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ABSTRACT: Strong light—matter coupling in optical cavities is being widely explored as a
strategy for modifying molecular dynamics and enhancing coherence. At the same time,
structured vibrational environments can exhibit non-Markovian memory that promotes
information backflow and coherence revival. We investigate the competition between these

effects in a vibronic molecular system strongly coupled to a lossy optical cavity. Using hierarchical bilaulby o
equations of motion to treat structured vibrational baths, we quantify both system coherence and v ]x‘ “
non-Markovianity via the I, norm of coherence and the Breuer—Laine—Piilo measure, ’\/\Vf WV
respectively. We find that cavity coupling enhances coherence in overdamped environments Laserpulsc

but can suppress memory-assisted coherence in resonant underdamped regimes, even in the

Molecular system

absence of significant photon loss. This suppression arises from hybridization-induced
modification of system—bath information flow. We demonstrate that cavity coupling does not
universally protect coherence but establishes limits governed by the competition between

vibrational recurrence time scales and polaritonic hybridization.

Strong light—matter coupling in optical cavities has
emerged as a powerful strategy for modifying molecular
dynamics, enabling control over spectroscopy, energy trans-
fer,” and chemical reactivity beyond what is achievable in
solution.” Recent work has focused on understanding the
dynamical mechanisms underlying cavity-modified chemis-
try,” particularly in the context of polaritons, which evolve
during hybridization with confined cavity fields.””'> At the
same time, advances in open-quantum-systems theory have
highlighted environmental memory (non-Markovianity) as a
potential resource'”'* for preserving coherence in complex
vibronic systems, where structured vibrational environments
can support information recurrence and coherence reviv-
al."”~"7 However, non-Markovianity can also accelerate
decoherence when the bath returns information out of phase
with the system’s evolution.'*"”

Previous studies have established how light—matter coupling
modifies open system dynamics, with Canaguier-Durand et
al.*® and del Pino et al.”' identifying non-Markovian relaxation
and collective nuclear effects in organic polaritons, while
Takahashi and Watanabe** showed how hybridization allows
for decoupling from a thermal bath. Building on this, Rouse et
al.”® demonstrated that strong molecular vibrations drive
multi-phonon dephasing and shift polariton energies, com-
plementing broader demonstrations of cavity-extended elec-
tronic coherence by Hu et al.** These parallel developments
therefore starkly raise the central and unresolved question:
how does cavity-induced dissipation interact with memory-
assisted coherence in molecular systems?

In cavity strong-coupling platforms, molecular ensembles
reside in structured vibrational environments while photon
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leakage through imperfect mirrors introduces an additional loss
channel. In this work, we investigate how coherence dynamics
are governed by a competition between the spectral recurrence
of the vibrational bath and the dynamic restructuring of the
system’s energy landscape through light—matter hybrid-
ization.””~>” When hybridization shifts the system’s eigen-
structure, it may disrupt the resonance required for memory-
assisted coherence through non-Markovian recurrence.

Determining how this competition unfolds is essential for
understanding when cavity coupling protects coherence and
when it undermines environmentally assisted quantum
dynamics. Here, we model a vibrational system embedded
within a strongly coupled cavity, with multiple environmental
structures and parameters,”” using the hierarchical equations of
motion and Lindblad dynamics. By measuring system
coherence as well as the degree of non—Markovianity,lé’zg we
look at the interplay of the system, cavity, and environment to
understand how information is exchanged between them.

We model the system as an open quantum vibronic
molecule with two electronic states separated by w. =
16000 cm™, each coupled to an intramolecular vibration of
frequency @, = 350 cm™" with dimensionless displacement A
= 0.8. The vibrational coordinate interacts with a thermal
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environment represented by a continuum of harmonic
oscillators, with either an overdamped or underdamped
spectral density to tune the degree of environmental memory.
In the underdamped case, the principal peak of the spectral
density is centered at 350 cm™' resonant with the molecular
vibrational mode.

The molecule is strongly coupled to a single quantized cavity
mode, resonant with the electronic transition, . = Wegy
producing polaritonic states under light—matter hybridization,
while photon leakage introduces an additional dissipative
channel. The cavitg quality factor is Q,, = w./k, where k is the
cavity decay rate.”” We consider a near-lossless cavity allowing
us to isolate hybridization effects from irreversible photon loss.
The light—matter coupling strength is set to g = 1000 cm ™",
putting us firmly in the strong coupling regime, where g is
much greater than both x and the relaxation rate of the
molecule.”*' %

This coupling strength, representing the single-molecule,
strong-coupling regime achievable in plasmonic nano- or
picocavities, was selected to clearly expose the competition
between polaritonic restructuring and environmental recur-
rence.

The total system is described by a Hamiltonian comprised of
molecular (I:Imol),34’3i cavity (I:Imy),%’” environmental
(Hy),”” interaction (H,, and H,y_p.a)," " and field

H,..)"° contributions

ol—cav

A

H

tot = Hinol + Heoy + H,

mol—cav

ht I_Ilaser'
(1)
The vibrational degrees of freedom are coupled to spectral
densities that range from near-Markovian to strongly non-
Markovian regimes. This bath captures reversible intra-
molecular vibrational relaxation and dephasing. In contrast,
cavity losses arise from photon leakage through imperfect
mirrors and are well-described by a Markovian dissipator
acting on the cavity mode. Treating the bath and cavity with
independent operators reflects their distinct physical time
scales and avoids introducing spurious correlations. Simu-
lations are initiated by excitation with a Gaussian laser &oulse,
using a semi-classical approximation of a laser field.””* The
laser frequency (16 000 cm™") satisfies the resonance condition
between the molecule and the cavity, thus allowing us to
investigate how the resulting hybridization restructures the
energy landscape in real time.
We first employ the underdamped spectral density, where
certain bath modes will have a much stronger coupling, with
less damping. This structured spectral density is given as'®*'

+ Hy, + H,

mol mol —bat]

Znywoza)
(wol _ (1)2)2 + yzwz (2)

J(w) =

which includes a peak at w,. Broadening of this peak depends
on the damping parameter, 7. In the limit @, < 7, the bath
becomes overdamped and eq 2 reduces to the Lorentz—Drude
form

wA

Jlw) =2 o+ N 3)

with bath reorganization energy n and dissipation rate A. This

spectral density couples at lower frequency modes, with a peak
at w = A

We treat overdamped and underdamped spectral densities as

distinct limiting regimes to deconstruct how light—matter

hybridization interacts with different environmental structures.
In the overdamped case, reducing A shifts the broad spectral
weight toward lower frequencies, whereas in the underdamped
case, reducing y narrows the Lorentzian line width around
resonance @, while conserving the bath reorganization energy
of = 30 cm™'. While both parameter variations alter the
environmental correlation time (z.), the underdamped bath
establishes a highly frequency-selective, non-Markovian inter-
action channel.

For the dynamics, we employ the hierarchical equations of
motion (HEOM),””**™* which provide a numerically exact
description of system—bath dynamics for harmonic environ-
ments across varying damping regimes: this accurately captures
the memory effects of the environment. Cavity dissipation is
incorporated through Lindblad operators®” acting on the cavity
field, enabling the inclusion of irreversible photon loss.
HEOM-Lindblad formalisms have been used for other
polariton studies.**™° Full details of our model can be
found in the Supporting Information.

All simulations are initialized from thermal equilibrium, with
the entire population in the electronic ground state. The
system is then propagated following excitation by a Gaussian
laser pulse tuned to @, Both coherence and information flux
are calculated after excitation, tracking the system dynamics
over 2 ps. Full details of the Hamiltonian, bath para-
metrization, hierarchy construction, and numerical conver-
gence are provided in the Supporting Information.

Coherence dynamics are quantified using the [} norm of
coherence, defined as the sum of the magnitudes of the off-
diagonal elements of the reduced density matrix in the full
molecular basis®' ~>°

C(p) = Z Ipl.jl.
i (4)
This measure provides a direct indicator of quantum
superposition and is well-suited for tracking decoherence in
complex molecular systems. While the I, norm of coherence is
basis-dependent, we evaluate the I, norm over the full joint
molecular cavity density matrix p in the fixed bare vibronic
basis, as this total polaritonic state space provides a physically
intuitive representation of the combined light—matter degrees
of freedom probed in ultrafast spectroscopy. We extract the
rate of decoherence from the slope of these curves, where a
steeper negative gradient indicates accelerated decoherence.
To characterize environmental memory, we employ the

Breuer—Laine—Piilo (BLP) measure of non-Markovian-
. 15,52,57—60
ity

td
NO = [ D), p(E)ar
D(t)>0 (8)

Here, D is the trace distance of the system, and D is the full
time derivative, measuring the distinguishability between the
two states with and without excitation, p; and p,. This
diagnostic quantifies information backflow by monitoring the
time evolution of the distinguishability between two system
states. We interpret V as a probe of the information backflow
rather than a general measure of the total available environ-
mental memory. The BLP measure is evaluated here for a
specific distinguishability protocol, comparing the system
evolution with and without laser excitation. Therefore, both
trajectories undergo identical equilibration procedures, thereby
establishing the same equilibrium system—bath preparation.
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Figure 1. Accumulated BLP measure for the full system (p) without cavity coupling is shown in panels A and C. Panel A is coupled to a bath with
an overdamped spectral density, across three bath recovery rates (A = 140, 90, and 40 cm™"). A = 140 is overlapped by the A = 90 result. Panel C
shows our system coupled to an underdamped spectral density also with three bath recovery rates (y = 250, 170, and 90 cm™"). On the right, we
show the BLP of the system with strong cavity coupling of g = 1000 cm™" (panels B and D, respectively). Note, to ensure a consistent comparison
between the coupled and uncoupled regimes, our cavity-free baseline results are calculated using the same total Hilbert space as the coupled cases
but with the light—matter coupling set to g = 0 cm™". This ensures that the BLP measure is evaluated on a system of identical dimensionality,
confirming that the observed results are a dynamical consequence of hybridization rather than an artifact of the state space definition.

Trace-distance measures following such correlated prepara-
tions have been considered previously,'”®" and initially
correlated open-system dynamics can more generally be
represented by a set of completely positive maps.®” After the
laser field terminates, both systems undergo free evolution.

For our simulations, we choose parameter regimes that
highlight the competition between vibrational bath recurrence
and cavity photon loss, enabling direct assessment of the limits
of memory-assisted coherence in molecular cavity quantum
electrodynamics (QED). All simulations are run at 298 K, with
measurements taken after the system is excited by a laser pulse
tuned to w,, with an intensity of y = 10" Vm L Tuning the
laser to this frequency ensures that we are probing the system
at the exact point where the light and matter are most strongly
coupled. Further details are given in the Supporting
Information.

To correlate the change in coherence with the degree of
non-Markovianity, we consider the BLP measure for a series of
overdamped and underdamped baths by changing A (bath
dissipation rate) and y (bath damping strength), respectively.
We perform simulations both with and without cavity coupling
for all baths, to establish how the cavity modifies the net
information flux. The BLP is evaluated on the reduced density
matrix of the electronic, vibrational, and cavity degrees of
freedom collectively (after tracing out the baths). In the left
column of Figure 1, we consider a molecule without cavity
coupling but coupled to overdamped (Figure 1A) and
underdamped (Figure 1C) baths. In the overdamped case,
for the fastest rate (140 cm™), there is near-Markovian

11725

dynamics; when it is slowest (40 cm™), non-Markovianity is at
its highest, with moderate backflow of information from the
bath to the system. In the case of the underdamped bath
(Figure 1C), we also see an increasing NV with a decreasing y:
information backflow is an order of magnitude higher for the
underdamped case compared to the overdamped case, across
all three bath relaxation rates.

The right column of Figure 1 shows the effect of strong
cavity coupling on the effective non-Markovianity of the
molecule—cavity subsystem. In the overdamped case (Figures
1B), cavity coupling increases the accumulated BLP measure,
indicating enhanced information backflow. In contrast, for the
underdamped bath (Figure 1D), the introduction of strong
light—matter coupling causes a decrease of the accumulated
BLP signal, which becomes nearly zero across the explored
bath parameters.

Importantly, this reduction in BLP is not solely attributable
to photon leakage. To isolate the role of hybridization, we
consider the limit of vanishing cavity dissipation (x = 0). Even
in this lossless limit, the accumulated BLP measure remains
reduced relative to the uncoupled case, with
N(t=2ps) =829 X 10" when y = 90 cm™ (see the
Supporting Information for details). This demonstrates that
hybridization-induced detuning decreases the influence of
environmental recurrence, even in the limit of zero photon
leakage.

Strong coupling rgsh%pes the system eigenstructure through
polaritonic splitting,"’w’ 3 modifying the frequencies where the

https://doi.org/10.1021/acs.jpclett.6c02396
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Figure 2. Log(C;,) for p (black line), o = T, (p) (red line), pup, = Treyaec(p) (green line), and puec = Trepyin(p) (blue line) over 1 ps. Panel A

shows the system coupled to an overdamped bath with A = 90 cm™" without cavity coupling, and panel B shows it with strong cavity coupling (g =
1000 cm™"). Panel C shows the system coupled to the underdamped bath, y = 170 cm™", without cavity coupling, and panel D shows it with strong
cavity coupling. Due to the lack of coupling between the molecule and the cavity, panels A and C have identical results when tracing out the cavity

states of the system (red and black lines).

system—Dbath interactions are strongest and altering the phase
relationship between bath recurrence and system dynamics. In
the underdamped regime, where the bath is resonant with the
cavity-uncoupled vibrational mode, hybridization detunes this
by shifting the vibrational mode, ensuring that constructive
information backflow is reduced, even in the absence of
additional dissipative channels. The cavity therefore modifies
system—Dbath information flow not only by introducing loss but
also by fundamentally restructuring the coherent dynamics of
the coupled subsystem.

To investigate the decoherence of our system, we track its
rate by extracting the slope of log(C;) and take the partial

traces over the separate subsystems to isolate their individual
coherence contributions, defining pno = Tra(p), P =
TreeecP), and paec = Trogym(p). We first consider the
overdamped case in the top panels of Figure 2, with A = 90
cm™'. Without the presence of the cavity (Figure 2A), the rate
of decoherence of the vibrational degrees of freedom (green) is
significantly greater than purely electronic decoherence (blue).
On the other hand, when coupled to the cavity, the vibrational
decoherence, shown in panel B of Figure 2, has slowed and is
more similar to that of the electronic coherence (Figure 2B).
With cavity coupling, we observe oscillations in log(C;) of

both p,,, and pyy, at 2000 cm™. This is a feature of the light—

matter hybridization, where Rabi flopping occurs between low
and high polariton states, split by 2g.

In the case of the underdamped bath (Figure 2C), with a
central frequency of 350 cm™" and a damping rate of y = 170
cm™!, we see a qualitatively different characterization of the
decoherence. The rate of electronic decoherence is greater
than that of the vibrational decoherence and is nearly identical
to the rate of decoherence of the total system. The highly
structured environment suppresses vibrational decoherence.
With the addition of the cavity (Figure 2D), the electronic
decoherence has changed following light—matter hybridization,
yet it is not as significant of an improvement as with the
vibrational coherence in the overdamped case.

To map how environmental time scales alter these dynamics,
we track the total system [, norm while systematically varying
the bath parameters, A for the overdamped spectral density
and y for the underdamped, to assess the impact of these
parameters on the decoherence dynamics without and with
cavity coupling (left and right, respectively) in Figure 3. By
using the total system as our diagnostic baseline, we ensure
that the reported dynamics capture the full phase evolution of
the hybridized manifold as it interacts with the vibrational
environment.

For the overdamped results (Figure 3A and B), we can see a
clear decrease in the rate of decoherence when the cavity is

11726 https://doi.org/10.1021/acs jpclett.6c02396
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Figure 3. We show the rate of decoherence, log[C, (p)], for the total polaritonic coherence, coupled to an (A and B) overdamped bath or (C and

D) underdamped bath. In panels A and C, the molecule is uncoupled from the cavity (g = 0 cm™"). In panels B and D, the molecule is strongly
coupled to the cavity g = 1000 cm™". We show the rates for three different bath relaxation rates over 2 ps.
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Figure 4. Systematic exploration of the light—matter coupling strength (g) on the I, norm of the total polaritonic coherence for the system coupled
to an underdamped bath (y = 90 cm™). The g = 0 cm™" baseline represents the uncoupled molecule. Panel A demonstrates that weak coupling (g =
20—100 cm™') induces a resonance mismatch that accelerates decoherence. Panel B shows that, at stronger coupling (g > 500 cm™), the
polaritonic states detune from the resonant peak, leading to the observed saturation and recovery of the coherence rate.

coupled strongly to the system (Figure 3B) compared to
uncoupled (Figure 3A). In the case of no cavity coupling, the
reduction of the relaxation speed of the bath A (from 140 to
40 cm™), corresponding to increased non-Markovianity,
decreases the rate of decoherence.

When the system is coupled to an underdamped bath
(bottom panels), the addition of the cavity decreases the rate
of decoherence for the two fastest bath decay rates (y = 250
and 170 cm™). However, for the slowest (y = 90 cm™), the
environment has greater assisted coherence, which disrupts
this trend. Without the cavity (g = 0 cm™), the vibrational
transition is perfectly resonant with this structured bath,

allowing the system to benefit from a highly persistent, in-
phase information backflow that maintains coherence over
longer time scales.

Finally, to further elucidate the competition between
polaritonic restructuring and environmental non-Markovian
effects, we performed a systematic sweep of the light—matter
coupling strength (g). As shown in Figure 44, introducing a
weak cavity coupling (g = 20—100 cm™') interrupts this
mechanism. In this range, the underlying eigenvalues of the
hybridized system matrix begin to diverge, which shifts the
internal frequencies away from the 350 cm™ resonance.
Because the timing of the environmental recurrence is driven
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out of phase with the hybridized dynamics, the non-Markovian
recurrence interferes destructively, with the maximum
decoherence rate at g = 100 cm™'. As illustrated in Figure
4B, the increasing of the coupling strength moves the system
into a polaritonic shielding regime. The electronic splitting
drives the polaritonic branches out of the underdamped bath’s
Lorentzian peak, decoupling the hybrid system from the local
environmental noise. For y = 250 and 170 cm™, this protective
shielding supersedes the loss of non-Markovian effects;
therefore, the coherence improves compared to the uncoupled
baseline.

We have investigated the interplay between non-Markovian
recurrence from the vibrational environmental and cavity
photon loss in a molecular system strongly coupled to a cavity.
Our findings for the overdamped regime are consistent with
previous reports of cavity-enhanced coherence, which demon-
strate that light—matter hybridization can slow decoherence in
molecular systems by decoupling the system from an
environment.”*** In such cases, the cavity acts as a protective
shield, detuning it from the broad spectral density of the bath
to extend polaritonic lifetimes. By systematically varying the
bath structure and cavity strength, we identify a clear
competition between bath-mediated information backflow
and light—matter hybridization. In overdamped environments,
strong cavity coupling enhances coherence and increases the
effective memory accessible to the molecule—cavity subsystem.
However, in structured underdamped environments resonant
with molecular vibrations, we observe a qualitatively different
behavior: cavity coupling can suppress non-Markovian
information backflow and increase decoherence rates due to
hybridization disrupting the resonance between the system and
its environment, even when photon loss is minimal.

While this study focuses on the single-molecule limit,
representative of the extreme field confinement found in
plasmonic nanocavities,*”*® it provides a fundamental basis for
understanding dynamics in collective strong-coupling regimes.
In an ensemble of N molecules, the bright polariton states
experience a collective Rabi splitting that scales as \/N,67’68
detuning them even further from the local vibrational
resonances identified here. Consequently, the suppression of
environmentally assisted coherence is expected to persist and
potentially intensify for the bright manifold. In contrast, the N
— 1 nearly degenerate dark states remain resonant with the
bare molecular transition and are thus expected to continue
sampling the resonant bath peak, maintaining their environ-
mentally assisted coherence.” This suggests that, in collective
systems, the interplay between environmental non-Markovian
effects and cavity coupling is state-selective, offering a potential
mechanism for the targeted control of decoherence in
polaritonic ensembles.**

These results demonstrate that cavity coupling does not
generically protect quantum coherence. Rather, it reshapes
system—bath information flow and, in highly non-Markovian
regimes, can interfere with the very memory effects that sustain
coherence. The degree of coherence enhancement is therefore
governed by a competition between vibrational recurrence and
polaritonic hybridization dynamics. Our findings establish
practical limits on memory-assisted coherence in molecular
cavity QED and provide guidance for identifying regimes in
which strong light—matter coupling enhances or instead
suppresses environmentally mediated quantum protection of
molecular systems.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c02396.

Full details of the Hamiltonian model, theoretical details
of the HEOM—Lindblad master equation, and tabular
BLP values (N) for lossless (x = 0) and lossy cavity
regimes (PDF)

B AUTHOR INFORMATION
Corresponding Author

Garth A. Jones — School of Chemistry, Pharmacy and
Pharmacology, University of East Anglia, Norwich NR4 7T]J,
United Kingdom; ® orcid.org/0000-0003-2984-1711;
Email: garthjones@uea.ac.uk

Authors

Joshua C. Kinslow — School of Chemistry, Pharmacy and
Pharmacology, University of East Anglia, Norwich NR4 7T],
United Kingdom

Ben S. Humphries — Department of Physics and Astronomy
and Thomas Young Centre, University College London,
London WCIE 6BT, United Kingdom; © orcid.org/0000-
0003-0767-6663

Dale Green — School of Engineering, Mathematics and Physics,
University of East Anglia, Norwich NR4 7TJ, United
Kingdom; ® orcid.org/0000-0002-2549-0486

Magnus O. Borgh — School of Engineering, Mathematics and
Physics, University of East Anglia, Norwich NR4 7T], United
Kingdom

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.6c02396

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The research presented in this paper was carried out on the
High Performance Computing Cluster supported by the
Research and Specialist Computing Support service at the
University of East Anglia. J.C.K. thanks the Faculty of Science,
University of East Anglia, for studentship funding. J.C.K. and
B.S.H. also thank Dr. Ilia Sokolovskii for discussions regarding
polaritonic dynamics.

B REFERENCES

(1) Gu, B; Gu, Y.; Chernyak, V. Y.; Mukamel, S. Cavity control of
molecular spectroscopy and photophysics. Acc. Chem. Res. 2023, S6,
2753-2762.

(2) Sandik, G.; Feist, J.; Garcia-Vidal, F. J.; Schwartz, T. Cavity-
enhanced energy transport in molecular systems. Nat. Mater. 2025,
24, 344.

(3) Brawley, Z. T.; Pannir-Sivajothi, S.; Yim, J. E.; Poh, Y. R;; Yuen-
Zhou, ].; Sheldon, M. Vibrational weak and strong coupling modify a
chemical reaction via cavity-mediated radiative energy transfer. Nat.
Chem. 2025, 17, 439—447.

(4) Hsu, L.-Y. Chemistry Meets Plasmon Polaritons and Cavity
Photons: A Perspective from Macroscopic Quantum Electrodynamics.
J. Phys. Chem. Lett. 2025, 16, 1604—1619.

(5) Li, K; Kok, H. T.; Gui, M.; Kaul, N.; Wang, Y.; Rand, B. P;
Scholes, G. D. Localized probe of molecular interaction under strong
light—matter coupling. J. Phys. Chem. Lett. 2025, 16, 12209—12215.

https://doi.org/10.1021/acs.jpclett.6c02396
J. Phys. Chem. Lett. 2026, 17, 11723—-11730

9202 1990j00 9z U0 J8sn YITONY LSV 40 AINN Aq Jpd-96€2009 WolodI'soe/2960%289/€2LL L/L ¥/L 1 /4pd-81oe/pojod/Bio-soe sqnd woy papeojumoq


https://pubs.acs.org/doi/10.1021/acs.jpclett.6c02396?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c02396/suppl_file/jz6c02396_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Garth+A.+Jones"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2984-1711
mailto:garth.jones@uea.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+C.+Kinslow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ben+S.+Humphries"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0767-6663
https://orcid.org/0000-0003-0767-6663
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dale+Green"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2549-0486
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Magnus+O.+Borgh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c02396?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.3c00280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-024-01962-5
https://doi.org/10.1038/s41563-024-01962-5
https://doi.org/10.1038/s41557-024-01723-6
https://doi.org/10.1038/s41557-024-01723-6
https://doi.org/10.1021/acs.jpclett.4c03439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.4c03439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5c02644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5c02644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.6c02396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(6) Xiong, W. Molecular vibrational polariton dynamics: what can
polaritons do? Acc. Chem. Res. 2023, 56, 776—786.

(7) Lather, J.; Raj, R. B.; Orlov, N; O’Neill, D. B.; Galvin, E.; Kaiser,
C.; Bakker, H. J; Garnett, E. C. Vibrational Strong Coupling of Thin
Water Layers Using Plasmonic Cavities. Adv. Opt. Mater. 2025, 13,
No. e01890.

(8) Du, M,; Ribeiro, R. F.; Yuen-Zhou, J. Remote control of
chemistry in optical cavities. Chem. 2019, 5, 1167—1181.

(9) Hirai, K;; Andell Hutchison, J.; Uji-i, H. Optical cavity design
and functionality for molecular strong coupling. Chem. - Eur. ]. 2024,
30, No. €202303110.

(10) Michon, M. A.; Simpkins, B. S. Impact of cavity length non-
uniformity on reaction rate extraction in strong coupling experiments.
J. Am. Chem. Soc. 2024, 146, 30596—30606.

(11) Ke, Y; Richardson, J. O. Insights into the mechanisms of
optical cavity-modified ground-state chemical reactions. J. Chem. Phys.
2024, 160, No. 224704.

(12) Jiang, Q.-D. Angular momentum dependent spectral shift in
chiral vacuum cavities. Phys. Rev. B 2025, 111, No. 205405.

(13) Berk, G. D.; Milz, S.; Pollock, F. A,; Modi, K. Extracting
quantum dynamical resources: consumption of non-Markovianity for
noise reduction. npj Quantum Inf. 2023, 9, 104.

(14) Chen, Y.-Q.; Zhang, S.-X; Zhang, S. Non-Markovianity
Benefits Quantum Dynamics Simulation. Adv. Quantum Technol.
2026, 9, No. 00405.

(15) Breuer, H.-P.; Laine, E.-M,; Piilo, ]J. Measure for the Degree of
Non-Markovian Behavior of Quantum Processes in Open Systems.
Phys. Rev. Lett. 2009, 103, No. 210401.

(16) Green, D.; Humphries, B. S.; Dijkstra, A. G.; Jones, G. A.
Quantifying non-Markovianity in underdamped versus overdamped
environments and its effect on spectral lineshape. J. Chem. Phys. 2019,
151, No. 174112.

(17) Spaventa, G.; Huelga, S. F.; Plenio, M. B. Capacity of non-
Markovianity to boost the efficiency of molecular switches. Phys. Rev.
A 2022, 105, No. 012420.

(18) Hsieh, Y.-Y; Su, Z.-Y.,; Goan, H.-S. Non-Markovianity,
information backflow, and system-environment correlation for open-
quantum-system processes. Phys. Rev. A 2019, 100, No. 012120.

(19) Monteiro, M. O.; Bernardes, N. K.; Broni, E. M.; de Moura, F.
A. B. F; Almeida, G. M. A. Non-Markovian to Markovian decay in
structured environments with correlated disorder. Phys. Rev. A 2028,
111, No. 022212.

(20) Canaguier-Durand, A.; Genet, C.; Lambrecht, A.; Ebbesen, T.
W.; Reynaud, S. Non-Markovian Polariton Dynamics in Organic
Strong Coupling. Eur. Phys. J. D 2015, 69, 24.

(21) del Pino, J.; Schréder, F. A. Y. N.; Chin, A. W.; Feist, J.; Garcia-
Vidal, F. J. Tensor Network Simulation of Non-Markovian Dynamics
in Organic Polaritons. Phys. Rev. Lett. 2018, 121, No. 227401.

(22) Takahashi, S.; Watanabe, K. Decoupling from a Thermal Bath
via Molecular Polariton Formation. J. Phys. Chem. Lett. 2020, 11,
1349—-1356.

(23) Rouse, D. M.; Gauger, E. M.; Lovett, B. W. Influence of Strong
Molecular Vibrations on Decoherence of Molecular Polaritons. ACS
Photonics 2024, 11, 5215—5228.

(24) Hu, W.; Gustin, L; Krauss, T. D.; Franco, L Tuning and
enhancing quantum coherence time scales in molecules via light—
matter hybridization. J. Phys. Chem. Lett. 2022, 13, 11503—11511.

(25) Herrera, F.; Spano, F. C. Cavity-Controlled Chemistry in
Molecular Ensembles. Phys. Rev. Lett. 2016, 116, No. 238301.

(26) Mandal, A;; Huo, P. Investigating new reactivities enabled by
polariton photochemistry. J. Phys. Chem. Lett. 2019, 10, 5519—5529.

(27) Galego, J; Garcia-Vidal, F. J; Peist, J. Cavity-Induced
Modifications of Molecular Structure in the Strong-Coupling Regime.
Phys. Rev. X 2018, S, No. 041022.

(28) Humphries, B. S.; Green, D.; Jones, G. A. The influence of a
Hamiltonian vibration vs a bath vibration on the 2D electronic spectra
of a homodimer. J. Chem. Phys. 2022, 156, 084103.

(29) Humphries, B. S.; Kinslow, J. C.; Green, D.; Jones, G. A. Role
of quantum information in HEOM trajectories. J. Chem. Theory
Comput. 2024, 20, 5383—5395.

(30) Aspelmeyer, M.; Kippenberg, T. J.; Marquardt, F. Cavity
optomechanics. Rev. Mod. Phys. 2014, 86, 1391—1452.

(31) Kimble, H. J. Strong interactions of single atoms and photons
in cavity QED. Phys. Scr. 1998, T76, 127.

(32) Thompson, R. J.; Rempe, G.; Kimble, H. J. Observation of
normal-mode splitting for an atom in an optical cavity. Phys. Rev. Lett.
1992, 68, 1132—1135.

(33) Takahashi, H.; Kassa, E.; Christoforou, C.; Keller, M. Strong
coupling of a single ion to an optical cavity. Phys. Rev. Lett. 2020, 124,
No. 013602.

(34) Mollow, B. R. Power Spectrum of Light Scattered by Two-
Level Systems. Phys. Rev. 1969, 188, 1969.

(35) Humpbhries, B. S.; Green, D.; Borgh, M. O.; Jones, G. A.
Phonon signatures in photon correlations. Phys. Rev. Lett. 2023, 131,
No. 143601.

(36) Makin, M. 1; Cole, J. H; Hill, C. D.; Greentree, A. D.;
Hollenberg, L. C. L. Time evolution of the one-dimensional Jaynes-
Cummings-Hubbard Hamiltonian. Phys. Rev. A 2009, 80, No. 043842.

(37) Casanova, J.; Romero, G.; Lizuain, I; Garcia-Ripoll, J. J;
Solano, E. Deep strong coupling regime of the Jaynes-Cummings
model. Phys. Rev. Lett. 2010, 105, No. 263603.

(38) Flick, J.; Ruggenthaler, M.; Appel, H.; Rubio, A. Atoms and
molecules in cavities, from weak to strong coupling in quantum-
electrodynamics (QED) chemistry. Proc. Natl. Acad. Sci. US.A. 2017,
114, 3026—3034.

(39) Leng, X.; Yue, S.; Weng, Y.-X; Song, K.; Shi, Q. Effects of finite
laser pulse width on two-dimensional electronic spectroscopy. Chem.
Phys. Lett. 2017, 667, 79—86.

(40) Gelin, M. F.; Egorova, D.; Domcke, W. Efficient method for the
calculation of time-and frequency-resolved four-wave mixing signals
and its application to photon-echo spectroscopy. J. Chem. Phys. 2008,
123, 164112.

(41) Breuer, H.-P; Petruccione, F. The Theory of Open Quantum
Systems; Oxford University Press: Oxford, UK., 2002.

(42) Tanimura, Y. Nonperturbative expansion method for a
quantum system coupled to a harmonic-oscillator bath. Phys. Rev. A
1990, 41, 6676.

(43) Tanimura, Y. Stochastic Liouville, Langevin, Fokker—Planck,
and master equation approaches to quantum dissipative systems. J.
Phys. Soc. Jpn. 2006, 75, No. 082001.

(44) Tanimura, Y. Reduced hierarchical equations of motion in real
and imaginary time: Correlated initial states and thermodynamic
quantities. J. Chem. Phys. 2014, 141, No. 044114.

(45) Dijkstra, A. G.; Tanimura, Y. Non-Markovian entanglement
dynamics in the presence of system-bath coherence. Phys. Rev. Lett.
2010, 104, No. 250401.

(46) Tanimura, Y.; Mukamel, S. Two-dimensional femtosecond
vibrational spectroscopy of liquids. J. Chem. Phys. 1993, 99, 9496—
9S11.

(47) Lindblad, G. On the generators of quantum dynamical
semigroups. Commun. Math. Phys. 1976, 48, 119—130.

(48) Ying, W,; Mondal, M. E; Huo, P. Theory and quantum
dynamics simulations of exciton-polariton motional narrowing. J.
Chem. Phys. 2024, 161, No. 06410S.

(49) Fang, J.; Chen, Z.-H,; Su, Y,; Zhu, Z.-F.; Wang, Y.; Xu, R-X;
Yan, Y. Coherent excitation energy transfer in model photosynthetic
reaction center: Effects of non-Markovian quantum environment. J.
Chem. Phys. 2022, 157, No. 084119.

(50) Huang, Y.-T.; Kuo, P.-C,; Lambert, N.; Cirio, M,; Cross, S.;
Yang, S.-L.; Nori, F.; Chen, Y.-N. An efficient Julia framework for
hierarchical equations of motion in open quantum systems. Commun.
Phys. 2023, 6, 313.

(51) Streltsov, A.; Adesso, G.; Plenio, M. B. Colloquium: Quantum
coherence as a resource. Rev. Mod. Phys. 2017, 89, No. 041003.

(52) Chitambar, E.; Gour, G. Quantum resource theories. Rev. Mod.
Phys. 2019, 91, No. 025001.

https://doi.org/10.1021/acs.jpclett.6c02396
J. Phys. Chem. Lett. 2026, 17, 11723—-11730

9202 1990j00 9z U0 J8sn YITONY LSV 40 AINN Aq Jpd-96€2009 WolodI'soe/2960%289/€2LL L/L ¥/L 1 /4pd-81oe/pojod/Bio-soe sqnd woy papeojumoq


https://doi.org/10.1021/acs.accounts.2c00796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adom.202501890
https://doi.org/10.1002/adom.202501890
https://doi.org/10.1016/j.chempr.2019.02.009
https://doi.org/10.1016/j.chempr.2019.02.009
https://doi.org/10.1002/chem.202303110
https://doi.org/10.1002/chem.202303110
https://doi.org/10.1021/jacs.4c12269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c12269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0200410
https://doi.org/10.1063/5.0200410
https://doi.org/10.1103/PhysRevB.111.205405
https://doi.org/10.1103/PhysRevB.111.205405
https://doi.org/10.1038/s41534-023-00774-w
https://doi.org/10.1038/s41534-023-00774-w
https://doi.org/10.1038/s41534-023-00774-w
https://doi.org/10.1002/qute.202500405
https://doi.org/10.1002/qute.202500405
https://doi.org/10.1103/PhysRevLett.103.210401
https://doi.org/10.1103/PhysRevLett.103.210401
https://doi.org/10.1063/1.5119300
https://doi.org/10.1063/1.5119300
https://doi.org/10.1103/PhysRevA.105.012420
https://doi.org/10.1103/PhysRevA.105.012420
https://doi.org/10.1103/PhysRevA.100.012120
https://doi.org/10.1103/PhysRevA.100.012120
https://doi.org/10.1103/PhysRevA.100.012120
https://doi.org/10.1103/PhysRevA.111.022212
https://doi.org/10.1103/PhysRevA.111.022212
https://doi.org/10.1140/epjd/e2014-50539-x
https://doi.org/10.1140/epjd/e2014-50539-x
https://doi.org/10.1103/PhysRevLett.121.227401
https://doi.org/10.1103/PhysRevLett.121.227401
https://doi.org/10.1021/acs.jpclett.9b03789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b03789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.4c01446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.4c01446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.116.238301
https://doi.org/10.1103/PhysRevLett.116.238301
https://doi.org/10.1021/acs.jpclett.9b01599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b01599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevX.5.041022
https://doi.org/10.1103/PhysRevX.5.041022
https://doi.org/10.1063/5.0077404
https://doi.org/10.1063/5.0077404
https://doi.org/10.1063/5.0077404
https://doi.org/10.1021/acs.jctc.4c00144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c00144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1238/Physica.Topical.076a00127
https://doi.org/10.1238/Physica.Topical.076a00127
https://doi.org/10.1103/PhysRevLett.68.1132
https://doi.org/10.1103/PhysRevLett.68.1132
https://doi.org/10.1103/PhysRevLett.124.013602
https://doi.org/10.1103/PhysRevLett.124.013602
https://doi.org/10.1103/PhysRev.188.1969
https://doi.org/10.1103/PhysRev.188.1969
https://doi.org/10.1103/PhysRevLett.131.143601
https://doi.org/10.1103/PhysRevA.80.043842
https://doi.org/10.1103/PhysRevA.80.043842
https://doi.org/10.1103/PhysRevLett.105.263603
https://doi.org/10.1103/PhysRevLett.105.263603
https://doi.org/10.1073/pnas.1615509114
https://doi.org/10.1073/pnas.1615509114
https://doi.org/10.1073/pnas.1615509114
https://doi.org/10.1016/j.cplett.2016.11.030
https://doi.org/10.1016/j.cplett.2016.11.030
https://doi.org/10.1063/1.2062188
https://doi.org/10.1063/1.2062188
https://doi.org/10.1063/1.2062188
https://doi.org/10.1103/PhysRevA.41.6676
https://doi.org/10.1103/PhysRevA.41.6676
https://doi.org/10.1143/JPSJ.75.082001
https://doi.org/10.1143/JPSJ.75.082001
https://doi.org/10.1063/1.4890441
https://doi.org/10.1063/1.4890441
https://doi.org/10.1063/1.4890441
https://doi.org/10.1103/PhysRevLett.104.250401
https://doi.org/10.1103/PhysRevLett.104.250401
https://doi.org/10.1063/1.465484
https://doi.org/10.1063/1.465484
https://doi.org/10.1007/BF01608499
https://doi.org/10.1007/BF01608499
https://doi.org/10.1063/5.0225387
https://doi.org/10.1063/5.0225387
https://doi.org/10.1063/5.0104641
https://doi.org/10.1063/5.0104641
https://doi.org/10.1038/s42005-023-01427-2
https://doi.org/10.1038/s42005-023-01427-2
https://doi.org/10.1103/RevModPhys.89.041003
https://doi.org/10.1103/RevModPhys.89.041003
https://doi.org/10.1103/RevModPhys.91.025001
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.6c02396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(53) Hu, M.-L,; Zhang, Y.-H.; Fan, H. Nonlocal advantage of
quantum coherence in a dephasing channel with memory. Chin. Phys.
B 2021, 30, No. 030308.

(54) Baumgratz, T.; Cramer, M.; Plenio, M. B. Quantifying
coherence. Phys. Rev. Lett. 2014, 113, No. 140401.

(55) Zhao, M.-J.; Ma, T.; Quan, Q.; Fan, H.; Pereira, R. /;-norm
coherence of assistance. Phys. Rev. A 2019, 100, No. 012315.

(56) Zhu, H.; Hayashi, M.; Chen, L. Axiomatic and operational
connections between the 1 1-norm of coherence and negativity. Phys.
Rev. A 2018, 97, No. 022342.

(57) Rastegin, A. E. Trace distance from the viewpoint of quantum
operation techniques. J. Phys. A: Math. Theor. 2007, 40, 9533.

(58) De Vega, 1; Alonso, D. Dynamics of non-Markovian open
quantum systems. Rev. Mod. Phys. 2017, 89, No. 015001.

(59) Li, C-F; Guo, G.-C; Piilo, J. Non-Markovian quantum
dynamics: What does it mean? Europhys. Lett. 2019, 127, No. 50001.

(60) Ivanchenko, M.; Walters, P. L.; Wang, F. Investigating non-
Markovian effects on quantum dynamics in open quantum systems. J.
Chem. Theory Comput. 2025, 21, 5778—5788.

(61) Dijkstra, A. G.; Tanimura, Y. Non-Markovianity: initial
correlations and nonlinear optical measurements. Philosophical
Transactions. Series A, Mathematical, Physical, and Engineering Sciences
2012, 370, 3658.

(62) Paz-Silva, G. A; Hall, M. J.; Wiseman, H. M. Dynamics of
initially correlated open quantum systems: Theory and applications.
Phys. Rev. A 2019, 100, No. 042120.

(63) Pascual, J. G. Polaritonic Chemistry: Manipulating Molecular
Structure through Strong Light—Matter Coupling; Springer Nature:
Cham, Switzerland, 2020; DOI: 10.1007/978-3-030-48698-3.

(64) Chng, B. X. K.; Ying, W.; Lai, Y.; Vamivakas, A. N.; Cundiff, S.
T.; Krauss, T. D.; Huo, P. Mechanism of molecular polariton
decoherence in the collective light—matter couplings regime. J. Phys.
Chem. Lett. 2024, 15, 11773—11783.

(65) Chikkaraddy, R; De Nijs, B.; Benz, F.; Barrow, S. J.; Scherman,
O. A;; Rosta, E.,; Demetriadou, A.; Fox, P.; Hess, O.; Baumberg, J. J.
Single-molecule strong coupling at room temperature in plasmonic
nanocavities. Nature 2016, 535, 127—130.

(66) Baumberg, J. J.; Aizpurua, J.; Mikkelsen, M. H.; Smith, D. R.
Extreme nanophotonics from ultrathin metallic gaps. Nat. Mater.
2019, 18, 668—678.

(67) Tavis, M; Cummings, F. W. Exact solution for an N-
molecule—radiation-field Hamiltonian. Phys. Rev. 1968, 170, 379.

(68) Ribeiro, R. F.; Martinez-Martinez, L. A.; Du, M.; Campos-
Gonzalez-Angulo, J.; Yuen-Zhou, J. Polariton chemistry: controlling
molecular dynamics with optical cavities. Chem. Sci. 2018, 9, 6325—
6339.

11730

https://doi.org/10.1021/acs.jpclett.6c02396
J. Phys. Chem. Lett. 2026, 17, 11723—-11730

9202 1990j00 9z U0 J8sn YITONY LSV 40 AINN Aq Jpd-96€2009 WolodI'soe/2960%289/€2LL L/L ¥/L 1 /4pd-81oe/pojod/Bio-soe sqnd woy papeojumoq


https://doi.org/10.1088/1674-1056/abcf4a
https://doi.org/10.1088/1674-1056/abcf4a
https://doi.org/10.1103/PhysRevLett.113.140401
https://doi.org/10.1103/PhysRevLett.113.140401
https://doi.org/10.1103/PhysRevA.100.012315
https://doi.org/10.1103/PhysRevA.100.012315
https://doi.org/10.1103/PhysRevA.97.022342
https://doi.org/10.1103/PhysRevA.97.022342
https://doi.org/10.1088/1751-8113/40/31/026
https://doi.org/10.1088/1751-8113/40/31/026
https://doi.org/10.1103/RevModPhys.89.015001
https://doi.org/10.1103/RevModPhys.89.015001
https://doi.org/10.1209/0295-5075/127/50001
https://doi.org/10.1209/0295-5075/127/50001
https://doi.org/10.1021/acs.jctc.4c01632?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c01632?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1098/rsta.2011.0203
https://doi.org/10.1098/rsta.2011.0203
https://doi.org/10.1103/PhysRevA.100.042120
https://doi.org/10.1103/PhysRevA.100.042120
https://doi.org/10.1007/978-3-030-48698-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.4c03049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.4c03049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature17974
https://doi.org/10.1038/nature17974
https://doi.org/10.1038/s41563-019-0290-y
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1039/C8SC01043A
https://doi.org/10.1039/C8SC01043A
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.6c02396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

