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Cavity optomechanical systems are demonstrating diverse applications in sensing
and transduction, profiting from advances in related theories and experiments, which
also promotes quantum research based on them. Here, we first briefly introduce
typical applications of cavity optomechanical systems and some of our recent
progress in this field and then discuss the potential of cavity optomechanical
systems for exploring fundamental questions in quantum theory and the
challenges encountered in current developments. Cavity optomechanical systems
will play a vital role in quantum computing and quantum information and will enrich
the quantum toolbox, particularly in quantum interfaces and quantum memory.
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1 Introduction

Cavity optomechanical systems explore the interaction between the light and the motion of
a mechanical resonator, where the radiation pressure forces mediate the movement of the
mechanical resonator and vice versa. Conventional effects, such as bistability and optical spring
effects, were observed in the 1980s (Dorsel et al., 1983; Gozzini et al., 1985). Thanks to the
progress in cryogenic technology and micro/nanofabrication technology, cavity
optomechanical systems display various advanced applications ranging from quantum
interfaces and quantum memories to quantum metrology and quantum computing. It not
only expands the toolbox of quantum information and quantum computing but also has the
potential to explore the foundations of quantum mechanics because of the macroscopic
properties of the quantum states.

2 Structure of cavity optomechanics

From the frequency range of the optical mode, we generally describe the cavity as an
optical (THz) or a microwave (GHz) cavity. The optical cavity usually consists of mirrors or
tapered fibers, and the microwave cavity behaves as a 3D metal structure or planar
superconducting microwave circuit. Representatives of cavity optomechanical systems at
optical frequency (Fabry-Pérot cavity) and microwave frequency (LC circuit) are illustrated
in Figures 1A, B, respectively. The typical shapes of cavity optomechanical systems include
moveable mirrors on a cantilever or beams, microtoroid/microsphere/microdisk close to
tapered fibers, membranes/nanowires/micropillars inside or next to a cavity, atomic clouds in
an optical cavity, nanobeams or vibrating plate capacitors in a superconducting microwave
resonator, photonic crystals patterned into free-standing nanobeams, etc. (Aspelmeyer et al.,
2014). Considering that the current quantum network scheme is to calculate at microwave
frequencies and transmit at optical frequencies, the optomechanical system is seen as the
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optimal candidate for quantum interfaces in quantum
communication and quantum computing due to its ability to
interact with optical and microwave light.

3 Progress in cavity optomechanics

Cavity optomechanical systems have potential applications in
sensitive measurement, quantum computing, quantum information,
hybrid systems, and the foundation tests of quantum theory
(Kippenberg and Vahala, 2007; Aspelmeyer et al., 2014).

Examples of typical applications are shown in Figure 2. The high
detection accuracy of optomechanical systems is a result of
interferometry, which is restricted by the so-called standard
quantum limit because of the quantum fluctuation of the
radiation pressure force. Furthermore, the observables could be
measured with arbitrary precision by the method of quantum
non-demolition measurement.

Quantum manipulation requires the object to be in a quantum
state. The quantum ground state of the mechanical resonator in
optomechanical systems can be prepared through optical feedback
cooling and radiation pressure cooling. The main idea of the former
is that the oscillator will be imposed a negative feedback depending
on the position of the oscillator achieved by the phase-sensitive
detection (Genes et al., 2008). The latter is the conventional
method for ground state preparation, where the cavity is driven
by a red detuned frequency compared to the cavity resonance
frequency and the detuning is equal to the mechanical phonon
frequency. The driven beam will be upconverted to the cavity
frequency by absorbing phonon energy, and then the
mechanical resonator can be cooled down, accompanied by the
extra energy being released into the environment (Teufel et al.,
2011). Optomechanically induced transparency and
optomechanically induced amplification were observed during
detuned pumping (Weis et al., 2010; Massel et al., 2011; Lai
et al., 2020). In addition to the above methods, we propose
theoretically that the mechanical resonator ground state could
be cooled without a cryogenic setup precooling process through
an auxiliary gain cavity (Liu and Liu, 2017). In contrast, the
quantum ground state of cavity photons can also be prepared by
mediating the mechanical mode in the cavity optomechanism
system. The achievement of the quantum state is the basis of a
series of quantum computing and quantum metrology, such as the
quantum gates, superposition state and squeezed state.

The mechanical resonator is the optimal candidate for
quantum memories because of its low dissipation rate, which
could be decreased to several mHz due to dissipation dilution.

FIGURE 1
Representatives of cavity optomechanical systems with optical
frequency and microwave frequency. (A) Photons in the Fabry-Pérot
cavity interact with the motion of a mechanical resonator. (B) The
mechanical resonator acts as a part of a capacitor to make the
microwave field interact with the mechanical motion.

FIGURE 2
Typical applications of cavity optomechanical system.
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The quantum state to be transmitted and processed can be stored in
the phonon states for the next processing. The ability to store
quantum states in the low-loss mechanical oscillators provides an
attractive tool, e.g., mechanical quantum memory (Palomaki et al.,
2013; Wallucks et al., 2020), in the growing field of quantum
information technology. For the system consisting of a passive
optical cavity and an active mechanical resonator, it is shown that
the optical amplification and absorption, optomechanically
induced transparency and ultralong group delay can be
controlled by tuning the gain and loss (Liu et al., 2017). The
optomechanically induced anti-laser and phase singular
transition has been observed experimentally in a compound
system composed of a three-dimensional superconducting cavity
and a silicon nitride membrane resonator (Liu et al., 2021a). The
phenomenon of infinite group delay paves the way for quantum
memories.

Hybrid systems composed of components with various
strengths have become a main means of scientific research and
application development. Hybrid systems coupling the cavity
optomechanical system to spins, magnons, atoms, and
superconducting qubits are one of the leading platforms for
quantum applications because of their flexibility and more
controllable degrees of freedom. In hybrid quantum systems
based on micro- and nanomechanical oscillators, mechanical
resonators can be prepared for the quantum ground state or as
a way to modulate the cavity, such as ground state cooling of the
cavity. However, mechanical strain also provides a way for us to
handle quantum states. The squeezed state of the nitrogen vacancy
(NV) center ensemble could be prepared in a diamond
nanostructure mediated in resonance with drive power (Bennett
et al., 2013), in which the dephasing relaxation could be largely
suppressed. Experiments have demonstrated that the coupling of
the NV ground-state spin to the mechanical mode is enhanced in a
nanoscale diamond cantilever, and its temporal dynamics are
measured via spin echo (Meesala et al., 2016). Generally, qubits
based on defects in solid structures can be mediated via strain
engineering. The scalability and compatibility of hybrid systems
make them significant in quantum information processing.

The wealth of non-linearities in cavity optomechanical systems is
receiving much attention. Phonon lasing, frequency comb and chaos
have been predicted and observed (Jing et al., 2014; Lü et al., 2015). For
the configuration of a linear cavity coupled with an optomechanical
system, we demonstrated that the quantum non-linearity of the
optomechanical component can be transformed to the cavity by
the coherent feedback loop; hence, tunable bistability and strong
photon blockade of the cavity modes can be achieved (Liu et al.,
2015). Formation for single mechanical mode-mediated frequency
combs and the hybridized frequency combs between cavity mode and
mechanical mode were experimentally observed in a multimode cavity
electromechanical system. The application of non-linearity in cavity
optomechanical systems will benefit timing, metrology and
synchronization.

The multimode cavity optomechanical system provides a
promising platform for studying new physics and technologies.
It is of great significance in the fields of dark state dynamics, non-
reciprocity, entanglement among mechanical oscillators or
between oscillators and cavity photons and so on. It offers new
means to control and measure both the mechanical motion and
electromagnetic fields, such as squeezed state preparation and the

coherent conversion between microwave and optical light.
Mechanical modes designed with a phononic bandgap and
buckling properties will benefit the development of multimode
cavity optomechanics (Reyes et al., 2020). In addition, the array of
the cavity optomechanical system will contribute to the foundation
study of quantum theory and application, such as gravity
decoherence, the Casimir effect, macroscopic non-local
entanglement, synchronization of mechanical frequencies, and
many-body quantum simulation. In the cavity-optomechanical
system consisting of two membranes loaded by two
microspheres, we studied the gravitational force and the non-
local quantum correlations between the oscillators (Liu et al.,
2021b). The synchronization for two mechanical modes is
investigated in two coupled optomechanical resonators with
parity-time (PT) symmetry, which shows that the degree of
synchronization between the two far-off-resonant mechanical
modes can be increased by the sensitivity near the exceptional
point (Zhu et al., 2021). The utility of multimode cavity
optomechanical systems shows great potential as quantum
transducers and optomechanical interface devices for future
hybrid quantum networks.

4 Future perspectives and encountered
difficulties

With advances in experience and theory, cavity optomechanical
systems have potential perspectives in the development of advanced
applications and the fundamental investigations of quantum
mechanics. The accuracy of displacement on the order of the
Planck scale was achieved in the gravitational wave detection
experiment. The detection accuracy will be further improved with
the achievement of quantum states, e.g., the squeezed state. The scale
of the quantum network will be expanded with the help of cavity
optomechanical systems due to its advantages in terms of quantum
interfaces and quantum memories.

Cavity optomechanical systems show substantial potential for
studying the fundamental issues of quantum theory because of the
macroscopic quantum properties of mechanical resonators. The
ability to achieve coherent quantum control over massive objects
will answer why it is difficult to prepare superposition states for
macroscopic objects, how gravity affects the decoherence of
quantum states and the boundary between the classical world
and quantum world. The study of the non-local quantum
entanglement of the many-body systems will provide an
opportunity to make new breakthroughs in mathematics and to
explain the origin of elementary particles.

At present, the encountered difficulties for the development of
cavity optomechanical systems are mainly the resonator quality and
the noise effect, which hinders the mechanical resonator or the cavity
from entering the quantum region and limits the decoherence time.
Improvements in the resonance frequency and quality factor of the
resonator will be an ongoing pursuit. Meanwhile, the effect of the
noise, such as the phase noise (i.e., frequency stability), thermal noise,
amplifier noise, etc., should be carefully controlled in the experiment.
Another goal is the stronger intrinsic coupling between cavity photons
and phonons. Fortunately, these obstacles are being overcome via
structure design and stress engineering with advances in micro/
nanofabrication technology.
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