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Molecular cavity optomechanical systems, featuring ultrahigh vibrational frequencies and strong light-
matter interactions, hold significant promise for advancing applications in quantum science and
technology. Specifically, by introducing metallic nanoparticles into microcavities, hybrid molecular
cavity optomechanical systems can further enhance optical quality factors and system tunabilities,
which enable scalable and controllable quantum platforms. In this study, we propose how to realize
robust photon blockade, i.e., strong photon antibunching with arbitrary detuning conditions, by
combining degenerate optical parametric amplification with a hybrid molecular cavity optomechanical
system. More interesting, we find near-perfect optomechanical photon blockade at room
temperature, which is robust against temperature and optical dissipation. In addition, our approach
can release the strict condition of high temporal resolution by combining features of conventional and
unconventional photon blockade. Our approach offers a feasible route to study intriguing quantum
effects in hybrid molecular cavity optomechanical systems, and holds promise for applications in
nonclassical state engineering, quantum sensing, and photonic precision measurements.

Cavity optomechanical systems', characterized by the interaction between
optical fields and mechanical vibrations, offer a versatile platform for both
fundamental research in physics and potential applications in high-
precision sensing’~. Specifically, molecular vibrations, serving as nanoscale
mechanical oscillators, exhibit exceptionally high resonant frequencies and
strong optomechanical interactions with optical fields'*"”. These features
enable molecular cavity optomechanical systems to be remarkably resistant
to temperature fluctuations and variations in system parameters. Therefore,
molecular cavity optomechanical systems are ideal for applications such as
heat transfer”, optomechanically induced transparency', frequency up-
conversion'”™"’, metrology'**’, surface-enhanced Raman scattering™', pho-
non parametric amplification”” and molecular-protein analysis™, as well as
quantum heat engine™, and entanglement™.

Recent technological advances have enabled the integration of nano-
particles into high-quality microcavity platforms™. Hybrid molecular cavity
optomechanical systems”’ "’ have been proposed and studied using metallic
nanoparticles combined with Fabry-Pérot resonators”, whispering-gallery-
mode resonators™*”’, or photonic crystals”. These hybrid platforms not only
retain the high resonant frequencies and strong optomechanical interac-
tions, but also exhibit higher optical quality factors” """, exhibiting broad
potential for various applications, such as microfilters and miniature

spectrometers”. More importantly, the platforms enhance the scalability of
molecular optomechanical systems, enabling flexible control via coupled
cavity configurations.

Optical parametric amplification is a second-order nonlinear process,
in which an optical signal is amplified by a pump via the generation of an
idler field”, and can be used to realize sources of biphotons™, squeezed
light”™, and highly nonclassical states of light'"*”. Despite the inherently
weak second-order nonlinearity, the large parametric gain can be achieved
through strong pumping. Optical parametric amplification has been used to
realize nonreciprocal optical transistor”, phonon lasing®, as well as
entanglement between two atoms®, long-lived or entangled cat states™”,
tripartite quantum entanglement®, quantum sensing*”, and photon
blockade’**. In the weak pump regime, the nonlinear process can be seen as
a different excitation path™. This nonlinear process gives rise to destructive
quantum interference between transition pathways, which is the funda-
mental mechanism of unconventional photon blockade® . Such a non-
linear process-induced photon blockade has been predicted in various
platforms, including spinning cavity”’, coupled cavities”, and cavity
optomechanics™*.

In this work, we propose how to realize a robust photon blockade
scheme by introducing a degenerate optical parametric amplifier within a
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hybrid molecular cavity optomechanical system. Specifically, by tuning the
intensity and phase of the parametric gain, we can achieve strong photon
antibunching under arbitrary detuning conditions. More interesting, we
find near-perfect optomechanical photon blockade (g :,(0) ~ 0.00001) at
room temperature, which is robust against temperature and optical dis-
sipation. Furthermore, we find that the oscillations in ¢®(7) can be elimi-
nated, thus releasing the strict condition of high temporal resolution in
experimental detection. Our approach offers a feasible route to achieve
robust photon blockade using existing hybrid molecular cavity opto-
mechanical platforms and holds promise for applications in nonclassical
state engineering, quantum sensing, and photonic precision measurements.

Results

Model

We consider the following hybrid molecular cavity optomechanical system.
A nanoparticle-on-mirror (NPoM) structure consists of a metallic nano-
particle deposited on a mirror coated with a metallic film, which forms a
plasmonic nanocavity that resonates at frequency w,, as shown in the inset in
Fig. 1a°®. A molecule is positioned in the nanoscale gap between the
nanoparticle and the mirror, and is considered as a harmonic oscillator with
aresonance frequency w, and a damping rate y. This molecule couples to the
plasmonic field via optomechanical interaction. By introducing an addi-
tional mirror, a Fabry-Pérot cavity is formed with resonance frequency w,,
which contains a degenerate optical parametric amplifier. These

components together form the hybrid molecular optomechanical system, as
shown in Fig. la.

To achieve photon antibunching, we coherently drive the plasmonic
nanocavity with a weak external field at frequency w;. Through the coupling
between the two cavities (with strength J), this excitation populates the
Fabry-Pérot cavity mode, which then interacts with the optical parametric
amplifier driven by an external laser at frequency w,. The Hamiltonian for
this three-mode system can be expressed as (assuming / = 1):

H =wada+odc+ wbETE+ﬁ<+I/‘\Id,
ﬁ—](a c—i—ca)—i—g?c(b +b), )
Hy = &@e! + H.c) + Q@' + H.c.),

where a(aT), < T) and b(b ) represent the annihilation (creation) opera-
tors for the Fabry-Pérot cavity mode, the plasmonic nanocav1ty mo ,and
the molecular vibrational mode (phonons), respectively. Here, g¢ b +b)
describes the optomechanical coupling interaction between the plasmonic
nanocavity mode and the molecular vibrations. The coupling strength is
given by ¢ = —w_R,\/h/2mw,/(g,V,)'""?, where Ry, is the Raman polar-
izability, V. is the effective volume of the plasmonic nanocavity mode, and ¢,
is the vacuum - permittivity.  In this work, we take as
R, =3x10"10&A famu~!, and V, = 2. 5um """, which vyield gi2n =

Fig. 1 | Parametric amplification assistant hybrid a
molecule cavity optomechanical system.

a Schematic of the hybrid molecule cavity opto-
mechanical system. A plasmonic nanocavity,
formed by metallic nanoparticles and molecules
deposited on a Fabry-Pérot (FP) cavity, is driven by
an external laser of frequency w;. A degenerate
optical parametric amplifier (OPA) inside the
Fabry-Pérot cavity is driven by a laser of amplitude
Q) and frequency w,. The inset shows the
nanoparticle-on-mirror (NPoM) structure of the
plasmonic nanocavity, where molecules are situated
in the nanogap between the nanoparticle and a
mirror coated with a thin metallic film. b Schematic
diagram of the equivalent mode-coupling model.
The plasmonic nanocavity mode is coupled to the
molecular vibrational (acoustic) mode via radiation
pressure. This mode is also coupled to the FP cavity
mode (incorporating the parametric process)
through evanescent field interactions.
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30GHz. The optomechanical coupling coefficient g is estimated on the order
between from 27 x 10GHz to 27 x 100GHz, and from w,/27 ~ 6THz to
48THz'""*. The driving amplitude & is expressed as & = [y P, /(hw,)] 12
where Y., is the external loss rate, and Py, = 0.1nW is the input driving
power. We show that photon antibunching can emerge in a wide range of
driving powers, extending from the nanowatt to microwatt regimes (see Fig.
S3 in Supplementary information). The other parameters in our work are:
W,/27 = w27 = 460THz, w,,/2m = 30THz, Q, = 105, Q. = 46, y/2m=30GHz,
J/27 = 3THz. For the Fabry-Pérot cavities, the cavity quality factor Q ~ 10° —
107 1,69.

The final term in H ; represents the coupling between the cavity field
and the parametric amplifier with the parametric gain amplitude Q and
phase 8, which depends on the pump power and phase of the driving
parametric amplifier, respectively. To clearly see the interaction relation in
this hybrid molecular optomechanical system, we further show the sche-
matic diagram of the equivalent mode-coupling mode in Fig. 1b.

By transforming the system into a rotating frame at the driving fre-
quency wy and assuming the condition w, = 2w;, the Hamiltonian of the
system reads

+ E(ET +0)+ Q(e*ff’a“ + eieaz)7
@

H=8a"3+Ac%+w,bb+H
where A, = w, — w, A, = w, — w;. The quantum properties of light can be
characterized by the second-order quantum correlation”:

(Af(t)ai(t + 1)@, (t + 1)a, (1))
@@, )

P =

t*)OO

(€)

which is usually measured by Hanbury Brown-Twiss interferometers’" ™.

The condition §?(0) < 1 indicates single-photon blockade with sub-
Poissonian photon-number statistics”’*”". By introducing the density
matrix of the cavity field p(f) and Lindblad superoperator D[O](p) =[O, p] =
20p0" — 00'p — pO'O, (where O = a, b, ¢), this g”(1) [or g(0)] can be
calculated by numerically solving the Lindblad master equation of this
system”™":

L = —ilH, p]+ %" D[a] + “= D[a]

(n41) e i

+K nz Dr&]+xzn D[E (4)
(n,+1)

+ 24D prp) 4 22 Db,

where 1y, ) = [exp(fzwb(u,c) /(k, T))— 1)] 1 is the mean thermal phonon
(photon) number of the mechanical (optical) mode at temperature T, with
the Boltzmann constant k. The decay rate of the cavity (plasmonic) mode is
given by x, = w,/Q, (k. = w/Q,).

Optimal conditions
To diagonalize the Hamiltonian, we introduce the following unitary

et~
operator U(f,) = efo¢ v =), where By = — go/w,,. Using the fact that g, <
w,,,, we can safely neglect small exponential terms, allowing the mechanical
mode of molecular vibrations to decouple from the plasmonic nanocavity
mode. It is easy to make a unitary transformation on the Hamiltonian of the
Molecular cavity optomechanical system:

—~ ~ o~ o~ . N . . 2
H,=0mU' = sa'a+sce+(ae+ad) - 6(c%)
(5)
+E(¢7+72) + Q@ e + a2,

2
must be increased where G = £, Here, we wrote in a frame where the pump
and signal modes' phase space rotates at frequency w;. In accordance with
the quantum trajectory method®, the decay of optical can be included in the

effective Hamiltonian.
Ko g
— =2t 6)

Under the weak-driving condition({ < ), the Hilbert space can be
restricted to N = M + N = 3. The state of this system can be expressed as

ly(1) = Z Z Conomlm, N —m), 7)

N=0 m=0

with probability amplitudes C,, 5., which can be obtained by solving the
Schrodinger equation

() = Fg|w(0). ®

Based on the effective Hamiltonian H . and the wave function, we can
obtain the steady-state equations of the probability amplitudes. For Cyo(f),
we have iCyy(t) = 0, while the other amplitudes fulfill the following
equations:

0= A1C1,0 + ]C0,1 + fcl,u

0= A2C0‘,1 + ]CI,O + fco,o + ﬁfco,p

0=2A,C,+ ﬁjcl,l + ﬁQeiGCOAOv )
0= (A, +A)C,, ++2JCy, +V2JCyy + EC, ,

0= 2A2Co,2 + \/E]Cu + \/EECO,I'

Here,wehave Ay = A, — %2, Ay = A, — G—%,
We obtain the following solutions by considering the initial condition

Coo(0) = 1:

Cp = e
I _ 2P0+, -G) - x/—Qe"’mn (10)
20— M1
where 1, = AA =1, +403 = (A + A)G, 15 = 24,7,
—2J%(A, — G). Since |C10| >>‘C20| and‘C10| >>}C , the second-order
correlation function can be written as
2 2
2[Co 2| Cy
2 20 4G
g( )(O): . 5 v |C |4 (11)
(ICwl +2[Cal* + ) 0

The photon blockade can occur with Po = 0°*"*, which can be attributed to

the destructive interference among three transition paths, as illustrated in

Q
Fig. 2a: |0, 0)—>|2,0>, 10,0)%10.1)%10.20 211y 212,00, and
[1,0) > |0 1) $1, 1)£]|2,0).Thus, the optimal parametric gain satisfies

_ |erata,-o)|
opt ™ [l 7 (12)
eopt = arg[fzjz (Al +4, - G)} - arg("]l ’72)'

Q

We plot the second-order correlation function g®(0) as a function of
detuning and parametric gain amplitude (or phase), as shown in Fig. 2b, c,
where the curves represent g‘z)(O) =0.1. The robust photon blockade can be
achieved across a wide range of detunings by appropriately tuning the
parametric gain amplitude and phase. As the detuning A/27 decreases, the
gain amplitude O must be increased to maintain the optimal blockade
conditions. We analytically calculated the optimal parametric gain and
phase for A/2m={ — 4, — 2,0, 2,4} THz based on Eq. (12). These analytically
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Fig. 2 | The mechanism and optimal parametric gain conditions of molecular
optomechanical photon blockade. a The destructive interference of the three
transitions from state |0, 0) to state |2, 0) (red, blue, green arrows) prevents two-
photon occupation, enabling the unconventional photon blockade effect. b Second-
order correlation g*(0) as a function versus detuning A and parametric gain

amplitude Q. ¢ Quantum correlation g®(0) as a function versus of detuning A and
parametric gain phase 6. The markers correspond to the analytically obtained
optimal points of parametric gain and phase. Here, P;,, = 0.1 nW, T = 0K. The other
parameters are given in the main text.

Fig. 3 | Robustness of the molecular optomecha- a

nical photon blockade against varying tempera-
ture and cavity quality factor. a The second-order
correlation function g(0) versus T at driving power
Py, = 0.1 nW and A/27 = 0 THz, showing that g(0)
< 1 under room-temperature conditions, thereby
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range of Q values, near-perfect photon blockade can
be achieved by properly tuning the Q, and the

optimal () is consistent in the high-Q regime. ¢ For
Q/2m = 38.4 MHz, g®(0) remains effectively insen-
sitive to Q for Q > 10, demonstrating the minimal
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impact of the cavity quality factor on unconven-
tional photon blockade under these conditions. The
other parameters are the same as those in Fig. 2.
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obtained optimal points are now marked in Fig. 2b, ¢, which are in good
agreement with the numerical minima of g*(0).

Robust photon blockade against temperature and optical
dissipation

Our results show that photon blockade in this system exhibits remarkable
robustness to temperature variations. As temperature increases, the
thermal occupations of phonons (n, = [exp(hw,,/(k,T))— DY) rise,
typically weakening photon blockade in conventional optomechanical
systems. In contrast, the molecular optomechanical system features an
acoustic mode frequency of molecular vibrations that is sufficiently high
(wp/27 = 30THz) to keep phonon occupation comparatively low (1, =
0.8), even at room temperature. While the photon thermal occupation
remains negligible, allowing the photon blockade effect to persist
essentially undisturbed, as illustrated in Fig. 3a. This behavior is in stark
contrast to conventional optomechanical systems, where thermal noise
rapidly destroys photon antibunching (see Fig. Sla in the Supplementary
Material).

We further find that single-photon blockade is robust against the
quality factor of the coupled Fabry-Pérot cavity. As illustrated in Fig. 3b,
strong antibunching (g, < 1) is observed at Q = 1 by tuning the parametric
strength, indicating that single-photon blockade can be achieved even in
low-Q cavities. For high-Q cavities, the optimal parametric strength for
single-photon blockade stabilizes and does not vary significantly. Hence, as
shown in Fig. 3c, once the Fabry-Pérot cavity quality factor Q exceeds 10*,
the parametric gain for unconventional photon blockade remains nearly
unchanged, in contrast to conventional optomechanical systems where

antibunching strongly depends on cavity dissipation (see Fig. S1b, ¢ in the
Supplementary Material).

Oscillation-free photon blockade

Finally, we find that our approach can release the strict requirement of high
temporal resolution in photon correlation measurements. As the detuning A
decreases, the optimal parametric gain amplitude Q required to achieve
photon blockade increases accordingly, while the time-dependent second-
order correlation function g®(r) = (a'(0) a' (1) a(r) a(0)) /(a'a)” gradu-
ally becomes oscillation-free. Specifically, for A/2r = — 10THz and — 5THz,
robust photon blockade is obtained at /27 = 2.1MHz and 11.5MHz,
respectively (Fig. 4a, b). In these cases, although g®(0) is significantly sup-
pressed, pronounced oscillations still appear in ¢(r) during the temporal
evolution (Fig. 4d, e). An excellent agreement between our analytical results
and numerical results is shown in Fig. 4. Note that the effect of quantum
jumps is ignored (considered) in the semiclassical analytical (quantum
master equation) approach®.

Remarkably, at zero detuning (A/27 = 0THz), the minimum value of
£2(0) is achieved at Q/27 = 38.4MHz (Fig. 4c). In this regime, the system
simultaneously exhibits features of both conventional and unconventional
photon blockade: g?(0) remains well below unity, while the temporal oscil-
lations in g”(7) are completely eliminated (Fig. 4f). We show that the temporal
oscillations in g?(7) originate from coherent energy exchange between the two
coupled optical modes™ . The underlying physics of oscillation-free photon
blockade is the competition between the coherent inter-cavity coupling and
the dissipation. (see Fig. S2 in the Supplementary Material). As a result, photon
antibunching persists over a prolonged time window of nearly 10x,, enabling
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Fig. 4 | Robust and oscillation-free photon blockade over time. For (a) A/27 = —
10 THz, b A/2m = — 5 THz and ¢ A/2m = 0 THz, the optimal parametric gain
amplitude for realizing robust photon blockade is Q/27 = 2.1 MHz, Q/27 =

11.5 MHz and /27 = 38.4 MHz, respectively. The curves and markers correspond
to the numerical and analytical results, respectively. d, e, f The evolution of the

Time delay x,t

Time delay x,t

second-order correlation function g(z)(‘r) with respect to the time delay 7/y, showing
no oscillations at A = 0, thereby indicating that high temporal resolution is not
needed to observe photon blockade in this regime. Here, P;, = 0.1 nW, and the other
parameters are the same as those in Fig. 2.

reliable observation of photon blockade without requiring ultrahigh temporal
resolution in correlation measurements.

Discussion

We have proposed how to realize a robust photon blockade scheme based
on a hybrid molecular cavity optomechanical system, introducing a
degenerate optical parametric amplifier. By tuning the parametric gain
amplitude and phase, strong photon antibunching is achieved across a wide
range of detuning. Owing to the high-frequency molecular vibrations and
enhanced optomechanical coupling, the system exhibits remarkable resi-
lience against variations in temperature and optical dissipation, maintaining
nonclassical photon statistics even under room-temperature conditions.
Furthermore, the system exhibits both conventional and unconventional
photon blockade characteristics, i.e., ¢*(0) remains well below unity while
the temporal oscillations in g¢®(r) are completely eliminated. This allows
photon blockade to be observed without the need for high temporal reso-
lution, improving experimental feasibility.

This work highlights the unique advantages of hybrid molecular cavity
optomechanical systems, which combine nanoscale mechanical degrees of
freedom with high optical quality factors and strong light-matter interac-
tions. These features make such systems promising platforms for realizing a
range of quantum effects beyond photon blockade, including light-motion
entanglement® ™, optomechanical cat states®’”™*, photon bundles™ ™, and
thermally robust squeezed or correlated states™*. Moreover, the intrinsic
resilience of the system to environmental decoherence makes it particularly
attractive for applications in quantum sensing and precision measurement
under ambient conditions. Our findings offer a foundation for exploring
broader functionalities of hybrid optomechanical architectures in integrated
quantum photonics.

Methods

Method for constructing the NPoM structure

In molecular optomechanical experiments, the vibrational mode typically
originates from self-assembled molecular monolayers, such as thiol-based

Raman-active molecules, confined within a NPoM nanogap”’. The NPoM
structure can be practically constructed by bottom-up deposition of metallic
nanoparticles onto a mirror coated with a metallic film and separated by an
ultrathin molecular spacer, which enables strong plasmon confinement and
enhanced optomechanical coupling.

Measurement of the photon blockade in hybrid molecular opto-
mechanical systems

To assess the robust photon blockade in the hybrid molecular opto-
mechanical systems, we outline a feasible measurement scheme for the
output-field intensity and the second-order correlation function g?(z)
of the physical cavity mode. In principle, a weak probe field generated by
a tunable narrow-linewidth laser can be injected into the nanocavity.
The polarization and driving strength can be controlled using standard
polarization controllers and variable optical attenuators, while the
transmitted signal from the optical cavity output port can be monitored
by photodetectors™.

The photon blockade can be characterized by measuring the nor-
malized second-order correlation function g”(t) of the output field
using Hanbury Brown-Twiss interferometers’ 7. The output field is
split into two paths and detected by single-photon avalanche photo-
diodes, and the coincidence counts are recorded as a function of the
delay time 7. From the record counts, the g*(7) can be inferred by using
the procedures discussed in refs. 71,94. Unlike many OPA-assisted
proposals that involve Bogoliubov modes or squeezed-field detection,
the present scheme relies on the correlation function of the cavity-field
operator. Moreover, the absence of temporal oscillations in g®(z)
releases the strict condition of high temporal resolution in experimental
detection.

Data availability

All relevant data that support the figures within this paper and other find-
ings of this study are available from the corresponding authors upon rea-
sonable request.

npj Quantum Information | (2026)12:78


www.nature.com/npjqi

https://doi.org/10.1038/s41534-026-01220-3

Article

Code availability

All relevant code supports the figures within this paper, and other findings of
this study are available from the corresponding authors upon reasonable
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