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Abstract

We report on the interplay between strong coupling and radiative damping of
strongly coupled excitons (Xs) and surface plasmon polaritons (SPPs) in a hybrid
system made of J-aggregates and metal nanostructures. The optical response of the
system is probed at the field level by angle-resolved spectral interferometry. We show
that two different energy transfer channels coexist: coherent resonant dipole-dipole

interaction and an incoherent exchange due to the spontaneous emissions of a photon
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by one emitter and its subsequent reabsorption by another. The interplay between
both pathways results in a pronounced modification of the radiative damping due to
the formation of super- and sub-radiant polariton states. This is confirmed by probing
the ultrafast nonlinear response of the polariton system and explained within a cou-
pled oscillator model. Such a strong modification of the radiative damping opens up

interesting directions in coherent active plasmonics.

Keywords : exciton-plasmon coupling; molecular aggregates; metallic nanostructures;
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Two quantum emitters, placed in close proximity, can radiatively couple not only to the
environment, but also to each other.!? If the coupling strength between the two individual
systems exceeds the damping of either, the strong coupling regime is reached. In this case,
two distinct interactions can contribute to the radiative coupling:3? (i) A coherent exchange
of photon energy between the two emitters due to their resonant dipole-dipole interaction,?
preserving the relative phase between their optical polarizations. This exchange leads to the
formation of hybridized states. > (ii) One emitter can spontaneously emit a photon which is
then reabsorbed by the other emitter, resulting in an incoherent exchange of photon energy.
Both interactions are mediated by vacuum field fluctuations and exist even in the absence of
any external excitations.”® The interplay between both coherent and incoherent interaction
processes not only changes the energetics of the system. It also governs its dynamics by
altering the radiative damping of these modes, resulting in cooperative emission phenomena
known as sub- and super-radiance.” These are of great interest as they play a dominant role
in the optical properties of many strongly coupled systems such as trapped ions,! molecular
aggregates, 1 excitonic quantum dots'! and wells,'? and plasmonic excitations in nanostruc-
tures. 1317

Recently, strong coupling between fundamentally distinct emitters has been studied ex-
tensively,!” e.g., in hybrids comprised of excitons (Xs) in organic/inorganic semiconductors

or J-aggregated molecules and plasmonic nanostructures supporting surface plasmon polari-



tons (SPPs).%1824 In these systems, vacuum field fluctuations lead to a coherent exchange of
energy between ensembles of excitons and plasmon modes and the formation of hybridized
X-SPP states. This has attracted considerable interest due to possible applications in plas-

25,26

monic switching and lasing.?” Although the coherent interaction and the corresponding

stationary properties have been studied in detail, and Rabi splittings as large as several hun-

d,>182L23 g0 far little is known about the incoherent

dreds of meV have been demonstrate
interaction channel and thus about the effects of strong coupling on the radiative damping
of such hybrid systems.

Here, we focus on hybrid nanostructures comprised of J-aggregate excitons and surface
plasmon polaritons, a prototype system featuring strong coupling between fundamentally
distinct excitations. >182123 We explore their radiative properties in angle- and phase-resolved
linear optical spectroscopy and find evidence for the formation of sub-radiant and super-
radiant X-SPP hybrid states. In particular, when bringing excitons and SPPs into resonance,
we observe distinctly different spectral linewidths for these two hybrid modes. This indicates
that in our system a vacuum-mediated incoherent dipole coupling leads to different radiative
lifetimes of the two polariton modes. This is confirmed by time-resolved measurements of

ultrashort polariton lifetimes, giving clear evidence for sub- and super-radiance in hybrid

plasmonic nanostructures.

Results and Discussion

Incoherent dipole coupling between two strongly coupled modes

Here, we want to briefly illustrate the general effects of coherent and incoherent dipolar
couplings on the optical and electronic properties of a strongly coupled hybrid system. For
this, we first analyze these effects for a simple model system of a single exciton coupled
to a photon-like SPP oscillator.?2?4 3! We describe the optical resonances of the uncoupled

X and SPP-systems by their complex resonance frequencies wxy=wx-ivx and wp=wp-iyp,



respectively. Their real parts give the eigenenergies hwy and hwp, and the imaginary parts
vx = I'x/2=1/2T) x and vp = I'p/2 = 1/27T} p, respectively, denote population damping
by radiative and/or non-radiative processes. Here, the X and SPP population lifetimes are

Ti x and T} p, respectively.

Excitons

Figure 1: Schematic of a strongly coupled X-SPP system. The excitonic system is modeled as a three-level
system consisting of a ground state, a single exciton state |X) and a biexciton state | X X). The plasmon
system is represented as a photonic mode |P). The continuum of vacuum states is denoted as |V). The
dashed arrows represent the coherent Rabi coupling 2z and the solid arrows denote the incoherent X-SPP

coupling through vacuum field.

We assume that both systems are interacting via a dipolar (Rabi) coupling between the
excitonic transition dipole moment and the SPP field. The Rabi coupling is described by a
Hermitian matrix element 2. We are interested in the strong coupling limit. In the present
model it is reached when Qg exceeds (vx + vp)/2.2232 In this limit, the Rabi oscillations
become noticeable in the time domain and two separate resonances emerge in the frequency
domain, i.e., in the linear optical spectra. If both systems are brought into resonance,
the coupling can result in a coherent exchange of energy between them, oscillating with
a Rabi period of about 7/|Qx| (dashed arrows in Fig. 1).3° Also, both X and SPP can

spontaneously emit photons into the surrounding vacuum field modes. These photons can



then be reabsorbed, resulting in an incoherent exchange of energy between both systems,
without any definite phase relationship. This process can be described by a non-Hermitian

33334 Tt is important that yxp and

matrix element Avyyp, the so-called cross-damping term.
Qg are not independent of each other but are related by a Kramers-Kronig relationship.?®
We will show later that both channels coexist and play an important role for the radiative
damping of our hybrid system.

For describing the linear optical response of the coupled system, only the lowest single-
exciton and single-plasmon excitations of the system are relevant. We can then describe the

system by an effective non-Hermitian Hamiltionian in the form of a 2 x 2 matrix 33

) Oy Q 0
I = n L Txp . (1)

QR wp vxp 0
By diagonalizing this coupling matrix, the hybrid superposition modes of the coupled
system, i.e., the (energetically) lower (LP) and upper (UP) polariton mode, are found. Their
dispersions, $(@4 ), are given by the real parts and the damping rates, I'y = 2y = 2|S(@4)|,

by the imaginary parts of the hybrid mode energies

~ ~ ~ ~ 2
- + - .
hwoy = h <WX2—WP) + h\/(%) + (|QR\2 - 7?(13) — 2iyxpR(Qr). (2)

More details are provided in the Methods section.

To illustrate the critical importance of the cross-damping term, we discuss here the
two extreme cases of (i) two identical oscillators, and (ii) two non-identical emitters with
distinctly different radiative lifetimes. Eq. (2) show that, in the strong coupling regime and at
zero detuning (Rwx = Rwp), a difference in the damping rates of the hybrid modes is found
only if the last term under the root does not vanish, ¢.e., the incoherent coupling coefficient
vxp = I'xp/2 must be non-zero. Fig. 2(a,b) illustrates case (i), in which both emitters

have identical damping rates I'y = 2|S(@x)| = I'p = 2|(wp)| = Ty. If the incoherent



cross-damping term is ignored, the coupled system behaves like a classical coupled-oscillator
system with the same decay rate (I'g) in both hybrid modes (dashed line in Fig. 2(a)),
independent of the mixing ratio |C'x|?> and |Cp|? giving the probability of the finding the
system in either the exciton or plasmon state. (Fig. 2(b)). If 'xp = +/T'x - I'p is taken into
account,® however, bright superradiant (solid blue line) and dark subradiant (solid red line)
modes are formed. On resonance, the former decays at 2y, 7.e., twice the individual rate,
whereas the latter does not decay at all, since this superposition is effectively decoupled from

the photonic bath.
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Figure 2: (a, ¢) Radiative damping rates of hybrid modes in the presence (solid lines) and absence
(dashed lines) of cross damping for the case of two identical coupled dipole emitters (a) and two coupled
dipole emitters with distinctly different radiative decay rates (c). Here, a blue line denotes the superradiant
and a red line the subradiant mode. (b, d) Mixing fractions for the subradiant hybrid state in the case of
two identical coupled dipole emitters (b) and two coupled dipole emitters with distinctly different radiative
decay rates (d).

More appropriate for the actual sample system discussed in the present report is case (ii).
We assume a fast decay rate of I'p = 50 ps~! and a distinctly slower decay rate I'y = 1 ps™*,
independent of detuning. As shown in Fig. 2(c) (dashed lines), the decay rates of the
coupled modes mainly represent the mixing ratios of the X and SPP (Fig. 2(d)), if the

incoherent cross-damping is neglected. On resonance, this results in identical decay rates

(I'x +I'p)/2 for both hybrid modes. This changes in the presence of cross-damping (taking



I'xp = VTx-T'p), with a clear non-degeneracy of the decay rates at zero detuning (solid
lines). We see that, on resonance, hybrid modes with an equal admixture of X and SPP
wavefunctions, yet with distinctly different radiative decay rates, are formed. Both cases
thus illustrate that this formation of short-lived (superradiant) and long-lived (subradiant)
hybrid states with distinctly different decay rates at zero detuning is the main signature of

an incoherent cross-damping.

Linear optical response of the X-SPP hybrid system

We study J-aggregate/metal hybrid nanostructures, composed of a 50-nm-thick J-aggregate
dye film, spin-coated on gold nanogroove arrays. These arrays are made of relatively shallow
(30-nm deep) depressions with a width of about 50 nm, carved into the gold surface by fo-
cused ion beam milling, as schematically shown in Fig. 3(a). The periods of the nano grooves
of 400 to 460 nm are properly chosen such that angle-tuning can continuously shift the active
SPP resonances to energies above and below the exciton resonance at ~ 1.79 eV, effectively
setting the X-SPP detuning. The shallow depth and the narrow width of the grooves ensure
spectrally narrow SPP resonances with correspondingly long lifetimes.?!*° High-resolution,

13,35 as schematically depicted in Fig. 3(b), is used

angle-resolved spectral interferometry,
to characterize amplitude and phase of the linear optical response of the hybrid system,
specifically the spectral lineshapes.

The measured angle-dependent reflectivity amplitude (Ry(w)) and phase (¢(w)) spectra
are shown in Fig. 3(c) and (d), respectively. We find the typical anti-crossing behavior of
the X and SPP resonances, indicating a strong X-SPP coupling that results in the formation
of a higher (UP) and lower energy (LP) hybrid polariton mode. These spectra are recorded
using low-energy pulses from an ultrafast white-light source and are independent of the laser
fluence in the range from 0.1 - 100 nJ/cm~2. For such low fluences, the average occupation

21,30

number for the excitonic and photonic modes is much less than unity ensuring that

the X-SPP coupling is independent of the external laser excitation. Instead, fluctuations



of the vacuum-field induce a strong dipolar coupling®’ between the ensemble of J-aggregate
excitons and the resonant SPP modes. This strong X-SPP coupling results in a normal mode
splitting® of the UP and LP resonances of 2A{)z. There is also a prominent absorption
band at the unperturbed J-aggregate exciton resonance (~ 1.79 eV). Evidently, a significant
portion of the uniformly distributed molecules remains uncoupled, presumably due to the
sharp variation of SPP field strength in space. The main SPP field enhancement is localized
to small volumes near the grooves. J-aggregated molecules located in these regions can
strongly couple to the SPP fields. Excitons outside these regions may not or only weakly
couple to the SPP field.?!3° Each of the three resonances is characterized by a clear jump in
the spectral phase (Fig. 3(d)).

In such nanogroove arrays, both the narrow X and SPP resonance interfere with a broad-
band reflection from the gold interface, resulting in typical Fano-like line shapes. 32037 Phe-
nomenologically, we can describe the complex reflectivity coefficient r(w) of the coupled
system by fitting a sum of oscillator response functions to Ry(w) and ¢(w) (Fig. 3(c) and

(d)) according to

ip(w . |I‘l’m|2 'eii(bm |I~‘l’m|2 .e’igbm
r(w) = VRow)e*™ = a+if Y oo T Tote | (3)

Here, o and 3 are real-valued, slowly varying background and scaling amplitudes, respec-
tively. The indices m = 1...4 represent LP, UP, the uncoupled J-aggregate resonance, and
an additional broad shoulder at ~ 2 eV attributed to higher vibronic states or some residual
dye monomer. u,, , ¢, and w,, denote the effective dipole moment, phase, and resonance
frequency of the individual resonances, respectively. The spectral full width at half maximum
(FWHM) is characterized as 27,,.

We compare the measured with the fitted results in Fig. 4(a) and (b) for angles of
incidence of 25° (large detuning) and 29° (small detuning). In both cases, both the amplitude

and phase spectra are quantitatively reproduced by the Lorentzian oscillator model (Eq. (3)).
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Figure 3: (a) Schematic of the hybrid structure consisting of a gold nanogroove array coated
with a 50-nm-thick J-aggregate dye film. (b) Angle-resolved spectral interferometry setup
(BS: beam splitter, 7: variable delay). Observed angle-resolved reflectivity spectra (c) ,

Ry(0,w) and corresponding observed spectral phase (d), ¢(6,w). The black (white) lines in
(c) and (d) mark the coupled (uncoupled) mode dispersions.
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Figure 4: (a, b) Experimental (circles) and simulated (solid lines) reflectivity spectra (a)
and spectral phases (b) at § = 25° and 29° (vertically shifted). (c, d) Time structure of
the electric field emitted by the hybrid UP and LP modes at 25° (c¢) and 29° (d), showing
distinct polarization beats with frequency wyp — wrp.

This suggests that a possible inhomogeneous broadening of the ensemble of coupled polariton
modes has only a minor influence on their optical spectra. From Eq. (3) we can extract the
polariton response and deduce the time structure of the re-emitted polariton field under
weak impulsive excitation. As shown in Fig. 4(c) and (d), the field shows polarization
oscillations with a beat frequency wyp — wrp within the short damping time of < 100 fs.
The variation of this beat frequency with angle shows a clear anticrossing, the signature of
vacuum-field Rabi oscillations??363% between the exciton ensemble and the resonant SPP
modes in the spectral domain. Time-resolved experiments®® provide independent evidence
that this beating reflects a periodic energy transfer between Xs and SPPs.

The deduced polariton characteristics are represented by circles in Fig. 5: The zero
detuning angle is found at 6, = 31°. At this angle of incidence hybrid X-SPP modes are
excited that contain fractions of 50% X and 50% SPP. From Fig. 5(a), we find a normal mode
splitting of the UP and LP branches of 2|Q2gz| = 114 meV at zero detuning. Interestingly,

Fig. 5(c) exhibits a pronounced anti-crossing of the angle-dependent polariton widths. Even
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Figure 5: (a) Dispersion relations, (b) effective dipole moments and (c) spectral widths of the UP/LP

modes obtained from experiment (circles) and oscillator model (solid lines). Dispersions (a) and widths (c)
of the uncoupled modes are shown in green. (b) The modeled SPP- (solid) and X- (dash-dot) fraction of

the LP mode is shown in green. (d) Calculated population damping (%+/, solid) and pure dephasing (hy*,
dash-dot) of the UP (blue) and LP (red).
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at zero detuning, a width for the UP mode is extracted that is much broader than the average
width of the individual X and SPP modes, whereas that of the LP mode is significantly

narrower. The UP FWHM exceeds that of the LP branch by ~ 20 meV.

Theoretical modeling of X-SPP system

The observed difference in UP and LP width might be taken as an indication that in-
coherent cross-damping affects the radiative lifetimes and thus the linewidths of the hybrid
modes. Further evidence for this assertion is provided by a coupled oscillator model, which
describes the observed angle-dependent optical response successfully only if both coherent
resonant dipole-dipole interaction and incoherent photon exchange processes are taken into
account.

In the following we assume the linear optical spectra of the X-SPP system are predomi-
nantly homogeneously broadened. Experimental evidence that supports this assumption will
be discussed in the next section. When neglecting inhomogeneous broadening effects, the
linear optical spectra of the coupled system can be modeled in terms of the effective Hamil-
tonian Eq. (1) using standard perturbation theory.?® The complex-valued eigenenergies of
the polariton modes and their effective dipole moments can be directly deduced from the
coupling matrix, Eq. (1) (see Methods). The population lifetimes of the polariton modes are
given as 1/2v/, = 1/(2|Im(w4)|) and contribute to the line width of the optical spectra. In
addition, the total spectral widths 74 = 7/, + 1 may contain contributions 7% from pure
dephasing. Whereas pure dephasing is negligible for the SPP system,* it typically dom-
inates the spectra of J-aggregated dyes*! at room temperature. We therefore expect that
pure dephasing of the polariton modes scales linearly, to first order, with the exciton fraction
(Fig. 5(b)).

To compare this model with experimental data, the angle-dependent SPP dispersion rela-
tion and width was deduced from optical spectra of a PVA-coated grating without dye.20:2!

With this input, the X-SPP polariton dispersions shown in Fig. 5(a) were obtained from

12



Eq. (1) for optimized values of h|Qr| = 57 meV and hyyp = —10 meV. Angle-dependent
values of 7/, and hv} are displayed in Fig. 5(d) and the resulting total polariton widths 2h7y4
are shown in Fig. 5(c). Reasonable agreement with experiment is found and in particular
the observed anticrossing is reproduced, provided that a finite value for the cross damping

rate vxp is taken into account.

B T R, N e
1 0.5 0

0.4 -0.2 -0.8

. 20 25 30 35 40 20 25 30 35 40
Angle (deg) Angle (deg)

Figure 6: (a) calculated angle-resolved spectra, Ry(6,w) and (b) spectral phase, p(6,w).
The black (white) lines mark the coupled (uncoupled) mode dispersions.

Using these parameters, we have simulated optical spectra from Eq. (3), using effective
dipole moments of the UP and LP oscillators as shown in Fig. 5(b). The simulated angle-
dependent amplitude and phase spectra match very well with experiment, as displayed in
Fig. 6. This evidence points strongly to very different UP and LP population decay rates
at 0y and to the presence of incoherent photon exchange between excitons and SPPs as the
cause for the linewidth anticrossing in Fig. 5(c). This is an interesting result that relates the
narrow LP linewidth to the emergence of sub- and superradiance in the coupled polariton
system. Narrow LP linewidths have also been observed in earlier work on semiconductor
microcavities*? and also in a study of J-aggregate molecules in metal nanovoids.' It has

4344 or disorder effects on the Rabi coupling.#®

been related to polariton motional narrowing
However, an alternative explanation may be due to influences of inhomogeneity, which re-

sults in motional narrowing effects. 4?4546 In the following we show that in the present case
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such disorder effects are weak and are unlikely to explain the observed anticrossing in the
linewidths seen in Fig. 5(c). We support this conclusion by direct, real-time measurements

of the polariton dynamics.

Homogeneity of the J-aggregates resonance

Broader UP and narrower LP widths at zero detuning have also been observed in early re-

42.45,46

ports on semiconductor microcavities and for J-aggregate molecules coupled to metallic

nanovoids.'® These effects have mainly been explained by motional narrowing of polaritons
42744 and other structural disorder effects, which are apparently much less pronounced in our
system. 4

To study possible disorder effects on the optical properties of our sample, we have per-
formed spectral interferometry measurements on a thin J-aggregate layer deposited on a

planar gold film. The reflectivity spectrum Ry and spectral phase @y of the coated gold

film are obtained at an incidence angle of 20°, as shown in Fig. 7(a).

Energy (eV) Real (r

norm)

Figure 7: (a) Observed (red circles) and fitted (solid black) reflectivity spectra Rx(w), and
corresponding observed (blue circles) and fitted (solid blue) spectral phase p(w), measured
on a coated planar gold film at the incidence angle of 20°. (b) The corresponding observed
normalized reflection coefficient 7,4, plotted in complex plane (red circles). The black circle
is the fitted result to a circular function.

To evaluate inhomogeneous broadening, we plot the spectral response in the complex
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plane, as shown in Fig. 7(b).4" In such a representation, the spectrum of a single, purely ho-
mogeneously broadened Lorentzian resonance is located on a nearly perfectly circular trace,
provided that the susceptibility of the dye film is much less than unity. An inhomogeneously
broadened system, however, would be represented by a more or less severely flattened, ellip-
tical shape. We fit the complex reflectivity spectrum /Ry exp(i¢x) to the optical response
of the hybrid system within the framework of the transfer matrix formalism, describing the
permittivity of the dye layer as purely homogenously broadened Lorentzian resonances. Ev-
idently, the experimental data closely follow a circular trace and show a very good match
with the simulated data (solid line in Fig. 7(b)). We conclude that the main resonance of
the J-aggregate film is adequately described by a single Lorentzian line shape, suggesting

that in the present samples inhomogeneous broadening is apparently weak.

Ultrafast real-time dynamics of the hybrid system

To provide independent experimental evidence for sub- and super-radiance in the present
hybrid system, we directly monitored the UP and LP population dynamics in time-resolved
resonant pump-probe measurements. These experiments are performed at room temperature
and under vacuum conditions using a home-built femtosecond pump-probe spectrometer,214®
based on a non-collinear optical parametric amplifier. Broadband, p-polarized 15-fs-pulses
centered at 1.8 eV are used to resonantly excite the hybrid structure and to monitor the
differential reflectivity, AR/R = (R,n, — Rosf)/Ross of the probe pulse as a function of delay
time. Here, R,, and R,ss denote the reflected probe spectrum in the presence and absence
of the pump, respectively.

We first measured the population dynamics of uncoupled excitons. For this, we recorded
AR/ R spectra for a J-aggregate dye film deposited on a gold mirror without a grating, see
Fig. 8(a). Then, measurements were performed for coated groove arrays at 6y. Fig. 8(b)

shows results obtained with spectrally-narrowed pump pulses, predominantly exciting the LP

resonance. Such measurements probe the population lifetime of the LP mode, in contrast to

15



(@) ARR HEETH (®) D
01 006 02 0 01 03

1.88 1.81

7-100 0 100 200 -100 0 100 200
Delay = (fs) Delay r (fs)

= —~
?Eﬁ 20 =
& &
z

40
60

0
Delay = (fs) Detuning angle (deg)

Figure 8: Time-resolved differential reflectivity signal (AR/R) (a) for a bare dye film and (b) for a hybrid
structure at zero detuning 6y, measured for resonant excitation around 1.8 eV. The relevant resonances are
marked (dashed lines). (¢) AR/R dynamics (logarithmic scale) at the X resonance of the bare dye film, and
near the LP (1.74 eV) and UP (1.84 eV) resonances of the hybrid structure at 6y. (d) Measured polariton
population damping term ki’ as a function of detuning angle 8 — 6y (circles) compared to predictions of
the coupled oscillator model (solid). Dashed lines denote %" in the absence of incoherent photon exchange,
vxp = 0. Green: h~y' of uncoupled X and SPP modes.

16



experiments with broader pump pulses, which excite a coherent superposition of UP and LP
modes and show Rabi oscillations, reflecting the periodic energy transfer between Xs and
SPPs. 30

The bare dye data show a bleaching of the X absorption around 1.78 eV and an induced
absorption peak at 1.82 eV from one-exciton to two-exciton transitions. The dynamics of
the AR/R signal at the X transition (Fig. 8(a)) reveals a perturbed free-induction decay of
the X polarization at 7 < 0 and a biexponential decay®® with a fast decay time reflecting
a weak coherence spike and a slower decay corresponding to the lifetime of the X state of
~ 600 fs. A fit to a biexponential decay convoluted with a Gaussian response function is
shown as a solid line in Fig. 8(c).

Much faster decay dynamics are found in the hybrid system. For the LP mode, we find
a rapid exponential decay of AR indicating an LP lifetime of only 55 fs. A weak signal
remaining for 7 > 200 fs likely results from probing a small fraction of uncoupled Xs. An
even faster decay of the optical nonlinearity is seen when resonantly exciting the UP mode.
Here, the AR signal decays to less than 0.1 of its maximum value with a decay time of only
~ 22 fs. We have also measured polariton lifetimes at other detunings (Fig 8(d)), quantita-
tively confirming the predictions indicated as solid lines in Fig. 8(d). The data provide clear
evidence for distinctly different population lifetimes of UP and LP modes at zero detuning.
The observed lifetimes and their variation with detuning are well understood in terms of
the coupled oscillator model, Eq. (1). This suggests that in our system, the comparatively
long LP lifetime at zero detuning reflects a sub-radiant damping of the polariton mode,
resulting from the interplay between coherent dipole-dipole interaction and incoherent pho-
ton exchange. This convincing agreement of the measured lifetime with the predictions of
the homogeneously-broadened coupled oscillator model together with the observation of ho-
mogeneously broadened optical spectra suggests that structural disorder within the probed
ensemble of Xs and SPPs has only a minor effect on the linear optical spectra of the hybrid

structures. Upper polariton lifetimes which are shorter than those of the lower polariton
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branch have also been observed in earlier experiments on inorganic semiconductor microcav-
ities.?*? In these systems, the faster UP lifetime results from a rapid scattering of polaritons
from the UP branch to large in-plane wave vector LP states or higher exciton states. This is
followed by polariton relaxation into small k-vector LP states by acoustic phonon emission
and reabsorption. Since the phonon scattering rates scale with the exciton fraction of the LP
wave function, this results in the well-known polariton relaxation bottleneck effect.®® Typi-
cally, these phonon-mediated relaxation processes proceed on a picosecond time scale, much
slower than the polariton lifetimes of few tens of femtosecond that we observe in our sys-
tem. This suggests that such phonon-mediated scattering processes are of minor importance
for the polariton relaxation in strongly coupled J-aggregate - plasmon hybrid structures.
This supports our conclusion that the observed anticrossing in the polariton widths seen in
Fig. 5(c) indeed reflects the formation of sub- and superradiant states in strongly coupled

exciton-SPP systems.

Conclusions

In conclusion, we have investigated the optical response of a J-aggregate/metal hybrid
nanostructure in the strong coupling regime by means of phase-resolved linear optical spec-
troscopy and ultrafast pump-probe spectroscopy. We provide experimental evidence — both
in the spectral and temporal domain — for distinctly different damping rates for the two
resulting hybrid polariton states, in particular at zero detuning. We argue that these dif-
ferent damping rates reflect the formation of sub- and superradiant polariton modes in our
system. This argumentation is based on the following key observations: (i) All linear optical
spectra are quantitatively described within a lineshape model for a homogeneously broad-
ened system. Apparently, at room temperature, disorder-induced inhomogeneous broadening
effects are weak in our hybrid system. (ii) In a broad range of detunings, the polariton en-

ergies, linewidths and oscillator strengths are well understood within the framework of a
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phenomenological coupled oscillator model, provided that an incoherent exchange of photon
energy between excitons and SPPs is taken into account. It is important that this model has
only a very limited number of freely adjustable parameters, essentially the Rabi splitting, the
incoherent cross-damping rate and the pure dephasing of the exciton oscillator. (iii) Directly
measured polariton lifetimes at different detunings are reproduced by the same oscillator
model without further parameter adjustment.

Taken together, this evidence strongly suggests that the optical properties of our hybrid
system are largely governed by the interplay between the coherent dipole coupling between
excitons and SPPs and the incoherent exchange of photon energy between both systems.
Despite the very different nature of both elementary excitations, the coupling between X and
SPPs apparently not only controls the energetics of the systems but also the dynamics of
the polariton modes. We believe that this is an interesting observation since it suggests that
the coupling results in an efficient decoupling of the subradiant mode from the environment.

Since vxp < /Ix7VP(fix - f p),> this decoupling is most efficient — and a perfectly dark
mode may arise — if both subsystems have equal radiative damping (vx = 7p) and if their
dipole moments are aligned in parallel (fiy || ftp). Hence, the spontaneous emission dynam-
ics of the hybrid system can be continuously controlled by adjusting the radiative damping of
the individual subsystems and their dipolar coupling. This is of interest for tailoring quan-
tum interference phenomena in active plasmonic devices'” and indicates new possibilities
for nano-plasmonic circuitry and quantum information processing. This certainly warrants
further detailed study of the optical properties of strongly coupled hybrid systems, specif-
ically of the interplay between disorder, strong coupling, radiative damping and polariton
localization. Advanced spectroscopic techniques such as ultrafast two-dimensional optical

spectroscopy are likely to provide new insight into those phenomena.
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Materials and Methods

J — aggregate/metal hybrid nanostructures. The investigated J-aggregate/metal hy-
brid nanostructures are comprised of gold nanogroove arrays (150 x 150 wm?) with peri-
ods of 400 nm to 460 nm. These arrays are coated with a 50-nm-thick film made of the
cyanine dye 2, 2'-dimethyl-8-phenyl-5,6,5, 6 -dibenzothiacarbocyanine chloride (Hayashibara
Biochemicals Laboratories, Inc.) dissolved in polyvinyl alcohol (PVA), methanol and water.
The optical density of such a film is typically 0.4.2! The groove array period is chosen such
that the first order polymer-metal plasmon mode is resonant with the J-aggregate exciton
at ~ 1.79 eV.132! The depth (30 nm) and width (45 nm) of the grating grooves is optimized
to minimize SPP radiative damping. '3

Angle — resolved spectral interferometry. For high-resolution, angle-resolved spectral

1335 as schematically depicted in Fig. 3(b), p-polarized broadband pulses

interferometry,
(1.6 —2 V) from an ultrafast white-light source (Fianium SC-450-4) with 80-MHz-repetition
rate are split into sample and reference pulses in a balanced and chirp-compensated Mach-
Zehnder interferometer. The complex sample reflection coefficient, r(w) = \/Mei@(”) =
E,(w)/E,(w) is obtained from independently measured reflectivity spectra, Ro(w), and from
the spectral phase, ¢(w), encoded in the interference patterns |E,(w) + E,(w)e™™7|2 =
(1+ |7 (w) )| By (w) ]2 + 2| B (w)]| Eo(w)] coswr + ¢(w)]. Both are recorded as a function of the
incidence angle, 6. Here, E,(w) and E,(w) denote the electric field amplitude of the reflected
sample and the reference beam at frequency w, respectively.

In the time domain, the corresponding electric field amplitudes can then be written as

E(t) = & [T B (w)e ™ dw and Ey(t) = & [T (W) B (w)e ™dw = [*__#(t)E(t—t')dt".

27 o]

The Fourier transform r(t) = ;& [T #(w)e~™*dw thus gives the response of the system to
a fictitious d-pulse excitation, F,.(t) = §(t). A measurement of 7(w) therefore allows us to
deduce the time structure of the total electric field emitted by the sample in response to a

0-pulse excitation.

As shown in Fig. 4 and 7, the experimental spectra are convincingly described by a sum of
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Lorentzian response functions, Eq. (3). This allows us to extract the response of the two

polariton modes as

C N | e | e
Fplw) =B Y + (4)

w—w;+iy;, wHw;+iy |
j=UP,LP j T T wj

simply by subtracting the response of all other contributions to the reflectivity. This extrac-
tion is possible since both amplitude and phase of the phase function have been measured
experimentally. The time structure of the electric field emitted by the hybrid polariton

modes is then given by Fourier transformation as

T or
- j=UP,LP

B =5 [ R =500 Y Iufostt o) 6)

Here, ©(t) denotes the Heaviside step function. The deduced polariton field E,(t) is plotted
in Fig. 4(c,d).

Optical response of the J — aggregated dye film. For the characterization of the opti-
cal response of the J-aggregate dye film spin-coated onto a planar gold film, we describe
the susceptibility of the J-aggregates dye film as two Lorentzian line shapes presented as
X(W) = 327, Arle ™ /(wor — w — iyk) + €% /(wor + w + ivx)]. The first oscillator repre-
sents the strong and narrow J-aggregated exciton resonance centered around 1.79 eV and
the other denotes the broad and weak monomer shoulder at around 2 eV. We then take the
dielectric function of the dye film as €, = 1 + f - x(w) + (1 — f) - xpya with the filling factor
f = 0.1 depending on the concentration of J aggregates in the solution and the susceptibility
of PVA xpya = 1.4. With these parameters, we then simulate the experimentally measured
normalized complex optical response ryorm = Taye/Tgoia Of this air/dye/gold layered system
within the framework of transfer matrix formalism. Here 74y, is reflection coefficient of the
entire layered system and 74,4 is the reflection coefficient measured on an uncoated gold
film.

Optical spectra of the hybrid system. To simulate the optical spectra of the hybrid sys-
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tem, we need the energies and effective dipole moments of the coupled polariton resonance.
These can be deduced from an analysis of the effective Hamiltonian, Eq. (1). The complex
polariton energies are given in Eq. (2). The normalized UP (|+)) and LP (]—)) wavefunc-
tions can be written as |£) = a4 |10) 4+ b4|01), where the one-exciton/no-photon state is |10)

and the no-exciton/one-photon state is |01). The coefficients are ay = (A £ A)/B. and

by = 2D/Bs with A = /A2 +4CD and By = /]A £ A2+ 4]|D|2. Here, A = &x — @p,
C = Qr —iyxp and D = Qp — iyxp. The fractions |Cx|* = |a|?*/(Ja* + |b]?) and
|ICp|* = |b]?/(]al]®* + |b|*) then give the probability of finding the system in the exciton
and plasmon state, respectively.

In this model, effective dipole moments of the UP and LP oscillators are then given as
ty = as/Nxpy +biv/Nppp. Dipole moments of a single X/SPP mode kx p are deduced
from their radiative lifetimes.?* Here we use gy = 100D ®* and the frequency-dependent
pp ranging from 8000 to 9100 D. We estimate an exciton density Ny of about 10%* m™°
and plasmon density Np ranging from 0.8 x 102 to 1.5 x 10m™2.3% Finally, the angle-
dependent spectra Ry(f,w) and the corresponding spectral phases p(6,w) are calculated by

using Eq. (3).
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