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Abstract

We experimentally demonstrate and theoretically study the formation of coherent

plasmon–exciton states which exhibit absorption of > 90% of the incident light (at

resonance) and cancellation of absorption. These coherent states result from the inter-

action between a material supporting an electronic excitation and a plasmonic structure

capable of (near) perfect absorption of light. We illustrate the potential implications

of these coherent states by measuring the charge separation attainable after photo–

excitation. Our study opens the prospect for realizing devices that exploit coherent

effects in applications.
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Coherent phenomena that arise from light–matter interactions result in unexpected modi-

fication of material properties. In the strong light–matter interaction limit, the excited states

of a material proximate to an optical cavity are polariton states : hybrid light–matter states

which possess properties that are different to those of the cavity and material alone.1,2 The

changes in the excited-state energetics that arise from strong coupling have led to a number

of unexpected observations, including new (ultra–fast) energy relaxation pathways,3,4 mod-

ified chemical reactivity,5,6 enhanced photo–induced electron transfer7,8 and changes to the

work function of materials;9 properties that were originally thought to be intrinsic to ma-

terial composition alone. The coherent and spatially delocalized nature of polariton states

can result in both augmented electrical conductivity,10 and in–phase light emission11 from

molecules separated by as much as a hundreds of nanometres.12 Remarkably, the coherent

nature of these interactions enable efficient energy transfer across distances that are beyond

those possible via standard mechanisms,13,14 raising the prospect of exploiting coherent light-

matter interactions to produce new mechanisms for harnessing light energy in efficient and

unconventional ways.

Efficient absorption of light is an important operational aspect for any scheme that aims

to harness radiant energy. Hybrid light–matter states result when there is reversible exchange

of energy between light and material excitations at a rate that is at least comparable to the

ones responsible for other dissipative processes. Consequently, it is counter intuitive to think

that it would be possible to engineer systems that simultaneously enable the existence of

light–matter coherent states and the conditions of critical coupling required for achieving

high (or perfect) absorption of light. Critical coupling can occur when the radiative rate of

a system is modified so that it matches the rate of its total absorptive losses. This condition

of increased radiative rates therefore seems at odds with the seemingly closed nature of the

reversible exchange of energy needed for realising hybrid light–matter states. However, near–

perfect energy feeding into these kinds of states has been achieved via interferometric control

of absorption using multiple beams of light, an approach that imposes stringent conditions
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on the relative phase of the light beams, limiting the potential deployment of this concept

into multiple areas of application.15,16

Here we show that near–perfect energy absorption by coherent light–matter states can

be realised without such complex interferometric control in a scalable system comprised of

a monolayer of gold nanoparticles in direct contact with molecular excitons, both interact-

ing with incident light and an optical resonance supported by a Fabry–Pérot (FP) cavity

(Figure 1a). The cavity modifies the radiative rate of the metal nanoparticles, leading to

a condition of (near) critical coupling, which is manifest by an absorption of > 90% of the

incident light at the resonant frequencies.

Coupled Mode Theory. As a starting point, we theoretically investigate the interac-

tions among light, a localized surface plasmon resonance and excitons. Although in principle

one should use quantum mechanics of open systems,17,18 physical insight can be obtained

through a coupled–mode theory,19,20 from which it is possible to determine the reflection

coefficient of the system, enabling a direct comparison to measured spectra. To this end, we

consider a system of two oscillators (each characterised by a resonance frequency ωp and ωx)

that interact with incident light via a single channel and, furthermore, we assume that no

transmission of light is possible (due to a mirror, Figure 1a). p and x are the amplitude of

oscillations in each, noting that these are normalised so that |p|2 and |x|2 correspond to the

energy contained in each oscillator. Both oscillators reversibly exchange energy with each

other at a rate given by Ω, and with the incident light (which carries an amount of power

|s+|2) via radiative rates γrp,x. Additionally, we consider non–radiative energy dissipation

with the rates γnrp,x. Conservation of energy20,21 requires an additional interaction mecha-

nism between both oscillators, accounted for by a rate γo =
√
γrp γ

r
x, which resembles the

Agarwal-Fano coupling terms that explains virtual emission and reabsorption of radiation

between the p and x.22 With all of these considerations in mind, the time–evolution of the
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Figure 1: Perfect absorption of light and coherent interactions (a) Schematic rep-
resentation of the interacting plasmon–exciton system described by equation (1). Incident
light (carrying |s+|2 power) interacts with two types of oscillators (each characterised by a
resonance frequency ωp,x). Both sub–systems reversibly exchange energy with each other at
a rate Ω, can radiate into outgoing waves s−, and can also experience non–radiative losses
described by the rates γnrp,x. (b) Effect of the non–radiative rate γnrx on the cancellation of ab-
sorption. The system is assumed to be operating under critical coupling and Ω = (γnrp +γnrx ).
(c) Effect of Ω on the extent of cancellation of absorption (the values in the legend are mul-
tiples of (γnrp + γnrx )). The system is assumed to be operating under critical coupling. (d) As
the radiative rate of the plasmon system is scanned, there is a coalescence of a doublet into
a single band exhibiting perfect absorption (The case is shown for ωp = ωx = ωo). (e) The
induced transparency persists even when the plasmon and exciton sub–systems are detuned
[γrx = 10−3(γnrp + γnrx )]. (f) Effect of the magnitude of γrx on the absorption at the critical
coupling condition. The values quoted in the legend are relative to (γnrp + γnrx ).
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p and x system is written:

dp

dt
= (iωp − γrp − γnrp )p+ (iΩ− γo)x+

√
2γrp s+,

dx

dt
= (iωx − γrx − γnrx )x+ (iΩ− γo)p+

√
2γrx s+.

(1)

The system of oscillators couple energy into the outgoing waves (s−): s− = −s+ +

p
√

2γrp + x
√

2γrp, which enables the definition of a complex reflection coefficient r = s−/s+,

for which a closed analytical form can be obtained (see supporting information). With

this theory, it is possible to make important predictions, including (i) the cancellation of

absorption and (ii) the occurrence of perfect absorption, as we now discuss.

There is a frequency ωt at which absorption vanishes (i.e. r = 1, Figure 1b) and it is

given as a radiative–rate–weighted average of the resonant oscillation frequencies:

ωt =
γrpωx + γrxωp − 2Ω

√
γrxγ

r
p

γrx + γrp
.

In other words, in the absence of non–radiative losses, a coherent interaction between

both oscillators, controlled by their radiative rates, results in the cancellation of absorp-

tion. This is a classical analogue of electromagnetically induced transparency,23 which has

been experimentally demonstrated with whispering gallery mode resonators,24 metamateri-

als/metasurfaces,25,26 plasmonic27 and plasmon–exciton systems.28 The extent of the can-

cellation of absorption decreases as the non–radiative rate of the exciton system increases

(Figure 1b), and the spectral lineshape around this decreased absorption point depends on

the value of the coupling strength Ω (Figure 1c). The effect can be seen to disappear for

vanishingly small values of Ω (Figure 1c).

There are two set of circumstances under which the model results in closed analytical

conditions for perfect absorption (i.e. r = 0). In the limit where both oscillators have

identical resonance frequencies (ωp = ωx), and the radiative rate of one of the oscillators is

vanishingly small (i.e. γrx ∼ 0, making it a “dark” oscillator), perfect absorption can occur
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at a single spectral band centred at ωo when the radiative rate γrp = Ω2/γnrx + γnrp . Secondly,

it can also take place at two bands ω± which are separated in energy by an amount:

ω+ − ω− = 2
√

Ω2 − (γnrx )2, (2)

whenever the radiative rate matches the total non–radiative dissipation rate of the system:

γrp = γnrp + γnrx , (3)

corresponding to a critical coupling condition (details in the supporting information). In

order to observe two distinct absorption bands, both oscillators need to exchange energy

faster that the dissipation rate of the “darker” oscillator: Ω > γnrx , and clearly, the condition

on the radiative rate γrp is independent to the one on the coupling constant Ω, indicating that

it is possible to achieve perfect absorption into the coherently coupled states with resonant

frequencies ω±.

Perfect absorption is illustrated in Figure 1d, where it can be observed that as the

radiative rate γrp increases, the system enters into critical coupling resulting in two spectral

bands with perfect absorption (i.e. 1 − |r|2 = 1). As the rate γrp is increased further, these

two absorption bands coalesce into a single band, in a way that is akin to what is observed

for systems exhibiting resonant exceptional points.29

Away from the resonance condition ωp = ωx, it is still possible to observe high values

of absorption into spectral doublets (Figure 1e). As the resonant frequency of one of the

sub–systems is scanned (i.e. ωp relative to ωx), the resulting energy dispersion curve exhibits

an avoided crossing, which is normally associated with strong coupling.1

Near–perfect absorption of light (i.e. r ∼ 0) can also be observed for the case where both

oscillators are “bright” (i.e. γrx 6= 0, Figure 1f). In this case there is asymmetric absorption

at ω±, and the extent of the asymmetry increases with γrx.

Experimental realisation To realise the system described in Figure 1a, we employed
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Figure 2: Plasmon - exciton (near) perfect absorption of light. a Absorption spectrum
of a thin polymer film doped with PIC (structure shown as an inset) deposited on top of
a Mirror/TiO2 support. b Absorption spectrum of a Mirror/TiO2/Au nanoparticle system
(covered with a polymer film without PIC). The system exhibits strong plasmon-cavity
coupling, as evidenced by the appearance of a spectral doublet. A representative SEM
image is also shown, where the scale bar corresponds to 100 nm. c Absorption spectrum of a
system of interacting plasmons and excitons both supported on a Mirror/TiO2 film. There
is a clear manifestation of the coherent effects described in Figure 1. In all cases, the dashed
line is a fit to a model based on equation (1) as described in the text.
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molecular J–aggregates of pseudo isocyanine (PIC, chemical structure shown in the Fig-

ure 2a) as the exciton material and a monolayer of gold nanoparticles as the plasmonic

sub–system. Both of these are supported on a mirror–spacer thin film which ensures a single

channel operation, as light can only effectively interact with the materials through one side of

the sample, and furthermore, it enables the manipulation of the radiative rate of the metal

nanoparticles.30–32 The nanoparticle–spacer–mirror configuration, in particular, the thick-

ness of the spacer layer, was previously optimized to ensure spectral overlap between one of

Figure 3: Plasmon – exciton interactions. a In the absence of (near) perfect absorption,
a monolayer of Au particles (blue) exhibits a single spectral band due to the excitation of
localised surface plasmon resonances. When both plasmon and excitons (PIC, grey line)
interact, a moderate splitting occurs (orange). b Hybridisation diagram. The horizontal
scale represents an energy scale. Three sub–systems are considered a Fabry–Pérot (FP), a
localised surface plasmon resonance (LSPR) and and exciton resonance.
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its optical resonances and the exciton absorption band of the molecular J–aggregates.33

The absorption spectrum of a thin polymer film doped with PIC, deposited on a Au

mirror / TiO2 film support, displays a sharp band at ~ωx ∼ 2.14 eV (580 nm) (Figure 2a),

which is due to Frenkel exciton states that originate due to molecular J aggregation.34 The

dashed line in Figure 2a is a fit to a coupled–mode–theory model for a single oscillator,21

resulting in a value for ~γrx = 7.6 meV and ~γnrx = 19.3 meV.

In the absence of the mirror/TiO2 support, the transmission spectrum of a monolayer

of gold nanoparticles supported on a glass substrate and covered with a thin polymer film

(SEM in Figure 2b) is characterised by a single band with a line width of ∼ 179 meV,

which is due to the excitation of localised surface plasmon resonances (LSPRs) in the pop-

ulation of nanoparticles. The mirror–spacer–nanoparticle layer system can exhibit hybrid

excitations due to the interaction of localised surface plasmon and optical FP resonances

(Figure 2b).32,33,35 This is manifest in the optical absorption spectra by the appearance of

spectral doublets (located at positions indicated with P+ and P− in Figure 2b), correspond-

ing to the excitation of hybrid modes where the energy is strongly localised either as a

cavity–like mode (P−) or in the near–field of the metal nanoparticles (P+).36 Due to modi-

fications in the radiative rate γrp of the particle plasmon resonance, the system can exhibit

high levels of optical absorption, in line with the discussion made in relation to Figure 1d.

At frequencies close to the optical resonances, the spectra can be well–described using the

coupled–mode–theory of equation (1) (with the oscillator x substituted for the FP resonant

mode, denoted with a subscript c, and furthermore, assuming γrc = 0). The result of this

analysis is shown in Figure 2b with a dashed line resulting in a value of the plasmon-cavity

coupling of ~Ω = 236 meV, a cavity non–radiative decay rate of ~γnrc = 218 meV (with a

cavity quality factor Q ∼9 ), and plasmon resonance rates ~γrp = 289 meV, ~γnrp = 179 meV

which given that Ω > γnrc , justifies why the spectrum exhibits two absorption bands. The

values obtained for the radiative and non–radiative rates indicate that the plasmon–cavity

system is close to the critical coupling condition of equation (3), which explains the high
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level of absorption measured (& 99%, Figure 2b).

Figure 2c shows the results obtained for the mirror–spacer–nanoparticle–exciton sys-

tem. When the J–aggregates are placed in the optical near–field of the metal nanoparticles,

plasmon–exciton interactions lead to a moderate splitting of the measured optical transmis-

sion spectrum (orange line in Figure 3a).1,28 The magnitude of the splitting, given by µ · E

(where µ is the excited-state dipole moment of the exciton and E the electric field due to the

particle plasmon resonance) is in this case comparable to the linewidth of the LSPR, which

in turn is likely to be broadened due to the distribution of sizes and shapes obtained during

the fabrication of the nanoparticle film.

The exciton transition is nearly resonant with the P+ plasmon–cavity hybrid mode. When

both particle plasmons and excitons interact in the presence of the mirror/TiO2 support, the

measured absorption spectrum consists of three bands (labelled P−, ω− and ω+ in Figure 2c).

The lowest–energy band occurs at almost the same energy as P− of Figure 2b. Due to

coherent plasmon–exciton interactions, the P+ band and the exciton transition split into two

absorption maxima ω±, with absorbances of ∼ 99% and an opening of a window of reduced

absorption (ωt, Figure 2c). The magnitude of the splitting of the two bands depends on

the concentration of J aggregates in the film, and the cancellation of absorption completely

disappears for low concentrations of the J–aggregates (Figure S4). This is in line with the

predictions made in Figure 1c, as the plasmon–exciton coupling constant is proportional

to the concentration N of exciton species: Ω ∝
√
N . 37 According to the predictions of

Figure 1b, and the results on Figure 2a, the extent of cancellation of absorption does not

reach 0 due to the fact that γnrx 6= 0. The dashed line in Figure 2c was obtained by extending

the coupled–mode theory to account for the interactions of three oscillators (cavity, plasmon

and exciton) with light (see supporting information). The spectral bands located at ω±

exhibit the asymmetric near–perfect absorption of light (Figure 1f), which occur due to

asymmetry in the radiative rates of the uncoupled excitons and the P+ state.

The cavity–plasmon–exciton interactions can be visualised in a hybridisation diagram as
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shown in Figure 3b. The interaction of the FP (FP, with energy ~ωc) and LSPRs (LSPR,

with energy ~ωp, noting that in the most general case ωp 6= ωc) results in the formation of

the P± hybrid states, one of which is nearly resonant with the excitons of PIC J–aggregates

(exciton energy is ~ωx). Coherent plasmon–exciton–cavity states arise, and due to a mod-

ification of the radiative rate of the particle plasmons γrp, these coherent states approach a

critical coupling condition resulting in near–perfect absorption of light at their correspond-

ing resonance frequencies. Coherent states have been touted to increase the efficiency of

photo–induced charge separation processes.22,38 In the following, we explore the potential

for our system to exhibit these effects.

Figure 4: Photo–induced charge separation. Photo–excitation with visible light (“vis”,
green arrow in inset, pump pulses centered at 580 nm) creates a transient population of
electrons in the conduction band of TiO2, which can be probed by measuring changes in
the reflectance (∆R) of time–delayed infrared light pulses (“IR”, red arrow, wavelength:
3.5 µm). The plot shows measured ∆R vs pump–probe delay times for Au/TiO2/Au and
Au/TiO2/Au-PIC samples. Also shown for reference is a control Au/TiO2 film.

Photo–induced electron transfer from metal nanostructures into supporting semiconduc-

tor materials is thought to occur following non–radiative (Landau) damping of LSPRs.39,40

Excitons in J–aggregates of PIC molecules can also be dissociated resulting in charge trans-
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fer into an acceptor material,41 and consequently, the system of Figure 2c has two possible

pathways for electron transfer into the TiO2 support. Distinct charge transfer mechanisms

can be evoked when photo–excitation results in a coherent plasmon–exciton superposition

state. The branching ratio between charge injection and recombination (not resulting in

charge separation) can be controlled by quantum (Fano) interference.22,38,42

In order to study charge injection into TiO2, we excited the samples using ultra–short

laser pulses with spectral maxima tuned to the higher–energy hybrid state of the sample (P+

or ω+, Figure 3b) and measured changes in the magnitude of reflectance ∆R of 3,500 nm

pulses that impinged the sample with a controlled time delay with respect to the arrival of

the pump pulses. The pump pulses were lightly focused at normal incidence to the sample

surface. The incident pump power was adjusted to be as low as possible (whilst attaining

sufficient signal–to–noise) to ensure that the photo–induced processes were linear with the

excitation power (see supporting information section Figure S2). Injected electrons in the

conduction band of TiO2 produce reduced TiO2 species which are known to absorb both

visible and infra red light making it possible to detect transient electron populations in the

conduction band of TiO2 by measuring changes in the reflectance of these infrared light

pulses.43–45

In our system, coherent interactions increase the efficiency of charge separation by a

factor of about 1.22 (Figure 4). Immediately after photo–excitation (i.e. delay time ∼ 0 ps),

the amplitude of the ∆R signal for the mirror/TiO2/Au-PIC structure (blue line, Figure 4)

reaches a magnitude of ∼ 4.34 mOD which is about 1.22 × higher than the one obtained

for the structure without the exciton material (∆R ∼ 3.54 mOD, orange line Figure 4).

Evidence that the measured transient signals originate from electron transfer into TiO2 is

found in a set of control experiments (supporting information section S4), where we show

that transient changes in the reflectivity of the samples only occur in the presence of a Au

nanoparticle–TiO2 interface, in contrast to inert (i.e., no electron accepting states) Au–SiO2

interfaces, where electron injection from Au nanoparticles is unlikely due to the unfavorable
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energetics.7

The observed increase in the transient signal is close to the theoretical prediction made

by Svidzinsky et al. 22 , who predicted that Fano–induced coherence could increase the max-

imum photo-current from a photo–voltaic device by 1/3. The transient signal measured

for the plasmon–exciton system (blue line Figure 4) is larger than the one obtained for the

plasmon–cavity system at all pump–probe delay times, further reassuring the difference in

transient population of electrons in TiO2. As a control, Figure 4 also shows the results ob-

tained for a sample consisting of a mirror–semiconductor only, and it indicates that electron

injection into the TiO2 occurs within a sub–picosecond time scale (see supporting informa-

tion section Figure S1), consistent with previous reports.44 The decrease in the concentration

of electrons in TiO2 can be accounted for by a second–order kinetic model46–48 (solid lines

in Figure 4, see supporting information section S5 for details) which yields identical decay

rates for the mirror/TiO2/Au and mirror/TiO2/Au-PIC systems, consistent with electron–

hole recombination across the Au nanoparticle–TiO2 interface, as reported by Bian et al. 44 .

Further improvements in photo–induced charge transfer could be achieved by creating the

molecular J–aggregates directly on the surface of the metal nanoparticles. This could be

achieved through self–assembly approaches,49 that will place the J–aggregates in areas of

intense plasmonic near–field, increasing the plasmon–exciton interaction strength (Ω).

In summary, we have demonstrated a system that simultaneously exhibits coherent

plasmon–exciton interactions and high absorption light. The system was described using

a coupled–mode theory that fully accounts for the key experimental observations, including

the appearance of a classical analogue of electromagnetically induced transparency. We fur-

thermore investigated the effect of the photo–excitation of coherent plasmon–exciton states

on photo–induced charge separation, by means of ultra–fast spectroscopy. Our model system

opens the prospect for further studies on the effect of strong light–matter coupling on light–

driven processes such as electron and energy transfer, which have important implications

for photocatalysis and related applications. In this regard, we envisage that structures pos-
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sessing higher cavity Q factors, nanoparticles with a narrower size distributions and better

structuring of exciton materials (by means of, for instance, self–assembly49) could result in

augmented coherence which could in turn lead to more drastic and novel effects.
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