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ABSTRACT: Control over the optical properties of defects in
solid-state materials is necessary for their application in
quantum technologies. In this study, we demonstrate, from
first principles, how to tune these properties via the formation
of defect polaritons in an optical cavity. We show that the
polaritonic splitting that shifts the absorption energy of the
lower polariton is much higher than can be expected from a
Jaynes−Cummings interaction. We also find that the absorption
intensity of the lower polariton increases by several orders of
magnitude, suggesting a possible route toward overcoming
phonon-limited single-photon emission from defect centers.
These findings are a result of an effective continuum of
electronic transitions near the lowest-lying electronic transition
that dramatically enhances the strength of the light−matter interaction. We expect our findings to spur experimental
investigations of strong light−matter coupling between defect centers and cavity photons for applications in quantum
technologies.
KEYWORDS: defect polariton, quantum electrodynamical density functional theory, defect center, hexagonal boron nitride,
quantum emitter

INTRODUCTION

Defects in solid-state materials have wide applicability in
scalable and stable solid-state quantum technologies.1−7 They
are especially suitable as quantum memories8,9 or as quantum
transducers because they can interact with a wide range of
quantum information carriers, such as phonons, magnons, and
photons, across a broad spectral range.10−15 These defects,
including simple substitutional or vacancy defects, as well as
hybridized defect complexes,16−19 can introduce spatially
localized electronic states whose electronic, optical, and spin
properties can be tuned by coupling them to external fields,
including electric, magnetic, and strain fields, as well as to
waveguides and cavity environments.14,20−26 Due to their
flexible applications, demands to the properties of defect
systems are ever-increasing, such as specific level structures for
the emission of entangled photonic states27,28 or implementa-
tion of multiqubit photonic gates.29

For inspiration for additional control over the optical
properties of defect emitters, we turn to recent experiments in
polaritonic systems, where the light−matter interaction is
strong enough to hybridize electronic excitations of molecules
and materials with cavity photon modes. The light−matter
coupling in polaritonic systems can range from the weak to
strong to ultra-strong-coupling regimes that each manifest
qualitatively different phenomena. Assuming no losses due to
spontaneous emission or other processes, when the cavity loss

is larger than the light−matter coupling rate, the system is in
the weak-coupling regime, characteristically resulting in the
acceleration of excited state decay via the Purcell effect.30

When the light−matter coupling rate is larger than the cavity
loss rate, matter excitations hybridize with cavity photons to
form polaritonic states31−38 that are shifted in energy from the
bare electronic excitations and photon modes. This coherent,
nonperturbative regime is denoted as strong light−matter
coupling and results in modifications of, for instance, chemical
reactivity,33,39−47 optical properties,48−54 and energy trans-
fer.55−59

There has been previous interest in coupling spin states of
individual or ensembles of defect emitters in solid-state
materials to MHz- and GHz-frequency cavities,60,61 demon-
strating the tunability of the emission of defect centers in
diamond and hexagonal boron nitride (hBN),22,62−66 among
other semiconducting host materials with wide band gaps.
These experiments are generally within the weak coupling
regime characterized by Purcell enhancement and enhanced
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emission intensity at the original emission frequency. While
strong coupling between optical excitations of a defect and a
cavity mode has not yet been achieved,67 it is a widely sought
after goal that has generated much research interest.
In this paper, we study beyond the weak-coupling regime to

the strong-coupling limit between a defect and cavity mode
that is characterized by the shift in absorption frequency due to
polariton formation. We demonstrate, from first principles,
how to tune the optical properties of defect centers by strongly
coupling them to cavity photons and forming defect polaritons.
Specifically, we investigate a flake of monolayer hBN
terminated with hydrogen atoms as a host material, which
has a wide band gap that is suitable for hosting spatially
localized defect orbitals.19 Importantly, quantum emission of
single photons from defects in monolayer hBN68,69 has been
observed, enabling defect centers in 2D materials to be used
for local on-chip computation and state preparation. In
addition to pristine (defect-less) hBN, we study three different
defect types: CHB, CB−CB, and CB−VN. For all these systems,
we couple the lowest-lying electronic excitation to the single-
photon mode of an optical cavity. To quantitatively study
defect polaritons in the strong-coupling regimes, we turn to the
recently developed linear-response quantum electrodynamical
density functional theory (QEDFT) method.38,59,70−72 With
only the chemical structure and spectral profile of the cavity as
input, QEDFT predicts the effects of nonperturbative light−
matter coupling on the molecular properties, combining the
power of parametric cavity quantum electrodynamics (cQED)
models, theories of open-quantum systems, and electronic
structure theory.
We show that for all four systems, the polaritonic splitting

that shifts the absorption energy of the lower polariton is much
higher than can be expected from a Jaynes−Cummings-like
Hamiltonian. In addition, we find that the oscillator strength of
the lower polariton increases by several orders of magnitude,
while the absorption intensity of excited states in the electronic
conduction band necessarily decreases due to the f-sum rule,
suggesting a possible route toward overcoming loss- and
decoherence-limited single-photon emission from defect
centers. We find that electronic transition densities, even
those that are localized on defect centers outside the cavity,
can become delocalized across the entire material inside the
cavity. These discoveries are a result of a quasi-continuum of
electronic transitions to the conduction band near the lowest-
lying electronic transition for both pristine hBN and hBN with
defect centers that enhance the strength of the light−matter
interaction. We compare our first-principles results against a
cQED model and show excellent agreement. We expect our
findings to spur experimental investigations into strong light−
matter coupling between defect centers and cavity photons for
applications in quantum technologies.

RESULTS/DISCUSSION
Model Defect Systems. We model the system depicted

schematically in Figure 1, where a nanoflake of hBN is placed
in an optical cavity. In addition to pristine hBN, we simulate
three defect systems (CHB, CB−CB, and CB−VN whose
molecular structures are shown in Figure 2) placed at the
center of the hBN nanoflake, marked as the purple region in
Figure 1. CB−VN, in particular, is a well-studied defect in hBN
that has been hypothesized to be a bright emitter of visible
light,74,75 while we show results for CHB and CB−CB because
they have studied extensively theoretically16−19 and to

demonstrate the generality of our results. Many defect species
beyond the ones studied here likely exist in hBN, although we
expect qualitatively similar changes to their properties upon
strong coupling to a cavity.76−78 The subscripted letters in the
names of the defect systems are the atoms of the hBN
nanoflake that are being replaced, and their substituents CH,
C, and V correspond to a carbon atom bonded to a hydrogen
atom, a carbon atom, and a vacancy, respectively. To
theoretically model the electronic structure of these defect
systems, we use the pseudopotential, real-space DFT method
Octopus,79−81 as it has been shown that real-space electronic
structure calculations on hBN nanoflakes can be extrapolated
onto periodic calculations.82,83 For the ground state, we use the
Perdew, Burke, and Ernzerhof (PBE) generalized gradient
approximation exchange-correlation functional,84 and for the
excited state calculation, we use a functional based on the local
density approximation (LDA).85,86 These functionals are the
highest-level ones currently available in QEDFT implementa-
tions. The 226-atom size of the nanoflake, of which 34 atoms
are hydrogen, supports several unit cells of host material
beyond the spatially localized defect orbitals and should be
large enough to simulate bulk behavior, as discussed further in
the Methods/Experimental Section and in ref 19.
As shown in Figure 2a, the pristine hBN nanoflake has an

energy gap (“band gap”) of 4.25 eV between the highest-
occupied (VBM) and the lowest-unoccupied (CBM) Kohn−
Sham states. These Kohn−Sham states are delocalized across
the nanoflake. The three defect systems CHB, CB−CB, and
CB−VN have an identical band gap within 1% variation. In
addition to these delocalized electronic states, the defect
systems also present 1, 2, and 3 spatially localized defect
orbitals for CHB, CB−CB, and CB−VN, respectively, where the
lowest-lying defect orbital for each defect system is fully
occupied. The nature of these spatially localized defect orbitals
is further described in refs 16 and 19.
Using the Casida equation of linear-response time-depend-

ent DFT (TDDFT),87 we compute the electronic excitation
spectrum of the four systems. Further details on computing the
absorption spectra are presented in Methods. For pristine
hBN, the lowest-lying excitation has an energy of 4.25 eV,
which corresponds to a transition between VBM and CBM,
while the energies of the lowest-lying defect systems CHB, CB−
CB, and CB−VN are lower at 4.00, 1.06, and 1.92 eV,

Figure 1. Schematic of the 226-atom nanoflake of hexagonal boron
nitride (hBN) with defect centers (in the purple region) inside an
optical cavity. We simulate from first principles the coupling
between the vacuum electric field (yellow-orange) of the optical
cavity and the electronic transitions of defect centers.
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respectively, due to states inside the band gap. For pristine
hBN, the lowest-lying excitation energy corresponds closely to
the difference in energy between the highest- and lowest-
unoccupied Kohn−Sham states. For all four systems, the
lowest-lying many-body excitation is dominated in character by
the transition between the CBM and a low-lying unoccupied
Kohn−Sham state, indicated by the purple arrows in the
energy level diagrams in Figure 2. Finally, throughout this
manuscript for the pristine hBN and the defect systems CHB
and CB−CB, we plot the x-polarized absorption spectrum,
while for CB−VN, we plot the y-polarized absorption spectrum.
We simply choose the polarization direction corresponding to
the higher transition dipole moment in the lowest-lying
excitation. The coordinate axes are shown in Figures 1 and
2a, where the out-of-plane direction is the z-direction.
With these four systems, based on the energy level diagrams

and absorption spectra in Figure 2, we sample electronic
transitions with a representative variety of energy ranging from
the near-infrared to the ultraviolet. In addition, we can
investigate the difference between coupling the cavity mode to
electronic transitions of different spatial character and
localization, where the lowest-lying excitation in pristine hBN
is dominated in character by a transition between two
delocalized states and the defect systems involve transitions
with localized defect orbitals. Within the defect systems, we
note further distinctions: In CHB and CB−CB, the electronic
transition of interest is between a spatially localized defect
orbital and a delocalized conduction band, and in CB−VN, it is
between two localized defect orbitals and reminiscent of a
canonical two-level system given how spectrally distant it is
from the quasi-continuum of electronic transitions beginning
at ∼4.25 eV.

Defect Polaritons. To form defect polaritons, we strongly
couple the four systems to a single, loss-less cavity mode
resonant with the lowest-lying transition. To understand the
impact of this coupling on the optical properties on the defects,
we track changes in the excitation or absorption spectrum. By
inputting only the molecular structure and cavity coupling
strength, we solve the Hamiltonian with QEDFT. The light−
matter interaction causes the M electronic excited states to
hybridize with the N photon modes to form M + N hybrid
electron−photon states experimentally observable in the
excitation (or absorption) spectrum. We briefly describe the
theoretical formalism of calculating the excitation spectrum
based on this light−matter interaction in the Methods/
Experimental Section and point the reader to more complete
descriptions in refs 33, 59, and 72.
To demonstrate how the formation of defect polaritons

changes the optical properties, we plot the absorption
spectrum of CHB inside an optical cavity in Figure 3. In this
case, we choose an x-polarized cavity mode resonant with the
lowest-lying transition at 4.00 eV with x-polarized transition
dipole moment of 0.027 Å and change the light−matter
coupling strength λ from 0.001 to 0.986 eV1/2/nm. In addition,
in the same plot we overlay the logarithm of the weight of the
photonic character, defined further in the Methods/Exper-
imental Section, in the observed polaritonic states. By tracking
the photonic character, we know whether the photon field is
interacting with electronic excitations at a given energy. At the
lowest coupling strength of λ = 0.001 eV1/2/nm in Figure 3a,

where the coupling energy ℏgi,k, defined as dk i2
k λ− ·ωℏ for

cavity mode k and excitation i, is larger than the spectral
broadening ℏΓ, the upper and lower polaritons are both visible
as distinct peaks with approximately equal photonic weight. As

Figure 2. Energetic structure, geometry, and absorption spectra of pristine and defect systems. As depicted in (a), the nanoflake of pristine
hBN in this study has a calculated energy gap between the highest-lying occupied (“valence band maximum” or VBM) and lowest-lying
unoccupied (“conduction band minimum” or CBM) Kohn−Sham state of 4.25 eV. Within the band gap, the defect systems (b) CHB, (c)
CB−CB, and (d) CB−VN present one, two, and three spatially localized defect orbitals, respectively, where the lowest-lying defect orbital of
each is doubly occupied. B is green, N is white, C is brown, and H is pink. All energies are in eV and are relative to the VBM. Chemical
structures are plotted with VESTA.73 Absorption spectra of the four systems outside an optical cavity are plotted on the bottom in panels
(e−h). For the pristine flake, the entire absorption spectrum is shown from 4 eV, where the electronic excitation continuum begins, up to 9
eV, whereas for the defects CHB, CB−CB, and CB−VN, the x-axis is limited to show the lowest-lying excitation up to the electronic excitation
continuum. The optical cavity mode, whose energy for each system is marked by an orange arrow, is tuned in resonance with the lowest-
lying electronic excitation whose character is dominated by the Kohn−Sham states spanning the purple arrow in the energy diagram. For
visual clarity, for the pristine system, ℏΓ = 10 meV and = 1 meV (as defined in the text), and for CHB, CB−CB, and CB−VN, ℏΓ = 1 meV and
= 0.1 meV. The absorption intensity of the lowest-lying excitation for CB−CB, not visible on the plot, is 1.5 × 10−5 eV Å2.
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the coupling strength is increased to λ = 0.099 eV1/2/nm in
Figure 3b, where the spectral broadening ℏΓ is again set to 10
meV and is much greater than the coupling strength, the lower
and upper polaritons are not well resolved from each other,
resulting in a single peak of relatively higher photonic weight
affirming their polaritonic character. As the coupling strength
increases to 0.197 eV1/2/nm in Figure 3c, the lower polariton is
relatively brighter and contains more photonic character. At λ
= 0.493 eV1/2/nm in Figure 3d, the lower polariton becomes
even brighter and shifts lower in energy, while the upper
polariton mixes with the necessarily darker continuum of
electronic transitions >4 eV due to the sum rule,88 increasing
the weight of photonic character throughout the quasi-
continuum of the conduction band states. In Figure 3e, the

coupling strength is further increased to 0.986 eV1/2/nm where
we see the lower polariton continue to decrease in energy
while increasing in intensity as the upper polariton quenches
the intensity of the continuum of electronic transitions and
contributes further to the photonic character. Here, the lower
polariton is at its brightest with an intensity 10 000 times
higher than the bare lowest-lying electronic excitation in Figure
3b. We note that this change of coupling strength effectively
leads to a transition from a resonant coupling in Figure 3a to
an off-resonant coupling best exemplified in Figure 3e. In
Figure 3a, the typical resonant coupling situation with cavity
mode with energy of 4 eV tuned in resonance with the
electronic excitation at 4 eV leads to distinct upper and lower
polaritons split nearly symmetrically about the original
excitation energy, as also observed in the two-level Rabi
model.89 As the coupling strength is increased in Figure 3b−e,
the hybridization of light and matter states now also includes
the states inside the conduction band with high spectral
amplitude, leading to an effective detuning. In this setup, the
main intensity of the matter part is located around ∼6.2 eV
interacting with the frequency of the photon mode at 4 eV,
effectively leading to off-resonant situation. Due to the
detuning in this off-resonant situation, the photonic character
of the lower polariton becomes very high. We plot similar
cavity strength-dependent absorption plots for CB−CB and
CB−VN in the Supporting Information and note qualitatively
similar results. Finally, we emphasize that the enhancement of
absorption intensity is a consequence of the strong-coupling
regime, not the weak coupling regime that results in previously
observed Purcell enhancement of defect emission. However, in
principle the effects of such cavities could also be included in
the QEDFT formalism59 to further enhance the decay rate of
defect polaritons or model the outcoupling from the cavity to
the measurement apparatus. We explicitly show the effect of
nonzero cavity loss κ in the Supporting Information.
In summary, we observe that the character of the defect

polaritons changes drastically with increasing coupling strength
λ for CHB. The absorption peak of the lower polariton remains
sharp and becomes orders of magnitude brighter compared to
the lowest-lying electronic transition outside of the cavity.
Meanwhile, the upper polariton couples to the electronic
quasi-continuum, quenching the optical activity of the latter
and distributing photonic character throughout until the
energy of the upper polariton exceeds the quasi-continuum.
In Figure 4, we compare the changes in the lower polariton

upon changing the cavity strength λ for all four defect systems
resonantly tuned to a cavity mode and note the universality of
the behavior described in detail for CHB in Figure 3. The
cavity mode is x-polarized for pristine hBN, CHB, and CB−CB
and y-polarized for CB−VN to couple with the corresponding
component of the transition dipole moment of the lowest-lying
excitation with the higher magnitude. Starting with Figure 4a,
we plot the energies of the lower polariton. As expected, at λ =
0.010 eV1/2/nm, the excitation corresponds closely to the
energy of the lowest-lying electronic excitations plotted at the
bottom of Figure 2. For all four systems, as the coupling
strength λ is increased, the energy decreases. While decreasing
energy of the lower polariton is expected for increasing
coupling strength, the magnitude of the change far exceeds
what one would naively expect from a Jaynes−Cummings
model that assumes coupling to a single matter excitation. For
instance, for CHB, the coupling energy ℏg from coupling only
the lowest-lying excitation with ℏω = 4.00 eV and dx = 0.027 Å

Figure 3. Absorption spectra of an x-polarized cavity mode
resonantly tuned to the lowest-lying excitation of CHB for coupling
strength λ of (a) 0.001, (b) 0.099, (c) 0.197, (d) 0.493, and (e)
0.986 eV1/2/nm. The relative electronic and photonic weight of
each polariton state is overlaid on the absorption curves. For (a),
the x-axis range is smaller. The spectral broadening ℏΓ = 10 μeV,
and the energy spacing Δ(ℏω) = 1 μeV is smaller for the visual
clarity of the upper and lower polaritons, while ℏΓ = 10 meV and
Δ(ℏω) = 1 meV for panes (b−e). At the lowest coupling strength
in (a), the lower and upper polaritons are distinct, while the quasi-
continuum of electronic excitations is largely unchanged relative to
the absorption spectrum of the pristine flake in Figure 1e. At
higher coupling strengths, the lower polariton decreases in energy
and increases in intensity as the upper polariton mixes with and
quenches the optical activity of the electronic continuum starting
at ∼4 eV. As a guide to the eye in (b−e), an arrow marks the
maximum of the absorption spectrum of the quasi-continuum from
panel (b).
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to a photon with cavity strength λ = 0.986 eV1/2/nm should be
3.7 meV, but the lower polariton is in fact 435 meV lower in
energy compared to the bare electronic transition. The origin
of the higher-than-expected polariton splitting energy can be
understood as follows: While the cavity mode is tuned in
resonance with only the lowest-lying excitation, as the cavity
strength increases and the upper polariton shifts upward, the
cavity mode can then interact through the upper polariton with
higher energy electronic excited states, effectively enhancing
the total coupling strength and shifting the lower polariton
further than would be expected from coupling to a single
electronic transition. Notably, the excitation energies for the
systems with the highest-energy, lowest-lying excitations,
pristine hBN and CHB, decrease more for a given coupling
strength λ compared to CB−CB and CB−VN because the
lowest-lying excitations of the former are closer in energy to
the bath of electronic transitions in the >4 eV range. Due to
this polariton-mediated interaction with higher energy excited
states, we restrict the coupling strength to 0.986 eV1/2/nm
because at this coupling strength, the energies of the lower
polaritons have shifted 10% or even more from the energy of
the bare electronic transition, driving the system into the ultra-
strong-coupling regime. We validate our results up to this
coupling strength in Figure 10 in the Supporting Information
with those from a parametric cQED model, described in
further detail in the Supporting Information, and we note the
excellent agreement.
In Figure 4b, we plot the absorption of the lower polariton

for increasing cavity strength λ for all four defect systems. All
four systems exhibit drastic increases in absorption and thus
the transition dipole moment relative to their bare lowest-lying
excitations. The maximum absorption for each of the four
systems (pristine, CHB, CB−CB, and CB−VN) in the range of
coupling strengths considered corresponds to transition dipole
moments of 3.20, 2.95, 1.24, and 1.72 Å, respectively,
compared to the transition dipole moment of their respective
lowest-lying excitation of 0.16, 0.027, 0.015, and 0.16 Å.
Assuming Fermi’s golden rule where the absorption rate ∝ |d|2,
from this effect alone the emission rates of these states would
increase by 2−4 orders of magnitude, potentially enabling the

efficient emission of single photons by emitting faster than
decoherence and loss processes. This prediction is likely naıv̈e,
however, given effects known to hinder emission of quantum
light from defects, such as electron−phonon coupling. Further
studies incorporating effects that lower the Debye−Waller
factor are therefore necessary to quantitatively predict whether
the formation of defect polaritons enables such phenomena.
We rationalize the differences in how strongly the excitation

energy, absorption, and photonic weight respond to increasing
coupling strength among the four systems. For the two systems
with lower lowest-lying excitation energies that are farther from
the onset of the electronic continuum, CB−CB and CB−VN, the
absorption intensities are lower than those for the two systems
with higher lowest-lying excitation energies, pristine hBN and
CHB. Just as the excitation energies of the lower polaritons for
the pristine hBN and CHB decrease more with increasing
coupling strength than those of CB−CB and CB−VN because
the former are closer in energy to the electronic continuum,
lower coupling strengths are necessary to mix the upper
polariton into the continuum and quench the optical activity of
these electronic transitions for the higher energy lowest-lying
transitions in pristine hBN and CHB. The relatively higher
interaction of the photon with the electronic continuum for
pristine hBN and CHB can also be seen in Figure 4c. While the
photonic weight of all four systems is ∼0.5−0.7 when the
resonant electronic transition interacts with the cavity photon
mode at the lowest coupling strength of λ = 0.010 eV1/2/nm,
splitting photonic weight roughly equally between the lower
and upper polariton, the photonic weight of the lower
polariton decreases more quickly for increasing λ for pristine
hBN and CHB as photonic weight is transferred to the upper
polariton embedded in the electron continuum.
Figure 4 demonstrates the qualitative similarities between

the experimentally observable absorption spectra of the four
defect systems inside an optical cavity; in Figure 5, we
highlight a crucial difference that from a methods perspective is
an understanding made possible only via a first-principles
description of light−matter interactions rooted in quantum
chemistry methods. As noted in Figure 2, the lowest-lying
excitations of the four systems differ primarily in the spatial

Figure 4. Comparison among all four defect systems of the properties of the lowest-lying excitation, namely, (a) excitation energy, (b)
absorption intensity, and (c) photonic weight. The coupling strength λ is swept from 0.010 to 0.986 eV1/2/nm. All four systems exhibit
similar behavior where the excitation energy decreases, absorption and thus transition dipole moment increase, and photonic weight
increases from ∼0.5−0.7 to ∼0.9−1 before decreasing with increasing λ. The pristine and CHB defect systems change most rapidly, as the
cavity mode tuned in resonance with their lowest-lying excitations is closer in energy to and therefore interacts more strongly with the
electronic quasi-continuum starting at ∼4 eV.
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character of their transition densities. For instance, the lowest-
lying excitations of CHB and CB−CB are largely comprised of a
transition between the spatially localized defect orbital and
spatially delocalized states in the conduction band, resulting in
an overall delocalized transition density outside an optical
cavity as shown in Figure 5a,b. In contrast, the lowest-lying
excitation of CB−VN is between two spatially localized defect
orbitals, resulting in a transition density spatially localized on
the defect as shown in Figure 5c. The spatial localization of the
electronic transition density is generally considered a
fundamental requirement of defect centers capable of quantum
emission due to low electron−phonon coupling and
contributes to the possibility that the CB−VN defect is a
source of quantum emission in hBN.74,91

Inside the cavity, the spatial localization of the transition
density can change: For sufficiently high coupling strengths,
the electronic character of the lowest-lying excitation becomes
delocalized for CHB, CB−CB, and CB−VN, as we show in
Figure 5d−f, respectively. This change may be rationalized as
follows: In Figure 3, when the defect systems are placed inside
an optical cavity and the coupling strength is increased, the
lower polariton increases in intensity as the lower and upper
polaritons mix with and quench the oscillator strength of the
electronic quasi-continuum. Because the electronic quasi-
continuum generally corresponds to spatially delocalized
electronic transitions from valence band and defect states to
conduction bands, the electronic transition of the lower
polariton also becomes spatially delocalized. That the
transition density of the lowest-lying excitation in CB−VN is
localized outside the cavity and delocalized inside the cavity
may have important practical implications on optical properties
of these defect systems. For instance, whether the emission rate
of the lowest-lying excitation or the electron−phonon coupling
rate increases more inside a cavity will affect whether the
formation of defect polaritons is a viable method for improving
quantum light emission and warrants further investigation. In
addition, leveraging the delocalization of the electronic

transition density may enable energy transfer among spatially
separated emitters.

CONCLUSIONS
The presented results demonstrate the drastic impact of the
formation of defect polaritons on the optical properties of
defect systems. Using the first-principles approach of linear-
response QEDFT, we couple the lowest-lying excitations of
three representative defect systems (CHB, CB−CB, and CB−
VN) and pristine hBN to an optical cavity mode. The four
systems are chosen to represent a variety of energy ranges and
transition character. We change the coupling strength up to the
ultra-strong-coupling regime and discover several qualitatively
different regimes in the experimentally observable absorption
spectra. At low coupling strengths, such that the cavity mode is
coupled only to the lowest-lying excitation, we observe the
emergence of lower and upper polariton states, or electron-
photon hybrid states, split in energy symmetrically around the
bare electronic transition. As the coupling strength is increased
further, the lower polariton decreases much further in energy
than can be expected from a simple Jaynes−Cummings-type
model where the cavity mode is only coupled to the lowest-
lying excitation. Instead, what occurs is that the upper
polariton interacts with the quasi-continuum of electronic
states in the conduction band, effectively enhancing the
coupling strength. In addition, the absorption and magnitude
of the transition dipole moment of the lower polariton increase
drastically as the upper polariton quenches optical activity from
this electronic quasi-continuum, which could result in emission
rates that are orders of magnitude higher and potential
enabling more facile emission of quantum light from defect
centers given a constant electron−phonon rate, an open issue
that requires further study.
We find that the behavior of defect polaritons is largely

universal among the four systems studied, with the principal
difference being how far in energy the lowest-lying excitation is
from the coupling-enhancing electronic continuum: For
pristine and CHB whose lowest-lying excitation energies are
much closer to the electronic quasi-continuum than those of
CB−CB and CB−VN, the magnitudes of the change in
excitation energy, absorption energy, and photonic weight
are much higher. We therefore expect similar phenomena to
manifest in other defect systems in wide band gap semi-
conductors, such as diamond and silicon carbide, or other 2D
materials, such as the transition metal dichalcogenides
(TMDs). Such an effect has, in fact, been recently observed
in large molecular complexes.92

We also show that the transition densities of the studied
systems can be differentially impacted with an example: The
transition density of the lowest-lying excitation of CHB is
spatially delocalized across the entire hBN flake both inside
and outside of the cavity, while the transition density of the
lowest-lying excitation of CB−VN is localized around the defect
site outside the cavity and delocalized inside the cavity.
Therefore, further work studying how the delocalization of the
electronic transition density affects losses due to, for instance,
electron−phonon coupling is necessary to fully predict their
optical activity ab initio. In addition, determining how to
leverage delocalization of the electronic transition density to
transfer energy between spatially separated emitters warrants
further investigation.
We discuss the experimental feasibility of entering the

strong-coupling regime necessary to observe the predicted

Figure 5. Transition densities of the lowest-lying excitation for
CHB, CB−CB, and CB−VN (a−c) outside the cavity and (d−f)
inside the cavity with λ = 0.986 eV1/2/nm. The boron, nitrogen,
and hydrogen atoms are gray, blue, and bright blue, respectively,
and the red and purple surfaces of the transition densities
correspond to opposite signs. Inside the cavity, the electronic
transition densities become more uniformly delocalized across the
entire hBN nanoflake, even for CB−VN whose transition density is
localized outside the cavity. Atoms and transition densities are
visualized with XCrySDen.90
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effects of this study. As discussed in the Introduction, in defect
systems, the strong-coupling regime has been challenging to
achieve even for spin transitions in the MHz to GHz range,
where the highest ratio of coupling rate g to loss rate κ of a
defect-cavity system achieved thus far is 0.3.93 In the MHz to
GHz regime, the mode volume necessary to increase the
vacuum electric field high enough to observe strong coupling is
many orders of magnitude higher and therefore more
straightforward to achieve from a fabrication perspective than
the mode volume necessary to strongly couple to transitions in
the optical regime. Despite the challenges of working in the
optical regime, a recent study has already proposed a cavity
design for coupling single defects in hBN with a maximum
coupling energy of ∼0.2 meV.94 A similar coupling energy was
found in a recent study proposing a photonic cavity to couple
to the optical zero-phonon-line of an NV defect in diamond.95

Considering that the study of defects in cavities is a relatively
nascent field, we believe further coupling enhancements are
possible. We develop an understanding of what may eventually
be feasible by turning to historical reports of strongly coupling
to optical excitations in other defectlike emitters, such as single
quantum dots and excitons. Strong coupling has been achieved
repeatedly in these systems,47,96−98 with Rabi splittings of ∼1−
100 meV for cavity coupling to single, energetically isolated
transitions. As we mention in the “Results and Discussion”
section, coupling a cavity mode with strength of λ = 0.986
eV1/2/nm, the highest cavity strength explored in the present
study, to CHB would result in a coupling of 3.7 meV when
considering the transition dipole moment of just a single
electronic transition. This value is well within the Rabi
splittings observed in the aforementioned studies in other
emitter types. Of course, we expect larger effective couplings to
be observed because electronic transitions in defects are not
well isolated energetically, as the excitation spectra in Figure 2
demonstrate. Therefore, we are optimistic that our predictions
may be tested in the near future.
Here, we anticipate several impactful theoretical and

computational advances. Generalizing QEDFT to the ultra-
strong-coupling regime and to periodic systems will enable
computationally driven discoveries of further complex
phenomena in solid-state systems strongly coupled to light
that explore the full capability of optical cavities. Including the
effects of electron−phonon coupling that result in low Debye−
Waller factors, a well-known issue in achieving emission from
defect centers, is crucial for more accurate prediction of the
emission properties of defect polaritons. In addition,
experimental investigations of hBN often involve substrate
materials or multiple layers of hBN that should also be
considered for quantitatively accurate predictions. Further
method development and improvements in computational
efficiency are also necessary. For instance, hybrid functionals
and many-body perturbation theory methods, such as GW
approximations and the Bethe−Salpeter equation, are known
to more accurately model the electronic properties of hBN.99

In particular, the latter has been augmented to include QED
effects.100 Both methods, however, are computationally
expensive for the hundreds of atoms necessary to simulate a
defect in a bulklike material. Finally, we anticipate that
applying these first-principles-based approaches to spin-
polarized systems to be especially fruitful for engineering
quantum technological systems, such as NV and SiV− defect
centers in diamond where logical qubits are often mapped to
the spin state in the ground-state manifold that operate in the

GHz range and can be coupled to host lattice phonons,
magnetic fields, and microwaves.15

Given the large shifts in absorption frequency, large
increases in transition dipole moments, and delocalization of
the electronic transition density due to coupling between the
electronic continuum and the cavity mode, coupling defect
systems to optical cavities to form defect polaritons may be a
powerful control knob for tuning the optical properties of
defects for quantum technological applications. We predict
these properties of defect polaritons with a first-principles
method that encapsulates the full complexity of the electronic
structure of defects in a solid-state material, highlighting the
importance of electronic structure techniques in the develop-
ment of quantum optical materials.

METHODS/EXPERIMENTAL SECTION
QEDFT Details. We briefly summarize how to compute the

electronic ground state of the defect systems in the hBN flakes, as

described in further detail in ref 19. We use a pseudopotential, real-
space DFT code Octopus.79−81 To optimize chemical geometries and
ground-state electronic densities, we use SG15 optimized norm-
conserving Vanderbilt pseudopotentials102,103 and the PBE general-
ized gradient approximation exchange-correlation functional.84 The
PBE functional has been used in previous studies of defects in

Figure 6. Convergence. For all four systems, the upper polariton
interacts with the near-continuum of electronic transitions starting
from 4 to ∼9 eV in the coupling strength range studied. We ensure
that the total light−matter coupling is converged for a given cavity
mode and vacuum electric field by converging the integrated
absorption relative to the number of (a) occupied and (b)
unoccupied states included in the electronic component of the
Casida linear-response time-dependent density functional theory
for the pristine hBN nanoflake. At 9 eV, the cumulative absorption
is converged within 1% for 80 occupied states and 100 unoccupied
states.
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hBN16,74,104−106 where it has been known to underestimate the band
gap and systematically mischaracterize certain optical properties,75

although results from PBE often qualitatively match those from the
more accurate but computationally expensive Heyd−Scuseria−
Ernzerhof functional (HSE) functional.107 The real-space simulation
box consists of spheres with 4 Å radius around each atom in a mesh
with spacing of 0.20 Å, as in refs 19 and 106. The calculated band gap
agrees with the range of band gaps calculated for nanoflakes of
hBN108 and is close to the calculated band gap of 4.50 eV with
periodic DFT codes and the PBE functional.106

To compute the excitations of the system where electronic and
photonic excitations are treated on the same quantized foot-
ing,70−72,109 we employ the linear-response formulation of time-
dependent QEDFT implemented in the publicly available version of
Octopus, first introduced in ref 72. This implementation has also been
applied to construct potential-energy surfaces38 and extended to
photonic losses.59,110 With QEDFT, we solve the light−matter
Hamiltonian H for a nonrelativistic system of M electrons interacting
with the quantized light field of N photon modes, in the absence of an
external classical current and under the dipole approximation:33,38,70
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where He is the electronic Hamiltonian; the kth quantized photon
mode is given by the operators for the photon conjugate momentum

p a ai ( )k k k2
k= −ωℏ † and the photon displacement coordinate

q a a( )k k k2 k
= +

ω
ℏ † ; the photon annihilation (creation) operator is

ak (ak
†); and ωk is the frequency of mode k. The photon modes couple

to the electronic system through the position operator R ri
M

i1= ∑ = of
the electronic system and qk of the photonic system. The cavity
strength λk determines the strength of this interaction:

E e
2

k
k

kλ
ω

=
ℏ (2)

where Ek is the amplitude of the electric field at the center of charge
and e is the elementary charge. This coupling strength is closely
related to the commonly used coupling rate gi,k between the cavity
mode k and a electronic excitation i from the electronic ground state
g| ⟩:
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The transition dipole moments di = ⟨g|R|ei⟩ and energies of
electronic excitations ℏωi can also be determined with a standard
linear-response time-dependent DFT (TDDFT).87 In the strong-
coupling limit shown in the main text, we include a single, lossless
cavity mode (N = 1), or equivalently κ = 0, such that we are in the
strong-coupling regime for g > 0. We can also incorporate cavity losses
by inputting the spectral profile of a lossy cavity, as described in ref 59
and shown for CHB in the Supporting Information, to model Purcell
enhancements simultaneously with the formation of defect polaritons.
To solve the Hamiltonian in eq 1, we apply the generalized Casida

equation,72,87 where the electron−electron interactions included in
TDDFT and the electron−photon interactions are solved simulta-
neously. We diagonalize the Casida matrix of size NoNu + N = M + N,
where No is the number of occupied orbitals, Nu is the number of
unoccupied orbitals, NoNu = M is the number of electronic
excitations, and N is the number of photon modes, to obtain
excitation energies and transition dipole moments that generate the
absorption spectrum:
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M N

l l
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1 1
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=

+
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where the absorption of j-polarized light (with j ∈{x, y, z}) is a
function of a frequency-independent prefactor m2 /(3 )e

2= ℏ (with

me as the electron mass); the mode energy is ℏωi; Cil
el (Ckl

ph) is the
projection of an original, unmixed electronic (photonic) state e , 0i| ⟩ (
g, 1k| ⟩) to a resulting polaritonic state vl| ⟩; and di,j is the j component
of the transition dipole moment di of electronic excitation i ∈ M
electronic excitations. For presentation purposes, we broaden the
delta function δ(ω − ωl) with a discrete Lorentzian: δ(ω − ωl) →
ΓΔω((2π[(ω − ωl)

2 + (Γ/2)2])−1, where Δ(ℏω) is the energy
spacing and ℏΓ is the spectral broadening. We drop for
convenience when plotting the absorption. Using the projections
Cil

el and Ckl
ph, we can additionally calculate the logarithm of the weight

of photon character wl
ph = Σk=1

N Wkl
ph = 1 − w1

el where W Ckl kl
ph ph 2= | | . In

the absence of cavity photons, eq 4 reduces to the standard form of
absorption of an all-electronic system:

A d( ) ( )j
i

M

i i i j
1

,
2∑ω δ ω ω ωℏ = − ℏ | |

= (5)

Since the upper polariton of the defect polariton of all four systems
interacts with the near-continuum of electronic transitions starting
from ∼4 to ∼9 eV within the cavity strength range of λ considered, we
ensure that the total light−matter coupling is converged for a given
cavity mode and vacuum electric field by converging the integrated
absorption relative to the number of occupied and unoccupied states
included in the electronic component of the Casida calculation for the
pristine hBN nanoflake, as shown in Figure 6a,b, respectively. At 9 eV,
the integrated absorption is converged within 1% for 80 occupied
states and 100 unoccupied states. We use this number of occupied
and unoccupied states for all four defect systems considered.
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Majewski, J. A. Electronic Structure and Magneto-Optical Properties
of Silicon-Nitrogen-Vacancy Complexes in Diamond. Phys. Rev. B:
Condens. Matter Mater. Phys. 2020, 102, 115102.

(19) Wang, D. S.; Ciccarino, C. J.; Flick, J.; Narang, P. Hybridized
Defects in Solid-State Materials as Artificial Molecules. ACS Nano
2021, 15, 5240.
(20) Rogers, L. J.; Armstrong, S.; Sellars, M. J.; Manson, N. B.
Infrared Emission of the NV Centre in Diamond: Zeeman and
Uniaxial Stress Studies. New J. Phys. 2008, 10, 103024.
(21) Momenzadeh, S. A.; Stöhr, R. J.; De Oliveira, F. F.; Brunner, A.;
Denisenko, A.; Yang, S.; Reinhard, F.; Wrachtrup, J. Nanoengineered
Diamond Waveguide as a Robust Bright Platform for Nano-
magnetometry Using Shallow Nitrogen Vacancy Centers. Nano Lett.
2015, 15, 165−169.
(22) Faraon, A.; Santori, C.; Huang, Z.; Acosta, V. M.; Beausoleil, R.
G. Coupling of Nitrogen-Vacancy Centers to Photonic Crystal
Cavities in Monocrystalline Diamond. Phys. Rev. Lett. 2012, 109,
033604.
(23) Chakraborty, C.; Jungwirth, N. R.; Fuchs, G. D.; Vamivakas, A.
N. Electrical Manipulation of the Fine-Structure Splitting of WSe2
Quantum Emitters. Phys. Rev. B: Condens. Matter Mater. Phys. 2019,
99, 045308.
(24) Zhang, J. L.; Sun, S.; Burek, M. J.; Dory, C.; Tzeng, Y. K.;
Fischer, K. A.; Kelaita, Y.; Lagoudakis, K. G.; Radulaski, M.; Shen, Z.
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(31) Ćwik, J. A.; Kirton, P.; De Liberato, S.; Keeling, J. Excitonic
Spectral Features in strongly Coupled Organic Polaritons. Phys. Rev.
A: At., Mol., Opt. Phys. 2016, 93, 033840.
(32) Ebbesen, T. W. Hybrid Light−Matter States in a Molecular and
Material Science Perspective. Acc. Chem. Res. 2016, 49, 2403−2412.
(33) 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. U. S. A.
2017, 114, 3026−3034.
(34) Herrera, F.; Owrutsky, J. Molecular Polaritons for Controlling
Chemistry with Quantum Optics. J. Chem. Phys. 2020, 152, 100902.
(35) Rivera, N.; Flick, J.; Narang, P. Variational Theory of
Nonrelativistic Quantum Electrodynamics. Phys. Rev. Lett. 2019,
122, 193603.
(36) Flick, J.; Narang, P. Cavity-Correlated Electron-Nuclear
Dynamics from First Principles. Phys. Rev. Lett.2018, 121, 113002.
(37) Flick, J.; Rivera, N.; Narang, P. Strong Light-Matter Coupling
in Quantum Chemistry and Quantum Photonics. Nanophotonics
2018, 7, 1479−1501.
(38) Flick, J.; Narang, P. Ab Initio Polaritonic Potential-Energy
Surfaces for Excited-State Nanophotonics and Polaritonic Chemistry.
J. Chem. Phys. 2020, 153, 094116.
(39) Galego, J.; Garcia-Vidal, F. J.; Feist, J. Cavity-Induced
Modifications of Molecular Structure in the Strong-Coupling Regime.
Phys. Rev. X 2015, 5, 041022.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c05600
ACS Nano XXXX, XXX, XXX−XXX

I

https://doi.org/10.1134/1.1405224
https://doi.org/10.1134/1.1405224
https://doi.org/10.1134/1.1405224
https://doi.org/10.1073/pnas.1003052107
https://doi.org/10.1073/pnas.1003052107
https://doi.org/10.1073/pnas.1004033107
https://doi.org/10.1073/pnas.1004033107
https://doi.org/10.1063/PT.3.2549
https://doi.org/10.1063/PT.3.2549
https://doi.org/10.1038/nphoton.2016.186
https://doi.org/10.1038/nphoton.2016.186
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1038/s41578-018-0008-9
https://doi.org/10.1038/s41578-018-0008-9
https://doi.org/10.1103/PhysRevLett.85.290
https://doi.org/10.1103/PhysRevLett.85.290
https://doi.org/10.1038/s41524-019-0182-3
https://doi.org/10.1038/s41524-019-0182-3
https://doi.org/10.1088/1367-2630/17/11/112001
https://doi.org/10.1088/1367-2630/17/11/112001
https://doi.org/10.1103/PhysRevLett.120.213603
https://doi.org/10.1103/PhysRevLett.120.213603
https://doi.org/10.1088/2633-4356/ab9a55
https://doi.org/10.1088/2633-4356/ab9a55
https://doi.org/10.1038/s41534-021-00457-4
https://doi.org/10.1038/s41534-021-00457-4
https://doi.org/10.1038/s41534-021-00457-4
https://doi.org/10.1021/acs.jpcc.0c11536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c11536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c01255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c01255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.96.144106
https://doi.org/10.1103/PhysRevB.96.144106
https://doi.org/10.1063/1.5124153
https://doi.org/10.1063/1.5124153
https://doi.org/10.1103/PhysRevB.102.115102
https://doi.org/10.1103/PhysRevB.102.115102
https://doi.org/10.1021/acsnano.0c10601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c10601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1367-2630/10/10/103024
https://doi.org/10.1088/1367-2630/10/10/103024
https://doi.org/10.1021/nl503326t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl503326t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl503326t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.109.033604
https://doi.org/10.1103/PhysRevLett.109.033604
https://doi.org/10.1103/PhysRevB.99.045308
https://doi.org/10.1103/PhysRevB.99.045308
https://doi.org/10.1021/acs.nanolett.7b05075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b05075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b05075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevX.9.031022
https://doi.org/10.1103/PhysRevX.9.031022
https://doi.org/10.1103/PhysRevLett.125.247702
https://doi.org/10.1103/PhysRevLett.125.247702
https://doi.org/10.1103/PhysRevResearch.2.043328
https://doi.org/10.1103/PhysRevResearch.2.043328
https://doi.org/10.1002/qute.201900007
https://doi.org/10.1002/qute.201900007
https://doi.org/10.1103/PhysRev.69.37
https://doi.org/10.1103/PhysRev.69.37
https://doi.org/10.1103/PhysRevA.93.033840
https://doi.org/10.1103/PhysRevA.93.033840
https://doi.org/10.1021/acs.accounts.6b00295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1615509114
https://doi.org/10.1073/pnas.1615509114
https://doi.org/10.1073/pnas.1615509114
https://doi.org/10.1063/1.5136320
https://doi.org/10.1063/1.5136320
https://doi.org/10.1103/PhysRevLett.122.193603
https://doi.org/10.1103/PhysRevLett.122.193603
https://doi.org/10.1103/PhysRevLett.121.113002
https://doi.org/10.1103/PhysRevLett.121.113002
https://doi.org/10.1515/nanoph-2018-0067
https://doi.org/10.1515/nanoph-2018-0067
https://doi.org/10.1063/5.0021033
https://doi.org/10.1063/5.0021033
https://doi.org/10.1103/PhysRevX.5.041022
https://doi.org/10.1103/PhysRevX.5.041022
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c05600?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(40) Galego, J.; Garcia-Vidal, F. J.; Feist, J. Suppressing Photo-
chemical Reactions with Quantized Light Fields. Nat. Commun. 2016,
7.13841
(41) Thomas, A.; George, J.; Shalabney, A.; Dryzhakov, M.; Varma,
S. J.; Moran, J.; Chervy, T.; Zhong, X.; Devaux, E.; Genet, C.;
Hutchison, J. A.; Ebbesen, T. W. Ground-State Chemical Reactivity
under Vibrational Coupling to the Vacuum Electromagnetic Field.
Angew. Chem., Int. Ed. 2016, 55, 11462−11466.
(42) Herrera, F.; Spano, F. C. Cavity-Controlled Chemistry in
Molecular Ensembles. Phys. Rev. Lett. 2016, 116, 238301.
(43) Galego, J.; Climent, C.; Garcia-Vidal, F. J.; Feist, J. Cavity
Casimir-Polder Forces and Their Effects in Ground-State Chemical
Reactivity. Phys. Rev. X 2019, 9, 021057.
(44) Groenhof, G.; Climent, C.; Feist, J.; Morozov, D.; Toppari, J. J.
Tracking Polariton Relaxation with Multiscale Molecular Dynamics
Simulations. J. Phys. Chem. Lett. 2019, 10, 5476−5483.
(45) Thomas, A.; Lethuillier-Karl, L.; Nagarajan, K.; Vergauwe, R.
M. A.; George, J.; Chervy, T.; Shalabney, A.; Devaux, E.; Genet, C.;
Moran, J.; Ebbesen, T. W. Tilting a Ground-State Reactivity
Landscape by Vibrational Strong Coupling. Science 2019, 363, 615−
619.
(46) Weisbuch, C.; Nishioka, M.; Ishikawa, A.; Arakawa, Y.
Observation of the Coupled Exciton-Photon Mode Splitting in a
Semiconductor Quantum Microcavity. Phys. Rev. Lett. 1992, 69,
3314−3317.
(47) Dufferwiel, S.; Schwarz, S.; Withers, F.; Trichet, A. A.; Li, F.;
Sich, M.; Del Pozo-Zamudio, O.; Clark, C.; Nalitov, A.; Solnyshkov,
D. D.; et al. Exciton-Polaritons in van der Waals Heterostructures
Embedded in Tunable Microcavities. Nat. Commun. 2015, 6, 8579.
(48) Lidzey, D. G.; Bradley, D. D. C.; Virgili, T.; Armitage, A.;
Skolnick, M. S.; Walker, S. Room Temperature Polariton Emission
from Strongly Coupled Organic Semiconductor Microcavities. Phys.
Rev. Lett. 1999, 82, 3316−3319.
(49) del Pino, J.; Feist, J.; Garcia-Vidal, F. J. Quantum Theory of
Collective Strong Coupling of Molecular Vibrations with a Micro-
cavity Mode. New J. Phys. 2015, 17, 053040.
(50) George, J.; Wang, S.; Chervy, T.; Canaguier-Durand, A.;
Schaeffer, G.; Lehn, J.-M.; Hutchison, J. A.; Genet, C.; Ebbesen, T. W.
Ultra-Strong Coupling of Molecular Materials: Spectroscopy and
Dynamics. Faraday Discuss. 2015, 178, 281−294.
(51) Herrera, F.; Spano, F. C. Theory of Nanoscale Organic
Cavities: The Essential Role of Vibration-Photon Dressed States. ACS
Photonics 2018, 5, 65−79.
(52) Zeb, M. A.; Kirton, P. G.; Keeling, J. Exact States and Spectra of
Vibrationally Dressed Polaritons. ACS Photonics 2018, 5, 249−257.
(53) Herrera, F.; Spano, F. C. Dark Vibronic Polaritons and the
Spectroscopy of Organic Microcavities. Phys. Rev. Lett. 2017, 118,
223601.
(54) Xiang, B.; Ribeiro, R. F.; Dunkelberger, A. D.; Wang, J.; Li, Y.;
Simpkins, B. S.; Owrutsky, J. C.; Yuen-Zhou, J.; Xiong, W. Two-
Dimensional Infrared Spectroscopy of Vibrational Polaritons. Proc.
Natl. Acad. Sci. U. S. A. 2018, 115, 4845−4850.
(55) Coles, D. M.; Somaschi, N.; Michetti, P.; Clark, C.; Lagoudakis,
P. G.; Savvidis, P. G.; Lidzey, D. G. Polariton-Mediated Energy
Transfer between Organic Dyes in a Strongly Coupled Optical
Microcavity. Nat. Mater. 2014, 13, 712.
(56) Zhong, X.; Chervy, T.; Zhang, L.; Thomas, A.; George, J.;
Genet, C.; Hutchison, J. A.; Ebbesen, T. W. Energy Transfer between
Spatially Separated Entangled Molecules. Angew. Chem., Int. Ed. 2017,
56, 9034−9038.
(57) Juraschek, D. M.; Neuman, T.; Flick, J.; Narang, P. Cavity
Control of Nonlinear Phononics. Phys. Rev. Res. 2021, 3, L032046.
(58) Du, M.; Martinez-Martinez, L. A.; Ribeiro, R. F.; Hu, Z.;
Menon, V. M.; Yuen-Zhou, J. Theory for Polariton-Assisted Remote
Energy Transfer. Chem. Sci. 2018, 9, 6659.
(59) Wang, D. S.; Neuman, T.; Flick, J.; Narang, P. Light−Matter
Interaction of a Molecule in a Dissipative Cavity from First Principles.
J. Chem. Phys. 2021, 154, 104109.

(60) Schuster, D. I.; Sears, A. P.; Ginossar, E.; Dicarlo, L.; Frunzio,
L.; Morton, J. J.; Wu, H.; Briggs, G. A.; Buckley, B. B.; Awschalom, D.
D.; Schoelkopf, R. J. High-Cooperativity Coupling of Electron-Spin
Ensembles to Superconducting Cavities. Phys. Rev. Lett. 2010, 105,
140501.
(61) Sandner, K.; Ritsch, H.; Amsüss, R.; Koller, C.; Nöbauer, T.;
Putz, S.; Schmiedmayer, J.; Majer, J. Strong Magnetic Coupling of an
Inhomogeneous Nitrogen-Vacancy Ensemble to a Cavity. Phys. Rev.
A: At., Mol., Opt. Phys. 2012, 85, 053806.
(62) Wolters, J.; Schell, A. W.; Kewes, G.; Nüsse, N.; Schoengen, M.;
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