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Abstract: It remains unclear how the collective strong
coupling of cavity-confined photons to the electronic
transitions of molecular chromophore leverages the
distinct properties of the polaritonic constituents for
future technologies. In this study, we design, fab-
ricate, and characterize multiple types of Fabry-
Pérot (FP) mirco-resonators containing copper(II)
tetraphenyl porphyrin (CuTPP) to show how cavity
polariton formation affects radiative relaxation pro-
cesses in the presence of substantial non-Condon vi-
bronic coupling between two of this molecule’s excited
electronic states. Unlike the prototypical enhancement
of Q state radiative relaxation of CuTPP in a FP res-
onator incapable of forming polaritons, we find the
light emission processes in multimode cavity polari-
ton samples become enhanced for cavity-exciton en-
ergy differences near those of vibrations known to me-
diate non-Condon vibronic coupling. We propose the
value of this detuning is consistent with radiative re-
laxation of Herzberg-Teller polaritons into collective
molecular states coupled to the cavity photon coher-
ently. We contrast the feature stemming from light
emission from the HT polariton state with those that
occur due to polariton-enhanced light absorption. Our
results demonstrate the complex landscape of molecu-
lar and photonic interactions enabled by cavity polari-
ton formation using complex chromophores and how
researchers can design resonators to leverage these in-
teractions to characterize and control polaritonic prop-
erties.
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1 Introduction

The strong coupling of cavity photonic fluctuations and
the electronic transitions of an ensemble of molecules
leads to the formation of collective light-matter states

lariton states formed through strong light-matter cou-
pling possess both the coherent delocalization of cavity
photons and the intrinsic coupling of electronic states
present in localized molecules[? ? ? |. This combina-
tion of properties has enabled novel forms of energy
transfer in polariton platforms|? ? ? ? |. Furthermore,
researchers propose cavity polariton formation enables
new handles over chemical reactivity due to delocalized
nature of the cavity photons[? |. These results suggest
cavity polariton formation could provide coherent, de-
localized material systems from which transformative
technologies in light harvesting, energy transduction,
and chemical synthesis could be harnessed.
Metalloporphyrins resemble organometallic
molecules that are involved in both natural and
artificial photosynthesis[? ? 2 2 2 2 2 2 2 7 7.
These molecules possess relatively complex electronic
structure due to accidental degeneracy of two frontier
molecular orbitals, a;, and as,, which are comprised
of electron density on distinct atoms of the porphyrin
ring. The degeneracy of these orbitals leads to strong
interactions that mixes them in excited state config-
urations and leads to the formation of two new spec-
troscopic states denoted B and @), as detailed in the
seminal work of Goutermann|? |. In the case of nat-
ural photosynthesis, plants and bacteria have found
less symmetric ringed chromophores like porphyrins
enable efficient light absorption and energy transfer
mechanisms. However, the relatively reduced symme-
try of these natural chromophores and their aggregates
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complicates predictions of their optical and dynamical
behavior using first principles methods. Based on this
deficiency, researchers need methods to leverage the
relatively more straightforward models explaining the
photo-physics of metalloporphyrins to design optical
spectra and collective phenomena to control light har-
vesting, energy transfer, and photo-chemical behavior.
Cavity exciton polariton formation may represent such
a method if the researchers can understand how the
fundamental photo-physics of these molecular systems
affects the hybrid light-matter states they form.

Recently, we used both theoretical and experimen-
tal approaches to motivate a physical picture in which
the simultaneous vibrationally-mediated intramolecu-
lar coupling of the metallporphyrin B and @ exci-
ton states and strong light-matter coupling within a
Fabry-Pérot (FP) micro-cavity leads to the presence
of Herzberg-Teller (HT) polaritons[? |. Using photolu-
minescence spectra excited under non-resonant condi-
tions, we proposed the non-Condon coupling between
the B and @ exciton states of copper(II) tetraphenyl
porphyrin (CuTPP) mediated by a non-totally sym-
metric vibration enables a transfer of photonic content
between high lying cavity polariton states to a disper-
sive state whose energy lies below those of localized
molecular states. Based on theories of cavity polariton
formation within the Condon approximation developed
by Spano previously[? ? |, we hypothesized that the
presence of a resonator mode near the energy of the
proposed HT polariton state enhances the radiative
relaxation. Despite the initial results that supported
these proposals, the lack of resonant excitation of the
cavity polariton states and minimal detection of the
dispersive cavity emission in these samples limited our
ability to characterize both the cavity and HT polari-
tons more completely.

In this study, we use precision fabricated FP micro-
cavity samples and angularly resolved spectroscopy un-
der resonant conditions to assess how the presence of
cavity modes affects the radiative relaxation from HT
polaritons. To enable these determinations, we fab-
ricated two sets of FP micro-cavity samples, as ex-
plained in the Methods section of the Supporting In-
formation (SI) document. In one sample, we fabricated
distributed Bragg reflectors (DBRs) possessing single
photonic stopbands near 1.9 eV, formed single CuTPP-
doped polymer layers, and capped these structures
with ~15 nm Al layers. This process leads to the for-
mation of a single, A/2 cavity mode near 1.9 ¢V, which
we show as the solid black transmission spectrum in
the top panel of Figure 1. As seen in the comparison in
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Fig. 1: Comparison of the absorption (blue) and light emission
(red) spectra of copper(ll) tetraphenyl porphyrin to the transmis-
sion spectra of single layer (solid black) and multilayer (dashed
black) Fabry-Pérot micro-cavities designed to enhance light ab-
sorption and emission processes.

the top panel of Figure 1, the peak in this transmission
spectrum overlaps significantly with the low intensity
feature of the CuTPP light emission spectrum, which
corresponds to radiative relaxation of this molecule’s
2(Q exciton state. The doublet nature of this state re-
sults from the delocalization of the unpaired electron
of the Cu?* cation to the interior nitrogen atoms of
the porphyrin macrocycle[? |. We propose the overlap
between the resonator and chromophore spectra will
lead to weak light-matter coupling between the cavity
photons and molecular excited states, which will man-
ifest itself as an increased radiative relaxation some-
times referred to as the Purcell effect[? |. Based on
this expectation, we refer to this set of structures as
the Purcell Cavity (PC) samples. We show the struc-
ture of these samples schematically in Figure S3 of the
SI document.

In the other set of samples, we use multimode dis-
tributed Bragg reflectors possessing 3\ /4 layers to form
multiple photonic stopbands. We then formed an in-
tracavity region comprised of three layers in which we
embed CuTPP in two non-adjacent layers, as described
previously[? | and overviewed in the SM document.
When we cap this structure with a ~15 nm film of Al,
we form a structure possessing two, high quality cavity
modes, as shown in the dashed transmission spectrum
in the top panel of Figure 1. When tuned to the ap-
propriate angle, the higher energy of these two cavity
modes moves into resonance with the intense, Soret
transition to the B exciton of CuTPP, as seen in the
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blue spectrum in top panel of Figure 1, and drives
polariton formation through strong light-matter cou-
pling. At the same time, the lower energy of the two
cavity modes lies close to that of the emission from the
Q@ exciton of resonator-embedded CuTPP molecules,
which is shown in red in the top panel of Figure 1.
We refer to this set of structures as the Multilayer Po-
lariton Cavity (MPC) samples and show a representa-
tive schematic of their structures in Figure S4 of the
SI document. Our results and the proposed explana-
tion for their appearance in our measurements helps re-
searchers understand how to leverage porphyrin chro-
mophores in intricate photonic structures to leverage
their fundamental properties to control light emission
spectra and properties.

2 Results

The top panel of Figure 2 shows the experimental
transmission spectra of the MPC sample for several
different, representative incidence angles in the re-
gion near the Soret transition of CuTPP. By fitting
these spectra to Lorentzian functions and extracting
their central energies, we can reproduce the expected
anti-crossing of the transmission peaks, which is the
spectral signature of cavity polariton formation|? |.
We compare the experimental peak energies to mod-
els polariton states produced by diagonalizing a 2x2
Hamiltonian matrix explained previously[? ? |, which
we show in the bottom panel of Figure 2. The good
agreement between our experimental and model results
suggests the MPC sample supports cavity polaritons
formed from CuTPP B excitons.

To better understand the effects of cavity modes
present in different spectral regions of the material’s
optical response on the properties of our samples, we
measured the angle-dependent properties of our sam-
ples’ optical spectra, which included measurements of
both their transmission and light emission spectra. The
top panels of Figure 3 show the transmission spectra
of the PC and MPC samples in the spectra region near
the light emission of the 2Q exciton of CuTPP found
using the methods described in the SI. The angle-
dependent energies of the observed peaks demonstrate
the dispersive nature of FP micro-resonator mode,
which suggest our successful formation of well-defined
cavity modes in each sample. To assess the energies
and photon loss rates (k) of modes in each cavity sam-
ple, we fit them to Lorentzain lineshapes and extracted
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Fig. 2: Top panel: angularly resolved transmission spectra of the
multilayer polariton cavity sample showing the avoided crossing
of the cavity photon mode and the CuTPP Soret transition re-
sulting in the appearance of two distinct peaks at 0;,. = 29°. At
angles below this value we only observe the peak due to trans-
mission through the cavity at energies below the Soret transition
of CuTPP. In addition, at angles above 29° we only observe the
peak due to transmission through the cavity at energies above
the Soret transition of CuTPP, as indicated in the figure. Bottom
panel: comparisons between the peaks energies of the UP (blue
circles) and LP (red circles) found from experiment to energies of
the UP (blue dotted line) and LP (red dotted line) produced by

a matrix model. The energies of CuTPP B excitons and cavity
photons used to produce model results are shown as solid black
and dashed black lines, respectively.

the peak positions and widths. Comparisons between
the measured and modeled spectra can be found in
Figures S4 and S5 of the SI document. We show the
angle-dependent mode energies of the PC and MPC
samples in the bottom panels of Figure 3 and compare
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Fig. 3: Top panels: dispersion of the resonator mode near the
CuTPP Q state light emission in the Purcell Cavity (left) and
Multilayer Polariton Cavity (right) samples as a function of a
probe beam'’s incidence angle onto each structure. Bottom pan-
els: comparisons between the angle-dependent energies of the
resonator modes (crosses) to those of light emission peaks (dia-
monds) in the Purcell Cavity (left) and Multilayer Polariton Cav-
ity (right) samples.

these values to models of cavity photon, E. (#), which
can be approximated as[? ? |,

where Feyutoff is the energy of the mode at = 0 and neg
is the effective index of refraction of the sample’s intra-
cavity region in the presence of the cavity-embedded
two-level systems.

Additionally, the bottom panels of Figure 3 show
the angle-dependent light emission energies of the PC
and MPC samples following photoexcitation at 3.06 eV
(405 nm). Inspection of the trends in the peak ener-
gies demonstrate that their values remain almost con-
stant for all the incidence and detection angles used in
our experiments. The small dispersion of the emission
peak energy in the PC sample near the angle that in-
duces resonance between the 2Q) exciton fluorescence
and cavity photon cannot be observed clearly on the
scale shown in the bottom left panel of Figure 3. The
transmission spectra of the MPC sample show minimal
change as a function of incidence angle in the region
near the fluorescence emission of CuTPP, as shown in

the top right panel of Figure 4. Based on this fact,
we did not consider the dispersion of the cavity trans-
mission in our analysis of the angular dependent PL
intensity of the MPC sample.

Our simultaneous plotting of the angularly re-
solved transmission and emission spectra allows us to
assess the effect of the detuning between FP micro-
resonator mode and emitters in each sample. By taking
the difference between the energies of the proximate
cavity mode and light emission peaks for each sam-
ple, we can define a detuning 5£em that determines the
enhancement of the radiative relaxation rate caused
by the presence of the cavity mode in the weak light-
matter coupling limit, as explained below. The panels
of Figure 4 show the 5gem—dependence of the intensity
of the 1.9 eV peak in the light emission spectra of the
PC and MPC samples. In the case of the PC sample,
the top panel of Figure 4 shows that we find a single
peak when 6™ a 0. In contrast, we have find multi-
ple peaks for our MPC sample as we adjust the surface
normal of the cavity structure with respect to the inci-
dent laser source. We discuss these differences in detail
below.

Figure 5 shows the transmission spectrum of
the MPC sample at normal incidence and the light
emission spectra of the MPC and CuTPP-embedded
PMMA film samples following 2.33 €V (532 nm) pho-
toexcitation. Inspection of these spectra show that the
presence of the lower lying mode in the MPC sample
leads to an apparent enhancement of the intensity of
the @ state light emission relative to a non-cavity sam-
ple despite the fact that cavity photons do not over-
lap energetically with the free space fluorescence. Ad-
ditionally, we also observe a signal resonant with the
cavity mode, which we assign to cavity-enhancement of
the 0-0 vibronic contribution to the fluorescence from
the CuTPP 2Q exciton.

While interesting trends exist between the pho-
tonic structures we form and the resulting dependence
of their optical spectra on our experimental parame-
ters, practical aspects of our experimental results im-
pede our ability to conclude HT polaritons persist in
our MPC samples and cause the behavior of this sam-
ple. For example, the top panel of Figure 2 shows the
polaritonic peaks appear with small intensities that
complicate concluding our samples exist in the strong
light-matter coupling limit. This facet of our spectra
suggests we need additional methods to support our
conclusion of polariton formation, the appearance of
the HT polaritons, and any changes the presence of
these states should cause in the light emission spectra
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Fig. 4: Comparisons of the angle-dependent enhancement of
~1.92 eV light emission from the Purcell cavity sample (top)

and Multilayer Polariton Cavity (MPC) sample (bottom) following
photoexcitation at 3.06 eV (405 nm).

of our samples. Furthermore, the non-resonant exci-
tation conditions used to make some of our measure-
ments leave the possibility that some other physical
mechanism besides HT polariton formation explains
our measured spectra. We consider these points in the
Discussion section below.

3 Discussion

Our experimental results indicate that the presence of
cavity polaritons in multimode FP micro-resonators
in combination with significant non-Condon vibronic
coupling between the 2B and 2Q excitons of CuTPP
lead to complex spectra. To help understand the de-
terminants of our samples’ behavior we must begin
with fundamental models of the intramolecular and
light-matter interactions, which take place in both the
strong and weak coupling limits.

We recall the coupling of light and matter within
the FP micro-resonator leads to a one-quantum state
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Fig. 5: Comparison between the light emission spectra of a non-
cavity sample (solid red) and a multilayer polariton cavity sample
(solid green) to that of the transmission spectrum of a multilayer
polariton cavity sample at normal incidence (dotted black).

[(t)) = Ce(t)e™02|e,0.) + Cy(t)e%/2|g,1.) in the
interaction picture where g and e represent the ground
and excited material states and 0. and 1. represent
the zero and one photon states. Solving the time-
dependent Schrodinger equation in the weak light-
matter coupling limit allows one to show that the rate
of light emission from the effective two-level system in
a cavity can be written as I'g 4+ I'c (0)[? |, where T is
the relaxation rate in free space and

_[2 1
L. (0) [ K } 14 [255”") (9) /,@-}2’

(2)

represents the enhancement to the light emission rate
due to the presence of the cavity mode. The terms
g, 1, and 6™ (0) in Eq. (1) are, respectively, the
light-matter coupling strength, photon loss rate, and
angle-dependent detuning between the resonator pho-
tons and two-level transition frequencies, i.e. slem) (9)
= we (0) —weg. The material states involved in the light
emission transition are separated by the energy hweg.
To apply this model to our results, we must first iden-
tify those states that participate in the light emission
transitions in each of our samples.

The HT Hamiltonian mediates non-Condon vi-
bronic coupling between the B and () excitons in por-
phyrins, which allows the @) exciton to borrow transi-
tion intensity from the B exciton and appear in light
absorption and emission spectra[? |. In the case of
CuTPP outside the cavity environment, one writes the
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quantum state of the 2Q exciton as,

(Q(q)|0Hc1/0q|B(q))
Ep — Eq

=1Q(0)) + |B(q))q + .,

3)

where q represents a quantum of the vibrational coordi-
nate responsible for the non-Condon vibronic coupling
and OH,;/0q is the HT Hamiltonian. The presence of
the factor of ¢ in the perturbative 2Q) exciton wave-
function suggests that 0-1 and 1-0 vibronic transitions
in light absorption and light emission spectra, respec-
tively, will dominate over 0-0 features, which has been
shown for symmetric metalloporphyrins|? | In the case
of Zn-ligated porphyrins, one can assign this frequency
by extracting the energy difference between 0-0 and 0-
1 vibronic features in these molecules’ @) exciton band,
which is about 170 meV (1375 cm™1)[? |. In contrast,
the relatively higher symmetry of the Cu(II)-ligated
porphyrins reduces the intensity of the 0-O vibronic
peak and inhibits researchers’ ability to assign the non-
Condon-active vibrational mode directly[? ? |. Based
on this understanding, we understand that the fluores-
cence spectrum of CuTPP in free space is dominated
by the transition between the vibration-less 2Q exciton
and the first vibrationally excited state of G, which
takes place near 1.9 eV. The presence of a cavity mode
near resonance with this transition should enhance the
radiative relaxation rate according to Eq. (2).

When one forms cavity polaritons using the Soret
resonance of a metalloporphyrin, we propose the @ ex-
citons of those molecules strongly coupled to the cavity
photons borrow transition intensity from the polariton
states instead of the bare B exciton. In the case of col-
lective strong light-matter coupling, we write the upper
polariton (UP) and lower polariton (LP) states as so-
lutions to the Tavis-Cummings model|[? |, which take
the form,

UP) =y (8)|G)1e) ZN: 3¢)|Bi)|0c),
(4a)

ILP) = ey (60)|G)1e) Z 3¢)|Bi)|0c),
(4b)

where c;h and ¢!, are the Hopfield coefficients charac-
terizing the composition of the i*" polariton state|? |,
which depend on the photon-exciton detuning energy,
dc. Additionally, |G) is the ground state of the metal-
loporphyrin system, and |0.) and |1.) represent those
states with zero or one photon in the cavity mode. Ex-
amining these states, we do not expect the HT Hamil-

tonian to mediate an interaction between the photonic
contributions of the polariton states and the ) exci-
tons since (G|0H,;/dq|Q) =~ 0. Using this fact, we can
expand the ) exciton wavefunction in perturbations
from HT Hamiltonian using only the material contri-
butions to Eqns. (4a) and (4b) to find,

1Q"(q)) = |Q(0)) (5)
N
Q(q)|0H1/9q|Bi(q))
Z Wil B, 1B
Z Ue)|0Hei/94Bila )>\Bi(Q)>q,

Evp— Eq

where we equate |@Q’(¢)) with the HT polariton state,
|HT). The dependence of the Hopfield coefficients and
polaritonic energies Eyp and Epp on §. helps ex-
plain the minimal dispersion of the energy of |HT)
found previously|? ]. Also previously, matrix diagonal-
ization methods in the presence of static disorder pre-
dict these states should lie nearly 10 meV below those
of the bare ?@Q exciton|? |. The form of Eq. (5) shows
that one should expect a /N enhancement when the
|HT) state participates in radiative relaxation|? |, as
observed in molecular aggregates[? ? 7 | and cavity
polaritons formed from other organic molecules|? |].

In the case of the MPC sample, we propose
the vibration-less HT polariton with zero photons
(|HT, 0)|OE1),0£2)>) represents the material excitation
that interacts with the state of one photon loaded in
the lower cavity mode in the presence of a single vi-
brational excitation on the molecule’s ground state,
e.g. |G, 1) \0(1 1(2)>. The gap between these theoretical
states matches the peaks we find experimentally. The
photonic state we expect to participate in radiative re-
laxation of the HT polariton in the strongly coupled
CuTPP-multimode FP micro-resonator resembles the
vibrationally dressed cavity photon state, which Spano
and Herrera write as[? ? |,

18,1,00,1(2)y

c 7 cC

(6)

—Zan\glol,.. L gnOn, 0D 12y,

where B represents the permutation quantum number
of the wavefunction and the tilde indicates a molecule
in its vibrationally excited state, which should have
one quantum of excitation to fulfill the photo-physics
described by the HT Hamiltonian shown in Egs. (3)
and (5). In this case, one might imagine that vibra-

tional excitation shifts the photon energy to produce
the detuning 7 (0) = w,. () — w,

7g’ﬂ My oo

— Weg Where w,, is
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the frequency of the molecular vibration that dresses
the cavity photon. Based on this proposal from our
previous work, 65T (9) induces an effective resonance
condition between the HT polariton and vibrationally
dressed cavity photon states, which could lead to the
light emission behavior of the MPC sample shown in
Figures 3, 4, and 5.

_|UP)

0.. . (1) *
B) —e— < 5 V0
Var| ™ Viv &

Q) Y R |0(1) (2)>
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~1.9 eV

G,1,0V,01%))
|0(1) 0(2)>

Photons*

Fig. 6: Schematic representation of the energy states and in-

G) —
Excitons

tramolecular interactions of copper (lII) tetraphenyl porphyrin

(CuTPP) necessary for consideration as molecules of this species
couple to photons in the multiple cavity modes of the Multilayer
Polariton Cavity sample. We use a downward red arrow to show

light emission from the Herzberg-Teller polariton state, |HT), to

the vibrationally dressed cavity photon state, |3, 7, 0(1) (2)>.

Figure 6 shows the energy states we propose par-
ticipate in the photophysics of our MPC sample based
on these models. Two facets of this diagram stand out
from most studies of cavity polaritons. First, unlike
many previous studies on cavity polariton formation
using metalloporphyrins, we consider the non-Condon
vibronic coupling between these molecules’ spectro-
scopic 2B and 2() states, which we show as 1% g in Fig-
ure 6. As explained above, we expect that the combina-
tion of V gr and strong light-matter coupling should
lead to the formation of HT polaritons according to
Eq. 5, which we denote |HT) in Figure 6. Second,
the design of our FP micro-resonator enables forma-
tion of two cavity modes separated by one unit of the
free spectral range, whose energies lie close to those
of transitions to the 2B and 2Q) exciton states of the
CuTPP from this molecule’s ground state. In a prod-

_— T

uct basis, we express n and m excitations in the higher
and lower cavity modes, respectively, as |m())[n(?)) =
|m™), n). In the case of this multimode FP micro-
resonator, we need to define parameters that charac-
terize the light-matter interactions involved in the ab-
sorption by the 2B exciton and emission from the 2Q
exciton of CuTPP. We denote the energies of the two
resonator modes of interest to us as hw; and hws, which
are detuned from the 0-0 vibronic transitions of Soret
and Q resonances by values 6&1) and 5£2), respectively,
as denoted in Figure 6 schematically.

To test the ability of the fundamental models de-
scribed above to explain our results, we modeled the
experimental results shown in the panels of Figure 4
using Eq. (2), which we compare in the panels of Fig-
ure 7. In the case of the PC sample, we find that Eq.
(2) explains the angle-dependent intensity of the ~1.9
eV peak when we use x = 300 meV and an appropriate
value for g, as shown in the left panel of Figure 7. This
agreement between our experimental results and theo-
retical predictions suggests the PL enhancement in the
PC sample stems from the Purcell effect within our FP
micro-resonator.

As shown by a comparison of the behavior shown
in the panels of Figure 4, we find the angle-dependent
emission intensity of the MPC sample differs signifi-
cantly from that of the PC sample. To assess the be-
havior of this sample as a function of 5£em), we used
three separate Lorentzian functions to model the peaks
that appear in our results. At the lowest values of d. (9)
we find the intensity of the light emission peaks and
then decreases to a minimum near d. () = 200 meV.
Based on the model presented above, the peak should
stem from the enhancement due to a resonance be-
tween the HT polariton and the vibrationally dressed
photon state in the lower energy cavity mode. This
peak appears near 115 meV, which would correspond to
a vibrational frequency of nearly 930 cm~!. As stated
above, we expect vibrations near 1375 cm™! to partici-
pate in the HT coupling, which corresponds to a detun-
ing energy of 170 meV and does not match the value
we find experimentally. Furthermore, as we continue to
increase the detuning of the cavity photon energy from
the 2Q) state emission peak of film-embedded CuTPP,
we find two additional peaks at ¢, (6) values of 318 meV
and 529 meV. These peaks would correspond to vibra-

—1and

tions possessing effective frequencies of 2557 cm
4267 cm ™!, which do not correspond to the energies of
known porphyrin molecular vibrations capable of me-
diating non-Condon vibronic coupling. These facets of

our results cause us to consider alternative explana-
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tions for the behavior of our MPC sample following
photo-excitation at 3.06 eV.

To explain the behavior in the right panel of Figure
4, we note the angles at which the incident laser makes
with the sample that correspond to these values of
. (0) that may lead to resonances in the absorption of
the excitation source by the UP state. To test this hy-
pothesis, we modeled the polariton-enhanced absorp-
tion of the 3.06 eV incident laser beam as a function
of the detuning dr, () = Eyp - E;, = Eyp - 3.06 €V,
which uses the values of Eyp produced by our models
of the dispersion curve showed in the bottom panel of
Figure 2. Our ability to use these energies to model the
angle-resolved light emission spectra of the MPC sam-
ples could provide further evidence that our samples
reach the strong light-matter coupling limit. For the
case of an excitation source in resonance with polari-
ton state, we propose the light absorption transition
rate becomes enhanced according to the equation,

|62Ph|2 - (7)
[0 (0)]" + (7/2)

where the photonic Hopfield coefficient |cpn|? defines
the efficiency with which the incident light enters the
polariton state[? |, we defined dr (f) above, and ~

L (0) =

represents an effective lifetime of the polariton state.
We show our comparison between the measured angle-
resolved PL intensity against results of models using
Eq. (7) in the top panel of Figure 8. Inspection of this
panel shows that the more intense of the two peaks
appears when Eyp - Ep, & 0, which suggests this peaks
results from the enhancement of light absorption by
CuTPP molecules participating in the formation of the
UP state. We support this conclusion by noting that
CuTPP molecules decoupled from the polariton states
absorb very little light at 3.06 eV, as demonstrated by
inspection of the linear absorption spectrum in Fig-
ure 1. Under these minimal absorption conditions, we
expect that only those molecules coupled strongly to
the cavity photons can interact resonantly with the
incident laser substantially enough to participate in
light absorption, localize spatially, and lead to fluo-
rescence of the 2Q state. To produce the model peak,
we presume Ay = 22 meV, which is consistent with the
linewidth of the UP peak in our transmission measure-
ments. These facets of analysis of the angle-dependent
light emission intensity measured experimentally pro-
vide further proof that our MPC sample exists within
the collective strong light-matter coupling limit.

We find the second peak appears at dr, () = 43
meV, which we assign as enhancement resulting from

overlap of the Bragg mode of the DBR structure with
the incident laser energy. Since any cavity mode formed
from this Bragg sideband of the main photonic stop-
band would possess a significantly smaller quality fac-
tor than the peak shown as a solid black line in Figure
1, we expect less absorption enhancement, which we
observe in the experimental data. Additionally, the rel-
atively reduced quality factor leads to a broader peak
when comparing to the feature we observe at oy, (0) =
0 meV. Furthermore, we find we need to model this
peak as a Gaussian, which suggests that the enhance-
ment of the light absorption lacks the spatial coher-
ence present in the polariton states. Based on these
considerations, we conclude the additional peaks in
the angle-dependent PL intensity spectra stem from
cavity-enhanced light absorption, which causes associ-
ated increases in the measured PL spectra relative to
the constant background light emission. We summa-
rize the results of our study schematically in the bot-
tom panel of Figure 8. However, we note the behavior
of our polariton samples depends on the fundamental
photo-physics of the porphyrin chromophores, which
differs significantly from those of other chromophore
used conventionally in studies of strong light-matter
coupling.

Several theoretical, computational, and experimen-
tal studies examining the light emission from polari-
ton samples formed with cyanine dye molecules whose
first excited electronic states, S1, participate in the for-
mation of hybrid light-molecule states. These excited
states are displaced significantly from the molecules’
ground state geometries and possess the long lifetimes
(>10 ps). These properties imply that only wavepacket
motion along the S; excited state potential energy sur-
faces (PESs) will act to localize the polariton. There
are no electronic states lying at energies below that
of S7 into which non-radiative relaxation would act to
localize the polariton on the time scales its lifetime,
which allows researchers to observe complex polariza-
tion anisotropies and polariton population trapping.

In contrast, the metalloporphyrin molecule we ex-
amine in our study, copper(II) tetraphenyl porphyrin
(CuTPP), lives for 50 fs in the excited state that partic-
ipates in polariton formation (B exciton) before relax-
ing to the lower lying ) exciton state non-radiatively,
as demonstrated in previous studies. The ultrashort
lifetime of the B exciton in CuTPP implies a near
unity quantum yield of forming the @ exciton follow-
ing photoexcitation of bare molecules or cavity po-
lariton states fored from this chromophore. Addition-
ally, this ultrashort lifetime of the B exciton limits
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Fig. 7: Comparisons of the angle-dependent enhancement of ~1.92 eV light emission from the Purcell cavity sample (left) and Multi-

layer Polariton Cavity (MPC) sample (right) to models of cavity enhancements predicted by the conventional and Herrera-Spano theo-

ries of weak light-matter coupling, respectively. The peaks in the MPC results appear at detuning values inconsistent with this theory,

as explained in the text.

the region of the B state PES ‘probed’ by the nu-
clear wavepacket projected by the excitation source.
Furthermore, the strong, aromatic bonding within the
porphyrin macrocycle limits the displacement of the
B state relative to the ground state equilibrium ge-
ometry, as we have shown previously. Based on these
aspects of the CuTPP structure and dynamics, we ex-
pect that these chromophores do not explore regions
of the B state PES that differ significantly from the
equilibrium geometry of the molecule’s ground state.

Given these basic photophysics of CuTPP we ex-
pect cavity polaritons formed from this molecule can
localize and relax non-radiatively to the @ exciton,
which lies nearly 1 eV below the polariton states. These
localized molecules can then emit light, which can be
controlled by the presence of an additional, resonant
cavity mode. This behavior differs significantly from
those polariton states formed from cyanine dyes unable
to relax to lower lying electronic excited state. There-
fore, we should not expect that polaritons formed from
metalloporphyrins like CuTPP would behave similarly
to those hybrid light-matter states comprised of cya-
nine dyes.

While our angle-resolved light emission measure-
ments reject the hypothesis that vibrations can dress
the energies of cavity photons to induce effective reso-
nances that enhance light emission in our samples, the
comparison in Figure 5 shows anomalous enhancement

of the 0-1 vibronic transition of CuTPP. This enhance-
ment appears odd since the mode of the cavity does not
overlap with the spectral signature of the molecule. In
most cases where there is no resonance, we should ex-
pect that photonic density of states dictated by the
cavity will suppress light emission. However, we ob-
serve a relative increase in the fluorescence signal. To
explain this behavior, we consider the form of Eq. (5).
This theoretical result predicts that the HT interaction
mechanism in the presence of cavity polariton forma-
tion induces a collective state, which we termed |HT).
Like other collective states, the form of the wavefunc-
tion in Eq. (5) suggests that we should observe a v/ N
enhancement in the radiative rate of the HT polari-
ton state relative to ) excitons of CuTPP outside of
the cavity environment. We propose that this expected
collective behavior causes the measured light emission
enhancement even when the nearby cavity mode does
not meet the polariton-photon resonance condition.
We note that additional multilayer cavity designs
would be capable of inducing a resonance between a
photonic mode and the Q emission of the embedded
CuTPP molecules while maintaining a higher energy
resonator mode red-detuned from the chromophore’s
Soret resonance. While such a sample would allow one
to assess Purcell-like enhancements caused by the lower
lying sample, the presence of higher energy resonance
mode may still affect the photophysics of the cavity
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Fig. 8: Top panel: comparisons between the measured angle-
resolved PL excitation spectrum of the MPC sample and model
peaks produced with Eq. 7, corresponding to resonant excitation
of the UP state and a Bragg sideband. Bottom panel: schematic
representations of the photophysical processes that we propose
drive the appearance of enhanced light emission from the HT po-
lariton to the first vibrationally excited state (v = 1) of CuTPP
molecules and enhanced light absorption to the UP state. We
show the light emission from HT polariton state occurring at nor-
mal incidence (0inc = 0) as a downward red arrow. Additionally,
we represent the enhanced light absorption to the UP state as the
value of 6;,c where the UP state energy matches that of the in-
cident excitation laser, which we show as a horizontal violet line.
We assign the peak observed in the top panel at larger 0, values
as stemming from absorption enhancement due to a Bragg mode
of the DBR mirror, which we do not show schematically.

embedded molecules in ways that resemble the behav-
ior of the MPC sample with a detuning near -80 meV.
As such, spectroscopic results gained using those multi-
layer samples would not be able to reject the hypothesis
that HT polaritons affected their photophysics in the
region of the CuTPP @ fluorescence as sufficiently as
spectra measured using the PC sample we study here.

4 Conclusions

In conclusion, we fabricated and characterized two
separate sets of cavity samples capable of interacting
with the distinct electronic transitions of copper(II)
tetraphenyl porphyrin in the weak and strong light-
matter coupling limits. By examining changes in the
position and intensity of the peak we assign to radia-
tive relaxation from this molecule’s 2QQ state, we found
that a single mode Fabry-Pérot micro-resonator leads
to an enhanced light emission process consistent with
trends explained by the Purcell effect previously for
completely inorganic systems|[? |. In contrast, when
strongly coupled to the Soret transition of CuTPP,
we find the lower lying mode of multimode FP micro-
resonator leads to enhanced radiative relaxation near
that of the molecule’s 2(Q state despite being detuned
from this light emission peak by over 100 meV. Based
on this difference in the angle-dependent behavior of
the light emission peaks in each sample, we propose the
states involved in radiative relaxation differ between
the two micro-resonators. While we propose localized
CuTPP molecules emit photons into a cavity mode
resonant with the light emission transition energy,
we are able to reject the hypothesis that Herzberg-
Teller polaritons formed in the presence of both strong
light-matter and non-Condon vibronic couplings relax
radiatively into coherently coupled cavity-vibrational
states of these multimode samples. Instead, we find the
form of perturbative wavefunctions for the HT polari-
ton possess collective features like other hybrid light-
matter states and molecular aggregates consistent with
enhanced radiative decay. We propose these collective
effects cause enhanced light emission in our multi-layer
cavity samples. We delineate this light emission en-
hancement with other features in the angle-dependent
fluorescence spectrum that we argue stem from cavity-
enhanced light absorption. These results demonstrate
how the behavior of both photons and electrons in com-
plex resonators and molecules, respectively, can be uti-
lized to control the light emission properties of polari-
tonic platforms towards their application in real-world
devices and the care researchers need to take in con-
trolling these properties.
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