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Abstract

Exciton-polaritons are quasi-particles formed by the
quantum mechanical hybridization of electronic and
photonic excitations. Despite extensive investigations, a
fundamental understanding of molecular polariton spec-
tra and the polariton delocalization from an ab ini-
tio theoretical perspective remains elusive. We aim to
simulate experimentally measured linear transmission
spectroscopy of many Zinc(II) tetraphenylporphyrin
(ZnTPP) molecules collectively coupled to a cavity
from first principles. Our theoretical approach incorpo-
rates many low-lying electronic excitations in ZnTPP
molecules, as well as collective light-matter couplings
between ZnTPP and the quantized radiation modes,
both of which are shown to be the key to accurately re-
covering the experimental spectra. We further analyzed
to what extent the polariton and dark states are delocal-
ized over many molecules, for the first time, using fully
ab initio descriptions of the molecules. We finally inves-
tigate the linewidth as a function of detuning, provid-
ing new theoretical insights into the experimentally ob-
served motional narrowing behavior. Our work presents
first-of-its-kind theoretical studies on molecular polari-
ton spectra, offering a new perspective on molecular po-
lariton formation in realistic ab initio molecular systems
whose rich, many-state nature provides spectral features
enabled by the high density of electronic states beyond

simple quantum optics models.

1

Introduction

Coupling molecules to the quantized radiation field
inside an optical cavity creates a set of new photon-
matter hybrid states, called polariton states.?’
These polariton states have delocalized excita-
tions among coupled molecules and the cavity
modes. Theoretical investigations play a crucial
role in understanding new principles in this emerg-
ing field of molecular cavity quantum electrody-
namics (QED).2357 2! Polariton chemistry has
been shown to provide potentially new strategies
for controlling chemical reactivity®!'3 and photo-
physics 142023 in a general way by manipulating
the fundamental properties of photons to enable
chemical transformations®2* that can profoundly
impact several fields of chemistry including cataly-
sis and energy production.?5-27

For N identical molecules collectively coupled to
one photonic excitation, at the Tavis-Cummings
model level of theory, there will be two polariton
states, referred to as the upper polariton (UP) and
lower polariton (LP), separated by the energy cor-
responding to the Rabi splitting (Qr). In addition,
there are N — 1 degenerate dark states, which are
destructive linear combinations of molecular exci-
ton states, such that the transition dipole from the
ground state to any of these states is zero (opti-
cally dark). In the context of realistic systems,
molecular disorder (i.e. static and dynamic) plays
a pivotal role in resolving the spectroscopic ob-
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Figure 1: (a) Absorption spectra of the ZnTPP system outside the cavity with experiment (red, reproduced from
Ref. 1) and simulation (blue). The gray dots indicate the oscillator strength of Bx,y state computed at each
molecular geometry within an ensemble. (b) The bright transition in the ZnTPP molecules is represented as the
dominating natural transition orbitals (NTOs). (c¢) Schematic of Zn'TPP molecules coupled to a Fabry-Perot cavity.
(d) Diagram of ZnTPP molecules and a cavity mode hybridizing to form polaritonic states. The Bx vy (black region)
indicates a bright set of m — m* transitions within the ZnTPP. The gray region indicates weakly electric-transition-
dipole active states, and the white region indicates no transitions within that energy range.

servables of these systems.??® The linear spectra
of molecular polaritons have been extensively in-
vestigated, with seminal work from Houdre?? us-
ing the Tavis-Cummings model3? with the explicit
consideration of exciton and photonic broadening,
laying out the foundational work of explaining po-
lariton lineshapes. Recent investigations 2831735 fo-
cused extensively on how various type of disorder
influences polariton spectra, including Rabi split-
ting, 21283131 linewidth,363® and the extent of de-
localization of polariton and dark states across
molecules.?? Of particular interest, the recent ex-
periments from Rury on ZnTPP molecules cou-
pled to the Fabry-Perot cavity! show that the ex-
perimental linewidth of polaritons generally devi-
ates from the theoretical prediction333? and sug-
gest further motional narrowing behavior. 3638 Yet,
simple linear response theory based on the Tavis-
Cummings model®>3? suggests that one should get
the results without the above-mentioned additional
narrowing (Eq 3), and is equivalent to the pre-

2

diction of the transfer matrix method in classi-
cal electrodynamics.?® Despite extensive theoret-
ical work on molecular polaritons and linear spec-
tra, there are no ab initio investigations that care-
fully investigate the lineshape beyond the typical
Tavis-Cummings models. To reconcile the exper-
imental observable with theoretical predictions of
quantum optics and quantum electrodynamics,one
thus needs to go beyond the simple modes used in
quantum optics and adopt an atomistic, ab initio
description of the molecular polariton system.
Recently, the theoretical chemistry community
has developed several methods for computing ab
initio molecular polaritons. In one direction, tra-
ditional electronic structure approaches have been
generalized to include the effects of quantum light-
matter interactions® 104953 and have been used to
solve the polaritonic states of the molecule-cavity
hybrid systems. These methods?65455 are referred
to as self-consistent quantum electrodynamical (sc-
QED) approaches, and they treat the electron-

https://doi.org/10.26434/chemrxiv-2025-r98bz ORCID: https://orcid.org/0000-0002-8639-9299 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2025-r98bz
https://orcid.org/0000-0002-8639-9299
https://creativecommons.org/licenses/by/4.0/

electron correlations and electron-photon interac-
tion on an equal footing. An alternative approach
is to solve electronic adiabatic states using exist-
ing electronic structure approaches first, followed
by constructing the total light-matter Hamiltonian
using these electronic adiabatic states as a basis
for the electronic DOFs and a suitable choice of
Fock states for the photonic DOFs, then directly
diagonalizing the total light-matter Hamiltonian
to obtain polariton states. This approach is re-
ferred to as the parameterized QED (pQED) ap-
proach. 2:%12:13:56 Both approaches should be capa-
ble of simulating molecular polariton spectra and
eigenstates, with their relative strengths and limi-
tations, as discussed in the literature. 225455

In this work, we simulate a recently investigated
experimental system! — an ensemble of zinc (IT)
tetraphenyl porphyrin (ZnTPP) molecules collec-
tively coupled to an optical cavity — using the
pQED approach.®1%13:5 QOur simulated spectra,
obtained from first-principles calculations, provide
a semi-quantitative agreement with the experimen-
tal linear transmission spectroscopy.?’” We com-
pare the theoretical results of collective effects
stemming from the number of simultaneously cou-
pled molecules and, importantly, the number of
included electronic excitations per molecule.
terestingly, we find that many low-lying electronic
excited states per molecule are required to repro-
duce the experimental spectral signatures. This
provides a new perspective on the polariton forma-
tion in ab initio molecular systems whose compli-
cated electronic structure may provide additional
spectral features enabled by the high density of
electronic states in realistic molecules. Finally, we
explore the delocalization across the molecular de-
grees of freedom in the presence of molecular dis-
order as well as the spectral linewidth of the upper
and lower polariton bands as functions of cavity
detuning.

In-

Results and Discussion

To simulate ab initio polaritonic spectroscopy,
we solve the Tavis-Cummings Hamiltonian (see
schematic representation in Fig 1d) in the dipole
gauge under the Born-Oppenheimer and long-
wavelength approximations, expressed in Eq. 5,
see Theoretical Methods for details. The col-

3

lective light-matter coupling is expressed as

1

Ay =VNAy=VN - ,
2weeV

(1)
where V is the effective mode volume of the cavity,
€ is the permittivity inside the cavity, and w, is the
cavity frequency. The collective Rabi splitting (at
zero light-matter detuning) is Qr o« Ay of the op-
tically active polaritonic states. For example, in an
ideal Tavis-Cummings model, the Rabi splitting at
the resonance condition is Qr = 2wcueg\/ﬁ Ag for
an identical set of IV, two-level electronic systems
all coupled to the cavity resonantly.

Fig. la presents the absorption spectra of the
Zn'TPP molecule outside the cavity, obtained from
time-dependent density functional theory (TD-
DFT) simulations (blue) compared to the exper-
iments (red), showing a reasonable agreement.
Fig. 1b shows the natural transition orbitals for the
optical transition associated with Bx . Fig. lc
presents the schematic of many molecules collec-
tively coupled inside a Fabry-Perot (FP) cavity.
Fig. 1d shows a schematic of the bare molecular
electronic manifold that couples to the bare cavity,
both of which hybridize with photonic excitations
to form polariton states. The white region indi-
cates a lack of excitations, black indicates the By /vy
character (in both bare and polaritonic cases), and
the grey color indicates optically dim states, which
have a finite transition dipole from the ground
state. However, the transition dipoles of these grey
states are weaker than that of the By y transi-
tion by a significant amount. We choose a cavity
frequency that corresponds to the By y electronic
transition (see Fig 1d).

Fig. 2 presents the experimental (black curves)
and theoretical polaritonic transmission spectra for
the ZnTPP molecule(s) in the Fabry-Perot cav-
ity. The experimental data performed by Rury
are reproduced from Ref. 1, and presented in the
left column (panels a, f, k) with black curves. In
the experiment, the concentration C of the ZnTPP
molecules inside a microcavity was varied (with val-
ues indicated in each panel) to control the size of
the collective light-matter coupling strength. As
the concentration increases, the collective coupling
strength Ay o« /N/V VC increases, and thus
the Rabi splitting Qg o< An increases. The exper-
imental Rabi splittings were numerically extracted
from the experimental curves reported in Ref. 1,
with Qr = 102 meV (Fig. 2a), Qg = 131 meV
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Figure 2: (a, f, k) Experimental spectra (black) reported in Ref. 1 and simulated polaritonic transmission spectra
(red and green) for the ZnTPP molecules coupled inside the cavity. Each simulated column represents a different
Hamiltonian: (b, g, 1) N =1and N. =1, (¢, h, m) N =1 and N, = 50, (d, i, n) N = 100 and N, = 1, (e, j, 0)
N =100 and N, = 50. Each simulation is averaged over 1001 — N snapshots, whose spectra are broadened with a
Lorentzian of width ¢ = 15 meV. The cavity frequency w. = 3.154 eV is used for all simulated spectra. The collective
light-matter coupling strength Ay is chosen (Ayx ~ 0.006 — 0.010 a.u.) to make the simulated Rabi splitting Qgr
close to the experiment value (presented in the first column along with the concentration of ZnTPP).

(Fig. 2f), and Qr = 173 meV (Fig. 2k), respec-
tively. At smaller concentrations of C = 0.5 mM
(Fig. 2a), the upper and lower polaritonic spectral
peaks are very close to each other, and are over-
all symmetrical in both spectral width and split-
ting about the resonance frequency. With larger
concentrations, C = 1.0 mM (Fig. 2f) and C =
2.0 mM (Fig. 2k), the UP and LP splitting in-
creases, and the upper polaritonic peak exhibits an
increased broadening compared to the lower polari-
tonic peak. The lower polaritonic peak’s width is
largely unchanged with increasing concentration.
Furthermore, the spectral tail at high energy ~ 3.4
eV becomes more pronounced with increasing con-
centration. This rich behavior in linear spectra al-
ready deviates from the prediction of the lineshape
from a simple Jaynes-Cummings model®” or Tavis-
Cummings model, 3438 both of which suggest equal
linewidths for UP and LP under the zero detuning
case.??

By numerically solving the polaritonic Hamilto-
nian (see Eq. 5), we compute the linear spectra
by performing an ensemble average over various
thermal realizations of the molecular geometries

4

(see Theoretical Details in Supporting Infor-
mation). We aim to reproduce and understand
the spectral features present in the experiment.
Columns 2-5 of Fig. 2 (colored curves) present
the simulated polaritonic transmission spectra (see
Eq. 8) for a range of choices for both the number of
molecules N and the number of electronic excited
states N, per molecule. In these cases, we choose
the collective coupling strength Ay such that the
Rabi splitting between the upper and lower polari-
tonic peaks is roughly the same as the experimental
values (presented in the first column of Fig. 2). For
example, the simulated Rabi splitting for Fig. 2b
with Ay = 0.008 a.u. produces Qg = 106 meV,
compared to Qg = 102 meV in experiment Fig. 2a).

Fig. 2b,g,i present the theoretical simulations of
the transmission spectra, using N = 1 molecule
and including N, = 1 electronic excited state (the
brightest state in the Bx /vy region), essentially giv-
ing an ab initio parametrized version of the Jaynes-
Cummings model. Importantly, aside from the
matching Rabi splitting between theory and ex-
periment, the simulated spectra shown in these
panels do not reproduce the features present in
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the experimental results (Fig. 2a,fk). Notably,
the parametrized Jaynes-Cummings model (red
curves) misses the broadening of the upper polari-
tonic feature as well as the spectral tail found in the
experimental results (black curves). We propose
that this disagreement between simulation and ex-
periment resuls from the fact that the light-matter
Hamiltonian model in Fig. 2b,g,i includes only one
molecule (N = 1) and one electronic excited state
per molecule (N, = 1). However, the results of sim-
ulations considering different parameterizations of
the Hamiltonian suggest that the optical spectrum
for this molecule is sensitive to the dense manifold
of the electronic excited states near the Bx y tran-
sitions. As discusssed below, the essential photo-
physics of this polaritonic system appear only when
we include these manifold of excited states into the
light-matter Hamiltonian.

Including relevant electronic excited states per
molecule (N, = 50) in Fig. 2¢,h,m immediately
yields the asymmetric broadening of the experi-
mental spectra, which is closer to the experimen-
tal data, even with only one molecule N = 1
in the simulation. Note that asymmetric peak
heights for the upper and lower polaritonic fea-
tures can originate from the choice of the cavity
frequency we, even in an ideal Jaynes-Cummings
Hamiltonian, due to finite detuning with the molec-
ular transitions. With a modified Hamiltonian
that includes additional nearby electronic states
(see Fig. 2, columns 2-5), we find that the peak
heights and overall profile of the spectra can be
modified due to changes in the density of excitonic
states included in the choice of Hamiltonian (to
be discussed in more detail later). For simplic-
ity, we choose to keep the cavity frequency fixed at
we = 3.154 eV for all simulations (unless otherwise
noted) to examine only the effects of the choice of
light-matter model Hamiltonian.

The first key finding of this work is the ori-
gin of the asymmetric spectral heights as well as
linewidths. We assign this observation to the pres-
ence of the many optically dim electronic states
above By y state. These optically dim, dense
manifolds of excitonic states are positively de-
tuned from the cavity transition, yet still couple
to the cavity due to their finite transition dipole.
In an ideal Hamiltonian, the UP and LP coeffi-
cients are |®4) o< CF|G,1) + C§XY70’¢BXY’O> (see
Theoretical Methods below). Due to the addi-
tional couplings of the dim manifold, the expan-
sion of the UP is modified as |®,) o< Cf|G,1) +

5

%(C]g)fy,dexyv 0> + ZeﬁéBXY Cg}(j)|¢ei,0>)7 while
the LP is largely unmodified from the ideal expan-
sion since there are no additional electronic states
below the Bxy transition. Therefore, the UP state
is broadened due to the added composition of these
dim exciton states (see Fig. 1d for a schematic il-
lustration). Note that the total photonic character
upon integration over the UP feature is largely un-
changed, yielding ~ 0.5 photons exemplifying that
the coefficient of the collective ground state with
zero photons is shared between the LP and UP po-
laritonic states.

The next question one should ask is whether the
broadening of the upper polaritonic feature can
be explained by the collective coupling between
molecules and the cavity mode. In realistic organic
molecular polariton experiments, 375 the number
of molecules collectively coupled to the cavity is at
least N ~ 10%. In our previous work,?! we ex-
plored the convergence of linear spectroscopy in
the presence of molecular disorder and found that
N = 100 already provides a robust description of
the collective nature of the spectra under strong
molecular energy disorder compared to the collec-
tive Rabi splitting Qr. In Fig. 2d,i,n, we show
the simulated transmission spectra for N = 100
with N = 1 to selectively demonstrate the effect
of collective coupling. This model calculation is es-
sentially based on an ab initio parametrized Tavis-
Cummings model, and the results do not reproduce
the asymmetric broadenings for the UP states as
suggested by the experiments (black).

In Fig. 2e, Fig. 2j, and Fig. 20, we use N =
100 molecules and include many electronic excited
states N, = 50. Together, this is beyond the typ-
ical Jaynes-Cummings and Tavis-Cummings mod-
els in quantum optics,® and we believe that this is
close to the experimental reality, when both col-
lective light-matter couplings and the manifold of
electronic excited states together dictate the polari-
ton photophysics. Indeed, the results successfully
reproduce the key experimental features, includ-
ing the asymmetry of the polariton peak intensi-
ties and the further broadening of the UP. Fur-
ther discussions of these results in Fig. 2 are pro-
vided in Supplementary Materials. Note that in
our previous work?3® using exact quantum dynam-
ics simulations and the Holstein-Tavis-Cummings
model (with many molecules N but only N, = 1),
and considering dynamical broadening through the
Holstein bath model), the UP peaks also exhibits
a further broadening compared to those corre-
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Figure 3: (a,b,e,f) Transmission spectra and (c,d,g,h)
inverse participation ratio (IPR) at collective light-
matter coupling strengths Ay = 0.01 a.u. (left col-
umn), and Ay = 0.02 a.u. (right column). In all pan-
els, the cavity frequency is w, = 3.154 eV and N = 100
molecules with N, = 1 (a-d) and N, = 50 (e-h) elec-
tronic states per molecule. The total polaritonic density
of states (DOS) is shown in blue alongside the transmis-
sion spectra.

spondng to the LP, which results from scattering
to the dark states manifold that is much less likely
to start in the LP state.?®% We have not consid-
ered such dynamical scattering to the dark states,
and in this work, all of the increased broadening
of the UP is solely due to the dense manifold of
dim electronic excited states. We believe that the
experimental reality corresponds to both of these
broadening effects, and future work is needed to
incorporate both effects simultaneously.

We now turn to a more quantitative understand-
ing of polariton linear spectra by examining the
individual polariton states’ contributions to the
transmission spectra. Fig. 3 shows the polaritonic
transmission spectra (black), total polaritonic den-
sity of states (DOS, blue), and inverse participa-
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tion ratio (IPR, red) at two collective light-matter
coupling strengths Ay = (left column) 0.01 and
(right column) 0.02 a.u. for (a-d) N = 1 and
(e-h) N, = 50, both with N = 100. Note that,
as before, each panel includes all thermal realiza-
tions in the ensemble average. For more informa-
tion on the simulated quantities as well as for addi-
tional data on weaker collective light-matter cou-
pling strengths, see Eq. 8, Eq. 9, and Eq. 10 in
Theoretical Methods below as well as Fig. S2
and Fig. S3 in Theoretical Details in Support-
ing Information. Here, the dark states dominate
over those of the optically active polariton mani-
fold. The transmission spectra, on the other hand,
report the optical brightness and are thus domi-
nated by the upper and lower polariton features
(c.f. Eq. 8 and Eq. 9).

The most important difference between the N, =
1 and N, = 50 models is that the upper polariton
spectral feature becomes energetically delocalized
among the many nearby electronic excited states
in that case. The N, = 1 case does not cap-
ture the feature of sharing photonic character with
those nearby states since they are not included in
the model. Thus, for the N, = 1 case, the max-
imum transmission intensity of the upper polari-
tonic feature (black circles in Fig 3b) occurs at
N, = (®,lafa|®,) ~ 0.5 for the cases when the
transition energies are near resonant with the cav-
ity frequency. On the other hand, for the case of
N, = 50 (Fig 4f), only (®,|ata|®,) ~ 0.05 is ob-
served due to the many electronic excited states
being coupled to the photonic transition. We ex-
pect the photonic contribution in each state to de-
crease as the molecular density of excited states
increases, as depicted by the total polaritonic DOS
(solid blue curve, Fig. 3a,b,e,f).

To better understand how the collective effects
play a role in the linear spectra, we compute the in-
verse participation ratio (IPR, see Eq. 10) for each
polaritonic and dark state. Fig. 3c,d and Fig. 3g,h
show the IPR for N, = 1 and N, = 50, respectively,
both with NV = 100. The value of the IPR indicates
the degree of delocalization of a particular polari-
tonic or dark state across the possible number of
molecules. In this work, IPR = 1 implies that the
polaritonic state is localized to a single molecule,
while IPR = N = 100 implies that the polari-
tonic state is perfectly delocalized across all pos-
sible molecules. For the case of N, = 1 (Fig. 3c,d),
which is essentially the Tavis-Cummings Hamilto-
nian, as the collective light-matter coupling Ay in-
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creases, we find that the IPR also increases. This
trend parallels that of the transmission intensity,
indicating that larger light-matter couplings lead
to both a larger transmission intensity for the po-
lariton features as the peaks move farther away
from the disordered dark states near w. and, at
the same time and for the same reason, allow for
a more delocalized state. Further, comparing the
case of Ay = 0.01 a.u. (panels a, ¢) and Ay = 0.02
a.u. (panels b, d), one notices that for the smaller
coupling strength, the polariton and dark states are
not fully localized due to the presence of the dis-
order, despite the fact that both have visible Rabi
splitting in linear spectra. Additional numerical
results computed with varying Ay values are pro-
vided in the Supplementary Materials. Our finding
is in agreement with the recent work by Liu and
Xiong?? using Tavis-Cumming Hamiltonian in the
vibrational strong coupling regime.

For N, = 50 (Fig. 3g,h), the results are different
from the N, = 1 Tavis-Cummings model. As the
collective light-matter coupling Ay increases, only
the lower polaritonic band increases in molecular
delocalization (increase in IPR). The upper polari-
tonic transmission band becomes energetically de-
localized (as shown in Fig. 3e,f) compared to the
lower polariton band. As a result, the molecu-
lar delocalization (IPR) appears equally as delo-
calized across its spectral width, as well as across
the “dark state” manifold near the cavity frequency
we = 3.154 eV. Overall, the lower polariton reaches
a delocalization of nearly 85 molecules (out of 100)
compared to the upper polaritonic band, which
only reaches 15-20, equal to or less than the “dark
states” manifold, which reaches 20-25. This pic-
ture is new compared to previous studies on the
Tavis-Cummings model,??3? because in quantum
optic models one usually only considers one elec-
tronic excited state, whereas in real molecules a
dense manifold of electronic excited states needs
to be considered.

Until now, all of the simulation results presented
have only included thermal geometry disorders,
and we have assumed that all molecular orienta-
tions are identical with the porphyrin ring residing
in the XY-plane and the cavity polarization vector
of e = (1,1,1)/+/3 for simplicity. We now consider
the orientational disorder of molecules having an
isotropic orientation of molecules with respect to

7

the cavity polarization e, such that for molecule n
[, -€=sinfcos¢ f1, X (2)
+sinfsing ft,, - Y +cosf fu-Z.

where 1, - X, f1,,- Y, ft,, - Z are the dipole operator
ft,, projected along the X, Y and Z directions and
0 € [0,7) and ¢ € [0,27) were uniformly sampled.
See Theoretical Methods for more details.

Fig. 4 shows how additional angular disorder af-
fects the transmission spectra (Fig. 4a,b) and IPR
(Fig. 4c,d) for the cases of N, = 1 (Fig. 4a,c) and
N, = 8 (Fig. 4b,d), all with N = 100 at collec-
tive light-matter coupling Ay = 0.020 a.u. The
black curves represent similar values. data and
qualitatively identical features as shown in Fig. 3,
which includes thermal disorder effects due to the
geometry-induced energy and dipole matrix ele-
ments fluctuations. The red curves have the same
parameters as the black, except they are addi-
tionally averaged over 10 random sets of angles
(0,¢) for each molecule. In total, there are 901
averages for the non-angle-disordered results and
901 x 10 = 9010 averages for the angle-disordered
results.

We find that the angle disorder introduces a con-
traction of the effective Rabi splitting Qg. This
result is expected from previous theoretical work
based on the Tavis-Cummings model, 2?3460 which
predicts that the Rabi splitting will be reduced to a
Qr/V3 =~ 0.577. For the N, = 1 case (Fig. 4a), we
find close argreement with the analytic result. On
the other hand, when considering N, = 8, due to
the asymmetry of the electronic states, the angu-
lar disorder introduces only a slight change to the
upper and lower polaritonic spectral bands, while
introducing additional broadening in the upper po-
lariton feature, indicating that the anglular sam-
pling reduces the amount of Bxy character, on av-
erage, favoring the higher-energy excitonic states
in the wavefunction expansion of the UP feature.

The delocalization of the polaritonic states and
dark states is also affected by the orientational dis-
order. In both cases, N, = 1 and N, = 8, the
middle polaritonic/dark states are already semi-
delocalized across the molecular system due to the
thermal disorder. For the N, = 1 case (Fig. 4c), the
magnitude of the IPR decreases with the addition
of angular disorder (black to red), in parallel with
the reduction in Rabi splitting. For the N, = 8 case
(Fig. 4d), the angular disorder has a smaller effect
compared to the N, = 1 case. The orientational
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Figure 4: (a,b) Transmission spectra and (c,d) inverse participation ratio (IPR) at collective light-matter coupling
strength Ay = 0.02 a.u. without (black) and with (red) angular disorder between the molecular dipole orientation

direction and the cavity polarization direction.

The energetic/thermal disorders are present in all cases.

The

cavity frequency w. = 3.154 eV and N = 100 molecules. Panels (a,c) have N, = 1 electronic states per molecule,
while panels (b,d) have N, = 8. The IPR “spectra” [solid black and red curves in panels (c,d)] are interpreted
as a delocalization (or IPR) density and are primarily used only for a qualitative guide for the eye (see Eq. S3 in

Supporting Information).

disorder’s effect reduces the energetic splitting be-
tween the polariton peaks and therefore increases
the spectral overlap between the upper and lower
polaritonic bands with the manifold of dark states.

Finally, we investigate the linewidth of the UP
and LP peaks with the change of light-matter de-
tuning, which has been explored by recent ex-
periments®”%® and was explained from the mo-
tional narrowing picture.3"3%58 We consider the
N = 100 case to capture the collective effect, and
with Ny = 18 to capture the effect of including
many electronic excited states . We do not fur-
ther consider dipole orientational disorder effects
(as shown in Fig. 4) due to their insignificant im-
pact on the spectra when including many electronic
states (see Fig. 4b)

Fig. ba presents the transmission spectra with
respect to the detuning of the cavity frequency
A = hw, — hwey with respect to the resonance con-
dition of the central excitonic band hwex = 3.154
eV, with the system of N = 100 and N, = 18.
Fig. 5b presents the energy difference between the
upper and lower polaritonic spectral features as a
function of the cavity detuning Eyp(A) — ELp(A).

8

The three curves shown are for the same system
in Fig. ba with N = 100 & N, = 18 (red), as
well as two other model Hamiltonians correspond-
ing to N = 100 & N, = 1 (blue, Tavis-Cummings
model with disorders) and N =1 & N, = 1 (black,
Jaynes-Cummings model). Note that the reso-
nant Rabi splitting Qg is usually defined at the
minimum of these functions at an effective reso-
nance condition between molecular and cavity pho-
ton energies, which is not preserved between model
Hamiltonians.

When including additional electronic states per
molecule (Fig. 5b, red) or additional molecules
for the same number of electronic states (Fig. 5b,
blue), we find that the Rabi splitting Qg, or
more generally the UP/LP peak splitting for all
detunings, is always increased due to the addi-
tional couplings introduced by either the higher-
energy electronic levels or the disordered molecules.
When including more molecules while only includ-
ing No = 1 state (Fig. 5b, blue) compared to the
Jaynes-Cummings model (N = 1 and N, = 1,
black), the Rabi splitting is known to be increased
due to the additional static disorders of the ex-
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Figure 5: (a) Transmission spectra as a function of the cavity detuning A = we — @eyx, Where Wex = 3.154 eV is
the exciton frequency corresponding to the maximum of the Bx /vy molecular absorption feature (see Fig. 1a). (b)
Energy difference between the upper and lower polaritonic spectral features as a function of the cavity detuning
Eup(A) — ELp(A). Note that the resonant Rabi splitting Qg is usually defined at the minimum of these functions
and is not preserved between Hamiltonians. (c¢,d) Polariton broadening I' (spectral linewidth) as functions of the
(b,c) cavity detuning A and (d) exciton fraction |C|? for the LP. We show three different theoretical models: N = 1,
N, =1 (black), N = 100, N, = 1 (blue) , and N = 100, N, = 18 (red). For all panels, the collective light-matter
coupling strength is Ay = 0.020 a.u. In panels (c¢,d), open circles indicate the lower polaritonic (LP) spectral
feature, while filled circles indicate the upper polaritonic (UP) feature. The thick grey lines in panels (c,d) indicate

no-disorder, two-level model results, based on Eq. 3.

citon frequencies included in the Tavis-Cummings
model, which perturbatively enlarge the effective
Rabi splitting.?!?83! See Fig S4 in Supporting
Information for all cases. Furthermore, for the
many-state case No = 18 (Fig. 5b) the minimum
of the Rabi splitting as a function of the detun-
ing is shifted from A = 0 eV toward negatve de-
tuning A =~ —100 meV in the presence of many
electronic states, indicating that the presence of
higher-energy electronic states provide a further
lowering of the effective resonance frequency, which
has been previously indicated using perturbation
theory. 40

Fig. 5c presents the polariton spectral linewidths
I" of the upper polariton (filled circles) and lower
polariton (open circles) as functions of the detuning
of the cavity frequency, obtained from the FWHM

9

value of the simulated spectra. The color cod-
ings are the same as those used in Fig. 5b. The
thick gray curves represent the results of the sim-
ple Jaynes-Cummings model (or Tavis-Cummings
model with no disorders) with an exciton broad-
ening and photon broadening,3® which is identi-
cal to the results of transfer matrix simulations
through classical electrodynamics (i.e., Maxwell’s
Equations)333° The LP linewidth is

I_ =X’k +[C[*, (3)
where v is the exciton linewidth and & is the cavity
linewidth, | X|? = 1 —|C|?, and the Hopfield coeffi-
cient |C|? indicates the exciton character of the LP
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state

A

e

where QF = 4NwC2A%ugg is the Rabi splitting at
zero detuning (which is extracted from the sim-
ulated spectra). Here, we use an empirical exci-
tonic broadening v = 180 meV (approximated from
Fig. 1a) and photonic broadening (due to cavity
loss) w 15 (matching the spectral broadening
used in all previous figures) meV for the best fit-
ting of our Jaynes-Cummings data (black, N =1
and N, = 1). Note that in Fig. la, each static
configuration gives rise to a particular peak, so the
broadening parameter ooy = 15 meV used there ac-
counts for the homogeneous broadening (dynami-
cal disorder), and the inhomogeneous disorders are
accounted for by the geometry fluctuations. The
empirical parameter v = 180 meV accounts for
the effects of both forms of broadening as it is di-
rectly extracted from the simulated linear absorp-
tion spectra (Fig. 1c). Fig. 5d presents the LP
linewidth as a function of the fraction of exciton
character |C|? (i.e., the Hopfield coefficient), us-
ing Eq. 4. See Fig. S4 and Fig. S5 in Supporting
Information for the transmission, Rabi splitting,
and broadening results for additional light-matter
Hamiltonians. We emphasize that |C|? (Eq. 4) does
not correspond to the actual value of the exciton
fraction of the polariton in our simulations (which
goes beyond the simple Tavis-Cummings model),
but rather it provides an equivalent way to report
the A dependence of the linewidth, which is com-
monly used to interpret the experimental data.3"58

At negative detuning A < 0, the cavity mode’s
frequency is well below the main excitonic exci-
tations. In this case, the lower polaritonic state
(open circles) is narrow (I' ~ 25 — 50 meV) for all
three models: N =1 & N, =1 (black), N =100 &
Ne =1 (blue), and N = 100 & N, = 18 (red). This
is due to (i) the large photonic character of the LP
state (see color codings in Fig. 5a) and (ii) the large
energetic separation between the lower polaritonic
state and the rest of the polaritonic states. Thus,
the lower polariton feature is not significantly af-
fected by the molecular disorder, similar to previ-
ous discussions at large collective light-matter cou-
plings Apx. In contrast, the upper polariton (filled
circles) is broadened by ~ 3 — 6 times compared
to the lower polariton at large negative detunings
(A =~ —500 meV), which is primarily due to the
large degree of molecular character in the upper

cP =21+ (4)

N =

10

polariton. Furthermore, N = 100 & N, = 18 (red)
gives a slightly larger linewidth for the upper po-
lariton due to the delocalization of the photonic
character across higher-energy polaritonic states,
even though the total photonic character is small
(see Fig Ha, red).

At the near-zero detuning A 0, for the
case of the Jaynes-Cummings model N = 1 &
N, =1 (black), the upper (filled circles) and lower
(open circles) polaritonic features are symmetri-
cally broadened (as expected from the theory3®
gray curve in Fig. 5), with I' &~ 100 meV. The
same is qualitatively true for the Tavis-Cummings
model, N = 100 and N, = 1 (blue), but with a
much lower overall broadening of I' = 50 meV. For
N =100 & N, = 18 (red) at A =~ 0, the lower po-
laritonic feature (open circles) has nearly the same
width as for the N = 100 & N, = 1 case (blue),
while the upper polaritonic band is more than twice
as broad due to the interactions with the higher en-
ergy, dense manifold of electronic states.

At positive detunings A > 0, for the N = 1
& No = 1 and N = 100 & N, = 1 cases, the
UP (filled circles) and LP (open circles) linewidths
switch in their relative magnitudes, due to the fact
that UP has more photonic character (narrow) and
LP contains excitonic character (broad) at positive
detuning A > 0 case. The large asymmetry in the
N =100 & N, = 1 case between the upper polari-
ton at negative detuning and the lower polariton
at positive detuning arises due to the asymmetry
of the bright exciton under thermal disorder, which
manifests under the collective coupling regime. Im-
portantly, for N = 100 & N, = 18, both spectral
features converge to the same broadening with in-
creasing cavity detuning A, I' & 70 meV. The up-
per polariton in positively detuned cases cannot
become energetically localized due to the presence
of the higher-energy electronic states. As can be
seen in Fig. ba (A = 400 meV, green), the pho-
tonic character of both the upper and lower po-
laritonic bands is significantly spread among the
nearby polaritonic states due to the large density
of molecular states in both regions.

In the early experiments,3”®8 the deviation of LP
linewidth from the expected results of the Jaynes-
Cummings model (or Tavis-Cummings model with
no disorders) is observed. The LP linewidth pre-
dicted by the Jaynes-Cummings model (or Tavis-
Cummings model without disorders), expressed in
Eq. 3, is illustrated by the gray curve in Fig. 5d,
which is a linear function of |C|2. As discussed in

~
~
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the recent theoretical works,3339 Eq. 3 is equiv-
alent to the transfer matrix calculations (which
can be interpreted as an optical filtering effect of
the cavity on molecular linear spectra), and re-
quires no quantum QED Hamiltonian diagonaliza-
tion. Our numerical results with N =1 & N, =1
model (Jaynes-Cummings type) align closely with
Eq. 3. The N = 100 & N, = 1 model (blue)
and N = 100 & N, = 18 model (red) result in a
LP linewidth deviating from the Jaynes-Cummings
model (gray). In particular, when considering
the Tavis-Cummings model with disorders (blue
curve in Fig. 5d), the LP linewidth deviates from
Eq. 3, agreeing with the recent theoretical work on
the Kubo-Anderson model®® when considering the
static disorder limit. On the other hand, within
the N =1 & N, = 1 (black) and N = 100 &
Ne =1 (blue) models, the upper (filled) and lower
(open) polaritonic widths as functions of the ex-
citon fraction follow similar trends in both shape
and magnitude. The N = 100 & N, = 18 case,
however, does not show the same trend for its LP
and UP linewidth. Instead, the upper polariton re-
sides near the ideal line, but the lower polariton is
substantially reduced in width.

In Ref. 37, this deviation of the LP linewidth
from the expected JC model (so-called the sub-
average behavior) was originally interpreted as the
motional narrowing behavior. In Ref. 38, we have
used exact quantum dynamics simulations to in-
vestigate such behavior and obtained a similar
behavior, with a Holstein-Tavis-Cummings model
that considers dynamical disorder in the absence of
static disorders. In this work, on the other hand,
we have seen that this additional narrowing of LP
could also originate from either a static disorder in
the Tavis-Cummings model, or simply the manifold
of the electronic excited states. Our work suggests
that the linewidths are beyond a simple “optical
filtering picture” 33 predicted by Eq. 3, at least for
the ZnTPP molecular system coupled to the cavity.
This suggests that one may need to diagonalize the
QED Hamiltonian to obtain the accurate optical
spectra of the polariton systems, or at least, con-
sider more accurate molecular response properties
in the transfer matrix calculations in the classical
electrodynamics simulations. 33:61,62

Conclusion. In this work, we report the
first ab initio polariton spectra simulations with
many molecules (N) collectively coupled to the
cavity, while considering many electronic excited
states (Ne), which goes beyond the typical Tavis-
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Cummings model in quantum optics. Our cal-
culations fully consider all types of disorders, in-
cluding geometry-fluctuation-induced exciton fre-
quency disorders and dipole angular disorders,
while fully capturing the atomistic and ab ini-
tio details of molecular polaritons. Our theoreti-
cal results provide an accurate description of the
experimentally measured lineshape,®”%® including
both lineshape and the detuning dependence of
linewidth. We emphasize that the inclusion of
many electronic states per molecule in the model
light-matter Hamiltonians is essential to gain ac-
cess to asymmetric features of real molecules.

Our results indicate that the ubiquitously used
two-level descriptions in Jaynes-Cummings or
Tavis-Cummings models can not capture the de-
tailed physics of linear spectroscopy in experiments
of realistic molecular systems, such as ZnTPP. This
is because the many nearby electronic states con-
tribute non-negligible effects to the spectra (see
Fig. 2). One reason is that upon nuclear fluc-
tuations, two or more states can exchange/share
character and thus both contribute to the overall
light-matter coupling and induce broadening of the
spectral feature. In this case, neither state can be
neglected. Alternatively, there can be two nearly
degenerate (¢; — e, ~ (dr) electronic states that
simultaneously have appreciable transition dipole
moments. Both situations are present in the cur-
rent example of ZnTPP (see Fig. 1la). Two-level
molecular models, however, should be able to ef-
fectively capture small molecules which have well-
separated electronic excitation frequencies that
are well-beyond the Rabi splitting, €; — e, > Qg /2
(i.e., atomic-like systems).

Furthermore, we suggest that the number of
molecules that are included in the polaritonic
Hamiltonian is less important than a proper aver-
age over the dynamical /static disorders in the sys-
tem. This was explicitly shown for model systems
in Ref. 21, where convergence of the spectroscopy
was achieved with N ~ 100 molecules. For po-
lariton relaxation dynamics® and decoherence, as
well as linear spectra computed from response func-
tion,* it turns out that the polariton dynamcis in
Holstein-Tavis-Cummings model is sensitive to the
collective quantities VN, Ao, and is less sensitive to
the detailed values of N or Ap. As shown by the
comparison in Fig. 2, the shape of the simulated
spectra are nearly independent of the number of
molecules N, and the asymmetric broadening fea-
tures of the experimental spectra are captured only
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when N, > 1 (i.e., the upper polariton is broad-
ened through interactions with the higher-energy
electronic states).

We further explored the delocalization of the po-
lariton wavefunctions using the inverse participa-
tion ratio (IPR), which indicated that the upper
and lower polariton features exhibit largely de-
localized transitions (Fig. 3d). This delocaliza-
tion increases with increasing Rabi splitting Qg o
Apn. When adding additional electronic states from
ZnTPP, the upper polariton becomes more spa-
tially localized and energetically delocalized due to
the additional interactions (Fig. 3h). However, the
lower polariton’s delocalization is enhanced by the
inclusion of additional electronic states. We also
examined the effects of additional angular disor-
der on the system (Fig. 4), which showcased a sys-
tematic reduction in the Rabi splitting Q)g, consis-
tent with previous analytical results. Additionally,
we found a reduction in the molecular delocaliza-
tion for states, which were previously delocalized
(70% — 40% delocalization, Fig. 4c). The angular
disorder exhibited a larger effect on the polaritonic
delocalization for idealized systems with N, = 1
(Fig. 4c) compared to Ne > 1 (Fig. 4d). Our work
brings an ab initio picture to the previous seminal
work using the Tavis-Cummings model with fre-
quency disorders. 2932

Finally, we also explored the effects of detun-
ing on the spectral features (Fig. 5), including the
Rabi splitting Qg and the linewidth I' of the up-
per and lower polaritons. Importantly, our ab ini-
tio results suggest that the Jaynes-Cummings type
model (N =1 & N, 1) essentially produces
the linewidths that agree with the analytic model
(Eq. 3), whereas both the Tavis-Cummings type
model with disorders (N = 100 & N, = 1) and the
many states model (N = 100 & N, = 18) suggest
that LP linewidth will exhibit additonal narrowing
compared to the analytic model, exhibiting a non-
linear behavior as a function of the Hopfield coeffi-
cient |C|? (see Fig. 5). Our results agree with the
experimental observation,,3"?® indicating the pos-
sibility that such narrowing could originate from
static disorders and many electronic states, in ad-
dition to the originally proposed motional narrow-
ing. 3738

We hope our work will inspire continued explo-
rations into the collective effects in light-matter hy-
brid systems and provide a fundamental, ab initio
understanding of molecular polariton and its spec-
tra, beyond the existing paradigms of quantum op-
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tics models.

Theoretical Methods

We use the non-relativistic cavity quantum
electrodynamics Hamiltonian under the Born-
Oppenheimer approximation and dipole gauge7:63
to compute the polariton eigenstates and molec-
ular polariton spectra. The total Hamiltonian is
expressed as

ZHel
N

+wedo Y (B(Ry) - &) (af +a).

n=1

1
) + hwe(afa + 2)

()

where Hy(R,,) is the electronic Hamiltonian for the
ng, molecule, @ (a') is the annihilation (creation)
operator for the cavity mode, é is the cavity po-
larization vector, fi(R,,) is the dipole operator for
molecule n. The third term in Eq. 5 is the light-
matter interaction.

The electror}ic eigenvalue equation for each
molecule n is Hei(Ry)|Y;(Ry)) = €;(Rn)|9¥j(Rn)),
can be can be solved in parallel across all molecules
by any electronic structure approach, generat-
ing adiabatic electronic potential energy surfaces
¢j(Ry,) for molecule n and adiabatic state [1;(R.,)).
We denote 7 = 0 as the ground state for a given
molecule n, which is |[¢o(Ry)). For j € [1,Ne],
|¥j(Ry)) represents the electronic excited states.
The photonic Hamiltonian, a quantum harmonic
oscillator, can be solved analytically ﬁph|k:> =
hw(k + 1)|k). The polariton eigenvalue problem
can be formally written as

H(R)[2a(R)) = £.(R)|a(R)), (6)

where &,(R) are the polaritonic potential energy
surfaces and |®,(R)) are the adiabatic polaritonic
states, expanded using

| Go®rwo )) @ |1 (7)
N Ne
+3°3"05 Q@ 1o(Ram)) ® [15(Ry)) 10),
n=1 j=1 m#n

where we have restricted to the single excitation
subspace (where either one molecule or the cav-
ity mode can be excited, but not restricting which
excited state on molecule n). This approxima-
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tion is valid under the assumption that the single-
molecule light-matter coupling Ay is small and
where the energy range of interest is near the fun-
damental resonance between the molecular and
photonic frequencies, w egn — e(()n) (i.e. far
from the collective ground state and doubly ex-
cited configurations’ energy). Further, the ex-
pansion coefficients Cf(R) and Cf, (R) paramet-
rically depend on the nuclear configuraitons R €
{R4,..Ry,..Ry}. Both C§ and C5, as well as
E.(R) are obtained by directly diagonalizing the
matrix of flpl(R) using the basis indicated in Eq. 7.

The linear transmission spectra are computed as

T(w) = (D Nad(hw - Ea(R)))g (8)

(2 6 (R
T

Za: (hw — E4(R))? + 02 >R
where N, = (®,(R)|a'a|®,(R)) is the photon
number expectration value under state |®,(R)), o
= 15 meV is the finite-width Lorentzian broadening
parameter representing the broadening contribu-
tion from both exciton decay (dynamical contribu-
tion) and photonic decay, and the ensemble average
(...)m represents an average over geometries sam-
pled from the Born-Oppenheimer MD simulations.
The detailed value of the parameter is provided in
each figure and tested in Figure S1 in Support-
ing Information. Similarly, the total polariton
density of states (DOS) is computed as

DOS(w) = (Y d(hw — Ea(R)))

The inverse participation ratio (IPR), the molec-
ular declocalization extent on the ay, polaritonic
state, is defined as

2
1 225, 13,

e, Pi= S
En(P'rlLl)2 " Zm,km ’Clng

where P is the probability for a polariton state
|®q) to reside on molecule n, and CY is the ex-
pansion coefficient of the ji, electronic molecular
excitation on the ny, molecule for the ay, polari-
tonic state (see Eq. 7).
Computational Details.

~
~

9)

~
~

1
Za: (hw — Ea(R))? + 02 >R'

IPR, = (10)

The primary elec-
tronic transitions are a pair of degenerate states
denoted as Bx/y, whose hole and electron natu-
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ral transition orbitals are shown in Fig. 1d. We
performed Born-Oppenheimer molecular dynam-
ics in the ground electronic state of a ZnTPP
molecule, at the level of the semi-empirical AM1
Hamiltonian. We used a Langevin thermostat at
T = 300 K to thermalize the ground state geome-
tries. We sampled a geometry from the dynamics
every ~ 45 fs; yielding 1001 geometries. We use
linear-response time-dependent density functional
theory (LR-TD-DFT) at the level of B3LYP/6-
31G* for each geometry to obtain excited states
and the dipole matrix elements. The excitation
energies and oscillator strengths of the first 50 sin-
glet excitations were used to generate a thermally
averaged molecular absorption spectrum for each
molecule. Details are provided in the Supporting
Information.
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ties as well as for including the thermal average.
There are additional figures with a larger variety
of light-matter Hamiltonians.
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