δt )x LSP
̇ + ωLSP

= Fprobe
x Ẍ + γX(Ipump , Δt )x Ẋ + ωX2(Ipump , Δt )x X − G(Ipump , Δt )x LSP
= aFprobe

(8)

where xX = xX(0)e−iωt represents the exciton charge displacement, ωX is the resonance frequency, γX is the oscillator
damping rate, and a is a constant factor to account for the
diﬀerent force felt by the excitons because of the probe EM
ﬁeld. Inside the volume of interaction, we assume that α ≪ 1. G
is the coupling constant between the oscillators. The dissipated
power of the coupled harmonic oscillators is:
Pc(ω , Ipump , Δt ) =

T (ω , Ipump , Δt ) = 1 − Aσ ,c(Ipump , Δt )

max(Pc(ω , Ipump , Δt ))
(10)

■

where xLSP(t) = xLSP(0)e
represents the LSP charge
displacement, ωLSP is the resonance frequency, γLSP is the
oscillator damping rate, Fprobe(t) = Fprobe(0)e−iωt is the external
force of the probe EM ﬁeld, Ipump is the pump ﬂuence, and Δt is
the time delay between pump and probe. The dissipated power
is calculated by the work done by the external force over an
optical cycle:

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nanolett.7b03751.
Additional details and ﬁgures showing the estimation of
the coherent size of J-aggregate excitons, reﬂection of
bare nanodisk metasurfaces, linear transmission ﬁts using
a single or coupled harmonic oscillator models, transient
absorption of the hybrid system for a pump at the J-band,
single delay time line plots of the transient absorption
data, pump−probe relative change in reﬂection, transient
absorption of TDBC monomers. (PDF)

2π / ω

Re{Fprobe(t )}Re{x LSP
̇ (t )} dt
(6)

where Re{} is the real part. The transmission can be written as:

■

P(ω , Ipump , Δt )
max{P(ω , Ipump , Δt )}

Pc(ω , Ipump , Δt )

where Aσ,c is a factor that takes into account the absorption and
scattering cross-sections of the hybrid states. This parameter
can be modiﬁed by the pump due to GSB. To calculate the
linear transmission spectra without the pump, we also included
an additional uncoupled harmonic oscillator that corresponds
to the uncoupled J-aggregates in our system (see Figure S2).
Finally, the TA signal is calculated by (T(ω, Ipump, t) − T0)/T0,
and we also add experimental uncoupled J-aggregate TA data
(from an experiment with the same pump wavelength and
ﬂuence) multiplied by constant factor ax. In Figure 5, we used
ax = 0.715, 0.166, or 0.33 for arrays with disk diameters of D =
125, 145, or 170 nm, respectively.

(5)

T (ω , Ipump , Δt ) = 1 − Aσ

[Re{Fprobe(t )}Re{x LSP
̇ (t ) + ax Ẋ (t )}] dt

and the linear transmission is calculated by:

−iωt

∫0

2π / ω

(9)

2
x LSP
(Ipump , Δt )x LSP = Fprobe
̈ + γLSP(Ipump , Δt )x LSP
̇ + ωLSP

P(ω , Ipump , Δt ) =

∫0

(7)
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where Aσ is a constant factor that takes into account the
absorption and scattering cross-sections of the nanoantennas.
Finally, the TA signal is (T(ω, Ipump, Δt) − T0)/T0, where T0 is
the calculated linear transmission without the pump (see Figure
S2).
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