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Abstract: Optomechanical systems are capable of coupling to various engineered quantum
systems. The ability of extending optomechanical systems to the quantum regime holds the
potential for wide applications in quantum information processing and quantum sensing. Due to
its importance in single-photon sources and hybrid quantum devices, optomechanical photon
blockade (OMPB) has been theoretically predicted with various types of interactions. However,
the realization of OMPB requires strict conditions, such as strong optomechanical coupling or
precise control of system parameters. Here, we propose how to release such conditions and realize
OMPB with experimentally accessible parameters. We find strong OMPB in a weak coupling
regime by using bi-tone drive. Moreover, such OMPB can be flexibly controlled by tuning
optical detuning. Our work provides a method for achieving strong antibunched photon-photon
correlation in weak coupling optomechanics, enabling hybrid quantum devices for applications
in quantum information processing.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optomechanical systems (OMSs), featuring the interaction of electromagnetic radiation with the
motion of mechanical objects, have been recognized as a powerful platform for modern science
and technology [1,2]. In optical information processing, OMSs have been proposed as a novel
technology for optical memory [3] and single-photon detection [4]. These versatile systems have
been shown to serve as key elements of nonreciprocal transport of photons and phonons [5-8],
such as optomechanical isolators [9,10] or circulators [11]. Moreover, OMSs also enable various
sensing applications, ranging from magnetometry [12], displacement [13] and acceleration [14]
sensors, to the measurement of weak-force [15-18] and gravitational-wave [19,20] combined with
squeezed light. In addition, intriguing optomechanical effects, including normal-mode splitting
[21-24], phonon lasing [25-34], and optomechanically induced transparency [35-42], have been
explored based on OMSs, and even with non-Hermitian [29-31,38-41,43-45] or topological
OMSs [46-50].

Once an OMS is cooled to the quantum ground state [51-54], it provides a powerful platform to
process quantum information. Beyond traditional laser optics and classical physics, which focus
on controlling or measuring classical quantities, recent developments of OMSs have also shown
their potentials in quantum information technologies [55,56], such as quantum transduction
[57,58], preparation of squeezed states [59-61], as well as the creation of entanglement and
non-classical correlations [51,62—68]. Other quantum effects, including dynamical Casimir
effect [69] and optomechanical quantum phase transitions [70] have also been studied in OMSs.
Particularly, optomechanical photon blockade (OMPB), a typical quantum effect, has been
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explored in linear [71] or quadratic [72] OMSs, due to its potential applications for creating or
controlling non-classical light and realizing novel quantum devices [73-76]. Such conventional
OMPB requires strong optomechanical coupling, i.e., the single-photon optomechanical coupling
strength is larger than optical dissipation rate (go>«), resulting in unequal eigenenergy spaces.
Therefore, a monochromatic drive is only resonant for the transition from the vacuum to the
one-photon state, but not for higher transitions. However, such strong optomechanical interaction
at the single-photon level is challenging for achieving in realistic OMSs.

Several methods for realizing conventional OMPB have been theoretically proposed by intro-
ducing hybrid electro-optomechanical system [77], squeezed light [78], parametric mechanical
driving [79], or additional cross-Kerr nonlinearity [80] to enhance optomechanical interactions.
The poineering study of unconventional photon blockade [81-83] release the condition of
strong single-photon nonlinearities [84,85], showing that photon blockade can be realized in
the weak-nonlinearity regime. However, these strategies require not only an additional optical
mode but also fine tuning of system parameters. Till now, OMPB has not been experimentally
demonstrated yet.

Here, we propose how to realize OMPB in the weak coupling regime by tuning the input lasers
without precise control of system parameters. Specifically, we found a near-perfect dynamical
OMPB effect with g (t) ~ 0.01 for go/w,, = 0.05 induced by two coherent drives with different
frequencies. This effect can be understood from the destructive quantum interference between
different transition paths from the vacuum to the two-photon state via bi-tone drives, leading to the
cancellation of the two-photon population. While photon blockade is typically detected with the
equal-time second order correlation function g?(0)<1 [82-85], the time-dependent nature of the
system steady-state can induce periodicity antibunching at special time window, resembling that in
pulse-driven dynamical photon blockade [86]. The bi-tone driving scheme further introduces an
additional degree of freedom, e.g., the photon frequency, enabling near-perfect photon blockade
to be achieved simply by tuning the frequency and amplitude of the applied radio-frequency
drive. Compared to unconventional photon blockade [84,85], which demands precise tuning of
cavity resonances and coupling strengths, this method is more experimentally accessible.

We note that this mechanism has previously been used to study single-mode photon blockade
with purely optical nonlinearities [87-89], showing that single and two windows of photon
blockade can solely exist in the single- and two-mode optical systems, respectively. In contrast,
both of the single and two windows of OMPB can be realized in this bi-tone-driven OMS, and
can be switched by tuning the driving detuning. This provides better flexibility in controlling
OMPB at the single-photon level.

Our work opens up a new route for realizing dynamical OMPB with experimentally accessible
conditions for current optomechanical platforms, enabling novel quantum devices, such as
optomechanical switch of single photons or optomechanical single-photon source.

2. Bi-tone-driven optomechanics

We consider an OMS driven by a bi-tone laser composed of a continuous-wave laser at frequency
w, and a sideband laser at frequency wy, as shown in Fig. 1(a). The system can be described by
the Hamiltonian (2 = 1),

Hsys :Hopt + Hyri
Hai =€ ((ITE_iwpt + aei‘“ﬂt) + € (aTe—iwst + aeith) !

with resonant frequency w. of cavity and frequency w,, of mechanical mode. Here, a (b) is the
annihilation operator for the optical (mechanical) mode, gy is the single-photon optomechanical
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coupling strength, and €, (¢) is the driving field with frequency of w), (w;). To diagonalize the
Hamiltonian, we introduce the following unitary operator:

D (By) = Pod'ab'=b), @)

with By = —go/wp,. It is easy to make a unitary transformation on the Hamiltonian of the cavity
OMS:

— 2
Hop = D' HopD = wed'a+ wnb'b — 5 (a'a) 3)

where 6 = g% /wm. To eliminate the linear/non-diagonal term, we assume w,, By + go = 0. Then,
we can easily obtain the eigenstates and eigenvalues of diagonal Hamiltonian via unitary operator:

Hopt [mYg |1y = Epylmy, |1y, - 4)

(b)

Single drive strong coupling Single drive weak coupling
g?(0) <1 g?(0) > 1
Wy w,
A s
W 2 o, B Wi o s, 0
v
Bi-tone drive weak coupling
g?(t) <1
Wy "\I\/V\I\> S A
W, g, W,

Fig. 1. (a) Schematic diagram of system. A driving field with frequency w), and a detuned
laser field with frequency wy are injected into the weakly coupled optomechanical cavity.
Here, w, (wy,) denotes the resonant frequency of the cavity field (mechanical oscillation),
and « represents the optical dissipation rate. (b) A comparison between a single-drive strong
coupling OMS, a weak coupling OMS, and a bi-tone drive weak coupling OMS.

Here, we use |m), and |l), (m,n =0, 1,2,...) to represent the Fock states of the cavity field
and the mechanical oscillator, respectively. Specifically, |/(m)), denotes the displacement states
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of |I),. Therefore, the eigenvalues of the system Hamiltonian can be expressed as:

Epy = mwe + lw, —m?6. 5)

In the frame rotating with the driving frequency w,, the effective Hamiltonian of the system
can be written as:

H, =AcaTa + a)mbfb + ggaTa (b% + b) + € (aJr + a)
(6)

+6 (a"'e_iAS’ + aemf') ,

with A¢ = we — w, = -0 (single-photon resonance) and A, = w; — wp. Due to the completeness
of the eigenstates, the bi-tone optical field can excite photons in the ground state through different
paths under a very weak driving strength, €, (€;) < « (where « is the optical dissipation rate).
Consequently, the excitation of higher photon number states can be neglected in the weak driven
case, and the system can be confined to the zero-, one-, and two-photon subspaces. The system
Hamiltonian can thus be expressed in the spectral representation as:

2 o oo
Hr = Z Z Z Am,l|m>u|l>h<m|a<l|b

m=0 [=0 I'=0
+ ENm+ 1{I(m + DI (m)Yplm + 1)a[1m + 1)) (mla (0 (m)]s
+ E*Nm + L{(m)[I(m + 1))p|m)a | 1m)yp(m + 1o {I0m + 1)y,

(N

where A, = mA; + lw, —m*6, E = €, + €, and [l(m)), = e™Po®"=b)|1), . To evaluate photon
blockade effects, it is essential to precisely control the intensity and phase of two coherent driving
fields to specific parameters. We investigate the dynamics described by the two-photon equations
of motion to determine the optimal pulse conditions for achieving photon blockade.

Now, we consider the total effective Hamiltonian including the damping term:

Hegt = Hy — %KaTa - %ymb*b. 8)

Here, the effect of quantum jumps is ignored in the semiclassical analytical approach. However,
they are fully taken into account in the subsequent analysis based on the quantum master equation
approach.

Under the weak excitation condition for both input fields €, ; < «, we investigate the system
operating across multiple photon subspaces with ground states |0), |1) and |2). The general state
of the system within this subspace can be expressed as:

3 o0
@) = > > Cutlmallls, ©)

m=0 1=0
where C,,; are the probability amplitudes. In terms of the Eq. (8) and Schrodinger equation
il (t)) = Heg|¢ (1)), by applying perturbation approximations to the Eq. (9), we compare the
coefficients of the ground state and obtain the equations of motion for the probability amplitudes:

Co, (1) = = iAo Coy (1)

Cri(t) = =iACy (1) =i ) ECox (1) (L(1) kY
k=0 (10)

Cou () == iBCoy (1) = iV2 ) EC1x{1(2) [k (1)),
k=0

with A = Ay - %K - %ym and B = Ay; — ik — iyy,. Moreover, in the following condition
of the destructive interference, y,, is only included in the coefficients A and B. In addition,
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the mechanical damping rate y,, also meets the conditions of y,, < go (k ~ 0.05w,,) and
Ym < € (€ ~ 0.0lw,,). Therefore, the mechanical damping ,, can be safely neglected in the
conditions of destructive interference [72,90] . As an initial condition, we assume that there are
no photons in cavity at the beginning, the solution for zero-photon amplitude can be written as:

Cou (1) = Coy (0) ™™, (11
We substitute it into the equation for the single-photon amplitude in Eq. (10) and introduce

slowly-varying amplitude Cy(t) = c1(t)e”™" and C;(0) = c1,(0). The solution for the
single-photon amplitude can be obtained by comparing the coefficients of the basis states:

Cr() = —i€p Z w [e—iAo_kt _ e—iAt]

— (A~ Ao)
= (12)
e, Z <.l(1) |k>bC0,k 0) [e—i(Ao,k+Ax)t _ e_iAt] ,
(A = Aox — Ay)

where Cp;(0) and Cox(0) are determined by the initial state of oscillating mirror. Then the
same method can be used to solve the two photon amplitude. By introducing varying amplitude
Ca.i(1) = c14(t)e™ @27 and dropping the higher-order [e.g. the second term of Eq. (12)], the
solution for the two-photon amplitude in Eq. (10) is:

Cos(ty =22 L) (D)

AB
IM10%I@) kW) 1 1]
2 —] iAst 13
+ \/_epes B-h) A-h) + 2 e (13)
IM10% @) (1)) _in
2 2 iAgt
M 7w T
which can be ultimately written as a quadratic equation form of :—;e‘iAS’ , that is:
& ,-in € i
Coi(t) = Xpp + xp—e ' +x5—5e sf (14)
€& 2
where
\56,3 (610 — Bod11)?
Xpp = AB
- V2€2(610 — Bodr1) [ (1)
T (B-A) A-A) A

V2€2(610 = Bod11)?

(A - AS)(B - ZAS) '
are the probability amplitudes generated by different driving fields, where J;, is Dirac delta
function. The probability amplitude of two-photon is evidently influenced by factors such as laser
amplitude, driving frequency, and cavity dissipation. When C,;(¢) = 0, destructive interference
occurs among the various amplitude components, thereby impeding photon transitions to the
Fock state |2). Consequently, the optimal ratio of two driven strengths can be obtained:

[.2
‘—xslJ * \JX5p — AXppXss

QX

Xss

&

&

(16)
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3. Photon blockade with weak coupling

Furthermore, we can investigate the dynamical blockade of the system by numerically solving
the time-dependent master equation. By introducing the density matrix of the cavity field p(z)
and Lindblad superoperator D[O](p) = [0, p] = 20p0" — 00" p — pO' O, where O = a, b, the
quantum master equation of the system can thus be expressed in the following form [91]:

'Ym(nt; + I)D[

b + %D[b*}, (17)

L=—ilH, p] + gD[a] +
where ny, = [exp((hw/(k,T)) — 1)]7! is the mean thermal phonon number of the mechanical
mode at temperature T, with the Boltzmann constant k. The photon blockade is evaluated by the
equal-time second-order quantum correlation function:

(@' (na’ (Na(t)a(®)
(@(®a(0)*

Other weak-coupling photon blockade proposals [81-85,92,93], involving auxiliary cavity
modes or parametric amplifiers, typically require precise tuning of intrinsic parameters of systems,
such as cavity resonances and coupling strengths. In contrast, our method relies only on an
additional driving tone. By simply adjusting the frequency and amplitude of the applied bi-tone
drive, strong photon blockade can be achieved without the need for resonance or coupling
matching.

In this study, we use the bi-tone scheme to achieve periodic modulation of different excitation
fields, which makes the system alternate between photon bunching and antibunching. Figure 2(a)
shows occurence of dynamical blockade for a weak optomechanical coupling strength (g/«x<1)
by setting the optimal condition of €;/€, according to Eq. (16). We observe that for most of the
time, the second-order correlation function g?(7) is near 1, indicating the weak anharmonicity
caused by weak optomechanical coupling in the system. However, at certain specific moments,
we find sharp oscillations in the second-order correlation function, exhibiting sub-Poissonian
(g®(r)<1) and super-Poissonian (g®(f)>1) photon distributions. These drastic changes are
consistent with our previous analysis, as destructive interference between different transition
amplitudes leads to the suppression of the two-photon probability, as shown in Fig. 2(b) and
(c). This phenomenon is entirely unobservable in traditional single-drive weak optomechanical
coupling systems. Furthermore, we discover that within a single sharp oscillation period, two
windows of photon blockade appear (i.e., kt2 /w,, = 90.07 and «t4/w,, = 91.07). By controlling
the phase delay of the driving field, sub-Poisson light can be selected from the coherent laser
background [87]. To investigate this situation, we analyze the amplitude of each transition path
considering the driving intensity, as follows:

§ = (18)

2
€ _iNgt & _2iag
Top = xpp, Top = xspe—e st Ty = Xgs—5e€ T (19)
P €p

As indicated by the red and green arrows in Fig. 2(c), the bi-tone drive excite the photons
via different paths Ty, Ty, and T,. The transition amplitudes of different paths induced by
bi-tone drive are inhomogeneous, due to the phase detuning of the bi-tone input. Therefore, the
destructive interference of these three amplitudes leads to the occurrence of dynamical blockade.
Through our calculations, we find that for As/w,, = 0.15, |Ty,|<|Tss| + |Tpp|. Thus, when plotting
the transition amplitudes in polar coordinates over different times and paths, we observe that
blockade windows appear at two instantaneous points [Fig. 2(d)]. The expression for this is given
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Fig. 2. The OMPB under the bi-tone driving field. (a) The equal-time second-order
quantum correlation function g(z)(t) versus kt/wy, at optimal instants. The result shows
two blockade windows within a single cycle period. (b) Populations P and P, of Fock
states |1,0) and |2, 0), respectively. (c) Energy levels of a bi-tone driven OMS. Here
0=we—wp= g(z)/wm, Ag/wm = (ws — wp)/wp. The underlying physics of this bi-tone
OMPB can be understood from (d) the diagrams of probability amplitudes for different
pathways in polar coordinate spaces at different times and the populations of Fock states.
Here, the phase angle is defined as ®; = 6 + Ay - ¢; for j = 1,2,3,.... The parameter Ty,
is independent of time, and ther parameters are taken as go/wy, = 0.05, As/wy, = 0.1,
k/wm = 0.15, v /wm = 0.001.

by:

2mn + arg (&/€,) — arg(e)
ty = >
Ay

where & denoting the term inside the vertical bar on the right side of Eq. (16). The first term
indicates a periodic appearance of dynamical photon blockade. The second term is the external
phase of the sideband laser, and the third term is due to the anharmonic response of the nonlinear
cavity. In Fig. 2(a), we find that the finite time resolution used in evaluting g®)(r) affects the
difference between the values of the two windows #, and #4. In fact, photon blockade can be
characterized by the condition of g <0.5 in vaiours experiments: for example, g? ~ 0.45 in
atom-cavity system [94], g ~ 0.38 in WGM (Whispering Gallery Mode) cavity system [95],
and g ~ 0.3 in cavity-free system [96]. Here, in our work both of the g (7) of the two windows
are much smaller than 0.5 [i.e., g?(r)<0.1]. Therefore, the photon blockade effect of the two
windows are efficient under the available experimental conditions.

(20)
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More interestingly, we have discovered a switch from two blockade windows to a single
blockade window within one period by adjusting the detuning between the two drives, as shown
in Fig. 3(a) and (b). According to Eq. (15), the transition amplitude depends on the detuning and
the optimal intensity ratio between the two input drives. By tuning the detuning, not only can the
blockade period be regulated, but also the two windows within each period can be converted
into a single window. For instance, when A;/w,, = 0.1, a dynamical blockade with two windows
appears, whereas at A;/w,, = 0.15, only a single window is observed [the inset in Fig. 3(b)].

a L I 8 (C
(éso.z | / o/ =00s |J1° (©)

\,,, "l ‘.'l l." ' | " 1 04 tﬁ t7 tg Kt
< i Y y 1 Un-blockade Blockade Un-blockade
01y Il Wy b - . - . pT :

.'l ) ) I W 104 ", @6 \“ ", 97 \“ :: \“
85,/ 90 100 105 R T = 3
Kt/w T N e, /. ;
(b) e N N
. . =g T T e e
o.t6p 10 o
0.14F ° ; i Snane
& 10 4 , 10 —
3“0-12 I 90 92 ) |o = 1 | Tssl+ | T,pl= | Tl
10 g b
0.10f m_“> {11 ©
’ . ‘ . > 14;—\Aﬁ 10°F
o.0sft & | _ _ _
90 91 92 91 92 93
Kt /w,, Kt /w,,

Fig. 3. Switching between single and double windows of OMPB by tuning the detuning.
(a) The equal-time second-order correlation function g(2)(t) as a function of «t/w, and
detuning As/wy, with a coupling rate gg/wy, = 0.05. (b) Enlarged view of (a) illustrating
the blockade window switch from single to double. The insets show g(Z)(t) versus kt/wpy,
for two blockade windows (Ag/w,, = 0.1) and a single blockade window (Ag/w;,; = 0.15).
(c) Diagrams of probability amplitudes for different pathways at As/wy, = 0.15 in polar
coordinate spaces at different times. Here, the phase angle is defined as ®; = 6 + A - ¢; for
j =6,7,8. Other parameters are the same as in Fig. 2.

Additionally, we plotted the transition amplitudes in polar coordinates for A;/w,, = 0.15 over
different times and paths, as illustrated in Fig. 3(c). We observe that the relationship between
the transition amplitudes for different paths is |T,| = |Tys| + |T}p|, indicating a single optimal
interference time and hence a single blockade window within one period. This differs from
the condition of dynamical blockade characterized by two blockade windows. Our scheme
can control the switching between single and double-blockade windows, maintaining a strong
quantum effect even at the single blockade window.

In the following, we illustrate the dependence of the minimum of g/?(f) on the optomechanical
coupling strength go. In Fig. 4(a), we show the variation of g?(r) with time and coupling strength,
and found that by controlling the mechanical cavity coupling strength gradually increased, the
photon blockade will gradually enhanced as well. According to Eq. (16), the minimum g®(¢) is
proportional to the coupling strength. The quantum interference is also related with the coupling
strength, for example, under weak nonlinearity go/w,, = 0.05, the minimum value of g®(¢) can
reach 107* [Fig. 4(a)].

The blockade time reflects the stability of the system and is a key consideration in practical
experiments, so we define the time window AT of photon blockade as a duration of g (r)<0.95
[87], as shown in Fig. 4(c). When the coupling strength go takes various values, as shown in
Fig. 4(d), the time ratio of non-classical optical fields gradually increases. This means that the
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Fig. 4. The influence of coupling strength on OMPB window. (a) The second-order
correlation function for two blockade windows and (b) for a single blockade window, both
increasing with the coupling rate gg. The white line indicates the region where ¢? <« 1.
(c) Width of the time window AT for g<2)(t)<0.95 under several weak coupling rates gg
with Ag/wp, = 0.15. (d) Dependence of the width of AT on the coupling rate gg. Other
parameters are as the same as in Fig. 2.
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time window of photon blockade is affected by the coupling strength. Figures 4(c) and (d) to show
that effective photon blockade can be achieved under the weak coupling regime go/w,, ~ 0.1.
Here, we propose how to realize and measure this bi-tone driven OMPB with state-of-the-art
techniques and experimentally accessible parameters. The second-order correlation function
gP(1) is directly accessible via a Hanbury Brown-Twiss setup at the cavity output [95,97—100].
In our scheme, the required bi-tone field is readily generated using a single narrow-linewidth
laser and an electro-optic modulator [87]; standard electronic channels control the amplitude
ratio €;/€, and lock the phase with percent-level precision. For the optomechanical systems
[2,51,101-104], the mechanical frequency w,,/27 ~ 10?> — 10° Hz, the the coupling strength
g0/2m ~ 1073 — 10° Hz, the optical dissipation rate x/27 ~ 10?> — 10! Hz, and the mechanical
damping rate y,, /21 ~ 107 — 107 Hz. Therefore, the parameters used in our study, go/w,, = 0.05,
K]/wy = 0.15, ¥ /wy = 0.001, are within reach of current cavity optomechanical systems.

4. Conclusion

In conclusion, we have proposed to achieve optomechanical dynamical photon blockade effect
without requiring the non-realistic condition of strong light-motion coupling, by using two
coherent driving fields. We find that by utilizing the destructive quantum interference between
different transition paths provided by this bi-tone-driven strategy, full cancellation of the two-
photon populations is achievable even with weak optomechanical coupling, which in turn leads
to the occurrence of photon blockade in such a system.

Single photons are essential to many quantum technologies. Compared to previous works
[71,81-84,92], our scheme eliminates the need for strong optomechanical coupling or precise
tuning of intrinsic system parameters, which relies solely on bi-tone coherent driving. Thus this
strategy can be further extended to a variety of hybrid quantum systems to realize nonclassical
effects, including photon bundles [105-108], optomechanical cat states [109—111], light-motion
entanglement [68,112—114], single-photon sources with anharmonic energy spectra [115], and
even bi-tone-driven quantum metrology [116]. Moreover, the simplicity and generality of
our scheme highlight its potential for realizing single-photon devices across a broad class of
optomechanical platforms for quantum information and photonics applications.
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