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Robust photon blockade with hybrid
molecular optomechanics
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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 amplificationwith a hybridmolecular 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 systems1,2, 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 sensing3–9. Specifically, molecular vibrations, serving as nanoscale
mechanical oscillators, exhibit exceptionally high resonant frequencies and
strong optomechanical interactions with optical fields10–12. 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 transfer13, optomechanically induced transparency14, frequency up-
conversion15–17, metrology18–20, surface-enhanced Raman scattering21, pho-
non parametric amplification22 and molecular-protein analysis23, as well as
quantum heat engine24, and entanglement25.

Recent technological advances have enabled the integration of nano-
particles into high-qualitymicrocavity platforms26. Hybridmolecular cavity
optomechanical systems27–30 have been proposed and studied usingmetallic
nanoparticles combined with Fabry-Pérot resonators27, whispering-gallery-
mode resonators28,29, or photonic crystals30. These hybrid platforms not only
retain the high resonant frequencies and strong optomechanical interac-
tions, but also exhibit higher optical quality factors27,29–31, exhibiting broad
potential for various applications, such as microfilters and miniature

spectrometers32. 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 field33, and can be used to realize sources of biphotons34–36, squeezed
light37–40, and highly nonclassical states of light41,42. 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 transistor43, phonon lasing44, as well as
entanglement between two atoms45, long-lived or entangled cat states46,47,
tripartite quantum entanglement48, quantum sensing49,50, and photon
blockade51–53. In theweakpump regime, thenonlinear process canbe seenas
a different excitation path52. This nonlinear process gives rise to destructive
quantum interference between transition pathways, which is the funda-
mental mechanism of unconventional photon blockade54–61. Such a non-
linear process-induced photon blockade has been predicted in various
platforms, including spinning cavity62, coupled cavities63, and cavity
optomechanics64,65.

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 (gð2Þminð0Þ � 0:00001) at
room temperature, which is robust against temperature and optical dis-
sipation. Furthermore, we find that the oscillations in g(2)(τ) 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 precisionmeasurements.

Results
Model
We consider the following hybridmolecular 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
plasmonicnanocavity that resonates at frequencyωc, as shown in the inset in
Fig. 1a66–68. A molecule is positioned in the nanoscale gap between the
nanoparticle and themirror, and is considered as a harmonic oscillator with
a resonance frequencyωb and adamping rateγ. Thismolecule couples to the
plasmonic field via optomechanical interaction. By introducing an addi-
tional mirror, a Fabry-Pérot cavity is formed with resonance frequency ωc,
which contains a degenerate optical parametric amplifier. These

components together form the hybridmolecular optomechanical system, as
shown in Fig. 1a.

To achieve photon antibunching, we coherently drive the plasmonic
nanocavitywith aweak externalfield at frequencyωL. 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 ωp. The Hamiltonian for
this three-mode system can be expressed as (assuming ℏ = 1):

bH1 ¼ ωabaybaþ ωcbcybcþ ωb
bbybbþ bHj þ bHd;

bHj ¼ JðbaybcþbcybaÞ þ gbcybcðbby þ bbÞ;
bHd ¼ ξðbceiωLt þ H:c:Þ þΩðba2eiθeiωpt þ H:c:Þ;

ð1Þ

where baðbayÞ; bcðbcyÞ, and bbðbbyÞ represent the annihilation (creation) opera-
tors for the Fabry-Pérot cavity mode, the plasmonic nanocavity mode, and
themolecular vibrationalmode (phonons), respectively. Here, gbcybcðbby þ bbÞ
describes the optomechanical coupling interaction between the plasmonic
nanocavity mode and the molecular vibrations. The coupling strength is
given by g ¼ �ωcRb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ=2mωb

p
=ðε0VcÞ11,12, where Rb is the Raman polar-

izability,Vc is the effective volumeof theplasmonic nanocavitymode, and ε0
is the vacuum permittivity. In this work, we take as
Rb ¼ 3 × 10�10 ε20 €A

4
amu�1, and Vc = 2.5μm−711,12, which yield g/2π =

Fig. 1 | Parametric amplification assistant hybrid
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 ωL. A degenerate
optical parametric amplifier (OPA) inside the
Fabry-Pérot cavity is driven by a laser of amplitude
Ω and frequency ωd. 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 2π × 10GHz to 2π × 100GHz, and from ωb/2π ~ 6THz to
48THz10–12. The driving amplitude ξ is expressed as ξ ¼ γexPin=ðℏωLÞ

� �1=2
,

where γex is the external loss rate, and Pin = 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 tomicrowatt regimes (see Fig.
S3 in Supplementary information). The other parameters in our work are:
ωa/2π=ωc/2π= 460THz,ωb/2π= 30THz,Qa = 10

6,Qc= 46, γ/2π= 30GHz,
J/2π=3THz. For the Fabry-Pérot cavities, the cavity quality factorQ~105−
107 1,69.

The final term in bHd represents the coupling between the cavity field
and the parametric amplifier with the parametric gain amplitude Ω and
phase θ, 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 ωL and assuming the condition ωp = 2ωL, the Hamiltonian of the
system reads

bH2 ¼ Δabaybaþ Δcbcybcþ ωm
bbybbþ bHj þ ξðbcy þbcÞ þΩðe�iθbay2 þ eiθba2Þ;

ð2Þ

where Δa = ωa − ωl, Δc = ωc − ωl. The quantum properties of light can be
characterized by the second-order quantum correlation70:

gð2ÞðτÞ ¼ lim
t!1

hbay1ðtÞbay1ðt þ τÞba1ðt þ τÞba1ðtÞi
hbay1ðtÞba1ðtÞi2

; ð3Þ

which is usually measured by Hanbury Brown-Twiss interferometers71–75.
The condition g(2)(0) ≪ 1 indicates single-photon blockade with sub-
Poissonian photon-number statistics71,76–78. By introducing the density
matrix of the cavityfield ρ(t) and Lindblad superoperatorD[O](ρ) = [O, ρ] =
2OρO† − OO†ρ − ρO†O, (where O = a, b, c), this g(2)(τ) [or g(2)(0)] can be
calculated by numerically solving the Lindblad master equation of this
system79,80:

L ¼ �i½H2; ρ� þ κaðnaþ1Þ
2 D½ba� þ κana

2 D½bay�
þ κcðncþ1Þ

2 D½bc� þ κcnc
2 D½bcy�

þ γðnbþ1Þ
2 D½b� þ γnb

2 D½by�;
ð4Þ

where nbða;cÞ ¼ expðℏωbða;cÞ=ðkbTÞÞ�1Þ
h i�1

is the mean thermal phonon
(photon) number of the mechanical (optical) mode at temperature T, with
the Boltzmann constant kb. The decay rate of the cavity (plasmonic)mode is
given by κa = ωa/Qa (κc = ωc/Qc).

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

operator bUðβ0Þ ¼ eβ0bcybcðbby�bbÞ, where β0 =− g0/ωm. Using the fact that g0≪
ωm, we can safely neglect small exponential terms, allowing the mechanical
mode of molecular vibrations to decouple from the plasmonic nanocavity
mode. It is easy tomake a unitary transformation on theHamiltonian of the
Molecular cavity optomechanical system:

bH3 ¼ bU bH2
bUy ¼ Δbaybaþ Δbcybcþ J baybcþ babcy� �

� G bcybc� �2

þξ bcy þbc� �
þΩðbay2e�iθ þ ba2eiθÞ; ð5Þ

must be increasedwhereG ¼ g20
ωm
.Here,wewrote in a framewhere thepump

and signal modes' phase space rotates at frequency ωL. In accordance with
the quantum trajectorymethod81, the decay of optical can be included in the

effective Hamiltonian.

bHeff ¼ bH3 �
iκa
2
bayba� iκc

2
bcybc: ð6Þ

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

ψðtÞ
�� � ¼ P3

N¼0

PN
m¼0

Cm;N�m m;N �mj i; ð7Þ

with probability amplitudes Cm,N−m, which can be obtained by solving the
Schrödinger equation

i ψ
� ðtÞ

��� E
¼ bHeff ψðtÞ

�� �
: ð8Þ

Based on the effective Hamiltonian bHeff and the wave function, we can
obtain the steady-state equations of the probability amplitudes. For C00(t),
we have iC

�

00ðtÞ ¼ 0, while the other amplitudes fulfill the following
equations:

0 ¼ Δ1C1;0 þ JC0;1 þ ξC1;1;

0 ¼ Δ2C0;1 þ JC1;0 þ ξC0;0 þ
ffiffiffi
2

p
ξC0;2;

0 ¼ 2Δ1C2;0 þ
ffiffiffi
2

p
JC1;1 þ

ffiffiffi
2

p
ΩeiθC0;0;

0 ¼ ðΔ1 þ Δ2ÞC1;1 þ
ffiffiffi
2

p
JC0;2 þ

ffiffiffi
2

p
JC2;0 þ ξC1;0;

0 ¼ 2Δ2C0;2 þ
ffiffiffi
2

p
JC1;1 þ

ffiffiffi
2

p
ξC0;1:

ð9Þ

Here, we have Δ1 ¼ Δc � iκa
2 ; Δ2 ¼ Δc � G� iκc

2 .
We obtain the following solutions by considering the initial condition

C00(0) = 1:

C10 ¼ Jξ
η1
;

C20 ¼
ffiffi
2

p
ξ2J2ðΔ1 þΔ2 �GÞ� ffiffi

2
p

Ωeiθη1η2
η1η3

;
ð10Þ

where η1 ¼ Δ1Δ2 � J2; η2 ¼ η1 þ Δ2
2 � ðΔ1 þ Δ2ÞG; η3 ¼ 2Δ1η2

�2J2ðΔ2 � GÞ. Since C10

�� ��2≫ C20

�� ��2 and C10

�� ��2≫ C11

�� ��2, the second-order
correlation function can be written as

gð2Þð0Þ ¼ 2 C20

�� ��2
C10

�� ��2 þ 2 C20

�� ��2 þ C11

�� ��2� �2 �
2 C20

�� ��2
C10

�� ��4 : ð11Þ

Thephotonblockade can occurwithP20= 0
56,57,59, which canbe attributed to

the destructive interference among three transition paths, as illustrated in

Fig. 2a: 0; 0j i!Ω 2; 0j i; 0; 0j i!ωL
0; 1j i!ωL

0; 2j i!
ffiffi
2

p
J
1; 1j i!

ffiffi
2

p
J
2; 0j i, and

1; 0j i!J 0; 1j i!ωL
1; 1j i !

ffiffi
2

p
J
2; 0j i. Thus, the optimal parametric gain satisfies

Ωopt ¼
ξ2J2 Δ1þΔ2�Gð Þ
�� ��

η1 η2j j ;

θopt ¼ arg ξ2J2 Δ1 þ Δ2 � G
	 
� �� arg η1 η2

	 

:

ð12Þ

We plot the second-order correlation function g(2)(0) as a function of
detuning and parametric gain amplitude (or phase), as shown in Fig. 2b, c,
where the curves represent g(2)(0) = 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 Δ/2π decreases, the
gain amplitude Ω must be increased to maintain the optimal blockade
conditions. We analytically calculated the optimal parametric gain and
phase forΔ/2π= {− 4,− 2, 0, 2, 4} THzbasedonEq. (12). These analytically
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obtained optimal points are now marked in Fig. 2b, c, which are in good
agreement with the numerical minima of g(2)(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 (nb ¼ ½expðℏωb=ðkbTÞÞ�1Þ��1) 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
(ωb/2π = 30THz) to keep phonon occupation comparatively low (nb ≈
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. S1a 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 (g2≪ 1) is observed atQ = 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 104,
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, c in the
Supplementary Material).

Oscillation-free photon blockade
Finally, we find that our approach can release the strict requirement of high
temporal resolution inphotoncorrelationmeasurements.As thedetuningΔ
decreases, the optimal parametric gain amplitude Ω required to achieve
photon blockade increases accordingly, while the time-dependent second-
order correlation function gð2ÞðτÞ ¼ hayð0Þ ayðτÞ aðτÞ að0Þi=hayai2 gradu-
ally becomes oscillation-free. Specifically, forΔ/2π=− 10THz and− 5THz,
robust photon blockade is obtained at Ω/2π = 2.1MHz and 11.5MHz,
respectively (Fig. 4a, b). In these cases, although g(2)(0) is significantly sup-
pressed, pronounced oscillations still appear in g(2)(τ) 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) approach82.

Remarkably, at zero detuning (Δ/2π = 0THz), the minimum value of
g(2)(0) is achieved at Ω/2π = 38.4MHz (Fig. 4c). In this regime, the system
simultaneously exhibits features of both conventional and unconventional
photon blockade: g(2)(0) remains well below unity, while the temporal oscil-
lations in g(2)(τ) are completely eliminated (Fig. 4f).We showthat the temporal
oscillations in g(2)(τ) originate fromcoherent energy exchangebetween the two
coupled optical modes56–59. The underlying physics of oscillation-free photon
blockade is the competition between the coherent inter-cavity coupling and
thedissipation. (seeFig. S2 in theSupplementaryMaterial).As a result, photon
antibunching persists over a prolonged time window of nearly 10κc, enabling

Fig. 3 | Robustness of the molecular optomecha-
nical photon blockade against varying tempera-
ture and cavity quality factor. a The second-order
correlation function g(2)(0) versus T at driving power
Pin = 0.1 nW and Δ/2π = 0 THz, showing that g(2)(0)
≪ 1 under room-temperature conditions, thereby
demonstrating robust photon blockade in the pre-
sence of thermal effects. b Influence of the cavity
quality factorQ on unconventional photon blockade
at an input power of Pin = 0.1 nW. Across a broad
range ofQ values, near-perfect photon blockade can
be achieved by properly tuning the Ω, and the
optimal Ω is consistent in the high-Q regime. c For
Ω/2π = 38.4 MHz, g(2)(0) remains effectively insen-
sitive to Q for Q > 104, demonstrating the minimal
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.

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; 0j i to state 2; 0j i (red, blue, green arrows) prevents two-
photon occupation, enabling the unconventional photon blockade effect. b Second-
order correlation g(2)(0) as a function versus detuning Δ and parametric gain

amplitude Ω. c Quantum correlation g(2)(0) as a function versus of detuning Δ and
parametric gain phase θ. The markers correspond to the analytically obtained
optimal points of parametric gain and phase. Here, Pin = 0.1 nW, T = 0K. The other
parameters are given in the main text.
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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., g(2)(0) remains well below unity while
the temporal oscillations in g(2)(τ) 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 hybridmolecular cavity
optomechanical systems, which combine nanoscale mechanical degrees of
freedom with high optical quality factors and strong light-matter interac-
tions. These featuresmake such systems promising platforms for realizing a
range of quantum effects beyond photon blockade, including light-motion
entanglement83–86, optomechanical cat states87–89, photon bundles90–93, and
thermally robust squeezed or correlated states39,40. Moreover, the intrinsic
resilience of the system to environmental decoherencemakes 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 nanogap27. The NPoM
structure can be practically constructed by bottom-updeposition ofmetallic
nanoparticles onto amirror coated with a metallic film and separated by an
ultrathinmolecular 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(2)(τ)
of the physical cavitymode. 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 photodetectors94.

The photon blockade can be characterized by measuring the nor-
malized second-order correlation function g(2)(τ) of the output field
using Hanbury Brown-Twiss interferometers71–75. 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 τ. From the record counts, the g(2)(τ) 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(2)(τ)
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.

Fig. 4 | Robust and oscillation-free photon blockade over time. For (a) Δ/2π =−
10 THz, b Δ/2π = − 5 THz and c Δ/2π = 0 THz, the optimal parametric gain
amplitude for realizing robust photon blockade is Ω/2π = 2.1 MHz, Ω/2π =
11.5 MHz and Ω/2π = 38.4 MHz, respectively. The curves and markers correspond
to the numerical and analytical results, respectively. d, e, f The evolution of the

second-order correlation function g(2)(τ) with respect to the time delay τ/γ, showing
no oscillations at Δ = 0, thereby indicating that high temporal resolution is not
needed to observe photon blockade in this regime. Here, Pin = 0.1 nW, and the other
parameters are the same as those in Fig. 2.
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Code availability
All relevant code supports thefigureswithin this paper, andotherfindingsof
this study are available from the corresponding authors upon reasonable
request.
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