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Plasmon mediated coherent population
oscillations in molecular aggregates

Daniel Timmer 1,8, Moritz Gittinger 1,8, Thomas Quenzel1, Sven Stephan1,6,
Yu Zhang 2, Marvin F. Schumacher 3, Arne Lützen 3, Martin Silies1,6,
Sergei Tretiak 2, Jin-Hui Zhong 1,7, Antonietta De Sio 1,4 &
Christoph Lienau 1,4,5

The strong coherent coupling of quantum emitters to vacuum fluctuations of
the light field offers opportunities for manipulating the optical and transport
properties of nanomaterials, with potential applications ranging from ultra-
sensitive all-optical switching to creating polariton condensates. Often, ubi-
quitous decoherence processes at ambient conditions limit these couplings to
such short time scales that the quantum dynamics of the interacting system
remains elusive. Prominent examples are strongly coupled exciton-plasmon
systems, which, so far, have mostly been investigated by linear optical spec-
troscopy. Here, we use ultrafast two-dimensional electronic spectroscopy to
probe the quantum dynamics of J-aggregate excitons collectively coupled to
the spatially structured plasmonic fields of a gold nanoslit array. We observe
rich coherent Rabi oscillation dynamics reflecting a plasmon-driven coherent
exciton population transfer over mesoscopic distances at room temperature.
This opens up new opportunities to manipulate the coherent transport of
matter excitations by coupling to vacuum fields.

The strong coupling of quantum emitters to light1,2 emerges as a cri-
tical instrument for directing the optical3,4 and electronic transport5–8

properties of nanomaterials by all-optical means3. These phenomena
canbe exploited tomodify the outcome of photochemical reactions in
the electronic ground9 and excited states7,10–12, for creating new and
unusual states of condensed matter systems such as polariton
condensates13 at room temperature14 or for designing entirely new
optical device concepts such as polaritonic lasers15 operating at room
temperature16. In particular the strong coupling of quantum emitters
to surface plasmon excitations in metallic nanostructures17–20 has
caught much attention since the strong nanometer-scale spatial con-
finement of the plasmonic mode21–24 offers a direct path for locally
enhancing vacuum field fluctuations25 and—thus—the coupling to

quantummatter. Remarkably, it has led to the demonstration of strong
coupling to a single molecule26 or quantum dot19,27, fundamental hall-
marks of quantum plasmonics28.

Optical excitations inmetallic nanostructures are inherently short
lived due to substantial Ohmic and radiative losses22. Consequently,
quantum coherence inmetal-based hybrid systems is usually lost after
a few tens to hundreds of femtoseconds21. This has, so far, limited
experimental work to mostly linear optical studies, either on ensem-
bles or single quantum structures. Advanced two-dimensional coher-
ent electronic spectroscopies (2DES)29 have emerged as powerful tools
for probing quantum-coherent couplings in the time domain30–32 even
in strongly dephasing media33,34 and particularly for accessing many-
body excitations35–38 in quantum systems. However, these techniques
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are yet to be applied to hybrid plasmonic systems in the strong cou-
pling regime. In 2DES, the excitation with a pair of phase-locked, short
optical pulses allows for the selective excitation of different reso-
nances in the system. A third, time-delayed probe pulse generates two-
dimensional energy-energymaps of the optical response that correlate
the optically excited and detected resonances. Distinct cross peaks in
these maps, oscillating as a function of the time delay between exci-
tation pair and optical probe, are unambiguous signatures of strong,
quantum-coherent couplings in the hybrid systems.

Here, we demonstrate such temporally oscillating cross peaks in
the 2DES spectra of a model molecular aggregate system revealing
collective strong coupling between excitons and surface plasmon
polaritons. Our results show that these oscillations are dominated by a
robust coherent population transfer between spatially separated
strongly and weakly coupled excitons in different regions of the
nanostructure, mediated by the plasmonic field. This suggests light-
driven coherent transport of matter excitations in nanosystems over
mesoscopic distances at ambient conditions.

Results and discussion
To probe strong couplings between excitons and plasmons, we per-
formed angle-resolved 2DES on a hybrid plasmonic cavity, a gold
nanoslit array covered with a J-aggregated thin film (Fig. 1a). This
molecular aggregate is based on squaraine monomers (ProSQ-C16,
inset in Fig. 1b). Their electronic properties are reasonably well
described within phenomenological essential state models39, showing
that only the lowest-lying electronically excited state is relevant for
the present work. When deposited on gold, they form well-ordered

J-aggregated thin films40,41. Dipolar coupling among neighboring
molecules results in a delocalization of the optical excitation across
~20–30 monomers at room temperature and in the formation of
strongly red-shifted and spectrally narrow superradiant exciton jX〉
resonances at around 1.59 eV41 (Fig. 1b). In 2DES, this results in a
spectrally sharp and well isolated exciton peak with a dispersive line
shape along the detection axis (Fig. 1c). Such 2DES maps are recorded
by exciting the sample with a pair of collinear pump pulses with time
delay τ andbyprobing thepump-induced change in sample reflectivity
with a broadband probe pulse that is delayed by a waiting time T with
respect to the second pump. Fourier transform of the resulting dif-
ferential reflectivity spectra recorded for various τ, at fixedT , results in
the 2DES map in Fig. 1c (see Methods). In the following, we label the
peaks in these maps as (ex,det), where ex and det denote the excited
anddetected resonances, respectively. The dispersive line shape arises
from a superposition of three contributions: ground state bleaching
(GSB) and stimulated emission (SE) of the one-quantum jX〉 resonance
overlapwith an excited state absorption (ESA) from jX〉 to two-exciton,
jXX〉, states. In J-aggregates, the two-quantum jXX〉 resonances are
blue-shifted (ΔE) since Pauli-blocking in each monomer dictates that
the lowest-lying delocalized exciton state in every aggregate can be
populated only once42. Slight line broadenings result fromhigher-lying
aggregated exciton states. Exciton relaxation within the disordered
aggregates leads to a partial decay of the jX〉 peak on a 100-fs time
scale (Fig. 1d).

Wedeposit such J-aggregated thin films,with a thicknessof 10 nm,
onto a plasmonic nanoslit array, milled into a 200-nm thick gold film.
The nanoslits form a cavity that locally confines optical near fields and
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Fig. 1 | Strong coupling of a gold (Au) nanoslit array coated with a squaraine-
based J-aggregated thin film (ProSQ-C16, SQ). a Experimental geometry. The
nanoslit sample is illuminated with a phase-locked pair of pump pulses, separated
by the coherence time τ at incidence angle θ. The pump-induced change in sample
reflectivity is monitored by a probe pulse with the same incidence angle and time-
delayed by the waiting time T. b Linear reflectivity of a 10-nm J-aggregated film of
ProSQ-C16 squarainemolecules (inset) on a gold surface. c Experimental, reflective
two-dimensional electronic (2DES) spectrum of the film on a flat gold surface at
T =0 fs. Bottom: Cross section along the detection energy for excitation at 1.591 eV

showing the characteristic dispersive line shape of the J-aggregate exciton. Inset:
One-quantum ( Xj i) and two-quantum ( XXj i) excitations contributing to the 2DES
exciton peak. dWaiting time dynamics at the maximum (red) and minimum (blue)
of the 2DES exciton peak, showing incoherent relaxation dynamics on a 100-fs time
scale. e Angle-resolved linear reflectivity spectra reveal the dispersion relations of
upper (UP) and lower (LP) polaritons together with an angle-independent peak of
“uncoupled” excitons (X). f Finite-difference time domain (FDTD) simulation of the
angle-resolved reflectivity.
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strongly enhances their coupling to the in-plane component of the
exciton dipole moment (Fig. S11). Width, height (45 nm) and period
(530 nm) of the array are chosen to create sharp surface plasmon
polariton (SPP) resonances of the grating with an energy that can be
tuned across the exciton resonance by varying the incidence angle θ
(Fig. S1a). Angle-resolved linear reflectivity spectra (Fig. 1e) show that
the collective dipolar coupling between excitons and SPPs results in
the formation of mixed upper (UP) and lower (LP) polariton branches.
From the avoided crossing, we deduce a normal mode splitting of
~60meV, twice the Rabi energy _ΩR. The polariton branches are
superimposed by an angle-independent exciton peak. It is commonly
thought to arise from “uncoupled” excitons which are only weakly
interacting with the SPP field, e.g., because they lie in regions outside
the slits with much reduced local field enhancement21,43,44. This inter-
pretation of the linear spectra is well supported by finite difference
time domain (FDTD) simulations of Maxwell’s equations (Fig. 1f
and S1b).

Most of these resonances also appear in angle-dependent 2DES
spectra recorded at T =0 fs (Fig. 2a–c and Fig. S3). Along their diag-
onal, we observe strong (LP,LP) and (X,X) peaks with dispersive line
shapes along Edet . In contrast, the (UP,UP) peak is much weaker and
appears only at angles below the crossing at θc =23

�. In addition, we
find pronounced cross peaks between LP and X, both below and above
the diagonal. Their dispersive line shapes are best seen for θ=27� in
Fig. 2c. Cross peaks between UP and both, LP and X, are much weaker
in amplitude and are only resolved for θ<θc. While (X,UP) and (UP,X)
have dispersive line shapes, the other weak UP peaks appear absorp-
tive in shape. Resonance energies and spectral line shapes deduced
from 2DES are supported by angle-resolved pump-probe measure-
ments, shown in Fig. S5. The quite pronounced cross peaks between
“uncoupled” excitons and polaritons are unexpected since the
uncoupled excitons are thought to be spatiallywell separated and thus
essentially uncorrelated with those excitons that are hybridized with
the SPP field. Hence, it is not obvious that their excitation should result
in a polariton nonlinearity.

The observation of dispersive line shapes for both diagonal and
cross peaks now allows us to correlate one-quantum (1Q) resonances,
characterized by a positive GSB and SE peak, and two-quantum (2Q)
resonances with a negative ESA signal41,45. We deduce 1Q energies from
peak maxima along Eex , while 2Q energies are taken as the zero
crossing of a dispersive peak along Edet . The resulting energies are

plotted in Fig. 2d as open circles, togetherwith the 1Q dispersion (solid
lines) deduced from angle-resolved reflectivity. In addition, the 2Q
dispersions are estimated by adding the energies of the contributing
1Q states without further corrections. Obviously, the 1Q energies
obtained from 2DES match those deduced from linear spectroscopy,
while the 2Q dispersions show several new features. Since the experi-
ment probes the collective coupling of many excitons to a single
plasmonic mode, we expect, from a commonly employed Tavis
Cummings (TC) model, to observe three distinct 2Q states35,45. The
model predicts doubly excited 2LP and2UPpolaritons and amixedUP/
LP state, while all other states remain optically inactive (“dark”)45.
Indeed, these resonances have been seen in the 2Q dispersions mea-
sured for semiconductor microcavities35 and a TC model has recently
also been used to discuss organic microcavity polaritons45. As a result
of the fermionic nonlinearity induced by the exciton part of the
wavefunction, the energies of the 2Q states are slightly blue-shifted
with respect to twice the 1Q transition. Thisblue shift is proportional to
the two-exciton fraction of the 2Q wavefunction35,45. Since the doubly
excited X state is uncoupled from the plasmon branch, an angle-
independent XX contribution is expected (Fig. 2).

In the experiments, the 2LP resonances are clearly resolved, while
2UP andUP/LP are apparently lacking. Themixed resonances (gray and
black circles) follow the UP/X and LP/X dispersions with a distinct
avoided crossing at θc. The appearance of those resonances goes
beyond the TC model and requires further discussion.

Before that, however, we inspect the waiting timedynamics of the
2DES spectra. This is exemplarily done in Fig. 3a for θ=27�. Indeed, we
observe pronounced coherent oscillations of the amplitude on all
diagonal and cross peaks in the 2DES map, except for the (X,X) peak.
We will argue below that the oscillatory waiting time dynamics of the
2DES peaks provides crucial new information about coherent cou-
plings in exciton-plasmon systems that has not been obtained from
one-dimensional pump-probe spectroscopy, as previously reportedby
some of the present authors21. Interestingly, for θ=27� (Fig. 3a), the
oscillation period TX =2π=ðωX � ωLPÞ matches the splitting between
the X and LP resonances. Coherent oscillations with the same period
are also observed in pump-probe spectra (Fig. 3e, Fig. S5). The tradi-
tional understanding of strong X-SPP coupling would, instead, predict
Rabi oscillations with a period TR =2π=ðωUP � ωLPÞ given by the nor-
mal mode splitting of the polaritons1,21,22,46. Angle-dependent pump-
probe transients, detected at the LP resonance (Fig. 3e and Fig. S5),
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Fig. 2 | Experimental 2DES maps of the J-aggregate-nanoslit array for selected
incidence angles at waiting time T=0 fs. Insets: Cross sections at selected exci-
tation and detection energies. a 2DESmap for θ= 18� displaying diagonal and cross
peaks at the LP (1.571 eV) and UP (1.70 eV) energies. In addition to the dispersive
“uncoupled” X peak (1.593 eV), cross peaks between both polaritons and the X
transition are observed. The deduced resonance energies are marked as dashed
lines.bThe samegeneral features are also seenatθ= 21�. The resonanceenergies of
the polariton peaks are shifted according to their dispersion relation. c For θ= 27�,

the detuning between LP and X is sufficiently large to resolve the dispersive line
shape of all four diagonal and cross peaks of LP and X. At this angle, the intensities
of the UP-related peaks are too weak to be seen. d Dispersion relation of one-
quantum (1Q) and two-quantum (2Q) excitations, as deduced from 2DES maps
(open circles). The 1Q energiesmatchwell the linear dispersion relation fromFig. 1e
(solid lines). 2Qexcitationsof lower polaritons (2LP) and “uncoupled” excitons (XX)
are extracted togetherwithmixed LP/X andUP/Xpeaks,while 2UP andUP/LPpeaks
are lacking.
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again revealTX oscillationswith a period thatdecreasesmonotonically
with increasing angle. For θ≥ 21�, also the 2DES maps show persistent
amplitude oscillations, except for (X,X) (Fig. S4). These oscillations
appear predominantly with a period given by the X-LP splitting, as
can be seen by comparing the measured oscillation periods (blue
squares in Fig. 3f) to those predicted by the linear dispersion (blue
line). Only at one selected angle, close to the crossing, we find an
oscillation at the anticipated UP-LP splitting (red circle in Fig. 3f and
Fig. S19). To explain these observations, we first introduce a phe-
nomenological extension of the TC model that takes the spatial char-
acteristicsof our sample into account. For this,weconsider two classes
of spatially separated J-aggregated excitons. Excitons in the slit region,
XS, collectively interactwith the plasmonfieldwith a coupling strength
VS. In contrast, those excitons, XW , that lie between the slits, on the flat
gold film, interact with VW . Both plasmons and excitons are treated as
bosonic oscillators35. A nonlinearity of the systemarises by introducing
a finite blue-shift ΔE of both two-exciton states (Fig. S15). Using this
model, 2DES spectra are simulated by solving the Lindblad master
equation for the density matrix of the coupled system. As can be seen
in Fig. 3b, d, the model quantitatively accounts for our experimental
observations. Specifically, the simulations show dispersive peaks with
pronounced amplitude oscillations at the period TX , given by the X-LP
splitting, while Rabi oscillations at TR are much weaker in amplitude.
As in the experiment, the oscillations are basically absent at (X,X).

Reasonable agreement between experiment and simulation is

achieved when choosing VS ’ 3VW , with _ΩR =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2

S +V
2
W

q
, and μP ’

μW ’ 3μS (see Section 9 of the Supplementary Information).

To rationalize the microscopic dynamical processes that give rise
to these transient 2DES spectra we further invoke an elementary
Frenkel exciton model41,42. We consider a disordered chain of squar-
aine molecules, each treated as a fermionic two-level system. Neigh-
boring molecules are dipole-coupled via their optical near fields and
interactwith theplasmonicmode that is delocalized along the chain. In
agreement with FDTD simulations of our sample (Figs. S6–S12), we
consider a spatially inhomogeneous plasmon field with a local field in
the slit region that is ten times larger than in the region between the
slits (Fig. 4a). In the absence of the plasmonfield (Fig. S13), the nearest-
neighbor coupling results in the formation of few superradiant, mod-
erately localized J-aggregated excitons, strongly red-shifted in energy
and extending over ~25 molecules, together with a large number of
dark excitons. Between the slits, the wavefunctions of these localized
excitons (X) remain basically unchanged in the presence of the cou-
pling to the plasmonmode – except for aminor admixture of excitons
inside the slits. The plasmon contribution to their wavefunction is
small. In contrast, the superradiant excitons inside the slits couple
strongly to the plasmonic mode, resulting in a LP mode carrying
substantial contributions from XS and P and much weaker

Fig. 3 | 2DES dynamics revealing polariton Rabi oscillations. a Experimental
2DES map at T =0 fs and θ= 27�. b Simulation of the 2DES map using the effective
coupling Hamiltonian introduced in the main text. As in the experiment, diagonal
and cross peaks with dispersive line shape involving the LP and X transitions
appear, while theUP-related peaks are tooweak. cThewaiting timedynamicsof the
(LP,LP) diagonal and (LP,X) / (X,LP) cross peak reveal pronounced Rabi oscillations
with a period matching the peak splitting while such oscillations are lacking at the
(X,X) diagonal. The dynamics detected on the positive and negative sides of the
dispersive peaks are displayed in the upper and lower panels, respectively.

d Simulations of the waiting time dynamics for all peaks shown in (c). e Angle-
resolved pump-probe dynamics detected at the positive peak of the dispersive LP
resonance. f Rabi oscillations periods 2π_=ΔE (filled symbols) extracted from the
2DES waiting time dynamics for different incidence angles. UP-LP oscillations (red
circle) are only resolved at θ= 21�, near the crossing angle. All other periods (blue
squares) match the X-LP splitting. The 2DES peak splittings (green triangles) follow
the energy differences ΔE between the corresponding UP, LP and X transitions, as
deduced from the linear dispersion in Fig. 1e (open circles and lines).
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contributions from all XW . For LP, all wavefunctions interfere con-
structively while for the X states, the contributions from XS and XW

interfere destructively. The resulting linear optical absorption (Fig. 4b)
shows strong contributions from the energetically isolated LP state,
while the X peak is inhomogeneously broadened. The UP absorption is
much weaker since, in our sample, the dipole moment of P (µP) and of
the sum of all excitons (µW and µS) are of similar magnitude. Hence,
their emission interferes destructively for the UP peak.

We now discuss the dynamics of the coupled X-SPP system. For
this, we impulsively excite all optical resonances with a spatially
homogeneous laser field and follow the spatiotemporal evolution of
the excited state populations within the chain of squaraine monomers
and in theplasmonmode. Theplasmonmode shows the expectedRabi
oscillations with TR. Out-of-phase oscillations at TR are most pro-
nounced for the slit excitons XS. They are superimposed, however,
with slower oscillations of the XS population with a period TX . While
these slower oscillations are completely absent in the plasmon
dynamics, they reappear, phase-shifted by π, for those excitons, XW ,
that are localized between the slits. These two distinct types of
population oscillations aremost clearly seenwhen spatially integrating
over the localized exciton populations XS and XW (Fig. 4c). Now, the
Rabi oscillations on P are perfectly matched by out-of-phase oscilla-
tions of the total population of all excitons,XS +XW (red line in Fig. 4c).
The plasmon-mediated coherent population oscillations (CPO)
between XS and XW are only seen in the individual exciton subsystems,

while they are absent in the net exciton population. These model cal-
culations suggest that the dipolar coupling to the plasmon induces
spatial oscillations in the excitondensity, fromoutside the slits into the
slit region and back. These oscillations appear at the period TX , given
by the energy splitting between X and LP. They clearly dominate the
excitondynamics in the regionbetween the slits. Here, the effect of the
“traditional” Rabi oscillations with periodTR is weak due to the small
local plasmon field amplitude. These conclusions still hold when
choosing a more realistic SPP field distribution (Fig. S14) in the simu-
lations. Even when including spatial inhomogeneities both inside and
outside the slits, we still observe two distinct classes of Rabi
oscillations.

These conclusions are largely corroborated by Fourier transforms
of the population dynamics (Fig. 4d). They emphasize the presence of
fast Rabi oscillations with TR and absence of TX oscillations in the
dynamics of the plasmons and of the total exciton population,
XS +XW , (blue and red line), respectively. In contrast, the slower
oscillations with TX between the two distinct classes of excitons
become apparent when examining the individual exciton dynamics.
These Frenkel exciton simulations form a convincing microscopic
basis for the phenomenological extension of the TCmodel introduced
above. Essentially, we can explain the suppression of “traditional”
exciton-plasmon Rabi oscillations (TR) and the emergence of CPOs
with a longer period TX in the waiting timedynamics of the 2DESmaps
by considering two spatially distinct classes of localized J-aggregated
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excitons. The monomers are coupled to a delocalized plasmonic mode with a
spatially inhomogeneous coupling strength VXP that decreases in amplitude from
5.0meV for excitons (XS) inside the narrow slit region to 0.5meV for those (XW )
outside the slits. This leads to the absorption spectrum in (b) displaying a single,
delocalized LP mode and several disordered UP transitions together with an
“uncoupled” exciton peak X. Excitons and plasmonmode (P) are resonantly excited
by a 5-fs pulse. After excitation, the population of P displays oscillations at a period

TR = 2π_=ðEUP � ELP Þ, given by the UP-LP splitting. Out-of-phase UP-LP oscillations
are seen for the slit excitons. These are superimposed by slower oscillations at
TX = 2π_=ðEX � ELP Þ. These reflect CPOs from outside the slits into the slit region
andback, as illustratedby the arrows (a). cPopulationdynamics of theXS,XW andP
states after impulsive excitation, displaying oscillations atTR andTX . CPOs are seen
on both, XS and XW , but are fully absent for P and XS +XW . Dynamics for the
effective Hamiltonian are shown as dashed lines. d Fourier transform of the
populations displaying CPOs at TX , Rabi oscillations at TR, and weaker oscillations
at TU = 2π_=ðEUP � EX Þ.
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excitons that are mutually coupled to a spatially structured plasmonic
mode. This model convincingly accounts for the rich spectral and
dynamic features in all angle-dependent 2DESmaps.Most importantly,
it explains how a spatially delocalized plasmon mode induces a
coherent real-space energy transport between spatially separated
exciton sites that persists during the coherence time of the strongly
coupled system. This maps the complex real space dynamics of a
nanostructured system of molecular excitons and plasmons onto an
effective three-level system, in which twoof the levels, XS, the excitons
inside the slits, and XW , the excitons between the slits, are both cou-
pled to a third state, the plasmon. The collective coupling strength of
the excitons inside the slits is roughly three times larger than that for
those outside the slits. This spatially structured coupling gives rise to
CPOs between two of these states without affecting the dynamics of
the third. Previously, such CPOs have been discussed in atomic and
molecular three-level systems in the context of slow light generation47

and light storage48. Here, we report CPOs in a prototypical all-solid 3-
level-system at room temperature and demonstrate how they enable
an efficient coherent transport of excitons over mesoscopic distances,
from regions outside to inside the slits andback. Atomic andmolecular
3-level and 4-level systems offer exciting resources for quantum state
manipulation and information processing. The reduction in the speed
of light by electromagnetically induced transparency49, the coherent
trapping of population in optically dark states by stimulated Raman
adiabatic passage50 or lasing without inversion51 are among the mani-
festations of the control of optical information that can be achieved.
We therefore anticipate that the demonstration of related coherent
phenomena in all-solid-state systems will open up new avenues
towards optical information processing in strongly coupled exciton-
plasmon systems. Our results show that strongly coupled exciton-
plasmon systems offer exciting new prospects for manipulating
coherent quantum transport by light. To leverage these opportunities,
direct spatial and temporal visualization of the exciton transport
dynamics will be an important next step. Advanced experimental
techniques such as ultrafast photoemission electron microscopy,
scanning near-field optical microscopy or 2DES microscopy may, in
principle, provide the necessary spatio-temporal resolution. Such
experiments may give much new insight into coherent quantum
transport phenomena on mesoscopic length scales.

Methods
Sample preparation
A polycrystalline 200-nm gold film was deposited on a fused silica
substrate and subsequently annealed52,53. Nanoslit arrays (80 × 50 µm²)
with a grating period of 530 nm and a slit depth and width of 45 nm
were fabricated using focused Ga ion beam milling (Helios NanoLab
600i, FEI). The nanostructured sample was coated with a 10-nm thick
J-aggregate thinfilm by spin-coating a solution of squarainemolecules,
dissolved in chloroform, following the procedure reported
previously41. The squaraine molecules, abbreviated as ProSQ-C16, are
(S,S)-enantiomers of 2,4-Bis[4-((S))−2-(hexadecyloxymethyl)-pyrroli-
done-2,6-dihydroxyphenyl] andhavebeen synthesized asdescribedby
Schulz et al.40,54. Angle-dependent linear optical characterizationof the
fabricated samples have been performed using a supercontinuum
white light source (SC400-4, Fianium) that was focused onto the
structured area under an angle θ with a polarization perpendicular to
the slit orientation (as depicted in Fig. 1a). The reflected light was
measured with a fiber spectrometer (FLAME, OceanOptics) and nor-
malized to the reflection from bare gold.

Experimental 2DES setup
Angle-dependent pump-probe and 2DES data were recorded with a
home-built high-repetition rate setup which allows for rapid data
acquisition, resulting in a high signal-to-noise ratio of the measured
data within short measurement times. To this aim we employ a

high-repetition rate laser system (Tangerine V2, Amplitude Systèms),
delivering 260-fs pulses (full width at half maximum of the pulse
intensity), centered around 1030 nm, at a repetition rate of 175 kHz. A
fraction of the 60 µJ pulse energy is used to pump a home-built non-
collinear optical parametric amplifier (NOPA), previously described in
Ref. 41 and based on a design published in Ref. 55. The NOPA outputs
650–900nm pulses with a measured pulse duration of ~12 fs, as
characterized using second harmonic frequency resolved optical gat-
ing (Fig. S2). The NOPA pulses are used in a home-built 2DES setup,
also previously reported in Ref. 41. A phase-stable and collinear pump-
pulse pair with variable delay τ (coherence time) is generated by an
interferometer based on birefringent wedges (Translating Wedge-
based Identical pulse eNcoding System, TWINS56). The pump pulses
are periodically switched on and off at 43.75 kHz by a mechanical
chopper system (MC2000B, Thorlabs) equipped with a custom-made
blade (500 slots). The vertically aligned and p-polarized pump and
probe beams are focused onto the sample to a spot size of
~60 × 60 µm² under the same angle of incidence θ and with a small
angle mismatch in the orthogonal direction (see Fig. 1a). The sample is
mounted on a rotation stage and the axis of rotation is tuned to
coincide with the location of the nanostructured sample to allow for
conveniently and accurately tuning θ for both pump and probe in the
angle-dependent 2DES and pump-probe experiments. The reflected
probe beam is then collected and sent to a monochromator (Acton
SP2150i, Princeton Instruments) with an attached fast line camera
(Aviiva EM4, e2v) allowing to rapidly record probe spectra S at an
acquisition rate of 87.5 kHz (i.e., at half the laser repetition rate) as a
function of the detection energy Edet . We thus record a differential
reflectivity spectrum ΔR=R from a set of 4 laser shots by taking the
difference between spectra with (Son) and without (Sof f ) pump

ΔR
R

τ,T ,Edet

� �
=
Son τ,T ,Edet

� �� Sof f ðEdetÞ
Sof f ðEdetÞ

ð1Þ

Here, the waiting time T denotes the delay between the second pump
and the probe pulse. This delay is controlled using a motorized linear
translation stage (M126.DG1, Physik Instrumente). For the 2DES mea-
surements, at each waiting time T , the coherence time is scanned and
differential spectra are recorded on the fly, whereas for the pump-
probe experiments, we fix the coherence time to τ =0 fs and scan only
the waiting time T .

To calculate absorptive 2DES maps57

A2D Eex ,T ,Edet

� �
=<

Z 1

�1
Θ τð ÞΔR

R
τ,T ,Edet

� �
eiEexτ=_dτ

� �
ð2Þ

a Fourier transform of the differential reflectivity is performed along
the coherence time to obtain the 2DES spectra as a function of the
excitation energy axis Eex (_ Planck’s reduced constant,Θ τð Þ Heaviside
step function).

Frenkel exciton simulations
Wemodel the coupling of the molecular J-aggregate with the plasmon
mode by performing qualitative microscopic simulations based on a
disordered Frenkel exciton model. We choose N =300 squaraine
monomer states at ESQ = 1:923eV with Gaussian disorder in site energy
of σ = 15:4meV41. We set the monomer transition dipole moment
to μSQ = 1=

ffiffiffiffi
N

p
.

The plasmon mode is introduced as a single state Pj i with
energy EP and transition dipole moment μP . The Frenkel exciton
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Hamiltonian reads

ĤF = EP Pj i Ph j+
XN
n= 1

En nj i nh j+VXP,nð nj i Ph j+ Pj i nh jÞ� �
+

XN
n,m= 1

Jnm nj i mh j

ð3Þ

where VXP,n = � μSQ � ESPP,n denotes a local exciton plasmon coupling
between themonomer state nj i at site n and the plasmon field ESPP,n at
the same site. We choose a dipolar coupling between monomer states
of J = � 166meV, and limit this coupling to nearest neighbors by set-
ting Jn,m = Jδn,m± 1. Periodic boundary conditions are applied. For
VXP,n =0, Eq. (3) thus describes a superradiant J-aggregate exciton
state with EX = 1:59 eV determined by the nearest-neighbor coupling
between the monomers (Fig. S13b)41,42.

We choose the local X-P couplings VXP,n to be proportional to the
amplitude of the plasmon field at each monomer site n. We assume
that the local coupling is governed by the in-plane components of the
local SPP field. To account for the spatial profile of the SPP field the X-P
coupling is divided into two regions:VS,n for the strong coupling inside
the slits and VW ,n for a weaker coupling in the region in-between two
slits. VS,n and VW ,n are taken as constant and real-valued parameters.
The number of monomers in the two regions are NS and NW ,
respectively.

For rationalizing the results of this Frenkel exciton model, we
introduce an effective Hamiltonian

Ĥred = EP jPihPj+ EXS
jXSihXSj+ EXW

jXW ihXW j
+VSðjXSihPj+ jPihXSjÞ+VW ðjXW ihPj+ jPihXW jÞ

ð4Þ

comprising four states 0j i, Pj i, XS

�� �
and XW

�� �
, where XS

�� �
and XW

�� �
indicate strongly coupled (inside the slits) and weakly coupled exci-
tons (in between two slits), respectively. The ground state energy of
the system is set to zero. The exciton energies are approximated as
EXS

= EXW
= ESQ � 2J. The collective transition dipole moments and

coupling strengths can be calculated as μXS
=

ffiffiffiffiffiffi
Ns

p
μSQ and

μXW
=

ffiffiffiffiffiffiffiffi
NW

p
μSQ for the transition dipole moments, and VS =

ffiffiffiffiffiffi
NS

p
VS,n

and VW =
ffiffiffiffiffiffiffiffi
NW

p
VW ,n for the coupling strengths.

We simulate the dynamics following optical excitation by
numerically integrating the master equation in Lindblad form57,58

_̂ρ= � i
_

Ĥ,ρ̂
h i

+
1
2

X
k

2L̂k ρ̂L̂
y
k � L̂

y
kL̂k ρ̂� ρ̂L̂

y
k L̂k

	 

ð5Þ

Ĥ = ĤS + ĤintðtÞ describes the free evolution of the system via ĤS

and its light-matter interaction is governed by the time-dependent
interaction Hamiltonian

Ĥint tð Þ= � μ̂E tð Þ ð6Þ

which accounts for optical excitation of the systemby an external light
field in dipole approximation. μ̂ denotes the transition dipole moment
operator of the system. We assume a short and sufficiently weak 5-fs
pulse at 1.6 eV. Dephasing and relaxation processes are incorporated
through appropriate Lindblad operators L̂k

58,59. For more details see
Supplementary Information section 8.

Simulation of nonlinear signals
To simulate the experimental pump-probe and 2DES maps, we com-
pute the full dynamics of the density matrix ρ̂ considering a series of
interactions with up to three laser pulses. This allows us to calculate
the sample polarization P tð Þ=Tr μ̂ρ̂ tð Þ� �

and the resulting optical
spectra39.

For the numerical integration of the master equation in Lindblad
form, Eq. (5), weuse a non-perturbative approach58,59. The total electric

field, entering the interaction Hamiltonian in Eq. (6),

E tð Þ=
X

n=pu1,
pu2,pr

E0,ne
�2ln2

t�t0n
Δt

� �2

cos ωL t � t0n
� �

+ϕn

� �
ð7Þ

comprises of up to three laser pulses (pump 1, pump 2 and probe) with
amplitude E0,n, pulse duration Δt = 10 fs, frequency ωL = 1:6eV=_,
phase ϕn for phase cycling and a time shift t0n. We label the delay
between the pump pulses as the coherence time τ = t0pu2 � t0pu1 and the
delay between the second pump pulse and the probe pulse as the
waiting time T = t0pr � t0pu2. A detection time t of zero corresponds to
the arrival time of the probe pulse. The detection time axis coincides
with the one used for the numerical integration of Eq. (5).

In the simulations, we calculate the linear polarization P 1ð ÞðtÞ
withoutpump, or a total polarizationPtotðτ,T ,tÞ, including all nonlinear
signals that arise from all possible interactionswith the three pulses39—
we then deduce linear and total susceptibilities as a function of the
detection energy Edet from these polarizations via a Fourier transform
along the detection time t

χ 1ð Þ Edet

� �
=

1
ε0

F P 1ð ÞðtÞ
	 


=F EprðtÞ
	 


ð8Þ

χtot τ,T ,Edet

� �
=

1
ε0

F Ptotðτ,T ,tÞ� �
=F EprðtÞ

	 

ð9Þ

where ε0 denotes the vacuum dielectric constant.
We employ a phase-cycling scheme in our simulations to isolate

the desired linear and nonlinear contributions to our signal. For this,
we calculate Ptot ðτ,T ,tÞ for four different phase settings of
ϕpu1 =ϕpu2 = 0, π2 ,π,

3π
2

� �
for both pump pulses, with ϕpr =0

60–62. We
then perform the average over these four settings to obtain the phase-
cycled average χtotPC τ,T ,Edet

� �
. This allows for extracting the contribu-

tions to the nonlinear signal corresponding to those that aremeasured
in the partially collinear experimental geometry. We then obtain the
nonlinear signal as

χnl τ,T ,Edet

� �
= χtotPC τ,T ,Edet

� �� χ 1ð ÞðEdetÞ ð10Þ

From this nonlinear susceptibility, we calculate the 2DESmap as a
function of the coherence time as

S2D τ,T ,Edet

� �
= I χnlðτ,T ,EdetÞ

	 

ð11Þ

Finally, energy-energy 2DES maps for a fixed waiting time T are
obtained by taking the real part of the Fourier transform along the
coherence time τ

S2D Eex ,T ,Edet

� �
=R

Z 1

�1
θ τð ÞS2D τ,T ,Edet

� �
eiEexτ=_dτ

� �
ð12Þ

yielding the excitation energy axis Eex . Setting τ =0 in the simulations
allows for calculating pump-probe spectra as a function of Edet and T .

The exciton-plasmon system is modeled based on the previously
introduced effective Hamiltonian and contains, in addition to the
ground state, not only the three one-quantum states Pj i, XS

�� �
and

XW

�� �
, but also six two-quantum states 2Pj i, P,XS

�� �
, P,XW

�� �
, XXS

�� �
,

XS,XW

�� �
and XXW

�� �
. The plasmon and exciton subsystems are each

treated as a harmonic oscillator. To account for the exciton non-
linearity, the two-exciton state is blue-shifted by ΔE = 5meV41,42.
Dipolar interactions of the strongly (VS) and weakly (VW ) coupled
excitons with the plasmon field are introduced by adding twocoupling
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Hamiltonians in rotating wave approximation, following35

ĤXW P =VW b̂
y
Pb̂XW

+ b̂
y
XW

b̂P

	 

ð13Þ

ĤXSP
=VS b̂

y
Pb̂XS

+ b̂
y
XS
b̂P

	 

ð14Þ

with b̂
y
and b̂ being the creation and annihilation operators. Radiative

damping and pure dephasing phenomena are included using the
Lindblad formalism. See Supplementary Information section 9 for
more details.

Data availability
All experimental and simulation data supporting the findings are pre-
sented in the paper and Supplementary Information in graphic form.
Source data will be provided by the corresponding authors upon
request.

Code availability
All codes are described in the paper or Supplementary Information
and will be provided by the corresponding authors upon request.
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