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ABSTRACT: We present a non-Hermitian formulation of the polaritonic structure of
azobenzene strongly coupled to a photonic mode that explicitly accounts for the fleeting nature
of the photon—molecule interaction. This formalism reveals that the polaritonic nonadiabatic
couplings that facilitate cis—trans isomerization can be dramatically modified by photonic
dissipation. We perform Fewest-Switches Surface Hopping dynamics on the surfaces that
derive from our non-Hermitian formalism and find that the polaritonic isomerization yields are
strongly suppressed for moderate dissipation rates and that cavity-free isomerization dynamics
are recovered under large dissipation rates. These findings highlight the important role that the
finite lifetime of photonic degrees of freedom play in polaritonic chemistry.

olecular polaritons arise when the interaction between

light and molecular transitions is large compared to the
dissipative energy scales in the system.'™” Strong coupling to
photons can be realized by placing the molecular system in an
optical cavity tuned to be resonant with a molecular
transition”*® or in the vicinity of nanomaterials that support
strong optical modes, including plasmon resonances"® or
scattering-mediated absorption resonances.'’ Ebbesen and co-
workers demonstrated experimentally that the reactivity of
polaritonic systems can be dramatically different from that of
the lone molecular system.”® Subsequently, a wealth of
theoretical studies have suggested that strong coupling can
reshape the energy landscape that dictates energy transfer and
reactivity,””%! 1 7%

Azobenzene has been studied as a prototypical molecule for
photoisomerization that can be potentially used as a molecular
photoswitch or energy storage material, among other
applications.”**> The excited-state dynamics of azobenzene
accessible by visible-light excitation are guided by a quasi-
harmonic potential along the isomerization coordinate (R)
with a minimum that approximately coincides with the
transition-state value of R on the ground-state surface.
Hence, photochemical activation of cis-azobenzene yields the
trans isomer with nearly equal likelihood as relaxation back to
the cis isomer™"’ (see Figure 1).

Unlike traditional photochemistry where the interaction
between light and molecules is perturbative, polaritonic
chemistry occurs when light hybridizes with molecular degrees
of freedom, causing the potential energy surfaces to inherit
properties of the photonic and molecular systems. For
example, polaritonic potential energy surfaces may develop
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new critical points, new intersections or avoided crossings, and
different couplings between surfaces; these new features may
suppress or enhance the reactivity compared to the lone
molecular system. Azobenzene strongly coupled to a photon
can illustrate all of these features depending on the details of
the photon and its confinement™”*""*° (see Figure 1).
Polaritonic chemistry is an inherently multiscale problem
that has motivated considerable theoretical and computational
effort. In the case of electronic strong coupling where light is
strongly interacting with molecular electronic transitions (e.g.,
the S, to S, transition of azobenzene considered in this work),
the photonic and molecular electronic degrees of freedom are
often treated on the same quantum mechanical footing, while
the nuclear degrees of freedom may be treated as slow or
classical degrees of freedom.”'>'**" Drawing on this cavity
Born—Oppenheimer approximation, the nuclear dynamics in
polaritonic chemistry have been simulated classically using
Ehrenfest dynamics'”’ and Fewest-Switches Surface Hopping
(ESSH)'7""7?! and quantum mechanically using the frame-
work of exact factorization,” the partial linearized density
matrix path-integral approach,® wavepacket propagation,”” and
the multiconfiguration time-dependent Hartree approach.”
Interestingly, a number of semiclassical dynamics methods
have been studied in the context of atomic polaritonic systems
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Figure 1. (a) Schematic of azobenzene coupled through its electronic
transition dipole moment (i) to the effective transition dipole
moment of a localized photonic resonance in an optical nanostructure
(yp). The frequency of the molecular transition (@), the frequency
of the photonic resonance (a) ), and the dissipation rate of the
photonic resonance (}/P) all impact the polaritonic structure. (b)
Singlet ground-state (Ig)) and first excited-state (le)) potential energy
surfaces of azobenzene along the reaction coordinate R. (c)
Composite singlet ground, zero-photon state (lg, 0)), lower polariton
(ILP)), and upper polariton (IUP)) potential energy surfaces along R
that result when 7@, = iiw, = 2.45 eV and 7ig = 0.02 eV, where Aig

& ﬂmol‘”p'

that treated the atomic electronic degrees of freedom quantum
mechanically and the photonic degrees of freedom classically.”®

In that work, it was found that FSSH dynamics did not recover
important interference effects that are important, for example,
in polaritonic emission phenomena.”® However, because of the
large effective nuclear mass associated with the reactive degree
of freedom we are simulating in this work (see Table S2), we
do not expect such a deficiency will be significant for our
results. We note that polaritonic chemistry can also arise from
vibrational strong coupling, where light is strongly interacting
with vibrational transitions,® though this is not the focus of the
current investigation. In electronic strong coupling, molecular
electronic and photonic degrees of freedom have been treated
using model and/or semiempirical Hamiltonians,®'"'>'>"”
although there has been a recent surge in activity focused on
merging ab initio molecular electronic structure theory with
cavity quantum electrodynamics (ab initio CQED) to provide
an accurate and predictive model of polaritonic struc-
ture.'»>’ "> Here we couple a non-Hermitian CQED
Hamiltonian®***** to a model Hamiltonian for the molecular
electronic structure of azobenzene to simulate the polaritonic
structure and dynamics with explicit inclusion of finite cavity
lifetimes. We utilize FSSH dynamics'”*”*"**~*" with potential
energy surfaces and nonadiabatic couplings from our non-
Hermitian polaritonic structure theory to elucidate the impact
of cavity lifetime on the isomerization dynamics under other
cavity parameters previously found to facilitate facile cis-to-
trans isomerization.”'” Several independent contemporaneous
studies have leveraged non-Hermitian Hamiltonians to
investigate cav1ty losses in polaritonic chemistry. Feist and
co-workers’”> employed full quantum simulations of the
photorelaxation dynamics of uracil and found conditions
whereby dissipation and coupling strength conspire to
optimize photoprotection.”” Ulusoy and Vendrell utilized the
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multiconfiguration time-dependent Hartree approach with
non-Hermitian Hamiltonians to study the polariton dynamics
of Nal and pyrazine in both the single- molecule and ensemble
limit for a variety of cavity dissipation rates.”> We note that
since the light—matter coupling strength scales with the square
root of the number of molecules coupled to the cavity, such
ensembles of molecules are often required to experimentally
realize strong coupling.”® Additionally, Kossoski and Barbatti
independently developed and rigorously validated a complex-
surface FSSH method and demonstrated its applicability in the
context of dissociative electron attachment dynamics.”” An
important contribution of our non-Hermitian approach is the
elucidation of how cavity losses impact the polaritonic
structure itself, which then impacts the dynamics that occur
on one or more polaritonic surfaces. In the model azobenzene
system we explore, we find three distinct regimes with respect
to the cavity dissipation rate: low dissipation rates (fy < 107°3
meV, or 7 = 1/y > 2 ps) where polaritonic isomerization to the
trans configuration is facile, moderate dissipation rates (10%° <
hy < 10" meV, or 2 X 107" > 7 > 2 X 1072 ps) where
isomerization to the trans configuration is strongly suppressed,
and large dissipation rates (fy > 10> meV or 7 < 107>° ps)
where the isomerization yield tends to nearly equal likelihood
for cis and trans configurations similar to the photoisomeriza-
tion of lone azobenzene (see Figure S1 in the Supporting
Information). We find that the couplings between the
polaritonic surfaces are quantitatively altered by the cavity
dissipation rates and that the dissipative features of the photon
are mixed into the polaritonic surfaces in regions of strong
nonadiabaticity.

Following previous studies,>'” we use a generalized Rabi
Hamiltonian for a single azobenzene molecule coupled to a
single photonic mode:

Htot = Hel + Hp + Hel,p (1)
where H, denotes the electronic Hamiltonian:
A, = E(R)a]a, + E(R)a/a, 2)

where E,(R) (E.(R)) denotes the ground-state (exc1ted state)
electromc energy at nuclear coordinate R, and 4 a (a ) are the
creation (annihilation) operators for electronlc state p. The
nuclear coordinate R here denotes the dihedral angle of the
Ph—N—N-—Ph system that defines the cis—trans isomerization
(see Figure 1). The electronic states as a function of the
nuclear coordinate are parametrized following the work of
Mandal and Huo® (see Supporting Information for more
details).

The cavity resonances have finite lifetimes due to their
coupling to a continuum of states outside the cavity;
attributing a complex frequency to the photonic degrees of
freedom provides a simple way to model this finite lifetime
without explicit inclusion of additional continuum degrees of
freedom.>*® Additionally, as we will show, the resulting non-
Hermitian formulation imparts the polaritonic structure, i.e.,
the potential energy surfaces and nonadiabatic couplings, with
these dissipative features through imaginary contributions to
these quantities. We write the photonic Hamiltonian as

A .}/ AT A
H=nalw-i=|bb
P (“’ 12) 3)

where b (i)) denote the raising (lowering) operator for the
photon state with complex frequency @ = @ — ig, where y
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arises from the finite-lifetime of the photonic resonance. We
parametrize the photonic Hamiltonian to have Aw = 2.45 eV
and 7iy to have values in the range 0.01—1000 meV
(equivalently, cavity lifetimes in the range 0.0006—63 ps).
Such a non-Hermitian form of this photonic Hamiltonian was
recently considered by Cortes, Otten, and Gray”” and captures
important dissipative effects if the photonic degrees of
freedgolr7n’:2 Finally, the interaction Hamiltonian has the
form™ "

f,, = hg(b' + b)(ala, + aa,) @
In this work, we neglect the dipole self-energy term in the
polaritonic Hamiltonian, which has recently been found to play
a key role in the polaritonic structure and dynamics of systems
with multiple photonic modes™ and/or systems in the
ultrastrong coupling regime.”” Neglect of the dipole self-
energy, as well as truncation of the electronic basis, breaks the
gauge invariance of our Hamiltonian. We refer interested
readers to several insightful discussions of gauge invariance and
gauge ambiguities that arise from term and/or basis truncation
in dipole gauge Hamiltonians (such as the one used here) after
gauge _tgnsformation from a minimal coupling Hamilto-
nian.

Here we consider a 1-photon 1-molecule system in which
the coupling term has the value 7ig = 0.02 eV (i.e., not in the
ultrastrong coupling regime); in recent work by Mandal and
Huo, this coupling along with a photon energy of 2.45 eV was
shown to be particularly facile for polaritonic isomerization.®
We can express the Hamiltonian matrices in a local basis that
includes states where energy is localized as a photon in the
cavity mode, in the molecular system as an exciton, in both, or
in neither. In other words, this system permits the following
four composite basis states l¢p;) € {Ig, 0), g, 1), le, 0), le, 1)},
where the composite state l¢h;) = Ig, 0) denotes the molecule is
in its ground state and no photon in the cavity. The various
contributions to the Hamiltonian matrices are shown in the
Supporting Information. The new polaritonic potential energy
surface can be identified by building the total Hamiltonian
matrix in this basis, Hy,, at different values of R, diagonalizing
the matrix, and identifying the eigenvalues ¢,(R); similarly, the
energy eigenstates in the polariton basis, |®,(R)), will be the
eigenvectors of this matrix. Diagonalizing the non-Hermitian
H,, yields left and right eigenvectors. The left eigenvectors are
complex conjugates of the right eigenvectors (see Figure S2 in
the Supporting Information); we use the basis of right
eigenvectors as the polariton basis in this work. At geometries
where E,(R) + 1 ~ E,(R), we get strong mixing of the Ig, 1)
and le, 0) states. That is, |®,) and |®;) will be linear
combinations of the form

1,(R)) = Y ¢“(R)lgh)
,- (s)

that will typically have strong contributions coming from basis
states lgp;) € {lg, 1), le, 0)} at values of R where the photon is
resonant with the excitonic transition energy. We also refer to
states |®,) and |®D;) as ILP) and IUP), respectively, to denote
their polaritonic character (see Figure 1). These polariton
states will have associated potential energy surfaces defined by
€,(R) and €;(R) that may differ qualitatively from the
uncoupled surfaces, potentially imparting different reactivity
to the system. Similar to previous studies,”> we can also
elucidate the nature of the polaritonic surfaces as a function of
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geometry; i.e., some regions of the surface will take on a strong
photonic character (when Ic5(R)I* ~ 1), some will take on a
strong excitonic character (Ic§(R)I* ~ 1), and others will have a
mixed or polaritonic character (Ic5(R)I* ~ Ic5(R)I* & 0.5). That
said, for all geometries, |®,(R)) = Ig, 0) and I®,(R)) =~ le, 1)
with eigenvalues €,(R) ~ E,(R) and €,(R) ~ E.(R) + hw. We
also note that the polariton basis is not necessarily orthogonal
in this non-Hermitian formulation. In particular, the ILP) and |
UP) have nonzero overlap at geometries where there is strong
polaritonic character (see Figure S3 in the Supporting
Information).

We track the nuclear motion along a single reactive
coordinate R using FSSH dynamics;'”*”*"**™" details of
this approach are provided in the Supporting Information.

The polaritonic degrees of freedom are represented
quantum mechanically by a wave function that can be written
as a superposition of polariton eigenstates, I¥(R, t)) =
Y oCo(H)I®,(R)). The time dependence of these coefficients
obeys the time-dependent Schrodinger equation,

. i .

C(t) = ——H,-C(t) — Rd-C(¢
where d denotes the derivative coupling matrix”* and Hp, is the
non-Hermitian polariton Hamiltonian matrix; the dependence
on the nuclear coordinate for both of these matrices is implied.
The elements of the derivative coupling matrix are defined as

d, 5(R) = (CDa(R)I%Qﬂ(R)), where forward finite differences

are used to compute the derivatives of the polaritonic
eigenfunctions. We note that this derivative coupling term is
often computed with a perturbative expression,
d, 5(R) = %, but this expression assumes an orthogonal
basis, which is not necessarily the case with our polariton basis
(see Figure SS in the Supporting Information).

Although the polaritonic wave function is typically in a
superposition of multiple polaritonic eigenfunctions, in the
FSSH scheme, the nuclei feel a force from a single polaritonic
surface at a time but can transition or “hop” between surfaces
with a probability that is updated at each time-step. We
compute the probability for hopping from surface a to f to be

p,(t) dt
given by Rx,/i(t) = max( /}pa(t) ,
derivative of the population of the polaritonic state @ at time ¢
and p,(t) is the population of polaritonic state @, at time ¢,
defined as p,(t) = C¥(t) C,(t). Propagation of eq 6 with a
complex Hp does not conserve the norm of C; rather, the
norm of the polaritonic wave function decays with time. This
models the radiative decay of the polaritonic system (i.e., loss
of a photon to the continuum of states outside the cavity)
mediated exclusively by the cavity through transitions from the
lg, 1) contribution to the [UP) and ILP) states to state lg, 0). As
a consequence, we equate the loss of the norm in a given time
step to relaxation to the ground state (I®,) =~ Ig, 0)), which
allows us to compute the instantaneous time derivative of the
ground-state population as p,(t) = —p;5(t) — p,(t). The
spontaneous emission rate of the molecules could also be
modeled using complex frequencies, but we choose to neglect
this effect since this rate is typically slower than the cavity
dissipation rate and has a strong dependence of the geometry
along the reaction coordinate R.** At each time step, a uniform
random number £ € [0, 1] is chosen, and a surface hop to state

B < a is performed when Ztﬂ_ll B,<¢< ij:lpa,i‘

0), where py(t) is the time
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In Figure 2, the polaritonic surfaces are shown when 71y = 10 0.1 0.2
meV (panels a and c) and 7y = 100 meV (panels b and d).
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Figure 2. Polaritonic potential energy surfaces when #y = 10 meV (a) 400
and (c) and when Ay = 100 meV (b) and (d). 0.08 350
>
o
= 300
Two qualitative features of the surfaces are altered by the D 0.06
magnitude of y: the avoided crossing between the surfaces 2 250
under low-loss and moderate-loss conditions becomes an "g) 200
intersection with high loss, and the polaritonic character near £ 0.04
the crossing feature is strongly diminished in the high loss case =3 150
(see Figure 2). 8 100
The energy gap of the avoided crossing at the geometry R & 0.02
—0.6, where the molecular excitation energy is in resonance 50
with the cavity, can be understood in terms of energy
eigenvalues of the Jaynes—Cummings* model, 0 0

2

E = — il + gz _r

h + 16 7)
where o is the frequency of the molecular transition and the
cavity photon and g and y quantify the coupling strength and
cavity dissipation rate as before. The difference between E,
(energy of the [UP) state) and E_ (energy of the [LP) state) is
known as the Rabi splitting, which approaches zero as y
approaches 4g (see Figure 3a for a map of absolute magnitude
of the Rabi splitting values for variety of different g and y
values). The vanishing of the avoided crossing for large values
of y (larger than 80 meV or 0.08 eV to be precise, since fig =
0.02 eV) as shown in Figure 2 reflects the real part of the Rabi
splitting going to zero. When y > 4g, the Rabi splitting is
imaginary (see the lower diagonal of the map in Figure 3a).
The y dependence on the IUP) and ILP) surfaces and their
splitting has important consequences for the derivative
couplings that drive nonadiabatic transitions in the nuclear
dynamics and for dissipative behavior that leads to transitions
to the Ig, 0) state. The leading term in the perturbative
approximation to the derivative coupling between |UP) and |
LP) is inversely proportional to the energy gap between these
states; thus the magnitude of the derivative coupling increases
as the splitting approaches zero. We compute the absolute
magnitude of the derivative coupling between the upper-
polariton and lower-polariton surfaces (i.e., Id;,| or Idyp pl) for
the same range of g and y values as were used to evaluate the
Rabi splitting. The maximum value of this coupling in the
vicinity of the crossing (R & —0.6 au) is plotted for each value
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0 50 100 150 200 250 300 350 400
Dissipation Energy (meV)

Figure 3. (a) Rabi splitting from the Jaynes—Cummings model as a
function of Ay and fg, showing that the splitting goes to zero when y
= 4g. The Rabi splitting is real for values of y < 4g, and imaginary for y
> 4g. (b) Maximum magnitude of the derivative coupling between the
[UP) and ILP) state in the vicinity of their crossing (R &~ —0.6 au),
showing that this coupling approaches a maximum as the Rabi
splitting approaches zero, whereas the magnitude of this coupling goes
to zero when y > 4g. The white dashed arrows are used to highlight
the range of y and g simulated by FSSH in this work.

of g and y, showing that |dyp pl is maximized when y = 4g, and
approaches zero for y > 4g (see Figure 3b). As a consequence,
for large loss values, one would expect the dynamics on the |
UP) surface to follow typical adiabatic dynamics reminiscent of
the excited-state dynamics of lone azobenzene. That is, with
large loss values, the [UP) surface experiences negligible
coupling to the ILP) surface and retains the curvature of the le,
0) surface (see Figure S1). Also in this high-loss limit, the Rabi
splitting is imaginary, which results in avoided crossings of the
imaginary component of the ILP) and [UP) surfaces. These
imaginary components are represented for high-loss (7y = 100
meV), moderate-loss (7iy = 10 meV), and low-loss (fiy = 0.1
meV) cases in Figure 4, where imaginary part of the ILP)
surfaces are plotted with dashed lines and the imaginary part of
the IUP) surface are plotted with solid lines. An interesting
consequence of the imaginary splitting in the high loss case is
that the ILP) state inherits the majority of the cavity loss,
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(solid lines) and ILP) (dashed lines) states for three different cavity
dissipation rates. A logarithmic scale is used to aid visual comparison
across several decades of loss. We see that for the low- and moderate-
loss rates, the IUP) and ILP) states cross in the imaginary energy
space, indicating that both states inherit the dissipative features of the
cavity at certain geometries. For high losses, the upper and lower
polariton surfaces are split in imaginary energy space, indicating that it
is primarily the [LP) surfaces that inherits the dissipative features of
the cavity in this regime.

whereas the dissipative nature of [UP) is much less significant
(see Figure 4). Because the Rabi splitting is pure real when y <
4g, we observe crossings between the imaginary parts of the |
LP) and |UP) surfaces around R ~ —0.6 au where nonadiabatic
transitions tend to occur in the low- and moderate-loss cases
(see Figure 4). This suggests the potential for dissipation to lg,
0) to compete with isomerization in the regime of moderate
cavity losses where the nonadiabatic couplings are still large
and both the [UP) and ILP) surfaces have dissipative character
from their photonic contributions.

The inferences made on the basis of the analysis of the
features of the y-dependent polaritonic structure are confirmed
by ESSH dynamics*>*"**~*” simulating the polaritonic
isomerization across a range of cavity loss values between
0.01 and 1000 meV (equivalently, cavity lifetimes between
0.0006 and 63 ps). Loss values of 100 meV are typical of
plasmonic cavities, while the low-loss cases could be realized in
dielectric microresonators.”'**~* For each cavity loss value,
we run 500 FSSH trajectories starting in the cis configuration
on the |UP) surface. The random distribution of initial
positions and velocities for these trajectories are discussed in
the Supporting Information. It is observed that cis-to-trans
isomerization is very facile under low-loss conditions,
consistent with prior polaritonic studies on azobenzene that
considered lossless cavities® or treated the losses a posteriori'’
(see Figure S). In high-loss conditions, the isomerization
dynamics approaches a 50%—50% vyield reminiscent of the
cavity-free isomerization, which is consistent with the findings
reported by Ulusoy and Vendrell that the dynamics of
polaritonic systems with sufficiently lossy cavities resembles
the dynamics of cavity-free systems.”> There is a small but
noticeable oscillation in the isomerization yield whereby the
trans yield when Ay = 316 meV is smaller than at 100 and 1000
meV. We have confirmed this oscillation persists after
averaging over an additional 500 FSSH trajectories, suggesting
they do not arise from lack of convergence in the FSSH
simulations. The physical meaning of such oscillations, if any,
perhaps can be further elucidated through the use of full
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Figure S. Isomerization yield for surface hopping trajectories
initialized in the cis configuration on the I|UP) surface. The
isomerization yield of the trans isomer goes to zero for moderate
dissipation rates, but at high dissipation rates, the isomerization yield
approaches 50% cis and 50% trans, similar to the isomerization of lone
azobenzene.

quantum dynamical simulations that treat the nuclear degrees
of freedom on equal quantum mechanical footing as the
electronic and photonic degrees of freedom. In the moderate-
loss regime where there is still significant coupling between the
ILP) and IUP) states coincident with dissipative features, it is
observed that cis-to-trans isomerization is strongly suppressed
as relaxation to the Ig, 0) state competes with motion along the
isomerization coordinate (see Figure S). Investigation of the
time-dependent transition probabilities around the avoided
crossing (when R = —0.6 au) reveals that a [UP) — ILP) — Ig,
0) relaxation channel is uniquely facile under moderate-loss
conditions (see Figure S6 in the Supporting Information).

We have developed a non-Hermitian formulation of
polaritonic structure modeled after the paradigmatic system
of azobenzene coupled to a cavity that explicitly accounts for
cavity losses. We include only the isomerization coordinate
(what would correspond to the C—-N—N—C dihedral angle in
azobenzene) in our simplified model. That said, a non-
Hermitian formulation of polaritonic structure that includes
multiple modes and/or an ab initio treatment of the molecular
degrees of freedom is certainly possible and will be pursued in
future work.

Our approach demonstrates that several features of the
polaritonic structure are altered by the dissipative features of
the cavity and that these modifications can have profound
impacts on the isomerization dynamics in this system. In
particular, we find that cavity-enhanced isomerization reported
in prior works is maintained only when photonic dissipation
rates are <1 meV, though this does not necessarily preclude
favorable balances between coupling and dissipation that could
allow polaritonic chemical control with larger photonic
dissipation rates. Isomerization is strongly suppressed for
moderate dissipation rates, and in the limit of large cavity
dissipation, the isomerization dynamics resemble that of the
cavity-free system. These results suggest that explicit inclusion
of cavity losses are critical for simulating polaritonic chemistry
and also points to the importance of loss engineering in optical
cavities for polaritonic chemistry applications.
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