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Fate of the upper polariton: Breakdown of the quasiparticle picture in the continuum
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Organic polaritons, strongly hybridized light-matter excitations, have arisen as a platform to device optical
interfaces at room temperature. Despite their inherent complexity, polaritons are commonly regarded as coherent
excitations described by Landau’s quasiparticle theory. Here, we theoretically study and experimentally demon-
strate the role of incoherent matter excitations in terms of generalized Hopfield coefficients, which unveil the
fading of the upper polariton at its entrance to a continuum of molecular excitations. This marks the breakdown
of the simplistic quasiparticle picture and the formation of a more complex quantum state beyond Landau’s
formalism.
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Introduction. Coherent phenomena generally benefit from
the lack of noise [1–3]. Isolation from the environment helps
in removing external sources of decoherence and it is rou-
tinely applied in quantum technologies: quantum optics [4],
quantum computing [5,6], and cryptography [7,8]. However,
this strategy is ineffective against noise arising from internal
processes that cannot be disentangled from the system under
research. Conversely to what it is typically thought, noise is
not always detrimental and can drive unexpected phenom-
ena at all scales [9–12]. At the nanoscale, the presence of
noise or disorder in complex systems gives rise to random
lasers [13–15], Anderson localization [16], and enhanced en-
ergy transport [17]. Stochastic resonances [18], the Purcell
effect [19], Casimir forces [20], and radiative heat transfer
[21,22] are other important manifestations of noise-driven
physics. Frequency noise is epitomized by the broadening of
a resonance linewidth. Even though only white noise truly
embodies a continuum, a sufficiently wide frequency window
of available competing states effectively plays the role of a
continuum.

A novel and intriguing class of coherent excitations is cav-
ity polaritons, which result from the strong coupling between
confined photons and matter excitations [23,24]. Polaritons
are usually described within Landau’s quasiparticle theory,
which stands nowadays as one of the most powerful concepts
in physics [25–27]. Describing the linear hybridization of
light and matter in terms of polaritons reduces dramatically
the complexity of the system. The realm of Landau’s theory
extends to interactions and allows for the study of effective
photon-photon interactions [28–31]. Dressed by its environ-
ments, a new quasiparticle coined the polaron-polariton can
also summarize the many-body complexity of the system
[32–36]. However, intrinsic or extrinsic processes can lead to
the breakdown of the polariton picture where their description
can no longer be captured by the quasiparticle properties.
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Organic polaritons feature complicated processes as a result
of the large number of internal degrees of freedom [37–41].
Understanding the extent of the quasiparticle theory remains
as an experimental and theoretical challenge in these systems.

Motivated by the rapid progress and the necessity to deepen
the understanding of organic polaritons, in this Letter we
propose a strongly coupled optical cavity embedding a dye-
doped polymer as a paradigmatic platform to experimentally
explore the range of validity of Landau’s quasiparticle theory
in the presence of a continuum of matter excitations. Our
results can be readily extrapolated to other scenarios where
a continuum of states competes with coherent excitations.
By combining a general field theory and experimental ob-
servations, we study the validity and breakdown of the ideal
polariton picture in terms of generalized Hopfield coefficients
and unravel the role of the continuum on the quasiparticle
properties of exciton-polaritons. The experimental control of
the energy and momentum of the polaritons allows us to
gradually tune one of the polariton branches inside the mat-
ter continuum which represents a way to directly visualize
the breakdown of the quasiparticle properties of the upper
polariton. Despite that the importance of the exciton contin-
uum on the spectrum of organic polaritons has already been
recognized, the quantitative characterization of such effects
in terms of their quasiparticle properties remains pending.
The introduction of the generalized Hopfield coefficients and
the experimental demonstration of their validity constitute
our main result. We anticipate that the breakdown of the
quasiparticle picture may have important consequences on the
polariton ultrafast dynamics which is intimately related to im-
portant cavity-mediated phenomena already observed, such as
condensation [42,43], polariton chemistry [44], singlet fission
[45], vibrational strong coupling [46], ultrastrong coupling
[47,48], and temperature-activated delayed fluorescence and
phosphorescence [49].

System. Our nanocavity consists of two Ag mirrors sand-
wiching a thin active layer of ErB molecules embedded in
a polyvinyl alcohol (PVA) matrix. A 0.5 M concentration of
ErB ensures the system is in the strong light-matter coupling
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FIG. 1. (a) Simplified energy diagrams for the photon and exci-
ton fields, the latter being embedded in a nondispersive continuum
of incoherent excitations. (b) Measured absorption spectrum of the
active layer expressed as Im[χ (ω)] (red curve). Blue curve corre-
sponds to the theoretical modeling of the absorption, while the green
one to that of a single exciton peak with a standard broadening
γX . (c) Experimental reflectance spectra at normal incidence as a
function of the cavity detuning. Dashed black lines correspond to
the LP and UP energies while the white lines are guidelines for the
continuum broadening of the Frenkel exciton.

regime. The cavity is fabricated by first sputtering a Ag mirror
of thickness 300 nm on top of a glass substrate. The active
layer of nominal thickness Lc is deposited by spin coating and,
finally, a second Ag mirror of thickness 25 nm is sputtered
on top of it. For all practical means, the first mirror can be
treated as semi-infinite. Lc is chosen such that the energy of
the fundamental cavity mode lies close to the exciton one; i.e.,
Lc is around 160 nm depending on the cavity detuning to be
studied.

The optical response of the active medium can be described
by its optical susceptibility χ (ω). The absorption of the layer,
captured by Imχ (ω), is illustrated with a red curve in Fig. 1(b)
(see [50]). The absorption spectrum exhibits nontrivial fea-
tures associated with vibrational bands, exciton interactions,
and anisotropies, among others [51]. It consists of the main
peak centered at ωX ≈ 2.33 eV associated with the principal
S0 → S1 transition and an overlapping second mode that gives
rise to a bump close to ω ≈ 2.5 eV. The nontrivial broadening
of both results in a continuous range of excitations, which we
simply refer to as incoherent matter continuum [see Fig. 1(b)].
Rather than focusing on its microscopic origin, which lies
beyond the scope of this Letter, here we unveil the effects of

this nondispersive incoherent continuum on the quasiparticle
character of the exciton-polaritons.

Cavity polaritons. The collective coupling of the organic
molecules to the fundamental cavity mode give rises to two
quasiparticle branches coined lower (LP) and upper (UP) po-
laritons. The energy of these states is given by [52]

ωUP/LP(k) = 1
2 (ωc(k) + ωX ±

√
[ωc(k) − ωX ]2 + 4�2).

(1)

Here, the dispersion ωc(k) = c
nc

√
k2

z + k2
|| represents a contin-

uum of photonic states. We take the incident light along the z
axis, perpendicular to the cavity mirrors, with an angle θ , that
is k|| = nc

ω
c sin θ. The collective coupling of the molecules

to light is characterized by the Rabi splitting � = √
ng, ex-

pressed in terms of the coupling between a single molecule
and a cavity photon g, enhanced by the number of molecules.
Finally, we introduce the cavity energy detuning from the
exciton δ(k) = ωc(k) − ωX .

By combining energy-momentum microscopy with a slow
linear gradient in the active layer thickness we are able to set
the energy of the cavity across a wide range that encompasses
all relevant detunings (see [50]). Figure 1(c) displays the
measured normal incidence reflectance spectrum for varying
δ = δ(k = 0). We observe the appearance of two polariton
branches characterized by an avoided crossing with a Rabi
coupling of 2� = 0.34 eV. Here the dashed black curves give
the energy of the polariton branches in Eq. (1). We estimate
a broadening of the cavity photons of γc ≈ 0.05 eV, and
the Lorentzian broadening of the excitons of γX ≈ 0.065 eV.

Being 2� � γX , γc, our system is in the strongly interacting
regime of light and matter.

Figure 1(c) demonstrates the emergence of two polariton
branches exhibiting a striking difference. The LP arises and
maintains its well-defined quasiparticle character as the cavity
detuning is varied from mostly photonic (δ < 0) to excitonic
(δ > 0). Although the reflectance reduces for large positive
detunings, the LP branch remains well defined and can be in-
terpreted as an ideal polariton, accurately described by Eq. (1).

The UP, in contrast, exhibits a more intriguing behavior.
For large and positive δ, a well-defined polariton state emerges
with energy in good agreement with Eq. (1). Interestingly, as
the detuning decreases, the UP becomes blurred until no clear
signature of this branch can be identified. Although we expect
the signal of the UP to weaken as it evolves from photonic
to excitonic, we observe its fading even at maximal mixing
(δ = 0), which strongly contrasts with the signal of the LP.
Contrary to the ideal polaritons that are symmetric at δ = 0,

the asymmetric line shape of the exciton absorption makes the
UP and LP highly asymmetric.

The intricate features of the UP can intuitively be un-
derstood as follows: The absorption spectrum in Fig. 1(b)
exhibits a mean exciton peak and a complex enveloping matter
continuum for energies larger than that of the bare exciton.
Thus, the simple two-level diagram of the exciton acquires a
more complex structure, as sketched in Fig. 1(a). Coupled to
a cavity, the Frenkel excitons hybridize with photons yielding
two polariton branches that repel each other in energy. The
LP is located at energies lower than the bare exciton one, ωX ,
and, thus, it is always pushed away from the matter continuum
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[see Fig. 1(a)]. Conversely, the UP lies at energies larger than
ωX . Thus, depending on the cavity detuning, it can be placed
within the matter continuum. In Fig. 1(c) we signal the matter
continuum with dashed white lines, which help in noticing
that when the polaritons are driven from large positive to
negative detunings, the UP vanishes gradually at its entrance
in the continuum. When it lies inside the continuum, it is no
longer possible to identify a well-defined polariton, marking
the breakdown of the quasiparticle picture. We stress that the
white lines in Fig. 1(c) are a guide to specify in which range
the polariton is ill defined. However, this is a crossover rather
than a sharp transition; that is, the UP evolves smoothly to
a well-defined quasiparticle as its energy departs from the
continuum.

Landau’s quasiparticle theory allows summarizing a com-
plex many-body system into a few single-particle properties
[27]. Here, we employ a field-theoretical approach which
permits the study of polaritons within a general theoretical
framework. Let us introduce x̂† and ĉ† the operators that create
an exciton and a photon, respectively. The imaginary-time
Green’s function [53]

Gα,β (k, τ ) = −〈Tτ {ψ̂α (τ )ψ̂†
β (0)}〉, (2)

defined as a matrix, where the indices α, β = {c, x} give the
photon [ψ†

c (τ ) = ĉ†(τ )] and exciton [ψ†
x (τ ) = x̂†(τ )] field

operators and Tτ is the time-ordering operator. Here, we have
made the dependence on the incident wave vector, k, explicit.

The dynamics of the matrix Green’s function is governed
by a Dyson equation

G−1
α,β (k, ω) = [

G(0)
α,β (k, ω)

]−1 − �α,β (k, ω),

where G(0)
α,β (k, ω) denotes the ideal photonic and exci-

tonic Green’s function and it reads as [G(0)
α,β (k, ω)]−1 =

diag[ω − ωc(k), ω − ωX ]. The off-diagonal terms of the
self-energy, �α,β (k, ω), are determined by the light-matter
coupling �cx(k, ω) = �xc(k, ω) = �, whereas the diagonal
term �xx(k, ω) describes the incoherent part of the exci-
tonic spectrum. The polariton energies are calculated by the
real poles of the dressed Green’s function Re[G−1

xx (k, ω)] =
0 that account for the light-matter coupling and the matter
continuum. In absence of the decoherence processes, this
equation determines the standard UP/LP polariton energies
in Eq. (1).

In addition to their energies, quasiparticles are defined by
their residue, which accounts for the overlap between the bare
and dressed states. In our formalism, the residues are given by

ZLP(UP)(k) =
(

∂Re
[
G−1

xx (k, ω)
]

∂ω

)−1∣∣∣∣
ω=ωLP(UP)(k)

. (3)

Within Landau’s quasiparticle theory 0 < ZLP(UP)(k) � 1. In
the absence of interactions, a polariton can be regarded as a
coherent superposition of a photon and an exciton; in this case,
the residue of the quasiparticle is directly connected to the
Hopfield coefficients ZLP(UP)(k) = C2

k (S2
k ). Ideal polaritons

retain all the spectral weight in the form of coherent exci-
tations, that is, ZLP(k) + ZUP(k) = C2

k + S2
k = 1 with C2

k =
1
2 (1 + δ(k)√

δ2(k)+4�2
).

FIG. 2. Quasiparticle residue of the polariton branches calcu-
lated at normal incidence. Red curves correspond to ideal polaritons,
while blue ones denote the generalized Hopfield coefficients. The
yellow area depicts the deviation from the ideal UP and illustrates
the breakdown of the quasiparticle picture for this branch.

Our general formalism allows us to explore physics beyond
the ideal polaritons. Here, we employ a phenomenological
model that closely resembles the experimental absorption in
Fig. 1(b) (blue curve). Our model contemplates the principal
exciton, a weak coupling to a second mode, and Lorentzian
broadening of the excitonic and photonic lines as detailed in
the Supplemental Material [50]. We start by looking into the
residue of the quasiparticle. This defines generalized Hopfield
coefficients that may differ from the ideal theory. This is the
main result of our Letter and is illustrated in Fig. 2 where
we show the ideal (red curves) and generalized Hopfield
coefficients (blue curves) for the UP and LP. Our theoret-
ical approach obeys the sum rule 1 = ∫

dω
2π

Axx(k, ω), with
Axx(k, ω) = −2ImGxx(k, ω), which implies that the spectral
weight is always preserved. For large positive and negative
detuning, the generalized Hopfield coefficients asymptotically
lead to well defined quasiparticles for both branches as the
matter and light decouple leading to the bare exciton and
photon branches. Moreover, the LP is well described by the
ideal theory, for all detunings. Intriguingly, as the detuning
is varied from positive to negative values, we start notic-
ing a stark disagreement between the ideal and generalized
Hopfield for the UP. The associated residue increases and
approaches ZUP(k) ∼ 1, leading to an unphysical value of
ZLP(k) + ZUP(k) > 1 and, thus, indicating the failing of the
quasiparticle approach to describe the UP. We stress that the
spectral function remains always normalized for all values of
the detuning. The shaded yellow area in Fig. 2 corresponds
to the regime where the sum rule is conserved but the high-
energy branch can no longer be understood as a quasiparticle.

In Fig. 2 we have added a broadening to the exciton line
equal to γX = 0.065 eV, which corresponds to the absorption
spectrum in Fig. 1(b) (green curve). This indicates that homo-
geneous broadening of the exciton absorption in general does
not suffice to break the quasiparticle picture.

To further understand the limits of the quasiparticle picture,
we now investigate the dispersion of the polariton branches
as a function of the in-plane wave vector, k||, and for three
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FIG. 3. Top: Experimental s-polarized reflectance as a function of the in-plane momentum, k||, for several values of the detuning, δ.
(a) Negative detuning δ = −0.18 eV, (b) close to maximal mixing δ = −0.07 eV, and (c) positive detuning δ = 0.15 eV. The black squares
denote the polariton energies obtained from the field theory. Bottom: Spectral function of the cavity field for the same parameters as the
experiment.

values of the detuning. For δ = −0.18 eV, shown in Fig. 3(a),
we observe a single well-defined low-energy polariton branch
and a blurred region at higher energies. Here, the LP arises
far from the matter continuum and remains clearly visible
for all measured in-plane momentum. The remnant of the UP
appears as a foggy region where the reflectance drops. For
large values of k||, the signatures of the UP are slightly more
visible. Here, the black squares correspond to the quasiparticle
energies obtained from our field theory. Squares are plotted
only in the regions of the dispersion diagram where the ideal
quasiparticle picture provides physical results. The success of
our extended theory is evident from the excellent agreement
found between our measurements and the spectral function
of the photon field, Acc(k, ω) = −2ImGcc(k, ω), plotted in
Fig. 3(d).

With increasing δ, as shown for δ = −0.07 eV in Fig. 3(b),
the LP retains its visibility, whereas the UP remains blurred
for small wave vectors and gains coherence for larger ones.
This can be understood intuitively: for small wave vectors
the polariton is formed predominantly by matter and strongly
influenced by the matter continuum. On the contrary, with
increasing wave vector the polariton exits the continuum and
its linewidth narrows as a consequence of a dominant photonic
component [50]. Here again, we find a very good agreement
with our theoretical approach as shown in Fig. 3(e).

Finally, in Fig. 3(c) we see the emergence of a well-defined
UP for positive detuning, δ = 0.15 eV, and for all k||, with a

very good agreement with the theory shown in Fig. 3(f). This
is consistent with Fig. 1(c) and with our previous discussion.
The LP, on the other hand, exhibits an increased reflectance
and loses spectral weight. However, the lower visibility of the
LP is a consequence of the small photonic component rather
than a breakdown of the quasiparticle picture for this branch
since the matter continuum lies above its energy, as shown in
Fig. 1.

Conclusions and outlook. Exciton-polaritons provide a
simple yet very powerful description of hybrid light-matter
systems which have proven to be extremely successful to
approach a plethora of systems within the linear and non-
linear regimes. In this work, we have experimentally and
theoretically studied the validity of Landau’s quasiparticle
theory for organic molecules strongly coupled to cavity pho-
tons at room temperature. By varying the cavity photon
energy-momentum we controlled the quasiparticle nature of
the upper polariton, revealing that the paling and broad-
ening of the corresponding branch at its entrance to the
continuum is a consequence of ill-defined generalized Hop-
field coefficients. The inability to associate physical Hopfield
coefficients to this branch marks the breakdown of the single-
polariton picture. Our general theoretical framework expands
the study of exciton-polaritons beyond Landau’s theory and
agrees remarkably well with the experiment. This formal-
ism is well suited for other organic and inorganic polariton
systems.
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Complex intrinsic and/or extrinsic processes are, in gen-
eral, features that cannot be disentangled from coherent
excitations and can render the quasiparticle picture invalid.
These sources of decoherence are not necessarily detrimental,
but their role can be exploited as a mechanism to detect,
probe, and control underlying complicated processes and fur-
ther be employed to tailor many-body phenomena beyond
quasiparticle physics. Finally, their presence may play an
important role in the temporal dynamics, scattering thermal-
ization, and relaxation of organic exciton-polaritons. Despite
being commonly disregarded, the understanding of many-

body interactions, as the ones discussed in this Letter, is
paramount for advancing the organic polariton research field.
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