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1. Theoretical modeling:
A full quantitative description of the optical properties of the J-aggregate/metal hybrid struc-
ture studied in our manuscript requires a quantum mechanical modeling of the dynamics of a 
large number ( XN ) of excitonic (X) excitations ( i ) coupled to a quasi-continuum of photon-

like surface plasmon polariton (SPP) modes ( j ) with a free-particle Hamiltonian

0 i j j ji j
H i i a aω ν += +∑ ∑  . (Eq. S1)

Here, iω and jν denote the eigenfrequencies of the corresponding X and SPP states, respec-

tively, and a+ and a are the usual creation and annihilation operators.

We treat the excitons as independent particles with a single-exciton transition dipole moment 
Xµ of about 100 D1,2. Based on the measured reflectivity spectra of our 50-nm-thick films, 

we estimate an exciton density Xn of about 2410 m-3. The relevant SPP modes are those of a 
one-dimensional slit grating3,4. These modes are characterized by their in-plane wave vector 

( ),x yk k=K and their dispersion relation is approximated by that of a planar metal-dielectric 

interface ( ) m d

m d

c ε εν
ε ε
+

=K K , with mε and dε denoting the dielectric function of gold and 

the J-aggregate film, respectively. 

The modeling includes in particular the coupling between the optical transition dipoles 

1, 2 1 2i i i e i=μ r of the excitonic system and the electric field of the SPP modes. In addition,
it should describe (i) the coupling of an external ultrashort laser field to X and SPP, (ii) the 
radiative damping of the coupled X and SPP modes, i.e., their coupling to propagating far-
field modes, (iii) the coupling of X to the environment, specifically pure dephasing and ener-
gy relaxation processes and (iv) disorder-induced localization of the J-aggregate Xs and the 
resulting coupled X-SPP modes5. A complete theoretical modeling of all those processes for a 
disordered ensemble of coupled X and SPP has not been reported to date and is far beyond the 
scope of this article. We resort to a phenomenological description, replacing the ensemble of 
exciton modes by a single exciton oscillator and the ensemble of SPP modes by a single pho-
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ton-like SPP oscillator. The modeling of the optical spectra and the dynamics of this phenom-
enological coupled oscillator system is described in the next section.

1.1. Optical spectra and time-dynamics of the J-aggreagate/metal hybrid nanostructure 
within the framework of a phenomenological coupled-oscillator model:
We phenomenologically treat the J-aggregate excitons as a three-level system consisting of 
ground state 0 , a single exciton state 1 at energy 1ω = 1.789 eV (693 nm), and a 

biexciton state 2 at energy 2ω = 3.594 eV (345 nm)6. This system is coupled to a photon-

like SPP mode with energy ν and dispersion relation ( )ν K giving a free-particle Hamilto-
nian

0 ii
H i i a aω ν += +∑   . (Eq. S2)

In our simulations, we decompose the wavefunction iji j
c ijψ =∑ ∑ of the composite 

system into two-particle states ij . Optical spectra are deduced from the time evolution of the 

density matrix ρ ψ ψ= obtained by solving the Liouville-von Neumann equation 

[ ],
rel

i H
t t
ρ ρ ρ∂ ∂
= − +

∂ ∂

. (Eq. S3)

The operator H denotes the full Hamiltonian of the composite system and the final term in-
cludes possible dephasing and relaxation phenomena.

Of central importance is the dipolar (Rabi) coupling RH between the excitonic transition di-

pole moment 0 1e
X e=μ r and the SPP field VE . It is introduced as7-9

*
R R X R XH S a S a− + + = Ω +Ω  (Eq. S4)

with Rabi frequency /e
R X VΩ = ⋅μ E  . 1 0XS + = and 0 1XS − = are the one-exciton crea-

tion and annihilation operators, respectively. In the strong coupling regime, the Rabi coupling 
results in a periodic transfer of energy between the X and the SPP system and in the formation 
of coupled X-SPP modes10-13. It is important that this coupling exists in the absence of exter-
nally induced SPP fields, i.e., in the absence of finite populations of the SPP modes. It is in-
duced by the vacuum fluctuations of the localized SPP field14-17. It is possible, yet improbable, 
to couple the two systems by the simultaneous creation (annihilation) of an X and a SPP. The-
se interactions are described by9

' *
R R X R XH S a S a− + + = Ω +Ω  . (Eq. S5)

We neglect Rabi couplings of the biexciton (XX) transition dipole moment 1 2e
XX e=μ r to

the SPP field as these are not important for explaining the experimental results presented in 
our manuscript.

The existence of zero point fluctuations offers a second and independent incoherent channel 
for transferring energy between the X and the SPP system4,7,18-20. The exciton (SPP) can spon-
taneously emit a photon into the surrounding SPP and/or far-field photon modes and this pho-
ton can be reabsorbed by the SPP (exciton) system. This incoherent exchange of excitations 
between the two systems is the microscopic cause for sub- and super-radiant spontaneous 
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emission phenomena18-20. Within the Lindblad formalism, this cross-damping is implemented 
in Eq. S3 as

( )1 2 2
2C XP X X X X X XS a S a a S a S a S S aρ ρ ρ ρ ρ ρ ρ+ + + + − + − − += − Γ + − + + − . (Eq. S6)

The cross-damping rate XPΓ depends on the relative orientation of Xμ and the local SPP field 

VE . Its possible values XP X PΓ ≤ Γ Γ are limited by the spontaneous decay rates XΓ and 

PΓ of the X and SPP system, respectively20.

We then need to include in the full Hamiltonian '
0 R R LX LPH H H H H H= + + + + the cou-

plings between the classical external ultrashort laser field ( ) ( ) ˆt E t=Eε ( ε̂ : laser polarization 
direction) and the X and SPP systems

( )* *
LX X X XX XX X X XX XXH S S S S E t+ + − − = Ω +Ω +Ω +Ω  (Eq. S7)

( )*
LP P PH a a E t+ = Ω +Ω  (Eq. S8)

with ˆe
X XΩ = ⋅μ ε , and ˆe

XX XXΩ = ⋅μ ε denoting the coupling strength of the X and XX to the 
external laser field. We define 2 1XXS + = and 1 2XXS − = . The coupling strength of the 
SPP mode to the laser field is denoted as PΩ .

Finally, the relevant dissipation processes of the X and SPP systems, specifically their 
radiative damping and the pure dephasing of the excitonic system, should be implemented.
Within Lindblad formalism,7,8,21 the radiative damping of the X and SPP system is written as

2
2

P
P a a a a a aρ ρ ρ ρ+ + +Γ  = − − +  (Eq. S9)

2
2

2
2

X
X X X X X X X

XX
XX XX XX XX XX XX

S S S S S S

S S S S S S

ρ ρ ρ ρ

ρ ρ ρ

+ − − + + −

+ − − + + −

Γ  = − − + 

Γ  − − + 



(Eq. S10)

where 1,1X XTΓ = , XXΓ , and PΓ denote the radiative decay rates of the one- and biexciton
states and the SPP mode, respectively.

The pure dephasing of the excitonic system is also modeled in Lindblad formalism as
*

*

2

2

z z z z z z
D X X X X X X X

z z z z z z
XX XX XX XX XX XX XX

S S S S S S

S S S S S S

ρ γ ρ ρ ρ

γ ρ ρ ρ

 = − − + 
 − − + 



(Eq. S11)

with 1 1z
XS = and 2 2z

XXS = . * *
2,1X XTγ = and * *

2,1XX XXTγ = denote the pure dephasing 

rates of the X and XX transitions, respectively. Then P X C Drel
ρ ρ ρ ρ ρ= + + +     .

Optical spectra are simulated by calculating the time evolution of ρ for a given time structure 
of the laser field ( )E t . Field polarizations ( )Xp t and ( )Pp t of the X and SPP system are 
deduced by evaluating the expectation values of the dipole operators 

* *ˆ X X X XX XX X X XX XXS S S Sµ + + − −= Ω +Ω +Ω +Ω and *ˆP P Pa aµ += Ω +Ω as ( ), , ,ˆ ˆTrX P X P X Pp µ ρµ= = .
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With ( ) ( ) ( )X PP t p t p t= + , the susceptibility of the coupled system is given as 

( ) ( ) ( )( )0/P Eχ ω ω ε ω=   where ~ denotes the Fourier transform. The absorption spectrum 

( )α ω of the composite sample is then given as ( ) ( )( )Im
rc n

ωα ω χ ω=
⋅

, with rn denoting the 

real part of the refractive index of the film layer.

Nonlinear optical spectra are calculated by using a sequence of time-delayed pump and probe 
pulses. We performed an average over pump pulses with varying carrier envelope phase 
(CEP) to suppress interference effects between pump and probe lasers on the nonlinear optical 
spectra. Such effects are not seen in our experiments since the phase relation between pump 
and probe pulses was destroyed by means of a vibrating mirror.

So far, the model Hamiltonian discussed above is a specific variant of the Jaynes-Cummings 
Hamiltonian describing the coupling of a single two-level-system to a single mode of the ra-
diation field22. In our case, this model is used to describe the classical limit of a normal mode 
splitting between a large number of two-level-systems coupled to a continuum of radiation 
modes15,23. This seems justified since we have found that, under our experimental conditions,
the effects associated with the two lowest states of the photon ladder are dominating. Phe-
nomena related to the higher rungs of the Jaynes-Cummings ladder such as the collapse and 
revival of Rabi oscillations24 are far too weak to be resolved.

Also, we previously found13 that the optical creation of Xs in the J-aggregate results in a tran-
sient reduction in Rabi frequency RΩ . Essentially, the optically-induced bleaching of the 
excitonic system reduces the effective number of Xs coupled to the SPP modes. We include 
this phenomenologically by using a time-dependent Rabi frequency 

( ) ( ) ( )0
0 1R Rt n t n tΩ = Ω − with 0n and 1n denoting the populations of the ground and single 

exciton state, respectively.

To quantitatively simulate the nonlinear experimental optical spectra we add, in the same way, 
a third independent oscillator reflecting the nonlinear optical response of those Xs which are 
not or only weakly coupled to the SPP field. We term these Xs as “uncoupled excitons” and 
assume that such Xs are located outside of the slit areas where SPP fields polarized along the 
molecular axis are weak.

1.2. Linear optical spectra:

In the strong coupling regime, i.e., for a Rabi frequency RΩ exceeding the relevant relaxation 
and dephasing rates, the linear optical spectra of the hybrid J-aggregate/metal nanostructure 
are governed by the hybrid X-SPP modes formed by the dipole coupling between Xs and SPP 
fields10,11,13. In the basis { }10 , 01 of two-particle states, we can cast the non-hermitian 
Hamiltonian derived in Section 1.1. in the form of a 2x2 matrix

'
1
*

R X XP

R XP P

M i
ω

ν
 Ω  Γ Γ 

= −   Ω Γ Γ     
 . (Eq. S12)

Here, ' nr
X X XΓ = Γ +Γ denotes the sum of the radiative and nonradiative decay rates of the X 

state. The complex eigenfrequencies ,UP LPω of the coupled upper (UP) and lower (LP) 
exciton-SPP modes are then given by the eigenvalues of M as 

( )( )'
, 1

1
2UP LP X Pi Aω ω ν= + − Γ +Γ ± with 2 4A CD= ∆ + and ( )'

1 X Piω ν∆ = − − Γ −Γ . Here
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R XPC i= Ω − Γ and *
R XPD i= Ω − Γ . UP and LP wavefunctions are then given as normalized 

eigenvectors of M: ( )( ) ,, 10 2 01 UP LPUP LP A D B= ∆ ± + with a normalization constant 
2 2

, 4UP LPB A D= ∆ ± + . Using first-order perturbation theory, the linear susceptibility of 
the hybrid system is

( )
2 2

* * *
0

1 i i
i

i i i ii i
µ µ

χ ω
ε ω γ ω ω γ ω

 
 = +
 − − + + 

∑
 



(Eq. S13)

where the sum extends over the UP and LP oscillators, ( )( ),
,

1 2UP LP X P
UP LP

A D
B

µ = ∆ ± Ω + Ω

denotes the effective dipole moment and * *
2,1i iTγ = are the pure dephasing rates of the respec-

tive modes. To quantitatively simulate the experimental linear optical spectra we add, in the 
same way, a third independent oscillator describing the optical response of those “uncoupled” 
excitons which are not or only weakly coupled to the SPP field.

2. Vacuum field estimate in the vicinity of the metallic nanoslit array:
The vacuum electric field amplitude of a single electromagnetic mode with angular frequency 

spω in a cavity of volume V filled with a medium with dielectric function dε is 

02
sp

V
d

E
V

ω
ε ε

=
 8. In a plasmonic nanostructure, the vacuum electric field amplitude is modi-

fied due to field confinement. We follow the approach of Ref. [25] to estimate this amplitude 
and the resulting strength of the vacuum Rabi splitting experienced by a point-like dipole 
coupled to such a SPP field. The electric field in the proximity of the metallic reflection grat-
ing is expanded into Bloch waves

( ) ( ) ( ) ( ), exp exp . .sp spt i A z i i t c cω ω= ⋅ − +∑ K KK
E r u K r . (Eq. S14)

Here, K is the in-plane SPP wave vector following the Born-von Karman boundary condi-

tions 
22 , yx

x y

nn
L L

ππ 
=   
 

K with ,x yn n ∈ and x yS L L= representing the sample area of 

150x150 µm2. Each Bloch component has an amplitude AK and its variation along the out-of-

plane direction is given by ( )
( )

( )1 ˆ ˆexp j
jsp

Kz i z
L

γ
γω

 
= −  

 
Ku K z . The normalization length 

( ) ( ) ( )
( )

( ) ( )
11 1

2 4
sp

m sp m sp m
sp m sp

d m m sp

d
L

d
ω

ε ω ε ω ωε ω
ω ε ω

γ γ ωε ω

 − −    = + − −
 −  

is related to the out-of-

plane confinement length of the SPP mode. The SPP dispersion relation is given by 
sp m d

m d

K
c
ω ε ε

ε ε
=

+
and ( )

2
2 2

2
sp

j j sp K
c
ω

γ ε ω= − . The index ,j d m= denotes the dielectric and 

the gold layer, respectively, and c is the speed of light in vacuum. For our grating structures, 
we are interested in SPP resonances in the range of the J-aggregate X resonance near 693 nm 
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(1.789 eV). Taking 16 1m iε = − + for gold at 693 nm26,27 and 2.25dε = for the polyvinyl al-

cohol (PVA) matrix containing the J-aggregated molecules yields ( ) 1.7sp spL L ω= = µm.

An effective volume of the SPP mode seen by an isotropically oriented distribution of dipoles 
positioned at a distance z from the metal surface has been defined by introducing the effective 
length of the SPP mode25

( )
( ) ( )

3

exp 2 1
sp

eff

d m sp

L
L z

i zγ ε ω
=

 + 

. (Eq. S15)

At the surface of the metal grating 300effL ≈ nm. Using the mode volume sp effV S L= ⋅ , a 
vacuum field amplitude for a single SPP mode of VE = 1000 Vm-1 is estimated. For a dipole 
moment Xµ of 100 D this gives a Rabi energy of R X VEµΩ = ⋅ ≈ 2µeV.

2.1 Electromagnetic fields in the nanoslit structure:
The investigated hybrid nanostructures consist of a gold reflection grating coated with a 50 -
nm-thick film of polyvinyl alcohol (PVA) with 2.25dε = containing the J-aggregate mole-
cules. The SPP modes supported by such a grating3,4,28 are TM modes for which only one 
magnetic field component, pointing along the slit ( ŷ -) axis, is non-zero. The distribution of 

( ),yH x z in such a hybrid nanostructure near a SPP resonance has been calculated using the 
commercial COMSOL software and is shown in Figs. S1a and S1b13. The field is (i) concen-
trated mainly within the slits, (ii) decays exponentially along the ẑ direction perpendicular to 
the grating and (iii) is nearly constant along the x̂ direction inside the slits. Therefore within a 

slit, 0 0

2 2
c cx− ≤ ≤ , centered at 0x = and with slit width 0c , the magnetic field above the grat-

ing, 0z > can be approximated as 

( ) ( ) ( )0, , exp expslit
y z spH x z t H z L i tω= − − . (Eq. S16)

Here, ~ 40slit
zL nm is the decay length of the field along ẑ . Since 

( )0j j
j t

ε ε∂
× =

∂

E
H∇ , the 

electric field components for 0 0

2 2
c cx− ≤ ≤ and 0z > can be estimated as26

( ) ( ) ( )0

0 0

, , exp expy slit
x z spslit

d sp d sp z

iHix z t z L i t
z L

ω
ε ε ω ε ε ω

∂ −
= = − −

∂

H
E (Eq. S17)

( )
0

, , ~ 0y
z

d sp

ix z t
xε ε ω

∂−
=

∂

H
E . (Eq. S18)

The last equation is only valid inside the slit region. For a perfectly rectangular slit the mag-
netic field gradient is large at the slit edges resulting in a large, spatially localized out-of plane 
electric field component. For real, focused ion beam milled gratings this enhancement is lim-
ited by the finite curvature of the slit edges. The calculations in Fig. S1 are thus performed 
with curved slit edges to avoid unrealistic field divergencies. Unlike in case of a continuous 
film, the electric field in a grating is mainly concentrated inside the slits and near the slit edg-
es. A good estimate of the mode volume hence is ( )0 0

slit
sp x y zV L L L c a= ( 0a : grating period),

making the somewhat idealistic assumption that all the total field is localized within the slits.
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For 0 0/ ~ 0.1c a , the vacuum SPP field amplitude per mode is thus enhanced to 8000g
VE =

Vm-1 and the X-SPP Rabi splitting is expected to increase correspondingly.

To estimate the number of SPP modes, spN , to which a single exciton is coupled, we need the 
number of SPP modes within the spectral width of the X resonance. Using the SPP density of 

states ( )
2
K dKg S

d
ω

π ω
= , we find, for a typical spectral width ω∆ of 45 meV, 

/2

2
/2

( ) 7000
2sp

SN g d
c

ω ω

ω ω

ω ω ω ω
π

+∆

−∆

= ≈ ∆ ≈∫ , corresponding to a total field amplitude 

5~ 6 10t g
V sp VE N E= ⋅ Vm-1. This corresponds to a Rabi energy for a single J-aggregate 

exciton of t
R X VEµΩ = ⋅ ≈ 1.4 meV. This is much less than the experimentally observed 

value for the Rabi energy of 55 meV. Hence we are in the “classical” situation in which a 
large number xN of excitonic modes is coupled to a series of SPP resonances15,23. In this limit, 

t
R X x VN EµΩ = ⋅ ⋅ , and we estimate 2000XN ≈ . This number should reflect those excitons 

that lie within the coherence area c c c
x yS L L= of the coupled X-SPP modes14 and are strongly 

coupled to the SPP field. We have not measured this area directly29 but estimate a value of 
about cS = (3 2± µm)2 based on an average X-SPP dephasing time of 2 30T = fs and an av-
erage X-SPP group velocity of 0.3c . Taking the exciton density 2410Xn ≈ m-3 deduced from 
the linear optical spectra, an area cS of the 50-nm-thick PVA film contains roughly 54 10⋅
excitons. Since the analysis of our linear reflectivity spectra suggests that a fraction of about 
0.01 of all excitons within the film is strongly coupled to the SPP modes, this number corre-
sponds reasonably well to the value of xN estimated above. 

Fig. S1: a, Magnetic field distribution ( ),y x zH along the slits, for a TM mode at 693 nm 
(1.789 eV) around a PVA-coated gold reflection grating in air with period 0 430a = nm; slit 
width 0 45c = nm and grating depth 0 30h = nm. The calculations are performed for an inci-
dence angle of 30° of the p-polarized incident light and the maximum amplitude is normalized 
to unity. b, Field distribution within a single slit. The PVA film (without dye) is marked by a 
dashed line. The magnetic field is mainly concentrated within the slits due to the field redis-
tribution induced by the periodic boundary conditions.
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3. Angle-resolved pump-probe spectroscopy:
A schematic of the experimental setup used in our work is shown in Fig. S2. All experiments 
are performed using a home-built angle-resolved pump-probe spectrometer with an angular 
resolution of 0.2°. The setup starts with a regeneratively amplified mode-locked Ti:Sapphire 
laser system (Quantronix Integra C) delivering pulses with 150-fs duration and 500-µJ energy 
at a repetition of 1 kHz and with 780-nm (1.6 eV) central wavelength. The system drives a 
non-collinear optical parametric amplifier30 generating broadband near-infrared pulses at a 
center wavelength of 690 nm (1.8 eV) and with a spectrum extending from 650 (1.9) to 750 
nm (1.65 eV). These pulses are compressed to sub-15-fs duration by multiple bounces on 
chirped mirrors (Venteon) and are split to provide identical, p-polarized pump and probe 
pulses. The pulses are slightly shifted vertically, along the slit axis, and are focused nearly 
collinearly onto the sample to a beam diameter of ~100 µm at incidence angles between 20° 
and 40° with respect to the sample normal. The sample is mounted inside a small vacuum 
chamber to minimize J-aggregate photobleaching during the experiments. The part of the 
probe laser pulses that is reflected from the sample is collected, spectrally dispersed in a spec-
trometer with 2 nm resolution and detected with a 1024-pixel linear photodiode array (PDA) 
and electronics specifically designed for fast read-out times and low noise31. A fast analog-to-
digital conversion card with 16-bit resolution enables single-shot recording of the probe spec-
trum at the full 1-kHz repetition rate. The pump laser pulses are periodically switched on and 
off using a mechanical chopper. By recording pump-on and pump-off probe spectra, one can 
calculate the differential ( R R∆ ) spectrum at the specific probe delay τ as 

( ) ( ) ( ) ( )on off off, ,pr pr pr pr
R R R R

R
ω τ ω τ ω ω∆  = −  . (Eq. S19)

Fig. S2: Schematic of the experimental setup. Ultrashort pulses with a spectrum extending 
from 650 nm (1.9 eV) to 750 nm (1.65 eV) are derived from a non-collinear optical paramet-
ric amplifier (NOPA) operating a repetition rate of 1 kHz. The p-polarized pulses are com-
pressed to sub-15 fs duration using chirped mirrors, split into a pair of pump and probe pulses 
with variable delay τ and are focused nearly collinearly onto the sample at a variable inci-
dence angle θ . Differential reflectivity spectra R R∆ are recorded using a spectrometer 
equipped with a linear photodiode array.

By repeating this procedure for a few hundred milliseconds and averaging the resulting sig-
nals, it is thus possible to achieve a high enough signal-to-noise ratio. By moving the transla-
tion stage, we record R R∆ at different probe delays, thus obtaining a complete 2D map 
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( ),pr
RR R

R
ω τ∆

∆ = . In our setup, the incidence angle is continuously variable by using a 

combination of computer-controlled translation and rotation stages. One of the pump beam 
mirrors is vibrated to suppress interference artifacts in the R R∆ spectrum close to zero delay.
Typical pump/probe pulse energies used in these experiments are ~0.5-5 nJ corresponding to 
fluences of 6-60 µJ/cm2. Under these conditions, J-aggregate photobleaching during the 
course of the measurement is negligible.

4. Differential reflectivity spectra of a J-aggregated dye film deposited on a gold 
mirror:

Differential reflectivity spectra of a 50-nm-thick J-aggregated dye film deposited on a planar 
gold mirror are reported in Fig. S3. In this experiment, resonant excitation of SPP modes is 
suppressed, allowing us to monitor the nonlinear optical response of the J-aggregated excitons 
in the absence of couplings to SPP modes. The experiments are performed under very similar 
conditions as those reported in Fig. 2 of our manuscript. The p-polarized pump and probe 
pulses with a duration of sub-15 fs and centered at 690 nm (1.8 eV) are focused at an inci-
dence angle of 34° onto the dye film. The pump and probe pulse fluences are set to 30 µJ/cm2

and 6 µJ/cm2, respectively. 

Fig. S3: a, Differential reflectivity spectrum R R∆ of a 50-nm-thick J-aggregated dye film 
deposited on a planar gold mirror. The p-polarized pump and probe pulses with a pulse dura-
tion of less than 15 fs and centered at 690 nm (1.8 eV) are focused at an incidence angle of 
34° onto the dye film. ( ),prR R ω τ∆ is plotted as function of time delay τ and probe laser 
frequency. Pump and probe pulse energies were set to 2.5 and 0.5 µJ, respectively. b, Cross 
sections through a at energies of 1.784 eV (red line) and 1.810 eV (blue line). c, Cross sec-
tions through a at a fixed time delay of 0 fs and simulated R R∆ spectrum. d, R R∆ spectra 
simulated by solving optical Bloch equations for a 3-level-system.

The R R∆ spectrum is plotted in Fig. S2 as a function of time delay τ and probe energy 

prω . It mainly shows a pump-induced bleaching near the X resonance at 1ω = 1.789 eV and 
an excited-state absorption at the X to XX transition at 1.81 eV. Both the dynamics (b) and
the spectral shape (c) of the R R∆ traces are well understood in terms of the phenomenologi-
cal three-level model for the J-aggregated dye introduced in Section 1.1, when simulating the 

R R∆ traces by means of the density matrix formalism described in the same section. Essen-
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tially, the measurements reveal (i) a slow decay of the R R∆ trace at large positive delays 
0τ >> on a time scale given by the population decay time 1,XT of the exciton state, (ii) a fast-

er decay at early positive delay times reflecting the effect of the pump-induced coherent 
exciton polarization on the pump-induced polarization and (iii) the perturbed-free induction 
decay of the coherent exciton polarization32-34 resulting from the coupling between probe- and 
pump-induced polarizations at negative delay times. The spectra are well reproduced by as-
suming similar transition dipole moments and dephasing times 2, 2, 30X XXT T= = fs for the X 
and XX transitions.

5. Polariton resonances in linear and nonlinear optical spectra
The experimentally recorded linear optical spectra are are rather well described by modeling 
them by absorptive Lorentzian lineshapes ( ) ( ) ( )2 2

0 0, , / /L ω ω γ γ π ω ω γ = − +  centered at 

the resonance frequency 0ω and with a linewidth γ . The total reflectivity spectrum is thus 
roughly given as ( ) ( )0 0, ,b i i ii

R R b Lω ω ω γ= − ⋅∑ , where bR denotes the background reflec-

tivity of the coated gold layer, the amplitudes of the individual resonances are given as ib and 
the sum extends over the three resonances. The UP and LP reflectivity dips thus occur at the 
resonance energies UPω and LPω . The data in Fig. 1 have been recorded at very low laser 
power and the widths  , 2 ,1/UP LP UP LPTγ = are rather narrow (33 meV for the UP and 20 meV 
for the LP mode). In the presence of the pump laser, the Rabi splitting is reduced and the 
(time-averaged) UP (LP) resonance energy therefore shifts to lower (higher) energy. The dif-
ferential reflectivity spectra ( ) ( ) ( )0R R Rω ω ω∆ = − in the vicinity of each resonance are then 
given by the difference between two Lorentzian lines with slightly different resonance ener-
gies. In the limit that the pump-induced change in Rabi splitting is much smaller than the 
widths ,UP LPγ (which is well fulfilled in the experiments shown in Fig. 2), this gives rise to a 
dispersive lineshape of the differential reflectivity spectrum. For the LP resonance, the region 
with 0R∆ < is at energies LPω ω> and has a minimum at min LP LPω ω γ≈ + , as seen in Figs. 
2b,d. In contrast, for the UP resonance, the region with 0R∆ < is at energies UPω ω< since 
the Rabi splitting is reduced by the optical excitation.

The aim of the experiment shown in Fig. 3 was to study the response of the hybrid system in 
the limit of a strong reduction of the Rabi splitting and to demonstrate the effect of this reduc-
tion in Rabi splitting on the period of the Rabi oscillations. This required us to subject the 
hybrid system to rather strong pulses (since we wanted to bleach most of the excitons coupled 
to SPP). This strong excitation has several effects: (i) it slightly reduces the Rabi splitting to 
100 meV as shown in Fig. 3d; (ii) it slightly increases the linewidth LPγ from ~ 20 to 30 meV, 
an effect which is known as excitation induced dephasing; and (iii) it slightly blue-shifts the 
resonance energies of the system (see, e.g., Fig. 1c in Ref. 13). These effects also influence 
the lineshape of the R∆ spectra. All these effects can be seen in Fig. 3a. It is found that the 
LP resonance is slightly blue shifted to ~ 1.73 eV and the minimum of the negative R∆ of the 
LP resonance consequently occurs at 1.76 eV. Due to the finite excitation-induced broadening, 
the UP resonance and the uncoupled exciton resonance in Fig. 3a are clearly overlapping. The 
energies of the overlapping UP and uncoupled dye resonances are thus also slightly blue 
shifted to ~ 1.81 eV. Therefore the R∆ trace at 1.76 eV in Fig. 3b probes mainly the LP reso-
nance, whereas the trace at 1.81 eV probes the overlapping UP and uncoupled dye response.
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6. Polariton dispersion relations deduced from the nonlinear optical response:

We have recorded nonlinear differential reflectivity spectra R R∆ of variety of J-
aggregate/metal hybrid nanostructures with different grating periods under experimental con-
ditions that were identical to those described in Fig. 3 of our main manuscript. In these meas-
urements, the incidence angle of the pump and probe lasers was fixed at 33°. The data were 
analyzed within the density matrix model described in Section 1 and the energies of the UP 
and LP polariton resonances were deduced. The resulting dispersion relation (Fig. S4) 
matches well with that obtained for a normal mode splitting 2NMS RωΩ =  of 90 meV. This 
conclusively confirms that the coherent oscillations seen in Fig. 3 indeed reflect coherent X-
SPP Rabi oscillations. The slight reduction in NMSΩ from 110 meV in Figs. 1 and 2 to 
90meV in Fig. S4 results from the saturation of the exciton density induced by the pump and 
probe laser pulses.

Fig. S4: LP and UP polariton resonance energies (open circles) deduced from pump-probe 
measurements on hybrid nanostructures with different grating periods. In all measurements 
the incidence angle of pump and probe pulses was fixed at 33°. The black lines represent the 
polariton dispersion obtained for a of normal mode splitting of 90 meV. The blue lines mark 
the X and SPP dispersion relations used in these simulations.

7. Effect of the probe intensity on the nonlinear optical response:
Throughout our manuscript, we argue that the dominant optical nonlinearity of investigated J-
aggregate/metal hybrid structure is a transient decrease of the Rabi splitting 

( ) ( )( )0 1 2NMS NMS Xt n tΩ = Ω − induced by the optical excitation of the system. It is important 

that exciton populations are created both by the pump and by the probe laser. Since the Rabi 
splitting depends in a nonlinear way on the exciton density, this induces a nonlinear mecha-
nism which – as our experiments indicate – governs the nonlinear response of the coupled 
system. A Taylor series expansion shows that, to first order, the optically incuded change in 
Rabi splitting depends linearly on both the pump and probe intensities.
To confirm this assignment, we have carefully studied the effect of the ratio between pump 
and probe intensities on the differential reflectivity measurements both experimentally and 
theoretically. Fig. S5 shows differential reflectivity traces at the LP resonance recorded on a 
sample with a grating period of 0 430a = nm and at an incidence angle of 34°. Here, X and 
SPP resonances are spectrally detuned by 50 meV and the LP resonance is probed at 1.70 eV. 
The measurements have been performed for a fixed pump fluence of 30 µJ/cm2 and for probe 
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fluences of 6 and 30 µJ/cm2, respectively. Within the signal-to-noise ratio, the variation in 
probe power does not affect the contrast, phase or period of the oscillations. 

Fig. S5. Differential reflectivity traces at the LP resonance (1.70 eV) for a sample with a grat-
ing period period of 430 nm and recorded at an incidence 34°. The pump fluence is kept con-
stant at 30 µJ/cm2 while the probe power is set to 30 µJ/cm2 (red curve) and 6 µJ/cm2, respec-
tively. The curves are vertically shifted for clarity.

Fig. S6. Bloch equation simulations of the differential reflectivity spectra ( ),prR ω τ∆ shown 
in Fig. 2a. The simulation parameters are identical to those in Fig. 2d, apart from a variation 
of the ratio between pump and probe fluences (between 100:1 in (a) and to 1:1 in (b)) and a 
reduction of the fraction of uncoupled excitons. c, Differential reflectivity spectra 

( ), 0prR ω τ∆ = at a fixed time delay of 0 fs, varying the ratio between probe and pump 

fluence from 1:100 to 1:1. d, Cross sections ( ),prR ω τ∆ at a fixed probe energy of  1.64 eV 
(LP resonance) as a function of the time delay between pump and probe pulses recorded for 
the same ratios of pump and probe fluences. The curves are vertically shifted for clarity.
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Bloch equation simulations of the data presented in Fig. 2 for different ratios of pump and 
probe fluence are shown in Fig. S6. The simulation parameters are those that have been taken 
to obtain the results presented in Fig. 2d, only the ratio between probe and pump fluence is 
varied between 1:100 and 1:1 and the fraction of uncoupled excitons has been reduced. Evi-
dently, the variation in probe fluence has a slight influence on the lineshape of the differential 
reflectivity spectra while the contrast, phase and period of the oscillations remain unaffected. 
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