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Figure 2.14: Estructura de celda solar orgánicas basada en material polı́mero-fullereno
PCDTBT:PC70BM, con electrodos de ITO depositado sobre vidrio y aluminio para el transporte
de electrones y huecos respectivamente. Adaptado de [Park et al., 2009].

Dada la cantidad de variables involucradas en la eficiencia (ec. (2.12)), para cada � se puede
establecer un gap óptimo (Eopt

G ) que permita alcanzar la eficiencia máxima (⌘SQO
max ), dando los

valores que se muestran en la Figura 2.13. A medida que aumenta el ancho de la distribución �,
la única manera de que el dispositivo alcance su eficiencia máxima es aumentando su gap. Por
otra parte, la eficiencia máxima irá disminuyendo a medida que aumenta � para un gap fijo.

2.3.3 Eficiencia radiativa de una heterojuntura polı́mero-fullereno

Ahora podemos aplicar el modelo de balance detallado descrito en la sección anterior a un ma-
terial en especı́fico. Para esto haremos uso del material polı́mero-fullereno PCDTBT:PC70BM3,
utilizado comunmente como material obsorbente de radiación en celdas solares orgánicas. Su
estructura se basa en una mezcla polı́mero (PCDTBT), correspondiente al material donor y un
derivado de fullereno (PC70BM), correspondiente al material aceptor, puesta entre un ánodo de
aluminio y un cátodo de ITO, depositado sobre un sustrato de vidrio, como se muestra en la Figura
2.14. Utilizando el coeficiente de absorción del material aceptor:donor, que se reproduce en la
Figura 2.15, la eficiencia obtenida es cercana al 30%, lo que excede cinco veces el valor medido
experimentalmente (⇡ 6%). Esta diferencia se observa en las curvas de corriente-voltaje de la
Figura 2.16.
El modelo radiativo representa un lı́mite teórico máximo, por lo cual es lógico que sea mayor al
valor experimental. Experimentos recientes muestran que la eficiencia de celdas solares p � n

basadas en silicio cristalino (⇡ 26.1%) es casi idéntico al lı́mite de balance detallado en lı́mite
radiativo, a diferencia de celdas basadas en materiales orgánicos que solo han alcanzado val-
ores de eficiencia máximas cercanos al 16%(ver Figura 1.10). Entonces la duda que surge es
cuán válido es el modelo para la estimación de la eficiencia de celdas basadas en materiales
orgánicos. Buscaremos responder dicha pregunta en la siguiente sección, ya entrando en detalle
de los procesos fı́sicos que dan origen a la producción de corriente eléctrica en celdas solares
orgánicas.

3Dado que los materiales estarán unidos en una mezcla aleatoria, se utiliza como notación ”:” entre compuestos.
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Cavity QED with Molecules!

Quantum Strong Coupling with Protein Vibrational Modes
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‡Department of Physics and Optical Engineering, Ort Braude College, Karmiel 21982, Israel

*S Supporting Information

ABSTRACT: In quantum electrodynamics, matter can be hybridized to confined optical fields
by a process known as light−matter strong coupling. This gives rise to new hybrid light−matter
states and energy levels in the coupled material, leading to modified physical and chemical
properties. Here, we report for the first time the strong coupling of vibrational modes of
proteins with the vacuum field of a Fabry−Perot mid-infrared cavity. For two model systems,
poly(L-glutamic acid) and bovine serum albumin, strong coupling is confirmed by the
anticrossing in the dispersion curve, the square root dependence on the concentration, and a
vacuum Rabi splitting that is larger than the cavity and vibration line widths. These results
demonstrate that strong coupling can be applied to the study of proteins with many possible
applications including the elucidation of the role of vibrational dynamics in enzyme catalysis and
in H/D exchange experiments.

In the past few years, it has become clear that the light−
matter strong coupling1−7 can be employed to alter the

physical and chemical properties of molecular systems. Strong
coupling of the electronic transition between the ground and
first excited state can lead to modulation of photochemical
isomerization rates,8,9 work functions,10 organic semiconductor
conductivity,11 and a perovskite phase transition.12 Vibrational
strong coupling, VSC, on the other hand, can be employed to
modulate the bond vibrations of specific functional groups
within a molecule.13−19 The splitting of a vibrational state into
two new (vibro-)polaritonic states leads to a change in the
Morse potential and consequently in the (ground state)
reactivity of the entire molecule, which holds a great promise
for applications in the field of (bio)chemistry. We have recently
demonstrated that a basic deprotection reaction of an organic
alkynyl silyl compound can be totally modified under VSC in a
microfluidic infrared Fabry−Perot cavity.20
These effects of strong light−matter interactions are due to

the fact that fundamentally this quantum phenomenon involves
the hybridization of an electronic or a vibrational transition
with the modes of an optical cavity (illustrated in Figure 1A),
somewhat akin to the hybridization of s and p atomic orbitals
or the formation of molecular orbitals from atomic orbitals
during chemical bonding.21−23 The results are the so-called
“dressed” states, which have a mixed light−matter character.
Strong coupling arises when a molecular transition is brought in
resonance with a photonic cavity mode and when the
interaction is faster than any loss mechanism. It is important
to note that, as theory predicts, the vacuum field of the optical
mode of the cavity (i.e., the zero point energy of the mode)
already gives rise to new light−matter states. In other words,
the light−matter hybridization occurs even in the dark. When

many molecules are present in a cavity, the resulting dressed
states encompass all of the coupled molecules. For a further
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Figure 1. Overview of strong coupling and of the experimental
approach. (A) Illustration of the principle of vibrational strong
coupling. (B) Schematic illustration of the measurement cell.
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vibrational transition dipole and the cavity mode through zero-
point energy fluctuations. This residual splitting is known as the
vacuum Rabi splitting (ℏΩVR). All of the experiments reported
here are done in this regime. In addition, the Rabi splitting
increases as the square root of the molecular concentration, C,
because ℏΩVR ∝(N/V)1/2 = √C, where N is the number of
coupled molecules in the mode volume, V.
Figure 1b illustrates the IR flow-cell Fabry−Perot cavity, in

which the experiments were undertaken. The windows are
composed of ZnSe coated with 10 nm of Au. An example of the
transmission spectrum showing the various optical, or Fabry−
Perot, modes are given in Figure 1c, typical for a cavity path
length of 8.6 μm and Q factor of 63. The decreasing peak
intensities at short wavenumbers are due to the evolution of the
dielectric constants of the Au mirrors in this spectral region.
The IR absorption spectra (black curves) of three different

molecules are shown in Figure 2, together with those under
VSC (red curves). The first example is that of diphenyl
phosphoryl azide (DPPA), which displays a number of sharp
vibrational absorption peaks (Figure 2a). Of particular interest
is the strong and isolated NNN stretching mode at 2169
cm−1. The cavity was made to have one of its resonances be
isoenergetic with this peak, resulting in the formation of two
new hybrid modes on either side of the original frequency. The
vacuum Rabi splitting is found to be 127 cm−1 , which is larger
than both the full width at half-maximum (fwhm) of the FP
cavity mode (43 cm−1) and the vibrational band (39 cm−1),
thereby satisfying the criteria for strong coupling. In addition, as
will be shown later, such new vibrational polaritonic bands are
dispersive due to the optical component of the hybrid state.
Figure 2b shows the results obtained for a benzonitrile

solution, which has several vibrational peaks (black curve), and
the cavity was adjusted so that more than one mode is strongly
coupled, as can be seen in the red spectrum. The cyanide group

(CN) has a stretching frequency at 2229 cm−1, which is split
into two new peaks at 2260 and 2206 cm−1, in other words with
a Rabi splitting of 54 cm−1. The smaller splitting as compared
with DPPA is probably due to both the lower absorption and
the smaller fwhm of the bare vibrational mode. Interestingly, at
∼1500 cm−1, the two aromatic CC modes are close to each
other and are coupled to the same optical mode, revealing a
double splitting that will be discussed again later. Similarly the
two C−C stretching bands at 758 and 687 cm−1 are
simultaneously coupled to the bare cavity mode at 733 cm−1.
The vibrational spectrum of citronellal is shown in Figure 2c.

The Rabi splitting of the CO stretch at 1726 cm−1 is 80
cm−1. A very similar molecule, hexanal (not shown), has a C
O Rabi splitting of 105 cm−1. Table 1 below summarizes our
VSC findings for the different functional groups of the neat
molecular liquids investigated. Before commenting on this
Table, it is important to show the dispersion of the VSC. All of
the strongly coupled vibrational bands are dispersive, as
expected. Figure 3a illustrates this behavior for benzonitrile
around two cavity modes that are involved in VSC: one that
splits the CN stretching mode and the other involving the two
aromatic CC vibrations in a multiple splitting. Figure 3a
shows how the spectra evolve with angle, and Figure 3b shows
the corresponding dispersion curves derived from the peak
positions (dots) of the transmission spectra. The experimental
points are superimposed on the simulated curves calculated
from the transfer-matrix approach, showing excellent agree-
ment. The clear dispersion of the modes shows the light-matter
hybrid nature of the new states generated under strong
coupling. The double splitting involving the two CC
aromatic stretching modes is reminiscent of the coupling of
two closely spaced electronic transitions to the same optical
mode observed when two different molecules are located inside
the same cavity.40 Upon increasing incidence angle, the cavity

Figure 1. (a) Schematic illustration of the light matter coupling between one vibrational transition and a cavity mode resulting in the Rabi splitting
ℏΩVR. (b) Illustration of the flow-cell Fabry−Perot cavity. (c) Measured optical resonances of an empty cavity having of length 8.6 μm.
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Modifying Chemical Landscapes by Coupling to Vacuum Fields**
James A. Hutchison, Tal Schwartz, Cyriaque Genet, Elo!se Devaux, and Thomas W. Ebbesen*

Just as atoms exchange electrons to form molecular orbitals,
an electromagnetic field can interact with a quantum system
by the exchange of photons. When this interaction is strong
enough to overcome decoherence effects, new hybrid light–
matter states can form, separated by what is known as the
Rabi splitting energy (Figure 1). This strong coupling regime

is typically achieved by placing the material in an optical
cavity, such as that formed by two parallel mirrors, which is
tuned to be resonant with a transition to an excited state.
Theory, discussed below, shows that even in the absence of
light, a residual splitting always exists due to coupling to
vacuum (electromagnetic) fields in the cavity. While cavity
strong coupling and the associated hybrid states have been
extensively studied due to the potential they offer in physics
such as room temperature Bose–Einstein condensates and
thresholdless lasers,[1–14] the implication for chemistry remains
totally unexplored. This is despite the fact that strong
coupling with organic molecules lead to exceptionally large
vacuum Rabi splittings (hundreds of meV) due to their large
transition dipole moments.[15–24] The molecules plus the cavity
must thus be thought of as a single entity with new energy
levels and therefore should have its own distinct chemistry.

We demonstrate here that one can indeed influence a
chemical reaction by strongly coupling the energy landscape
governing the reaction pathway to vacuum fields.

In the absence of dissipation, the Rabi splitting energy !h
WR (Figure 1) between the two new hybrid light–matter states
is given, for a two-level system at resonance with a cavity
mode, by the product of the electric field amplitude E in the
cavity and the transition dipole moment d :[13]

!hWR ¼ 2E d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nph þ 1

q
¼ 2

ffiffiffiffiffiffiffiffiffiffiffi
!hw

2e0V

r
d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nph þ 1

q
ð1Þ

where !hw is the cavity resonance or transition energy, e0 the
vacuum permittivity, V the mode volume and nph the number
of photons in the cavity. As can be seen, even when nph goes to
zero, there remains a finite value for the Rabi splitting, !hWVRS,
due to the interaction with the vacuum field. This splitting is
itself proportional to the square root of the number of
molecules in the cavity

ffiffiffiffiffiffiffiffi
nmol
p [13, 14] which in turn implies that !h

WVRS is proportional to the square root of the concentrationffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nmol=V

p
, as observed experimentally for instance in the case

of molecules strongly coupled with surface plasmons.[21]

We chose as a model system a photochrome which
provides one form with a transition dipole moment d to
favor strong coupling [Eq. (1)] and the associated chemical
reaction is monomolecular to avoid any complications due to
diffusion. The photochromic molecule is the spiropyran (SPI)
derivative 1’,3’-dihydro-1’,3’,3’-trimethyl-6-nitrospiro[2H-1-
benzopyran-2,2’-(2H)-indole] which undergoes ring cleavage
following photoexcitation to form a merocyanine (MC)
(Figure 2a). The extended conjugation of the latter results
in strong absorption in the visible (Figure 2c, red curve). The
reverse reaction can be achieved photochemically or by
thermal means. The simplified potential energy surface for
this photochrome is shown schematically in Figure 2b. The
absorption spectrum of the SPI form in a poly(methylmeth-
acrylate) (PMMA) film is shown in Figure 2c. Upon irradi-
ation at 330 nm, the SPI photoisomerizes to the MC form and
the absorbance of the MC form (lmax = 560 nm, red curve
Figure 2c) increases until the photostationary state is
reached.

To form the resonant cavity, the PMMA film containing
the photochrome was sandwiched between two Ag mirrors,
insulated from direct contact to the Ag by thin poly(vinyl
alcohol) (PVA) films as shown in Figure 2d. The first Ag
mirror was deposited on the glass substrate but note that the
second mirror was not sputtered nor evaporated directly on
the PMMA film to avoid any possible perturbation of the
chemical system. Instead the top Ag film was deposited on a
separate block of poly(dimethylsiloxane) (PDMS) which was
then transferred to the sample, effectively encapsulating the
photochrome in the microcavity (see Supporting Information

Figure 1. Simplified energy landscape showing the interaction of a
HOMO–LUMO (S0–S1) transition of a molecule resonant with a cavity
mode !hwc. When energy exchange between the molecular transition
and the cavity is rapid compared to energy loss, strong coupling leads
to the formation of two hybrid light–matter (polaritonic) states jP +i
and jP% i, separated by the Rabi splitting energy !hWR. Note that the
absolute energy of the ground level of the coupled system j0i may
also be modified by strong coupling.
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for details). The transmission spectrum of this cavity structure
is characterized by two features: a peak at 326 nm due to the
transparency window of silver corresponding to its plasma
frequency, and the fundamental Fabry–Perot cavity mode,
which for a total PVA/PMMA/PVA thickness of 130 nm
occurs at 560 nm (these cavity transmission features can be
seen in Figure 3a, black curve).[24] The Fabry–Perot mode is
therefore resonant with the absorption of MC. UV irradiation
of the cavity at 330 nm causes formation of MC just as for the
case of the isolated PMMA film.

When the MC is strongly coupled to the vacuum field in
the cavity, the resulting formation of the hybrid states (or
polaritons) is evidenced by the splitting of the absorption into
two new peaks (green curve Figure 2 f). The detailed physics
of the strong coupling of this particular system have been
presented elsewhere.[24] In brief, at the photostationary state,
ca. 80 % of the MC species are strongly coupled and the

vacuum Rabi splitting is in the
order of 700 meV (Figure 2 f).
In other words, the new hybrid
states, jP +i and jP!i, have
absorptions at " 350 meV rel-
ative to the transition energy
of the uncoupled MC
(2.2 eV). Note that this Rabi
splitting does not arise from
the photons used to probe the
system but is only due to the
vacuum field as can be seen
from the fact that the spec-
trum of the coupled molecules
is independent of the weak
light intensity used to record
it.

We now analyze the pho-
toisomerization kinetics
inside and outside the cavity.
The detailed photoisomeriza-
tion mechanism, schemati-
cally simplified in Figure 2b,
is still in debate in the liter-
ature due to its complexity
and is reported to involve
several intermediate isomers,
including the triplet manifold,
here collectively shown as a
single species I.[25–29] Never-
theless the reaction proceeds
with observed first-order
kinetics in solution. An over-
all first-order reaction mecha-
nism (kobs) is also predicted
from the simplified reaction
diagram in Figure 2b where
kobs is a complex function of
the quantum yields of the
various individual photoin-
duced steps:

d½MC$
dt ¼ !kobs½MC$ þ b

with kobs ¼
k03

k3 þ k03
k2

k1 þ k2
þ k3

k3 þ k03
k02

k01 þ k02

! "
kex

and b ¼ k3

k3 þ k03
k02

k01 þ k02
kex½SPI$0

ð2Þ

The detailed derivation of this rate equation is given in the
Supporting Information. It assumes that the intermediates
SPI*, I and MC* are in a stationary state and it is simplified by
irradiation at the isosbestic point for the two species at
330 nm. The photostationary (PS) concentration ratio under
the experimental conditions for this model is given by:

½MC$PS

½SPI$PS
¼ k3k02

k03 k01 þ k02ð Þ 1 þ k1

k2

! "
ð3Þ

Figure 2. a) The molecular structure of spiropyran (SPI) and merocyanine (MC). b) Diagram of the energy
landscape connecting the two isomers in the ground and first excited state where kEX and kEX’ are the rates
of photoexcitation and the others the rates of the internal pathways; for example, k1 represents the sum of
non-radiative and radiative relaxation rates from MC* to MC. Vibrational sub-levels are not included for
clarity. c) The ground state absorption spectra of SPI (black) and MC (red) in PMMA film. d) The structure
of the cavity; note that cavity and non-coupled measurements were done concurrently on the same film.
e) Diagram of the energy landscape connecting the two isomers in the ground and first excited state, with
modification of the MC states by strong coupling and the appearance of the polariton states jP +i and
jP!i, separated by the Rabi splitting !hWR. f) The ground state absorption spectra of SPI (black) in PMMA
and of the coupled system (green, structure shown in (d)) determined experimentally in the available
wavelength window by measuring the transmission T and reflection R of the sample (Abs = 1!T!R).

Angewandte
Chemie

1593Angew. Chem. Int. Ed. 2012, 51, 1592 –1596 ! 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

for details). The transmission spectrum of this cavity structure
is characterized by two features: a peak at 326 nm due to the
transparency window of silver corresponding to its plasma
frequency, and the fundamental Fabry–Perot cavity mode,
which for a total PVA/PMMA/PVA thickness of 130 nm
occurs at 560 nm (these cavity transmission features can be
seen in Figure 3a, black curve).[24] The Fabry–Perot mode is
therefore resonant with the absorption of MC. UV irradiation
of the cavity at 330 nm causes formation of MC just as for the
case of the isolated PMMA film.

When the MC is strongly coupled to the vacuum field in
the cavity, the resulting formation of the hybrid states (or
polaritons) is evidenced by the splitting of the absorption into
two new peaks (green curve Figure 2 f). The detailed physics
of the strong coupling of this particular system have been
presented elsewhere.[24] In brief, at the photostationary state,
ca. 80 % of the MC species are strongly coupled and the

vacuum Rabi splitting is in the
order of 700 meV (Figure 2 f).
In other words, the new hybrid
states, jP +i and jP!i, have
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ative to the transition energy
of the uncoupled MC
(2.2 eV). Note that this Rabi
splitting does not arise from
the photons used to probe the
system but is only due to the
vacuum field as can be seen
from the fact that the spec-
trum of the coupled molecules
is independent of the weak
light intensity used to record
it.

We now analyze the pho-
toisomerization kinetics
inside and outside the cavity.
The detailed photoisomeriza-
tion mechanism, schemati-
cally simplified in Figure 2b,
is still in debate in the liter-
ature due to its complexity
and is reported to involve
several intermediate isomers,
including the triplet manifold,
here collectively shown as a
single species I.[25–29] Never-
theless the reaction proceeds
with observed first-order
kinetics in solution. An over-
all first-order reaction mecha-
nism (kobs) is also predicted
from the simplified reaction
diagram in Figure 2b where
kobs is a complex function of
the quantum yields of the
various individual photoin-
duced steps:

d½MC$
dt ¼ !kobs½MC$ þ b

with kobs ¼
k03
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k02

k01 þ k02
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and b ¼ k3

k3 þ k03
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The detailed derivation of this rate equation is given in the
Supporting Information. It assumes that the intermediates
SPI*, I and MC* are in a stationary state and it is simplified by
irradiation at the isosbestic point for the two species at
330 nm. The photostationary (PS) concentration ratio under
the experimental conditions for this model is given by:

½MC$PS

½SPI$PS
¼ k3k02

k03 k01 þ k02ð Þ 1 þ k1

k2
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ð3Þ

Figure 2. a) The molecular structure of spiropyran (SPI) and merocyanine (MC). b) Diagram of the energy
landscape connecting the two isomers in the ground and first excited state where kEX and kEX’ are the rates
of photoexcitation and the others the rates of the internal pathways; for example, k1 represents the sum of
non-radiative and radiative relaxation rates from MC* to MC. Vibrational sub-levels are not included for
clarity. c) The ground state absorption spectra of SPI (black) and MC (red) in PMMA film. d) The structure
of the cavity; note that cavity and non-coupled measurements were done concurrently on the same film.
e) Diagram of the energy landscape connecting the two isomers in the ground and first excited state, with
modification of the MC states by strong coupling and the appearance of the polariton states jP +i and
jP!i, separated by the Rabi splitting !hWR. f) The ground state absorption spectra of SPI (black) in PMMA
and of the coupled system (green, structure shown in (d)) determined experimentally in the available
wavelength window by measuring the transmission T and reflection R of the sample (Abs = 1!T!R).
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for details). The transmission spectrum of this cavity structure
is characterized by two features: a peak at 326 nm due to the
transparency window of silver corresponding to its plasma
frequency, and the fundamental Fabry–Perot cavity mode,
which for a total PVA/PMMA/PVA thickness of 130 nm
occurs at 560 nm (these cavity transmission features can be
seen in Figure 3a, black curve).[24] The Fabry–Perot mode is
therefore resonant with the absorption of MC. UV irradiation
of the cavity at 330 nm causes formation of MC just as for the
case of the isolated PMMA film.

When the MC is strongly coupled to the vacuum field in
the cavity, the resulting formation of the hybrid states (or
polaritons) is evidenced by the splitting of the absorption into
two new peaks (green curve Figure 2 f). The detailed physics
of the strong coupling of this particular system have been
presented elsewhere.[24] In brief, at the photostationary state,
ca. 80 % of the MC species are strongly coupled and the

vacuum Rabi splitting is in the
order of 700 meV (Figure 2 f).
In other words, the new hybrid
states, jP +i and jP!i, have
absorptions at " 350 meV rel-
ative to the transition energy
of the uncoupled MC
(2.2 eV). Note that this Rabi
splitting does not arise from
the photons used to probe the
system but is only due to the
vacuum field as can be seen
from the fact that the spec-
trum of the coupled molecules
is independent of the weak
light intensity used to record
it.

We now analyze the pho-
toisomerization kinetics
inside and outside the cavity.
The detailed photoisomeriza-
tion mechanism, schemati-
cally simplified in Figure 2b,
is still in debate in the liter-
ature due to its complexity
and is reported to involve
several intermediate isomers,
including the triplet manifold,
here collectively shown as a
single species I.[25–29] Never-
theless the reaction proceeds
with observed first-order
kinetics in solution. An over-
all first-order reaction mecha-
nism (kobs) is also predicted
from the simplified reaction
diagram in Figure 2b where
kobs is a complex function of
the quantum yields of the
various individual photoin-
duced steps:

d½MC$
dt ¼ !kobs½MC$ þ b

with kobs ¼
k03
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k01 þ k02

! "
kex

and b ¼ k3
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The detailed derivation of this rate equation is given in the
Supporting Information. It assumes that the intermediates
SPI*, I and MC* are in a stationary state and it is simplified by
irradiation at the isosbestic point for the two species at
330 nm. The photostationary (PS) concentration ratio under
the experimental conditions for this model is given by:

½MC$PS

½SPI$PS
¼ k3k02

k03 k01 þ k02ð Þ 1 þ k1
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Figure 2. a) The molecular structure of spiropyran (SPI) and merocyanine (MC). b) Diagram of the energy
landscape connecting the two isomers in the ground and first excited state where kEX and kEX’ are the rates
of photoexcitation and the others the rates of the internal pathways; for example, k1 represents the sum of
non-radiative and radiative relaxation rates from MC* to MC. Vibrational sub-levels are not included for
clarity. c) The ground state absorption spectra of SPI (black) and MC (red) in PMMA film. d) The structure
of the cavity; note that cavity and non-coupled measurements were done concurrently on the same film.
e) Diagram of the energy landscape connecting the two isomers in the ground and first excited state, with
modification of the MC states by strong coupling and the appearance of the polariton states jP +i and
jP!i, separated by the Rabi splitting !hWR. f) The ground state absorption spectra of SPI (black) in PMMA
and of the coupled system (green, structure shown in (d)) determined experimentally in the available
wavelength window by measuring the transmission T and reflection R of the sample (Abs = 1!T!R).
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for details). The transmission spectrum of this cavity structure
is characterized by two features: a peak at 326 nm due to the
transparency window of silver corresponding to its plasma
frequency, and the fundamental Fabry–Perot cavity mode,
which for a total PVA/PMMA/PVA thickness of 130 nm
occurs at 560 nm (these cavity transmission features can be
seen in Figure 3a, black curve).[24] The Fabry–Perot mode is
therefore resonant with the absorption of MC. UV irradiation
of the cavity at 330 nm causes formation of MC just as for the
case of the isolated PMMA film.

When the MC is strongly coupled to the vacuum field in
the cavity, the resulting formation of the hybrid states (or
polaritons) is evidenced by the splitting of the absorption into
two new peaks (green curve Figure 2 f). The detailed physics
of the strong coupling of this particular system have been
presented elsewhere.[24] In brief, at the photostationary state,
ca. 80 % of the MC species are strongly coupled and the

vacuum Rabi splitting is in the
order of 700 meV (Figure 2 f).
In other words, the new hybrid
states, jP +i and jP!i, have
absorptions at " 350 meV rel-
ative to the transition energy
of the uncoupled MC
(2.2 eV). Note that this Rabi
splitting does not arise from
the photons used to probe the
system but is only due to the
vacuum field as can be seen
from the fact that the spec-
trum of the coupled molecules
is independent of the weak
light intensity used to record
it.

We now analyze the pho-
toisomerization kinetics
inside and outside the cavity.
The detailed photoisomeriza-
tion mechanism, schemati-
cally simplified in Figure 2b,
is still in debate in the liter-
ature due to its complexity
and is reported to involve
several intermediate isomers,
including the triplet manifold,
here collectively shown as a
single species I.[25–29] Never-
theless the reaction proceeds
with observed first-order
kinetics in solution. An over-
all first-order reaction mecha-
nism (kobs) is also predicted
from the simplified reaction
diagram in Figure 2b where
kobs is a complex function of
the quantum yields of the
various individual photoin-
duced steps:

d½MC$
dt ¼ !kobs½MC$ þ b

with kobs ¼
k03

k3 þ k03
k2

k1 þ k2
þ k3

k3 þ k03
k02

k01 þ k02

! "
kex

and b ¼ k3

k3 þ k03
k02

k01 þ k02
kex½SPI$0

ð2Þ

The detailed derivation of this rate equation is given in the
Supporting Information. It assumes that the intermediates
SPI*, I and MC* are in a stationary state and it is simplified by
irradiation at the isosbestic point for the two species at
330 nm. The photostationary (PS) concentration ratio under
the experimental conditions for this model is given by:

½MC$PS

½SPI$PS
¼ k3k02

k03 k01 þ k02ð Þ 1 þ k1

k2

! "
ð3Þ

Figure 2. a) The molecular structure of spiropyran (SPI) and merocyanine (MC). b) Diagram of the energy
landscape connecting the two isomers in the ground and first excited state where kEX and kEX’ are the rates
of photoexcitation and the others the rates of the internal pathways; for example, k1 represents the sum of
non-radiative and radiative relaxation rates from MC* to MC. Vibrational sub-levels are not included for
clarity. c) The ground state absorption spectra of SPI (black) and MC (red) in PMMA film. d) The structure
of the cavity; note that cavity and non-coupled measurements were done concurrently on the same film.
e) Diagram of the energy landscape connecting the two isomers in the ground and first excited state, with
modification of the MC states by strong coupling and the appearance of the polariton states jP +i and
jP!i, separated by the Rabi splitting !hWR. f) The ground state absorption spectra of SPI (black) in PMMA
and of the coupled system (green, structure shown in (d)) determined experimentally in the available
wavelength window by measuring the transmission T and reflection R of the sample (Abs = 1!T!R).
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General trend confirmed by independent experiments (S. Kena-Cohen,... ) 

for details). The transmission spectrum of this cavity structure
is characterized by two features: a peak at 326 nm due to the
transparency window of silver corresponding to its plasma
frequency, and the fundamental Fabry–Perot cavity mode,
which for a total PVA/PMMA/PVA thickness of 130 nm
occurs at 560 nm (these cavity transmission features can be
seen in Figure 3a, black curve).[24] The Fabry–Perot mode is
therefore resonant with the absorption of MC. UV irradiation
of the cavity at 330 nm causes formation of MC just as for the
case of the isolated PMMA film.

When the MC is strongly coupled to the vacuum field in
the cavity, the resulting formation of the hybrid states (or
polaritons) is evidenced by the splitting of the absorption into
two new peaks (green curve Figure 2 f). The detailed physics
of the strong coupling of this particular system have been
presented elsewhere.[24] In brief, at the photostationary state,
ca. 80 % of the MC species are strongly coupled and the

vacuum Rabi splitting is in the
order of 700 meV (Figure 2 f).
In other words, the new hybrid
states, jP +i and jP!i, have
absorptions at " 350 meV rel-
ative to the transition energy
of the uncoupled MC
(2.2 eV). Note that this Rabi
splitting does not arise from
the photons used to probe the
system but is only due to the
vacuum field as can be seen
from the fact that the spec-
trum of the coupled molecules
is independent of the weak
light intensity used to record
it.

We now analyze the pho-
toisomerization kinetics
inside and outside the cavity.
The detailed photoisomeriza-
tion mechanism, schemati-
cally simplified in Figure 2b,
is still in debate in the liter-
ature due to its complexity
and is reported to involve
several intermediate isomers,
including the triplet manifold,
here collectively shown as a
single species I.[25–29] Never-
theless the reaction proceeds
with observed first-order
kinetics in solution. An over-
all first-order reaction mecha-
nism (kobs) is also predicted
from the simplified reaction
diagram in Figure 2b where
kobs is a complex function of
the quantum yields of the
various individual photoin-
duced steps:

d½MC$
dt ¼ !kobs½MC$ þ b

with kobs ¼
k03

k3 þ k03
k2

k1 þ k2
þ k3

k3 þ k03
k02

k01 þ k02

! "
kex

and b ¼ k3

k3 þ k03
k02

k01 þ k02
kex½SPI$0

ð2Þ

The detailed derivation of this rate equation is given in the
Supporting Information. It assumes that the intermediates
SPI*, I and MC* are in a stationary state and it is simplified by
irradiation at the isosbestic point for the two species at
330 nm. The photostationary (PS) concentration ratio under
the experimental conditions for this model is given by:

½MC$PS

½SPI$PS
¼ k3k02

k03 k01 þ k02ð Þ 1 þ k1

k2
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ð3Þ

Figure 2. a) The molecular structure of spiropyran (SPI) and merocyanine (MC). b) Diagram of the energy
landscape connecting the two isomers in the ground and first excited state where kEX and kEX’ are the rates
of photoexcitation and the others the rates of the internal pathways; for example, k1 represents the sum of
non-radiative and radiative relaxation rates from MC* to MC. Vibrational sub-levels are not included for
clarity. c) The ground state absorption spectra of SPI (black) and MC (red) in PMMA film. d) The structure
of the cavity; note that cavity and non-coupled measurements were done concurrently on the same film.
e) Diagram of the energy landscape connecting the two isomers in the ground and first excited state, with
modification of the MC states by strong coupling and the appearance of the polariton states jP +i and
jP!i, separated by the Rabi splitting !hWR. f) The ground state absorption spectra of SPI (black) in PMMA
and of the coupled system (green, structure shown in (d)) determined experimentally in the available
wavelength window by measuring the transmission T and reflection R of the sample (Abs = 1!T!R).

Angewandte
Chemie

1593Angew. Chem. Int. Ed. 2012, 51, 1592 –1596 ! 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

In a polymer matrix, the internal isomerization processes
are further complicated by convolution with the heteroge-
neous segmental motion of the polymer resulting in devia-
tions from exponential behavior.[29] The kinetic build-up of
MC in the PMMA matrix (outside the cavity) during UV
irradiation at 330 nm shows indeed deviation from linearity
when plotted on a log scale (red points in Figure 3b). Shown
in Figure 3a is the progression of the same reaction, but inside
the cavity, monitored by transmission spectra of the cavity
structure. The Fabry–Perot mode is reduced and splits as the
MC concentration increases. Using transfer matrix simula-
tions, the transmission spectra as a function of time allow us to
calculate the absorbance of MC at each time. This data is
superimposed on that of the bare molecular film in Figure 3b,
making a slight correction for the different intensities of
330 nm light impinging on the polymer layer for the open
structure and for the cavity (around 20 % higher in the latter
case). It is clear (Figure 3b) that while the rates measured for
the two systems are similar at early times, as the reaction
proceeds, the observed photoisomerization rate is slowed
down significantly in the cavity structure. This retardation
corresponds to the onset of strong-coupling conditions and

the formation of the hybrid light–matter states. The larger the
splitting, the slower is the overall reaction reaching a fraction
of the initial rate. We stress that the intensity of the UV light
penetrating the cavity remains constant, which is ensured by
the invariance of the spectrum around 330 nm. Hence, the
change in rate cannot be attributed to a simple optical effect.
The final concentrations of the species at the photostationary
state are also modified, increasing the MC yield in the cavity
by ca. 10 %. Furthermore, it was checked that when the cavity
is designed in such a way to be out of resonance (at all angles)
with the MC absorption transition, there is no change in rate
(Figure 3c) compared to the film outside the cavity.

A slowing of SPI-MC photoisomerization as the system
enters strong-coupling conditions is fully consistent with the
change in energy landscape in Figure 2e and Equation (2).
The upper lying jP +i state will rapidly decay to jP!i which
in turn by lying lower than the uncoupled excited state MC*
will favor the return to ground state (path (1) over path (2) in
Figure 2e). The corresponding change in the rate constants k1

and k2 would result in a reduction in kobs for the photo-
isomerization (through the decrease of the k2/(k1+k2) term in
Equation (2)) and an increase in the photostationary concen-
tration of coupled MC [k1/k2 increases in Eq. (3)], as is
observed.

While the modification of the reaction potential by strong
coupling shown in Figure 1 and 2 emphasizes the splitting of
the excited-state energy levels, one must bear in mind that this
modification will be “felt” through the entire system,
reordering the energy levels including possibly the ground
state. If that is the case, the formation of the light–matter
hybrid state might not only alter the photoisomerization rates
between SPI and MC, but also the thermal conversion of MC
to SPI in the ground-state energy landscape. Theoretical
considerations of such ultra-strong coupling regime (into
which this cavity/photochrome system falls)[24] also predict a
modification of the ground-state energy.[11, 12] Nevertheless,
careful analysis of the thermal back reaction did not reveal
any change in the rate beyond experimental error.

To gain further insight into the photochemical events,
transient differential absorption spectroscopy (pump–probe)
experiments were carried out on the coupled system and
compared to that of the uncoupled molecules. This technique
has the advantage of probing the excited states by detecting
very small absorbance changes with minimal perturbation of
the system, with the ability to also detect non-radiative decay
processes in contrast to time-resolved fluorescence. Figure 4a
shows the transient spectra immediately after the 150 fs pump
pulse (560 nm) for different coupling strengths. As can be
seen, the transient spectra are all very different from that of
the uncoupled molecules. To understand these spectra, it is
worth remembering that the transient differential absorption
DA(l) is given by Equation (4):[30]

DAðlÞ ¼ ½s*ðlÞ!s0ðlÞ!sSEðlÞ&kd½MC*& ð4Þ

where s*(l) is the excited-state absorption cross-section in
cm!2, s0(l) the ground-state absorption cross-section, sSE(l)
the stimulated-emission cross-section of the excited state, k
the constant that relates the molar extinction coefficient to

Figure 3. a) Transmission spectrum of the coupled system in the cavity
as a function of irradiation time at 330 nm where the Ag film has a
transparency window as seen in the spectra. Notice that the initial
Fabry–Perot mode at ca. 560 nm (black curve) splits into two new
modes as the SPI to MC photoreaction proceeds. b) Kinetics of the
growth of the MC absorbance (i.e. concentration) measured for the
bare molecules (red) and the coupled system (green) in the config-
uration shown in Figure 2d; in other words, the uncoupled molecules
were irradiated through one mirror on the same sample as the cavity
system involving two mirrors. The negative log plot stems from taking
ln(1![MC]t/[MC]1) versus t. For this case, in which the cavity
resonance is tuned to exactly match the MC absorption at 560 nm, the
difference in the rates increases with the degree of strong coupling.
c) In contrast, when the cavity thickness is tuned such that it is non-
resonant with the MC absorption for all angles of incidence, the
photoisomerization rate is identical to that of the non-cavity sample.
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SPI to MC rate suppression!



What is the mechanism? 



344 7 Electron Transfer

and performing the q-integration results in

kET D 2π
„

jVDAj2
q

2πkBTω2
vib

!
q(D) ! q(A)

"2
exp

(
! ω2

vib

!
q! ! q(D)

"2

2kB T

)
. (7.69)

The obtained rate formula is of the type of Eq. (7.46). It represents the activation
law for reaching the crossing point q D q! between the donor and the acceptor
PESs. The activation energy is given by

Eact D 1
2

ω2
vib(q! ! q(D))2 . (7.70)

This expression can be rewritten to give

Eact D (∆E ! Eλ)2

4Eλ
. (7.71)

The quantity

Eλ D ω2
vib

2
!
q(A) ! q(D)"2 (7.72)

is the potential energy of the vibrational coordinate, which corresponds to the fol-
lowing situation. Initially the electron is at the donor and the vibrational coordinate
has the value q D q(D). Then a sudden change in the electronic state occurs (Fig-
ure 7.23). In order to reorganize the vibrational coordinate (nuclear configuration)
to the new equilibrium value q(A), the energy Eλ has to be removed from the sys-
tem. Therefore, this energy is usually called the reorganization energy (cf. discussion
of the reaction path Hamiltonian in Chapter 2). If the ET reaction proceeds in a sol-
vent, the change in the electronic charge density in the DA complex is accompanied
by a rearrangement of the solvent polarization field (see the detailed discussion in
Section 7.5). Thus, the name polarization energy is also common for Eλ .

The rate expression that follows upon introducing Eλ is named after R. A. Mar-
cus, who pioneered the theory of ET reactions starting in the 1950s. It reads

kET D jVDAj2
r

π
„2 kBT Eλ

exp
#
! (∆E ! Eλ)2

4Eλ kB T

$
. (7.73)

Before discussing this result in detail we note that the same expression is valid
if we consider not a single but a large number of vibrational coordinates for the
donor and acceptor PES as introduced in Eq. (7.26). The only change concerns the
reorganization energy, which has to be generalized from Eq. (7.72) to the case of
many vibrational DOFs according to (details can be found in the supplementary
Section 7.12.2)87)

Eλ D
X

$

ω2
$

2

%
q(D)

$ ! q(A)
$

&2
. (7.74)

87) If the shapes of the two coupled PESs differ, i.e., if the vibrational frequencies become
electronic-state-dependent, a generalization of Eq. (7.73) can be derived [13].
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•  Reorganization energy Eλ is crucial parameter for control  
[solvents, E-fields,…] R.	A.	Marcus,	Rev.	Mod.	Phys.	65,	599,	1993	

•  Marcus Theory: Electron transfer rate controlled by relative energetics of donor (D) 
and acceptor (A) potential energy surfaces.  

Electron transfer in chemistry & biology!



Test Case: Donor-to-charge-transfer states!
•  Charge Transfer (CT) states are the precursors of charge separation in organic photovoltaics. 

•  Photoinduced ET reactions involving Twisted-Intramolecular Charge Transfer (TICT) states, 
where reducing S0-S1reorganization energy can have significant effects on reaction rate. 

 

See	work	by	W.	Rettig	et	al,	Chemical	Reviews,	103,	3899,	2003;	Photochem.	Photobiol.	Sci.	4,	106,	2005	

PES for Photoinduced ET reaction 

Electron Donor-Acceptor Complexes 
with Intramolecular Configuration Changes 



•  For Rabi couplings, the polariton spectrum simplifies and vibrations become separable 
from electron-photon degrees of freedom in the lower polariton manifold.  
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Polaron decoupling limit!

•  Inner-shell reorganization energy is collectively eliminated in an ensemble 



•  In the polaron-decoupling regime, the reorganization energy of a cavity-dressed donor manifold 
is eliminated relative to the ground potential, enhancing donor-to-acceptor tunneling along 
reaction coordinate. 

Cavity-enhanced electron transfer !

Herrera & Spano, PRL 116, 238301, 2016  
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Exponential ET rate enhancement  

enhancement  

suppression 



•  Orders-of-magnitude rate enhancements for electron transfer have yet to be measured. 

•  Rate enhancement due to polaron decoupling is only moderate for higher thermal energies. 
 

Where is the ET rate enhancement?!
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Electronic  
Transition 

Cavity  
Mode 

Vibrational  
Mode 

Electromagnetic Reservoir 

Vibrational Reservoir 

IR radiation 
Transmission, Reflection 

Photoluminescence 

Fluorescence 

Exciton Scattering Vibrational Relaxation 

Vibronic Coupling Rabi Coupling 

⌧ ⇠ 1� 10 ps ⌧ ⇠ 10 ps

⌧ ⇠ 10 fs

⌧ ⇠ 1� 100µs
⌧0 ⇠ 1� 10 ns

Excitonic Coupling 
Energetic Disorder 
Rabi Disorder 
Multiple Modes 
Multi-Level Structure 

A modeling challenge!

⌧ ⇠ 10 fs

⌧ ⇠ 100 fs
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ab-initio Materials  
+ 

ab-initio Quantum Optics 

Full ab-initio:  
 
•  Field quantization consistent with Maxwell equations in dispersive and 

absorptive media[Barnett, Welch, Drummond...]  

•  Atomistic treatment of large number of material degrees of freedom [QM/
MM, HEQM,...]. 

Complementary approaches!



ab-initio Materials 
+ 

 Model Quantum Optics 

Model Materials 
+ 

Model Quantum Optics 

Semi ab-initio Full phenomenological 



ab-initio spectroscopy!

S0

S1

S3

S4

S2

Azobenzene 

kcal/mol
70 kcal/mol = 3.0 eV

J. Casellas et al, Materials 10, 1342, 2017 



Model spectroscopy!

!v

!eg

E�

E� =
!v

2
(�e � �g)

2

�e �g

Vibrational 
coordinate 

Figure 2: PBI-1 (N ,N ’-Di(N -(2-aminoethyl)-benzamide)-1,6,7,12-tetra(4-tert-butylphenoxy)- 3,4:9,10-perylene-
biscarboximide) monomer absorption spectrum and calculations for a reduced system: (a) leading HOMO-LUMO
transition contributing to the S0 ! S1 absorption, (b) absorption and fluorescence spectrum and calculated results
(narrow lines), (c) vibrational mode that leads to the vibrational progression for the electronic S0 ! S1 absorption
(Ambrosek et al. (2011))
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•  Displaced Oscillator Model accounts for coupling of a single high-frequency 
intramolecular vibration (~180 -200 meV) with lowest singlet transition. 
 

•  Widely used model in physical chemistry to describe absorption lineshapes of a 
large family of organic chromophores 

O. Kuhn, arXiv:1108.4834 

absorption emission 

S0
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Inner-shell reorganization energy 



Low frequency vibrations!
•  Weak coupling of electronic transitions with low-frequency modes with spectral 

density J(ω) modulate the dynamics of fluorescence Stokes shift S(t) 
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FIG. 1. Dynamic Stokes shift of a dipolar molecule in a polar environment

ground state and is proportional to the time dependence of a characteristic fluorescence

frequency. The goal is then to relate the non-equilibrium relaxation encoded in S(t) with

equilibrium fluctuations of the energy difference and then extract the spectral density. In

doing so, let us a consider a two-electronic state system, with electronic transition frequency

ωeg, coupled to a thermal bath ĤB via the interaction term V̂SB, and to a radiation field

E(r, t) via the dipole moment µ, so that the Hamiltonian is described by

Ĥ =
1

2
!ωegσ̂z + µ · E(r, t)σ̂x +

1

2
σ̂zV̂SB(q, Q) + ĤB(p,q, Q). (2)

Here σ̂’s are the Pauli matrices and q and Q denote the bath and system coordinates,

respectively.

Following Ref. 2, we use the Heisenberg picture and split the interaction term V̂SB

into an average and a fluctuating part, δVSB(t) = VSB(t) − ⟨VSB⟩. As is customary, in

order to have an effective description of the coupling to the bath, one assumes that

δVSB(t) behaves as a random variable and that it is characterized by its symmetrized,

C+(τ ′) = 1
!
⟨{δVSB(τ ′), δVSB(0)}⟩, and anti-symmetrized correlation functions2,3, C−(τ ′) =

i
!
⟨[δVSB(τ ′), δVSB(0)]⟩. For convenience below we note that in accord with Kubo’s formula,

4

S(t) =
�E(t)��E(1)

�E(0)��E(1)
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FIG. 4. Normalized dynamic Stokes shifts, extracted from Ref. 16, of bovine rhodopsin at various
wavelengths: λ = 530 nm (blue squares, with ωc = 14.661 ps−1 and s = 0.736), λ = 580 nm

(purple triangles, with ωc = 17.878 ps−1 and s = 0.554), λ = 630 nm (green circles, with ωc =
7.926 ps−1 and s = 0.489), λ = 680 nm (ωc = 5.677 ps−1 and s = 0.529 not shown), λ = 730 nm

(ωc = 5.382 ps−1 and s = 0.594 not shown) and λ = 780 nm (red x’s with ωc = 7.985 ps−1 and
s = 0.643).

Note that this J(ω) representation allows for a dramatic simplification of calculations

needed to, for example, explore the time evolution of rhodopsin since the effect of all Raman

modes can now be effectively condensed in a sub-Ohmic spectral density.

2. Green Fluorescent Protein

Green Fluorescent Proteins (GFPs) are thought to be ideal candidates for measurements

of the dynamic Stokes shift because the chromophore is both intrinsic to the protein and

structurally well characterized17. This feature was exploited in Ref. 17 to measure the

dynamic Stokes shift function in variants of GFP such as mPlum, mRFP and mRaspberry

at different pH levels. The experimental results available from Ref. 17 are those from a
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Example: Bovine Rhodopsin & Sub-Ohmic SD 

L. Pachón & P. Brumer, J. Chem. Phys. 141, 174102, 2014 

Reservoir Spectral Density 



The HTC model 

with Frank Spano 

Temple University 



Holstein-Tavis-Cummings model!
•  The HTC model describes an ensemble of electronic transitions simultaneously 

coupled with a high-frequency vibration and a quantized electromagnetic field. 
 

Ĥ = !c â
†â+ !v

NX

n=1

b̂†nb̂n +
NX

n=1

h
!e + !v�(b̂n + b̂†n)

i
|eni hen|+

⌦

2

NX

n=1

(|gni hen| â
† + |eni hgn| â)

•  Consistent with previous quasi-particle theories (Agranovich, La Rocca, Litinskaya,…). 
 
•  Novel photonic states dressed by intramolecular vibrations can also exchange energy with excited 

electronic states. 

•  Coupling to a continuum of low-frequency vibrations is straightforward to implement. 

Main Model Features

Cwik, Keeling et al. Eur. Phys. Lett. 105, 47009, 2014 
F. C. Spano, J. Chem. Phys 142, 184707, 2015 

First used in: 



Symmetries of the HTC Model!
•  For N = 1, HTC Hamiltonian commutes with the generalized parity operator S. 
 
•  For N > 1, HTC eigenstates have a well-defined permutation quantum number.  
 

Herrera & Spano, Phys. Rev. A 95, 053867, 2017 
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Generalized Parity Transformation 
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Permutation-Symmetric Generalized Parity 

Permutation symmetry generalizes translational invariance 

N � 2
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Two-particle Material States!

•  Excited electronic states coexist with one or more purely vibrational excitations in 
a molecular ensemble.  

Herrera & Spano, Phys. Rev. A 95, 053867, 2017 
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Permutation quantum number β determines the symmetry of collective vibrational excitation 



Diabatic Two-particle Polaritons!
•  HTC Hamiltonian couples two-particle material states with collective vibration-

photon states. Coupling can lead to the formation of two-particle polaritons. 

Herrera & Spano, PRA 95, 053867, 2017 
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Light-matter coupling conserves the vibrational permutation quantum number 
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Collective Vibration-Photon State 
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Two-Particle Diabatic Polariton State 



Novel two-particle polaritons!

ACS Photonics 5, 65, 2018 
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•  HTC excited states include conventional vibronic polaritons (e.g. Mazza, La Rocca, 
Michetti), and also novel two-particle vibronic polaritons. 



Dark states with photon character!

•  For intermediate Rabi frequencies, the so-called dark exciton reservoir can have  a 
significant photon character by admixing with diabatic two-particle polaritons. 

•  Depending on total permutation symmetry, we classify the resulting eigenstates as 
X-type or Y-type dark vibronic polaritons.  
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•  For larger Rabi couplings, the HTC spectrum simplifies and vibrations separable from 
electron-photon degrees of freedom in the lower polariton manifold.  
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Polaron decoupling limit!

•  Inner-shell reorganization energy is collectively eliminated in an ensemble 



Does the HTC model work? 



Photoluminescence of HTC polaritons!

Ip(!
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For all values of kk shown, the HTC polariton eigenstates
have at least 10% photonic character. The zero-energy
dark vibronic polariton state |Xi, which is dispersive in
our model, appears in the middle region between the
lower (LP) and upper (UP) polariton branches. A sec-
ond X-type polariton branch, which we denote as |X 0

i,
occurs near the upper polariton branch.

Figure 5(b) is a diagram of the allowed transitions from
the bottom of each of the polariton branches shown in
Fig. 5(a), to the lowest three vibrational states of the
ground state manifold. Arrows indicate allowed tran-
sitions between polariton states |✏ji, with frequencies
!j , and states in the ground manifold |g, ⌫, 0ci having
⌫  1 vibrational quanta. Upward arrows are dipole
allowed transitions, relevant in bound absorption exper-
iments [58, 61]. The energy of the absolute ground state
|g, 0, 0ci is denoted as !g. Emission events are dissipa-
tive in the sense that the material is projected into the
state |g, ⌫, 0ci after photon loss through the cavity mir-
rors (leakage), which can be represented by the mapping

â |✏ji ! |g, ⌫, 0ci+ ~!. (48)

The radiated photon is detected at the frequency

! = !j � ⌫ !v, (49)

so that leakage photoluminescence maps the polariton
dispersion !j(kk) only for vibrationless transitions (⌫ =
0). For convenience, we denote downward transitions by
P⌫ , where P labels the emitting polariton state |✏ji and
⌫ the number of vibrational quanta in the ground man-
ifold after photon leakage. Dissipative transition of the
form P⌫>0 are ignored in existing quasi-particle theories
of organic microcavities [36–38, 42, 44, 59].

We show in Fig. 6 the simulated absorption and leak-
age PL emission spectra for a single molecule in a micro-
cavity. Such systems can now be realized experimentally
using localized plasmonic fields [56]. The bound absorp-
tion spectra is computed from the dipole autocorrela-
tion function as discussed in Appendix D, assuming that
only the absolute ground state |Gi is populated. The
lower polariton and upper polariton form a well-defined
bound absorption doublet, for the transitions indicated
with upper arrows in Fig. 5(b). While the dipole oscil-
lator strength is exactly zero for the |Xi state, making
it invisible in bound absorption, its non-vanishing pho-
tonic component hG|â|Xi gives a peak in conventional
absorption.

The leakage photoluminescence (LPL) spectra, shown
in Fig. 6, illustrates the importance of dissipative tran-
sitions of the form in Eq. (48) with ⌫ � 1. The spec-
tra is calculated as described in Sec. VB. If we only
take into account emission events into the vibrationless
ground state of the cavity (dashed line) we obtain an
photoluminescence spectra that roughly maps the con-
ventional absorption spectra A(!) in terms of its rela-
tive peak intensities. For example, the ratio between the
LP and X peaks in conventional absorption is similar to

FIG. 6: Cavity absorption and emission for a single molecule
(N = 1). (a) Conventional absorption A = 1� R � T (black
line) and bound absorption spectra (red line). The lower po-
lariton (LP) and upper polariton (UP) peaks are present in
both types of absorption signals. The zero-energy dark vi-
bronic polariton |Xi is not present in bound absorption. (b)
Leakage photoluminescence spectra (LPL) for the same pa-
rameters as in panel (a). Peak labels have the form P⌫ , where
P refers to the initial polariton state and ⌫ to the vibrational
quantum number in the final state of the transition. Dashed
and solid lines include transitions with up to ⌫ = 0 and ⌫ = 1
vibrational quanta, respectively. Vertical bars indicate the
position and relative strength of the peak maxima. In both
panels we set ⌦ = 1.68!v, /!v = 0.9, �e/!v = 0.2, and
a non-radiative decay rate �nr/!v = 0.1, for �2 = 1 and
!c = !00 at normal incidence. !v is the intramolecular vi-
bration frequency.

their ratio in PL emission. However, if we include emis-
sion processes that project the system into a state with
up to ⌫ = 1 quantum of vibration, the emission peak
near the bare molecular frequency is enhanced relative
the lower polariton peak. Allowed transitions of this kind
are shown in Fig. 5(b).

Leakage transitions from polariton eigenstates |✏ji that
leave the material with ⌫ � 2 vibrational quanta are also
possible, and in general contribute to the strength of the
emission bands. In this work, we assume that only po-
laritons that are slightly higher in energy than the con-
ventional upper polariton state are populated and can
contribute to the LPL spectra. Under the assumption
of uniform polariton population adopted here, photon
leakage into a ground state with ⌫ � 2 quanta do not
qualitatively change the emission spectra within the con-
ventional lower and upper polariton doublet. We there-
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their ratio in PL emission. However, if we include emis-
sion processes that project the system into a state with
up to ⌫ = 1 quantum of vibration, the emission peak
near the bare molecular frequency is enhanced relative
the lower polariton peak. Allowed transitions of this kind
are shown in Fig. 5(b).

Leakage transitions from polariton eigenstates |✏ji that
leave the material with ⌫ � 2 vibrational quanta are also
possible, and in general contribute to the strength of the
emission bands. In this work, we assume that only po-
laritons that are slightly higher in energy than the con-
ventional upper polariton state are populated and can
contribute to the LPL spectra. Under the assumption
of uniform polariton population adopted here, photon
leakage into a ground state with ⌫ � 2 quanta do not
qualitatively change the emission spectra within the con-
ventional lower and upper polariton doublet. We there-

PL is a quantum jump 
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Photoluminescence of HTC polaritons!
•  Depending on the final vibrational system of the system after photon loss, we 

distinguish two types of photoluminescence: direct PL vs indirect PL.  
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⌫ = 1
<latexit sha1_base64="pMEo8fZ02ACFtXc03bjseExVisk=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch6MVjBPOAZAmzk95kyOzsMtMrhCUnv8CrfoE38eqX+AH+h5NkDyaxoKGo6qa7K0ikMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2cag4NHstYtwNmQAoFDRQooZ1oYFEgoRWM7qZ+6wm0EbF6xHECfsQGSoSCM7RSq6tSekO9XrniVt0Z6CrxclIhOeq98k+3H/M0AoVcMmM6npugnzGNgkuYlLqpgYTxERtAx1LFIjB+Njt3Qs+s0qdhrG0ppDP170TGImPGUWA7I4ZDs+xNxf+8TorhtZ8JlaQIis8XhamkGNPp77QvNHCUY0sY18LeSvmQacbRJrSwJdBsBDixuXjLKayS5kXVc6vew2WldpsnVCQn5JScE49ckRq5J3XSIJyMyAt5JW/Os/PufDif89aCk88ckwU4X7+oTJcF</latexit><latexit sha1_base64="pMEo8fZ02ACFtXc03bjseExVisk=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch6MVjBPOAZAmzk95kyOzsMtMrhCUnv8CrfoE38eqX+AH+h5NkDyaxoKGo6qa7K0ikMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2cag4NHstYtwNmQAoFDRQooZ1oYFEgoRWM7qZ+6wm0EbF6xHECfsQGSoSCM7RSq6tSekO9XrniVt0Z6CrxclIhOeq98k+3H/M0AoVcMmM6npugnzGNgkuYlLqpgYTxERtAx1LFIjB+Njt3Qs+s0qdhrG0ppDP170TGImPGUWA7I4ZDs+xNxf+8TorhtZ8JlaQIis8XhamkGNPp77QvNHCUY0sY18LeSvmQacbRJrSwJdBsBDixuXjLKayS5kXVc6vew2WldpsnVCQn5JScE49ckRq5J3XSIJyMyAt5JW/Os/PufDif89aCk88ckwU4X7+oTJcF</latexit><latexit sha1_base64="pMEo8fZ02ACFtXc03bjseExVisk=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch6MVjBPOAZAmzk95kyOzsMtMrhCUnv8CrfoE38eqX+AH+h5NkDyaxoKGo6qa7K0ikMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2cag4NHstYtwNmQAoFDRQooZ1oYFEgoRWM7qZ+6wm0EbF6xHECfsQGSoSCM7RSq6tSekO9XrniVt0Z6CrxclIhOeq98k+3H/M0AoVcMmM6npugnzGNgkuYlLqpgYTxERtAx1LFIjB+Njt3Qs+s0qdhrG0ppDP170TGImPGUWA7I4ZDs+xNxf+8TorhtZ8JlaQIis8XhamkGNPp77QvNHCUY0sY18LeSvmQacbRJrSwJdBsBDixuXjLKayS5kXVc6vew2WldpsnVCQn5JScE49ckRq5J3XSIJyMyAt5JW/Os/PufDif89aCk88ckwU4X7+oTJcF</latexit><latexit sha1_base64="pMEo8fZ02ACFtXc03bjseExVisk=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch6MVjBPOAZAmzk95kyOzsMtMrhCUnv8CrfoE38eqX+AH+h5NkDyaxoKGo6qa7K0ikMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2cag4NHstYtwNmQAoFDRQooZ1oYFEgoRWM7qZ+6wm0EbF6xHECfsQGSoSCM7RSq6tSekO9XrniVt0Z6CrxclIhOeq98k+3H/M0AoVcMmM6npugnzGNgkuYlLqpgYTxERtAx1LFIjB+Njt3Qs+s0qdhrG0ppDP170TGImPGUWA7I4ZDs+xNxf+8TorhtZ8JlaQIis8XhamkGNPp77QvNHCUY0sY18LeSvmQacbRJrSwJdBsBDixuXjLKayS5kXVc6vew2WldpsnVCQn5JScE49ckRq5J3XSIJyMyAt5JW/Os/PufDif89aCk88ckwU4X7+oTJcF</latexit>

⌫ = 2
<latexit sha1_base64="J4L31jWMd9TQaZIpFPfYBH0L4BM=">AAACAXicbVDLSgNBEJz1GeMr6tHLYBA8hd0g6EUIevEYwTwgWcLspDcZMju7zPQKYcnJL/CqX+BNvPolfoD/4STZg0ksaCiquunuChIpDLrut7O2vrG5tV3YKe7u7R8clo6OmyZONYcGj2Ws2wEzIIWCBgqU0E40sCiQ0ApGd1O/9QTaiFg94jgBP2IDJULBGVqp1VUpvaHVXqnsVtwZ6CrxclImOeq90k+3H/M0AoVcMmM6npugnzGNgkuYFLupgYTxERtAx1LFIjB+Njt3Qs+t0qdhrG0ppDP170TGImPGUWA7I4ZDs+xNxf+8TorhtZ8JlaQIis8XhamkGNPp77QvNHCUY0sY18LeSvmQacbRJrSwJdBsBDixuXjLKaySZrXiuRXv4bJcu80TKpBTckYuiEeuSI3ckzppEE5G5IW8kjfn2Xl3PpzPeeuak8+ckAU4X7+p45cG</latexit><latexit sha1_base64="J4L31jWMd9TQaZIpFPfYBH0L4BM=">AAACAXicbVDLSgNBEJz1GeMr6tHLYBA8hd0g6EUIevEYwTwgWcLspDcZMju7zPQKYcnJL/CqX+BNvPolfoD/4STZg0ksaCiquunuChIpDLrut7O2vrG5tV3YKe7u7R8clo6OmyZONYcGj2Ws2wEzIIWCBgqU0E40sCiQ0ApGd1O/9QTaiFg94jgBP2IDJULBGVqp1VUpvaHVXqnsVtwZ6CrxclImOeq90k+3H/M0AoVcMmM6npugnzGNgkuYFLupgYTxERtAx1LFIjB+Njt3Qs+t0qdhrG0ppDP170TGImPGUWA7I4ZDs+xNxf+8TorhtZ8JlaQIis8XhamkGNPp77QvNHCUY0sY18LeSvmQacbRJrSwJdBsBDixuXjLKaySZrXiuRXv4bJcu80TKpBTckYuiEeuSI3ckzppEE5G5IW8kjfn2Xl3PpzPeeuak8+ckAU4X7+p45cG</latexit><latexit sha1_base64="J4L31jWMd9TQaZIpFPfYBH0L4BM=">AAACAXicbVDLSgNBEJz1GeMr6tHLYBA8hd0g6EUIevEYwTwgWcLspDcZMju7zPQKYcnJL/CqX+BNvPolfoD/4STZg0ksaCiquunuChIpDLrut7O2vrG5tV3YKe7u7R8clo6OmyZONYcGj2Ws2wEzIIWCBgqU0E40sCiQ0ApGd1O/9QTaiFg94jgBP2IDJULBGVqp1VUpvaHVXqnsVtwZ6CrxclImOeq90k+3H/M0AoVcMmM6npugnzGNgkuYFLupgYTxERtAx1LFIjB+Njt3Qs+t0qdhrG0ppDP170TGImPGUWA7I4ZDs+xNxf+8TorhtZ8JlaQIis8XhamkGNPp77QvNHCUY0sY18LeSvmQacbRJrSwJdBsBDixuXjLKaySZrXiuRXv4bJcu80TKpBTckYuiEeuSI3ckzppEE5G5IW8kjfn2Xl3PpzPeeuak8+ckAU4X7+p45cG</latexit><latexit sha1_base64="J4L31jWMd9TQaZIpFPfYBH0L4BM=">AAACAXicbVDLSgNBEJz1GeMr6tHLYBA8hd0g6EUIevEYwTwgWcLspDcZMju7zPQKYcnJL/CqX+BNvPolfoD/4STZg0ksaCiquunuChIpDLrut7O2vrG5tV3YKe7u7R8clo6OmyZONYcGj2Ws2wEzIIWCBgqU0E40sCiQ0ApGd1O/9QTaiFg94jgBP2IDJULBGVqp1VUpvaHVXqnsVtwZ6CrxclImOeq90k+3H/M0AoVcMmM6npugnzGNgkuYFLupgYTxERtAx1LFIjB+Njt3Qs+t0qdhrG0ppDP170TGImPGUWA7I4ZDs+xNxf+8TorhtZ8JlaQIis8XhamkGNPp77QvNHCUY0sY18LeSvmQacbRJrSwJdBsBDixuXjLKaySZrXiuRXv4bJcu80TKpBTckYuiEeuSI3ckzppEE5G5IW8kjfn2Xl3PpzPeeuak8+ckAU4X7+p45cG</latexit>

|g, ⌫, 0ci
<latexit sha1_base64="VLcI7nXuHJIWRKu7WWyEKT9r8y0=">AAACD3icbVDLSsNAFJ34rPUV7dLNYBFclJKIoMuiG5cV7AOaUCbT23ToZBJmJkKI/Qi/wK1+gTtx6yf4Af6H0zYL23rgwuGcezmXEyScKe0439ba+sbm1nZpp7y7t39waB8dt1WcSgotGvNYdgOigDMBLc00h24igUQBh04wvp36nUeQisXiQWcJ+BEJBRsySrSR+nblKax5Iq1hp089SUTIody3q07dmQGvErcgVVSg2bd/vEFM0wiEppwo1XOdRPs5kZpRDpOylypICB2TEHqGChKB8vPZ8xN8ZpQBHsbSjNB4pv69yEmkVBYFZjMieqSWvan4n9dL9fDaz5lIUg2CzoOGKcc6xtMm8IBJoJpnhhAqmfkV0xGRhGrT10JKIMkY9MT04i63sEraF3XXqbv3l9XGTdFQCZ2gU3SOXHSFGugONVELUZShF/SK3qxn6936sD7nq2tWcVNBC7C+fgE35Jws</latexit><latexit sha1_base64="VLcI7nXuHJIWRKu7WWyEKT9r8y0=">AAACD3icbVDLSsNAFJ34rPUV7dLNYBFclJKIoMuiG5cV7AOaUCbT23ToZBJmJkKI/Qi/wK1+gTtx6yf4Af6H0zYL23rgwuGcezmXEyScKe0439ba+sbm1nZpp7y7t39waB8dt1WcSgotGvNYdgOigDMBLc00h24igUQBh04wvp36nUeQisXiQWcJ+BEJBRsySrSR+nblKax5Iq1hp089SUTIody3q07dmQGvErcgVVSg2bd/vEFM0wiEppwo1XOdRPs5kZpRDpOylypICB2TEHqGChKB8vPZ8xN8ZpQBHsbSjNB4pv69yEmkVBYFZjMieqSWvan4n9dL9fDaz5lIUg2CzoOGKcc6xtMm8IBJoJpnhhAqmfkV0xGRhGrT10JKIMkY9MT04i63sEraF3XXqbv3l9XGTdFQCZ2gU3SOXHSFGugONVELUZShF/SK3qxn6936sD7nq2tWcVNBC7C+fgE35Jws</latexit><latexit sha1_base64="VLcI7nXuHJIWRKu7WWyEKT9r8y0=">AAACD3icbVDLSsNAFJ34rPUV7dLNYBFclJKIoMuiG5cV7AOaUCbT23ToZBJmJkKI/Qi/wK1+gTtx6yf4Af6H0zYL23rgwuGcezmXEyScKe0439ba+sbm1nZpp7y7t39waB8dt1WcSgotGvNYdgOigDMBLc00h24igUQBh04wvp36nUeQisXiQWcJ+BEJBRsySrSR+nblKax5Iq1hp089SUTIody3q07dmQGvErcgVVSg2bd/vEFM0wiEppwo1XOdRPs5kZpRDpOylypICB2TEHqGChKB8vPZ8xN8ZpQBHsbSjNB4pv69yEmkVBYFZjMieqSWvan4n9dL9fDaz5lIUg2CzoOGKcc6xtMm8IBJoJpnhhAqmfkV0xGRhGrT10JKIMkY9MT04i63sEraF3XXqbv3l9XGTdFQCZ2gU3SOXHSFGugONVELUZShF/SK3qxn6936sD7nq2tWcVNBC7C+fgE35Jws</latexit><latexit sha1_base64="VLcI7nXuHJIWRKu7WWyEKT9r8y0=">AAACD3icbVDLSsNAFJ34rPUV7dLNYBFclJKIoMuiG5cV7AOaUCbT23ToZBJmJkKI/Qi/wK1+gTtx6yf4Af6H0zYL23rgwuGcezmXEyScKe0439ba+sbm1nZpp7y7t39waB8dt1WcSgotGvNYdgOigDMBLc00h24igUQBh04wvp36nUeQisXiQWcJ+BEJBRsySrSR+nblKax5Iq1hp089SUTIody3q07dmQGvErcgVVSg2bd/vEFM0wiEppwo1XOdRPs5kZpRDpOylypICB2TEHqGChKB8vPZ8xN8ZpQBHsbSjNB4pv69yEmkVBYFZjMieqSWvan4n9dL9fDaz5lIUg2CzoOGKcc6xtMm8IBJoJpnhhAqmfkV0xGRhGrT10JKIMkY9MT04i63sEraF3XXqbv3l9XGTdFQCZ2gU3SOXHSFGugONVELUZShF/SK3qxn6936sD7nq2tWcVNBC7C+fgE35Jws</latexit>

⇠ !v
<latexit sha1_base64="Itco5lGvVNY9Ef5zQshh5ANQd8s=">AAACD3icbVDLSsNAFJ3UV62vaJduBovgqiQi6LLoxmUF2wpNCJPpbTt0Jgkzk0II/Qi/wK1+gTtx6yf4Af6HkzYL23rgwuGcezmXEyacKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJYUOjXksn0KigLMIOpppDk+JBCJCDr1wclf4vSlIxeLoUWcJ+IKMIjZklGgjBXbdU0xgLxYwIkHuSYGns8BuOE1nDrxO3JI0UIl2YP94g5imAiJNOVGq7zqJ9nMiNaMcZjUvVZAQOiEj6BsaEQHKz+fPz/C5UQZ4GEszkcZz9e9FToRSmQjNpiB6rFa9QvzP66d6eOPnLEpSDRFdBA1TjnWMiybwgEmgmmeGECqZ+RXTMZGEatPXUkooyQR00Yu72sI66V42XafpPlw1WrdlQ1V0is7QBXLRNWqhe9RGHURRhl7QK3qznq1368P6XKxWrPKmjpZgff0CrZCdEw==</latexit><latexit sha1_base64="Itco5lGvVNY9Ef5zQshh5ANQd8s=">AAACD3icbVDLSsNAFJ3UV62vaJduBovgqiQi6LLoxmUF2wpNCJPpbTt0Jgkzk0II/Qi/wK1+gTtx6yf4Af6HkzYL23rgwuGcezmXEyacKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJYUOjXksn0KigLMIOpppDk+JBCJCDr1wclf4vSlIxeLoUWcJ+IKMIjZklGgjBXbdU0xgLxYwIkHuSYGns8BuOE1nDrxO3JI0UIl2YP94g5imAiJNOVGq7zqJ9nMiNaMcZjUvVZAQOiEj6BsaEQHKz+fPz/C5UQZ4GEszkcZz9e9FToRSmQjNpiB6rFa9QvzP66d6eOPnLEpSDRFdBA1TjnWMiybwgEmgmmeGECqZ+RXTMZGEatPXUkooyQR00Yu72sI66V42XafpPlw1WrdlQ1V0is7QBXLRNWqhe9RGHURRhl7QK3qznq1368P6XKxWrPKmjpZgff0CrZCdEw==</latexit><latexit sha1_base64="Itco5lGvVNY9Ef5zQshh5ANQd8s=">AAACD3icbVDLSsNAFJ3UV62vaJduBovgqiQi6LLoxmUF2wpNCJPpbTt0Jgkzk0II/Qi/wK1+gTtx6yf4Af6HkzYL23rgwuGcezmXEyacKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJYUOjXksn0KigLMIOpppDk+JBCJCDr1wclf4vSlIxeLoUWcJ+IKMIjZklGgjBXbdU0xgLxYwIkHuSYGns8BuOE1nDrxO3JI0UIl2YP94g5imAiJNOVGq7zqJ9nMiNaMcZjUvVZAQOiEj6BsaEQHKz+fPz/C5UQZ4GEszkcZz9e9FToRSmQjNpiB6rFa9QvzP66d6eOPnLEpSDRFdBA1TjnWMiybwgEmgmmeGECqZ+RXTMZGEatPXUkooyQR00Yu72sI66V42XafpPlw1WrdlQ1V0is7QBXLRNWqhe9RGHURRhl7QK3qznq1368P6XKxWrPKmjpZgff0CrZCdEw==</latexit><latexit sha1_base64="Itco5lGvVNY9Ef5zQshh5ANQd8s=">AAACD3icbVDLSsNAFJ3UV62vaJduBovgqiQi6LLoxmUF2wpNCJPpbTt0Jgkzk0II/Qi/wK1+gTtx6yf4Af6HkzYL23rgwuGcezmXEyacKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJYUOjXksn0KigLMIOpppDk+JBCJCDr1wclf4vSlIxeLoUWcJ+IKMIjZklGgjBXbdU0xgLxYwIkHuSYGns8BuOE1nDrxO3JI0UIl2YP94g5imAiJNOVGq7zqJ9nMiNaMcZjUvVZAQOiEj6BsaEQHKz+fPz/C5UQZ4GEszkcZz9e9FToRSmQjNpiB6rFa9QvzP66d6eOPnLEpSDRFdBA1TjnWMiybwgEmgmmeGECqZ+RXTMZGEatPXUkooyQR00Yu72sI66V42XafpPlw1WrdlQ1V0is7QBXLRNWqhe9RGHURRhl7QK3qznq1368P6XKxWrPKmjpZgff0CrZCdEw==</latexit>

p
N⌦/!v ⇡ 2

<latexit sha1_base64="VPJZ9r2iAUFwHzPU8ExkJTtdn/I="></latexit><latexit sha1_base64="VPJZ9r2iAUFwHzPU8ExkJTtdn/I="></latexit><latexit sha1_base64="VPJZ9r2iAUFwHzPU8ExkJTtdn/I="></latexit><latexit sha1_base64="VPJZ9r2iAUFwHzPU8ExkJTtdn/I="></latexit>

Direct PL 
  ⌫final = 0

<latexit sha1_base64="O0AKmEiSzqVBX/++/I/9bABqlv0=">AAACDnicbVDLSsNAFJ3UV62vWJduBovgqiQi6EYounFZwT6gCeFmOmmHTiZhZiKW0H/wC9zqF7gTt/6CH+B/OG2zsK0HLhzOuZdzOWHKmdKO822V1tY3NrfK25Wd3b39A/uw2lZJJgltkYQnshuCopwJ2tJMc9pNJYU45LQTjm6nfueRSsUS8aDHKfVjGAgWMQLaSIFd9UQW5J6MccQE8Am+dgK75tSdGfAqcQtSQwWagf3j9ROSxVRowkGpnuuk2s9BakY4nVS8TNEUyAgGtGeogJgqP5/9PsGnRunjKJFmhMYz9e9FDrFS4zg0mzHooVr2puJ/Xi/T0ZWfM5FmmgoyD4oyjnWCp0XgPpOUaD42BIhk5ldMhiCBaFPXQkooYUT1xPTiLrewStrnddepu/cXtcZN0VAZHaMTdIZcdIka6A41UQsR9IRe0Ct6s56td+vD+pyvlqzi5ggtwPr6BUItnD8=</latexit><latexit sha1_base64="O0AKmEiSzqVBX/++/I/9bABqlv0=">AAACDnicbVDLSsNAFJ3UV62vWJduBovgqiQi6EYounFZwT6gCeFmOmmHTiZhZiKW0H/wC9zqF7gTt/6CH+B/OG2zsK0HLhzOuZdzOWHKmdKO822V1tY3NrfK25Wd3b39A/uw2lZJJgltkYQnshuCopwJ2tJMc9pNJYU45LQTjm6nfueRSsUS8aDHKfVjGAgWMQLaSIFd9UQW5J6MccQE8Am+dgK75tSdGfAqcQtSQwWagf3j9ROSxVRowkGpnuuk2s9BakY4nVS8TNEUyAgGtGeogJgqP5/9PsGnRunjKJFmhMYz9e9FDrFS4zg0mzHooVr2puJ/Xi/T0ZWfM5FmmgoyD4oyjnWCp0XgPpOUaD42BIhk5ldMhiCBaFPXQkooYUT1xPTiLrewStrnddepu/cXtcZN0VAZHaMTdIZcdIka6A41UQsR9IRe0Ct6s56td+vD+pyvlqzi5ggtwPr6BUItnD8=</latexit><latexit sha1_base64="O0AKmEiSzqVBX/++/I/9bABqlv0=">AAACDnicbVDLSsNAFJ3UV62vWJduBovgqiQi6EYounFZwT6gCeFmOmmHTiZhZiKW0H/wC9zqF7gTt/6CH+B/OG2zsK0HLhzOuZdzOWHKmdKO822V1tY3NrfK25Wd3b39A/uw2lZJJgltkYQnshuCopwJ2tJMc9pNJYU45LQTjm6nfueRSsUS8aDHKfVjGAgWMQLaSIFd9UQW5J6MccQE8Am+dgK75tSdGfAqcQtSQwWagf3j9ROSxVRowkGpnuuk2s9BakY4nVS8TNEUyAgGtGeogJgqP5/9PsGnRunjKJFmhMYz9e9FDrFS4zg0mzHooVr2puJ/Xi/T0ZWfM5FmmgoyD4oyjnWCp0XgPpOUaD42BIhk5ldMhiCBaFPXQkooYUT1xPTiLrewStrnddepu/cXtcZN0VAZHaMTdIZcdIka6A41UQsR9IRe0Ct6s56td+vD+pyvlqzi5ggtwPr6BUItnD8=</latexit><latexit sha1_base64="O0AKmEiSzqVBX/++/I/9bABqlv0=">AAACDnicbVDLSsNAFJ3UV62vWJduBovgqiQi6EYounFZwT6gCeFmOmmHTiZhZiKW0H/wC9zqF7gTt/6CH+B/OG2zsK0HLhzOuZdzOWHKmdKO822V1tY3NrfK25Wd3b39A/uw2lZJJgltkYQnshuCopwJ2tJMc9pNJYU45LQTjm6nfueRSsUS8aDHKfVjGAgWMQLaSIFd9UQW5J6MccQE8Am+dgK75tSdGfAqcQtSQwWagf3j9ROSxVRowkGpnuuk2s9BakY4nVS8TNEUyAgGtGeogJgqP5/9PsGnRunjKJFmhMYz9e9FDrFS4zg0mzHooVr2puJ/Xi/T0ZWfM5FmmgoyD4oyjnWCp0XgPpOUaD42BIhk5ldMhiCBaFPXQkooYUT1xPTiLrewStrnddepu/cXtcZN0VAZHaMTdIZcdIka6A41UQsR9IRe0Ct6s56td+vD+pyvlqzi5ggtwPr6BUItnD8=</latexit>
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Indirect PL 
  



Comparison with experiments!
•  HTC model with Lindblad optical dissipation and quantum regression theorem 

agrees qualitatively with PL spectra measured by group of Bill Barnes in 2002.  

Hobson et al, Appl. Phys. Lett. 81, 3519, 2002 

HTC Model 2002 Experiment 



Comparison with experiments!
•  The HTC model also qualitatively agrees with measured stationary excitation 

spectrum (action spectrum). 

Herrera & Spano, Phys. Rev. Lett. 118, 223601, 2017  
 
  

G. George, T. Ebbesen, et al, Farad. Discuss. 178, 281, 2015 
  

constant kP!r has an upper limit for a fully allowed transition in the order of 109 "
1010 s!1. Vibrational relaxation within the excited states occurs on the 100 fs
timescale and is characterized by small spectral shis or sliding during the
relaxation. This has also been seen for the P! of TDBC and it is important that
this is not confused with other possible excited decay pathways when observing
P! and P+ at very short time scales.30

1.2 BDAB

The second molecule is a so-called push–pull molecule, 5-(4-(dibutylamino)-
benzylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (BDAB),5 with an
unusually large Stokes shi ("560 meV). The strong coupling energy level
diagram for such molecular systems that undergo electronic energy re-distribu-
tion in the excited state, with the associated solvation shell re-distribution, i.e.
systems featuring a large Stoke shi, is shown in Fig. 2c. The strong coupling in

Fig. 2 Molecular structures of the three compounds (a) and the corresponding energy
diagrams for TDBC (b) and BDAB (c) upon coupling. The TDBC dipole–dipole coupling
gives rise to new states marked J and H, but for the J-aggregates only the J state is
observed in the absorption spectrum as the transition to H is forbidden. Fluorescein is
coupled schematically as in Fig. 1.

Faraday Discussions Paper

284 | Faraday Discuss., 2015, 178, 281–294 This journal is © The Royal Society of Chemistry 2015
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Phenomenological models give us a 
great initial vision of complex 

quantum systems




Vibrational Polaritons in USC 

arXiv:1906.04374, 2019  

POSTER #12 by Federico Hernandez 



Single Morse oscillator in an IR cavity!
•  Morse potential gives qualitatively correct bond dissociation dynamics. 

F. Hernández and FH, arXiv:1906.04374 
  

V (q) = De

⇣
1� e�↵(q�qe)
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Coupling scheme!
•  An infinite number of Morse potentials can be defined, one for each cavity Fock state 

•  Corolary: Dissociation threshold depends on quantum state of the cavity field 



Coupling scheme!
•  Light-matter coupling in dipole approximation admixes anharmonic vibrational 

manifolds. Morse potential breaks total parity.  
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PHOTONIC PARITY 
  



Multi-level Quantum Rabi Model!
•  Transform classical field theory in minimal-coupling to a multipolar form using PZW 

transformation: 

F. Hernández and FH, arXiv:1906.04374 
  

UPZW = ei
R
dxP(x)·A(x)
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•  Ansatz: Impose single-mode quantization of dielectric displacement for a point-
dipole medium [yet to be proven correct].  

•  Up to a vacuum-field-independent polarization self-energy, the resulting PZW 
Hamiltonian is a generalized quantum Rabi model 
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Vibrational polariton spectrum beyond RWA!
•  We focus on IR-active anharmonic modes without permanent dipole at equilibrium 

F. Hernández and FH, arXiv:1906.04374 
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