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Bound state in the continuum (BIC) in all-dielectric metasurfaces can strongly enhance light-matter interac-
tions in mid-infrared range, owing to their extreme field confinement with low optical losses. The excitation of
BIC thus bear potential for vibrational strong coupling (VSC) with molecules, which has rarely been studied so
far. Here, we combine poly (methyl methacrylate) (PMMA) molecules with a simple all-dielectric metasurface,
demonstrating the VSC between symmetry-protected BIC modes and PMMA molecular vibrations with a
flexible tuning of the coupling strength. We demonstrate the strong dependence of the coupling strength on
the Q factor of the quasi-BIC (QBIC) mode and achieve a large Rabi splitting up to 4.45 meV (67 cm−1),
which is the maximum value reported so far in BIC-based dielectric nanostructures. A full-quantum model is
utilized to fully describe the coupling dynamics of the strongly interacting system, revealing the ultrafast energy
transfer between the QBIC and variational state with long coherence time. The proposed hybrid system provides
a promising platform both for the fundamental study on light-matter interactions and for potential applications
in high-compact nanophotonic devices in mid-infrared frequencies.

DOI: 10.1103/PhysRevB.108.155412

I. INTRODUCTION

Vibrational strong coupling (VSC), the strong coupling be-
tween optical excitations and molecular vibrational transitions
in mid-infrared range, has drawn tremendous attention due to
its fundamental importance in the study of light-matter inter-
actions and great potential in manipulating chemical reactions
and in infrared spectroscopic applications [1,2]. VSC can be
achieved when the coherent energy exchange rate between
optical resonators and molecules is faster than the respective
dissipation rate [3–5]. The molecule polarization state formed
by VSC featuring Rabi splitting is a completely different
composition from the initial pure component, which is of great
use for changing the potential energy distribution of molecular
reactions, modifying the chemical properties of molecules
and the development of ultrasensitive infrared spectroscopy
divices [1,2].

In the regime of VSC, the coupling strength g, which is
used to characterize the rate of energy exchange between
optical resonator and molecular vibrations, can be expressed
as h̄g = μm · E ∝ μe

√
h̄ω/εV , where μm, ε, ω, V represent

transition dipole moment of the molecule, the dielectric con-
stant, the excitation frequency, and the optical mode volume,
respectively [6–9]. The Rabi splitting �R induced by strong
coupling is given as �R =

√
4g2 − (κ − γm)2/4, where κ and

γm represent the photon leakage rate of the optical modes and
damping rates of molecular excitation, respectively. There-
fore, increasing g or decreasing the difference between κ and
γm is the most direct way to achieve the Rabi splitting, which
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can be easily accessed and evaluated in far-field spectroscopic
measurements.

To reach VSC, molecular transitions have been used to
couple with cavity-based photonic resonators, such as whis-
pering gallery cavities, microwave cavities, and Fabry-Perot
cavities [2,10–12], or with plasmonic nanostructures support-
ing various types of plasmonic excitations. The cavity-based
structures can support high Q factors (small κ) and simulta-
neously excite different orders of optical resonance, which
facilitates strong coupling or even collective ultrastrong cou-
pling with molecular excitation. However, such devices are
usually designed with relative bulky geometries for practi-
cal convenience [13]. Moreover, shrinking such photonic and
plasmonic resonators down to the micro- or nanoscale to
enhance VSC is still challenging due to the low field en-
hancement of photonic modes or the large mode volume of
plasmonic resonances at mid-infrared frequencies.

An alternative way of enhancing VSC is to employ surface
phonon polaritons (SPhPs) supported by two-dimensional
(2D) materials [4,14] or polar crystals [15–19]. SPhPs, as the
quasiparticles formed by the mixture of photons with optical
phonons, exhibit pronounced polaritonic dispersion with low
optical losses. They allow a deep field squeezing down to
subdiffractional level at mid-infrared frequencies with greatly
enhanced field strength and picosecond-long lifetime [20–22].
Recently, VSC has been observed between molecular vibra-
tions and SPhPs in a hexagonal boron nitride flake and SiO2

single nanopillars [3]. Pronounced mode splitting and anti-
crossing dispersion were observed in the far-field reflectivity
spectra at mid-infrared frequencies.

Other than SPhP resonance, strong electromagnetic field
enhancement and confinement can also be achieved in

2469-9950/2023/108(15)/155412(8) 155412-1 ©2023 American Physical Society

https://orcid.org/0000-0001-6617-4300
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.155412&domain=pdf&date_stamp=2023-10-10
https://doi.org/10.1103/PhysRevB.108.155412


PENG XIE AND YIHAN CHENG PHYSICAL REVIEW B 108, 155412 (2023)

(a)

212 215 218 221

ED
MD

TD

0

1

2

Sc
at

te
rin

g 
po

w
er

  (
×1

0-
14

) 

Energy (meV)

(f)

900 1000 1100 1200 1300
102

103

104

105

106

107

W2 nm)

Q
 fa

ct
or

(d)

Q 1/α-2

|E| [V/m]

0

32

(e)

-

+
Ey

900 1000 1100 1200 1300
195

205

215

225

235

En
er

gy
 (m

eV
)

W2 nm)

BIC

0

1
R

(c)

A

(b)

FIG. 1. (a) Three-dimensional schematic of the coupling system. (b) Parameter layout of the hybrid system in the x-z plane: period P =
3400 nm, width of Ge grating W1 = 900 nm, W2 = 900–1300 nm, height h = 400 nm, thickness of PMMA t = 0–800 nm. (c) Simulated
reflection spectra with different width W2. (d) Q factor of the QBIC mode as a function of the asymmetric parameter α. (e) The amplitude
(top) and y component of the electric field distributed in z-x plane at QBIC resonance [Point A in (c)]. (f) Scattering power of different dipole
moments calculated in Cartesian coordinate system. ED, MD, TD represent the electric, magnetic, and toroidal dipole moment, respectively.

mid-infrared range via bound states in the continuum (BIC).
BIC is a leaky mode with infinite quality factor (Q factor)
within the continuous background spectrum. Only in the past
decade their rich physics has been employed to engineer
sharp resonances (high-Q factors) in the form of quasi-BIC
(QBIC) in a variety of dielectric photonic systems [23–25].
Supported by subwavelength dielectric particles, QBIC pro-
vide an efficient light trapping inside the particle volumes
with very low optical losses, thus offering an alternative
platform for studying light-matter interactions [26–29]. The
QBIC modes combine strong light capture capability, flexible
tuning (shape, size, and asymmetry changes), and rich opti-
cal mode excitation (electric, magnetic, and toroidal modes,
etc.), which provides a possibility to realize customized QBIC
mode interactions with molecular excitations [24]. So far,
most research has focused on the strong coupling of QBIC
modes with excitonic resonances in transition-metal dichalco-
genides (TMDs), perovskite, and molecular excitations in the
optical band [23,25,30–36]. However, strong coupling be-
tween molecular vibrations and QBIC modes supported by
all-dielectric metasurfaces in the mid-infrared band has rarely
been reported [34]. In particular, manipulating VSC coupling
strength with flexible tunability in QBIC-based hybrid sys-
tems has not been studied, which is expected to be of great
importance both for fundamental physics of light-matter inter-
actions in mid-infrared range and for potential applications in
metasurface-based ultracompact nanophotonic devices work-
ing at mid-infrared frequencies.

In this paper, we investigate the VSC between symmetry-
protected QBIC modes and poly (methyl methacrylate)
(PMMA) molecular vibrations through an asymmetric ger-
manium (Ge) grating covered by PMMA molecular layers.
We demonstrate a flexible weak-to-strong tuning of the cou-
pling between QBIC and molecular vibrations by modulating
the PMMA molecular layer thickness. We demonstrate the
strong dependence of the coupling strength on the Q factor
of the QBIC mode, which offers an effective way of achiev-
ing enhanced coupling strength. An optimal structural design
enables a large VSC Rabi splitting up to 4.45 meV (67 cm−1),
which is the maximum value reported so far in BIC-based
dielectric nanostructures. Importantly, a full-quantum model
is employed to give a full description of the coupling dynam-
ics of the strongly interacting system, revealing the ultrafast
energy transfer between the QBIC and variational state with
long coherence time. The proposed hybrid system provides
a promising platform both for the fundamental study on
light-matter interactions and for potential applications in high-
compact nanophotonic devices in mid-infrared frequencies.

II. RESULTS AND DISCUSSION

A. The strong coupling system

The proposed hybrid system, as shown in Fig. 1(a), con-
tains an asymmetric Ge grating on CaF2 substrate, with the
grating structure completely covered by a PMMA molec-
ular layer. Here, we focus on the interaction between the
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QBIC mode and the C = O bond resonance (1730 cm−1) in
the PMMA molecules in the present system. We calculated
the reflection spectrum of the coupled system as a function
of the width W2 using the finite difference time domain
(FDTD). In our simulation, a TE wave with E field oscillating
along y direction is used to illuminate the grating structure at
normal incidence, as shown in Fig. 1(b). Periodic boundary
conditions are employed in x and y direction of the unit cell,
while a perfect matching layer (PML) condition is used in
z direction. We divide the mesh of the simulation area into
1 × 1 × 1 nm to ensure the accuracy of the calculation results.
The refractive indices of CaF2 and Ge were set to nCaF2 = 1.4
and nGe = 4.007, respectively. For the C=O bond resonance
of the PMMA molecule, we can describe it by the classical
Lorentz oscillator as [37–39]

εPMMA = εB + f0ω
2
0

ω2
0 − ω2 − iωγ0

, (1)

where εB = 2.2 is the background permittivity in the high-
frequency region. f0 = 0.018, ω0 = 3.253 × 1014 rad/s and
γ0 = 5 × 1012 rad/s represent the oscillator strength, the
Lorentz resonance frequency, and damping constant giving
the Lorentzian dispersion, respectively.

We first calculated the reflection spectrum of the nanosys-
tem as a function of the width W2 by considering only the
case where the Ge grating is completely covered by the
PMMA background index-only material. The difference be-
tween widths W1 and W2 realizes a symmetric breaking in
the x-y plane and releases the radiation channel, which leads
to the symmetric protected BIC to QBIC transition, as shown
in Fig. 1(c). It is remarkable that the Ge grating excites a
completely nonradiative BIC mode (infinite Q factor) around
229 meV when the width W2 = 900 nm. The QBIC resonance
with finite Q factor gradually redshifts through the scanning
width W2 from 900 to 1300 nm. Figure 1(d) gives the Q
factor of the QBIC resonances as a function of the asymmetric
parameter α, which is defined as α = (W2 − W1)/W1. We
find that the Q factor follows exactly the typical quadratic
inverse law of QBIC mode for symmetry-breaking designs,
i.e., Q ∝ 1/α−2 [40]. The Q factor of the resonance can be
manipulated by adjusting the asymmetric parameter of the
nanostructure, which offers an efficient way of tuning the
coupling strength g of the hybrid system, as will be discussed
in detail in a later section.

In order to have a deep understanding of the optical proper-
ties of the current QBIC mode, we simulated the electric field
distribution of the peak A identified in Fig. 1(c), as shown
at the top of Fig. 1(e). We note that the nanosystem achieves
up to 32-fold enhancement of the electric field intensity com-
pared to the incident light field, which is comparable to the
field enhancement capability of plasmonic nanostructures. It
is known that the total coupling strength h̄g is the summation
of the coupling strength gi(r) of the individual quantum emit-
ters involved in the coupling, i.e., g = ∑

gi(r) = μ · Ei(r),
therefore, the large electromagnetic field enhancement of the
current QBIC mode accounts for the increase of the coupling
strength. In addition, we also calculated the electric field dis-
tribution in the y direction within the cell, as shown at the
bottom of Fig. 1(e). The electric field distribution in the y
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FIG. 2. Reflection spectra of different coupled systems: (a) weak
coupling system; (b) strong coupling system; (c) saturation coupling
system. The dispersion relations of different coupling systems are
obtainable by fitting the simulated reflection spectra (sphere) and
model (solid lines), respectively. The black dashed line and pur-
ple dashed line represent the resonant energy of QBIC mode and
PMMA, respectively. (d) Rabi splitting as a function of PMMA
thickness t.

direction exhibits an antisymmetric property, which greatly
reduces the energy loss of the nanosystem. We also quan-
titatively analyzed the properties of multipoles of the QBIC
model by multipolar expansion method [41,42], as shown in
Fig. 1(f). Figure 1(f) shows the scattering power of the elec-
tric dipole (ED), the magnetic dipole (MD), and the toroidal
dipole (TD), respectively, indicating that the current resonant
mode is the TD-dominated QBIC mode.

B. QBIC mode coupled with PMMA molecular vibration

In this section, we will investigate in detail the interac-
tion between QBIC and PMMA and the manipulation of the
coupling strength. Figures 2(a)–2(c) give the reflection spec-
trum as a function of width W2 for PMMA with thickness
t = 100 nm, t = 400 nm, and t = 800 nm, respectively,
which correspond to Ge gratings not covered, just covered,
and completely covered by PMMA layers, respectively. It is
remarkable to note the anticross behavior in all three cases,
which indicates a coherent interaction between the QBIC
mode and the PMMA molecule.

To obtain the spectral property of the coupling system, we
extracted the dispersion relationship and linewidth features
of the polariton induced by the coupling through Fano-
shaped line fitting of the simulated reflectance spectra. The
reflectance spectrum R(ω) = |r(ω)|2 can be expressed as
[43,44]

t (ω) = ab +
N∑

j=UP,LP

b jγ jeiφ j

ω − ω j + iγ j
, (2)
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where ab, b j , and φ j represent the background amplitude,
amplitude, and the phase of the reflectance spectrum, re-
spectively. ω j and 2γ j are the dispersion and the reflectance
spectrum full width at half maximum (FWHM) of upper
polariton (UP) and lower polariton (LP) modes. The disper-
sion relationship (pink sphere: UP; blue sphere: LP) extracted
by fitting can perfectly reproduce the three current simu-
lated reflectance spectra. Thus the Rabi splitting h̄� of the
hybrid system at zero detuning (ωQBIC = ωm), which is the
physical quantity characterizing the energy exchange between
the two subsystems, can be roughly estimated by the differ-
ence between the UP and LP resonance energies. We finally
calculate the Rabi splitting for the three coupling systems
in Figs. 2(a)–2(c) corresponding to 2.85 meV, 6 meV, and
8.6 meV, respectively. Importantly, we also found a redundant
peak gradually appearing between the UP and LP resonance
peaks as the thickness of the PMMA layer increases, indi-
cating that some molecular vibrations are not involved in the
coupling. This peculiar phenomenon will be described in the
next section by a full-quantum model.

To quantitatively describe the coherent coupling properties
between QBIC modes and PMMA molecules, the interaction
process is described by the widely used coupled oscillator
model (COM), as follows [45]

h̄

(
ωQ − iγQ g

g ωm − iγm

)(
α

β

)
= h̄ω±

(
α

β

)
, (3)

where ω̃Q = ωQ − iγQ and ω̃m = ωm − iγm = are the com-
plex resonance frequencies of QBIC mode and PMMA
molecular vibration, respectively. α and β represent the the
components of the eigenvectors, which satisfies the relation
|α|2 + |β|2 = 1. It should be noted that Eq. (3) is only ap-
plicable to the above coupled system with PMMA layer
thicknesses of t = 100 nm [Fig. 2(a)] and t = 400 nm
[Fig. 2(b)]. Since some of the molecular vibrations are not
involved in the coupling process for a coupling system with
the PMMA layer thickness of t = 800 nm [Fig. 2(c)], the COM
should be constructed as follows

H = h̄

⎛
⎝ωQ − iγQ g 0

g ωm − iγm 0
0 0 ωr − iγr

⎞
⎠, (4)

where ωr = ωm and γr are the frequencies and FWHM of re-
dundant molecular vibrations, respectively. By diagonalizing
Eq. (3) or Eq. (4), the dispersion relationship of the polariton
modes can be obtained as

E± = h̄ω± = h̄

2
[(ωQ + ωm − iγX − iγm)

±
√

4g2 + [ωQ − ωm − i(γm − γQ)]2]. (5)

With the system at zero detuning condition, the coupling
strength h̄g is calculated as

h̄g = h̄

2

√
�2 + (γm − γQ)2. (6)

To determine whether the coupled system is in the
strong coupling range, it must satisfy the following two

criteria:

g > |γm − γQ|/2, (7)

g >

√(
γ 2

m + γ 2
Q

)
/2. (8)

Equation (7) guarantees the existence of Rabi splitting,
and Eq. (8) is to ensure that Rabi splitting can be verified
experimentally.

For the coupling system with PMMA layer thicknesses
t = 100 nm, t = 400 nm, and t = 800 nm, we fit the reflection
spectrum of the uncoupled QBIC mode according to Eq. (2)
and obtain the damping rate h̄γQ as 0.16 meV, 0.19 meV, and
0.23 meV, respectively. The damping constant h̄γm of PMMA
molecules is 3.28 meV. Therefore, the coupling strengths h̄g
for the corresponding hybrid systems in Figs. 2(a)–2(b) were
calculated by Eq. (6) as 2.13 meV and 3.37 meV, respectively.
For the coupling system in Fig. 2(c), the damping rate h̄γr

of the uncoupled molecular vibrations was determined as
0.75 meV by fitting the spectrum at zero detuning, which leads
to the damping rate h̄γm of the PMMA molecules involved
in the coupling being determined as h̄γm = 3.28 meV − γr =
2.53 meV. We finally calculated the coupling strength h̄g of
the hybrid system in Fig. 2(c) as 4.45 meV. In addition, we
also obtain the dispersion of the hybrid states (solid pink line:
UP; solid blue line: LP) of the corresponding coupled system
by bringing the above coupling strengths h̄g into Eq. (3) or
Eq. (4), which perfectly reproduce the dispersion obtained
by fitting, as shown in Figs. 2(a)–2(c). Based on the deter-
mination Eqs. (7) and (8), we identify the coupling system
in Fig. 2(a) as a weak coupled system, while the systems in
Figs. 2(b)–(c) are in the strong coupling regime.

Furthermore, the Rabi splitting h̄� as a function of PMMA
layer thickness t is given in Fig. 2(d). Obviously, as the
thickness of PMMA layer increases, the Rabi splitting value
gradually increases and eventually reaches the saturation state,
which is attributed to the gradual increase of molecular vi-
brations involved in the coupling process. We found that: (i)
the system is in the weak coupling region when the PMMA
layer thickness t is below 140 nm, and importantly (ii) the
system reaches saturation when the PMMA layer thickness t
is above 800 nm. We can easily control the coupling strength
of the system with flexible tunability by altering the number
of molecules involved in the coupling.

C. Quantum model description of the coupling process

It is essential to study the unique coupling dynamics for
systems with light-matter interactions, especially for the hy-
brid systems that are currently in saturation, which is of
great importance for the study of quantum optical effects. In
this section, we construct a full quantum model under the
Heisenberg-Langevin framework to quantitatively describe
the spectral response and the ultrafast dynamics of the QBIC-
PMMA system in continuum reservoirs. Note that we only
show here the spectral response and coupling dynamics of the
QBIC-PMMA strongly coupled system. The hybrid system
in Fig. 2(b) can be regarded as an interaction between a
fermionic system and a bosonic system. The coupled system
in Fig. 2(c) can be considered as the interaction between two
fermionic systems and a bosonic subsystem. The total Hamil-
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tonian can be expressed as H = HF + HI + HD + HR + HS,
where HF [46–49], HI, HD, HR, HS represent the Hamiltonian
terms for subsystems, interaction terms between subsystems,
interaction terms between subsystems and excitation fields,
radiation and dissipation process terms from subsystems to
continuous medium reservoirs, and interaction terms between
subsystems and continuous medium reservoirs, respectively.
The specific form of each Hamiltonian term can be found in
the Appendix.

A standard genetic algorithm was used to search for pos-
sible parameters to match the reflectance spectrum of the
simulated coupled system in a prescribed reasonable pa-
rameter space. We finally obtained the coherent coupling
strength h̄g and incoherent coupling strength h̄γ for the
coupled system of Fig. 2(b) as h̄g = 3.37 meV and h̄γ =
−0.15 meV, respectively. The coherent and incoherent cou-
pling strengths of the coupled system of Fig. 2(c) are
optimized as h̄g = −4.45 meV and h̄γ = 0.2 meV, respec-
tively. Here we assume that the coherent coupling strengths of
both the redundant PMMA molecular vibration—QBIC mode
(coupling strength: h̄grQ), and the redundant PMMA molecu-
lar vibration—other molecular vibrations (coupling strength:
h̄grm) in the coupling system of Fig. 2(c) are 0 meV. It is
remarkable that the coherent coupling strengths of the coupled
systems in Figs. 2(b) and 2(c) have different signs, which are
attributed to the initial phase φ difference between the two
subsystems. This results in a coupling strength of the hybrid
system that is usually a complex quantity, i.e., h̄g = h̄|g|eiφ .
Therefore, we can deduce that the Rabi phase φ of the hybrid
system in Fig. 2(b) is 0◦, while the Rabi phase φ of the coupled
system in Fig. 2(c) is 180◦. The underlying physics of the
reverse of Rabi phase for different coupling strength can be
explained as the phase change of the reemitted electric field
of vibrational molecules with respect to that of QBIC mode,
which originates from the increase of the thickness of the
PMMA film. This reverse of Rabi phase does not change the
coherent coupling strength of the system, but play an impor-
tant role in determining the spectral profile of the polariton
modes, thus offering a promising approach for manipulating
the spectral amplitude of the hybrid states. The incoherent
coupling strength is induced by coherent coupling, specifi-
cally in the form of the release of photons from one system
through a continuous medium reservoir being reabsorbed by
another subsystem, which ultimately leads to sub- and super-
radiation phenomena [43,50].

With the above optimized coherent and incoherent cou-
pling strengths as input parameters, we finally obtained the
reflection spectrum as a function of width W2 under the
Heisenberg-Langevin framework, as shown in Fig. 3(a) and
Fig. 3(b). In addition, we fitted its reflection spectrum by
Eq. (2) to extract the dispersion relationship (UP: pink solid
line; LP: blue solid line) of the polariton states. The reflec-
tion spectra and dispersion obtained by quantum models and
simulations are consistent, demonstrating the VSC between
QBIC modes and PMMA molecular vibrations. In particular,
we have succeeded here in constructing a quantum model in
which only some of the molecular vibrations are involved
in the coupling process, which provides ideas for extension
to other systems. We also present the real-time population
dynamics of the UP states of the two coupled systems on
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FIG. 3. The reflection spectra calculated by quantum model for
different coupled systems. (a) strong coupling systems, (b) saturated
coupling systems. Time-domain evolution of the QBIC (blue solid
line) and PMMA (pink solid line) population in the UP polarization
state of strong coupling system (c) and saturated coupling system (d).

a logarithmic scale, as shown in Figs. 3(c) and 3(d). The
energy exchange between the QBIC mode and the PMMA
molecular vibrations is observed with periods characterized
by Rabi oscillations. The Rabi periods of the two coupled
systems were determined to be T = 696 fs and T = 464 fs,
respectively. Note that the energy exchange of the strong
coupling system is more intense in the saturated state, which
is attributed to the involvement of more molecular vibrations
in the coupling process. Importantly, the population transfer
between the two subsystems can persist over eight Rabi cy-
cles, corresponding to a surprisingly long coherence time over
several picoseconds. This is in contrast to other observations
in strongly coupled plasmon, or cavity modes coupled with
excitonic resonances, in which larger Rabi oscillations occur
in the range of femtoseconds with coherence times shorter
than several tens of femtoseconds. Such shorter coherence
times were mainly attributed to the broad plasmon/cavity
linewidth due to strong radiative and nonradiative damping
[51–53]. While in the present BIC-based system, the spec-
tral width of QBIC is tuned to be comparable to that of the
molecular resonance. The spectral width of QBIC is generally
narrow and only determined by its small leakage rate. There-
fore, the hybrid system exhibits very strong coupling energy
with ultrafast energy exchange rate and prolonged coherence
time. Such unique dynamics of the coupled system is of great
importance for future applications in realizing all-dielectric
metasurface-based quantum devices.

D. Manipulation of coupling strength

In this section, we will investigate the way of controlling
the coupling strength in the hybrid system by tuning the Q
factor of the QBIC mode. It has been demonstrated that the
Q factor of the QBIC mode is strongly dependent on the
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FIG. 4. The simulated reflection spectra of different coupling systems as a function of the slit difference δ: (a) weak coupling system,
(b) strong coupling system, (c) saturated strong coupling system. Coupling strength g and Q factor for different coupling systems as a function
of the slit difference δ: (d) weak coupling system; (e) strong coupling system; (f) saturation coupling system. The inset shows the electric field
distribution for the slit difference δ = 100 nm and δ = 500 nm, respectively.

asymmetric parameters. It can also be arbitrarily adjusted by
other parameters of the grating structure. Here, we change the
position of the Ge bar (marked with width W2) with respect
to the other Ge bar (marked with width W1) while keeping
the other parameters fixed. The difference in slit width of the
Ge grating is defined as δ. The simulated reflection spectra
as a function of δ for the the coupling system for PMMA
layer thicknesses t = 100 nm, t = 400 nm, and t = 800 nm
are given in Figs. 4(a)–(c), respectively. We found that the
resonant frequencies of UP and LP were not shifted, which
implies that their energy difference, i.e., the Rabi splitting h̄�,
was constant. This is different from the results demonstrated
in Ref. [54], in which the difference of the spectral width of
the two subsystems is sufficiently large so that the Rabi split-
ting estimated from the reflection spectra varies dramatically
as the Q factor of the QBIC resonance increases. While in
our present case, the spectral widths of the two subsystems
are carefully designed to be comparable. In this sense, we
enabled a flexible tuning of coupling strength while keeping a
constant Rabi splitting [Figs. 4(a)–(c). Such unique property
of the strongly coupled system is beneficial for the future
applications in ultracompact infrared functional devices due
to its high tunability with excellent robustness.

Subsequently, we give the evolution trend of the cou-
pling strength g (pink spheres) with the parameter δ based
on Eq. (6). It is found that the coupling strength gradually
decreases as δ increases. To analyze the physical mechanism
behind this, we extracted the Q factor of the QBIC mode,

as shown in Fig. 4(e)–4(f) (blue spheres). We also calculated
the electric field distribution in the cell corresponding to the
QBIC modes with high and low Q factors, as shown in the
inset in Figs. 4(e)–4(f). It can be observed that the electric
field strength gradually decreases as the Q factor decreases,
which means that the electromagnetic energy stored in the
QBIC mode is sharply reduced. This leads to a gradual de-
crease in the coupling strength of the hybrid system, as it is
known that the coupling strength g greatly depends on the
field enhancement of the nanostructure. The property will pro-
vide convenience for the purpose of enhancing the coupling
strength, such as reducing the difference between the slits of
the Ge gratings.

III. CONCLUSIONS

To conclude, we have investigated the VSC between
symmetry-protected BIC modes and PMMA molecular vi-
brations in the hybrid system containing an asymmetric Ge
grating covered by PMMA molecular layers. By modulating
the PMMA molecular layer thickness, we have demonstrated
a flexible weak-to-strong tuning of the coupling between
QBIC and molecular vibrations. The strong dependence of the
coupling strength on the Q factor of the QBIC mode provides
an effective way of achieving enhanced coupling strength. A
large VSC Rabi splitting up to 4.45 meV have been achieved
with an optimal structural design. Importantly, a full-quantum
model has been employed to give a full description of the cou-
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pling dynamics of the strongly interacting system, revealing
the ultrafast energy transfer between the QBIC and variational
state with long coherence time. The proposed hybrid sys-
tem provides a promising platform both for the fundamental
study on light-matter interactions and for potential applica-
tions in high-compact nanophotonic devices in mid-infrared
frequencies.
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APPENDIX: DETAILS FOR HEISENBERG-LANGEVIN
FORMALISM IN COUPLING SYSTEM

We construct a full-quantum model to quantitatively an-
alyze the microscopic dynamics of the interaction between
QBIC and molecular vibrations in the Heisenberg-Langevin
formalism. The resonant frequencies of QBIC mode and
molecular vibration are ωQ and ωm, respectively. For simplic-
ity, the molecules involved in the coupling and the surplus
molecules are distinguished by separate corner labels i (i =
1, 2) in the latter part. Therefore, the Hamiltonian quantity of
the subsystem can be expressed as

HF = HQ + Hm = h̄ωQ
(
â†â + 1

2

) + 1
2 h̄ωmσiz. (A1)

Here, HQ is the Hamiltonian of QBICs mode, which
is represented by the quantized bosonic creation (annihila-
tion) operators â†(â) with resonances frequency ωq. Hm is
the Hamiltonian of molecular vibration with σiz = [σi+, σi−],
where σi+ and σi− represent the rising and lowering operators
of the fermionic system, respectively.

The interaction Hamiltonian under the rotating-wave
approximation (RWA) can thus be expressed as HI =
h̄(giâ†σi− + gi

∗σi+â), where the g is the coupling strength
between subsystems.

Subsequently, the Hamiltonian HD of the interaction be-
tween subsystems and the external time-harmonic field under
the excitation of the external time-harmonic field can be writ-
ten HD = ih̄

√
�Q(AQâ†e−iωt − A∗

Qâe−iωt ) + ih̄(Aiσi+e−iωt −
Ai

∗σi−e−iωt ). �Q is damping rate of the QBIC. AQ and Ai rep-
resent the interaction coefficient of subsystems to the external
driving field.

Intuitively, the radiation and dissipation processes of the
subsystems to the continuum reservoir can be written as HR =∫

h̄ω′(b̂†
ω′ b̂ω′ + ĉ†

ω′ ĉω′ )dω′. The interactions between contin-

uum reservoir and subsystems are expressed as

HS = ih̄
∫

(BQb̂†
ω′ â + CQĉ†

ω′ â

+ Bib̂
†
ω′σi− + Ciĉ

†
ω′σi−)dω′ + H.c.. (A2)

Here, the bosonic operator b̂†
ω′ with interacting coefficients

BQ/Bi are the continuum output radiative modes. ĉ†
ω′ with

coefficients CQ/Ci represents the continuous phononic modes.
The total Hamiltonian can be written as H = HF + HI +
HD + HR + HS. Thus, the time evolution of any operator Ô
follows the Heisenberg equations of motion, which can be
expressed as

˙̂aQ = −iωQ − igiσi− + √
�QAQe−iωt

− BQ

∫
bω′dω′ − CQ

∫
cω′dω′,

˙̂bω′ = −iω′bω′ + BQâq + Biâc,

˙̂cω′ = −iω′cω′ + CQâq + Ciâc,

σ̇i− = −iωiσi− + ig∗
i σizâ − Aiσize

−iωt

+ σiz

(∫
Bibω′dω′ +

∫
Cicω′dω′

)
,

σ̇iz = 2i(giâ
†σi− − g∗

i σi−â) + 2�i(σi+e−iωt + σi−eiωt )

− 2
∫

(Bib̂
†
ω′σi− + Ciĉ

†
ω′σi− + H.c.)dω′, . (A3)

Integrating ˙̂bω′ and ˙̂cω′ in time yields

b̂ω′ (t ) = b̂ω′ (0)e−iω′t +
∫ t

0
(BQâ + Biσi−)e−iω′(t−t ′ )dt ′,

ĉω′ (t ) = ĉω′ (0)e−iω′t +
∫ t

0
(CQâ + Ciσi−)e−iω′(t−t ′ )dt ′.

The relationship between the damping rate of the sub-
system and the interaction coefficient can be related by
�k = 2π (B2

k + C2
k ) ≡ 2γk (k = q, l). The incoherent damp-

ing channel characterized by incoherent coupling coefficients
can be expressed as γkl , i.e., � = 2π (BQBi + CQCI ) ≡ 2γi

[47,48,51].
Under weak-pump approximation, we can obtain

˙̂a = −(i�Q + γQ)â − (igi + γQi )σi− + √
�QAQ + F̂Q,

˙̂σi− = −(i�i + γi )σi− − (ig∗
i + γQi )â − AQσiz + F̂i. (A4)

Therefore, the steady-state solution and real-time dynamics
of the coupled system can be obtained by solving Eq. (A4).
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