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The proposed optomechanical zipper cavity and its physical model. (A)
Schematic of a Fabry-Perot cavity that consists of two pendulums as the
reflecting mirror that act as mechanical modes b1 and b2 with oscillation
frequency, Ω1 and Ω2, and are coupled to the thermal bath at the rate of γ1 and
γ2, respectively. The optical mode of the Fabry-Perot cavity loses energy via the
intrinsic loss channel at rate ki and detectable extrinsic coupling channel at rate
kex. (B) Scanning electron microscope (SEM) image of silicon optomechanical
zipper cavity. Magnified SEM image of (C) periodic structure in P-I region and
(D) periodic structure in P-II region. (E) Displacement field |u| of the breathing
mode simulated with the finite element method (FEM) in one arm of the
optomechanical zipper cavity. FEM simulation of (F) electric field |E| of first-
order optical mode in a single nanobeam cavity and (G) electric field Ey
component of first-order odd optical mode in zipper cavity. (E and F) Black
arrows represent the field directions of the mechanical displacement field and
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the electric field on the top surface of the silicon structure. uy and Ey are the
main components of the mechanical displacement field and electrical field,
respectively. The optomechanical coupling mainly originates from the overlap
between the strain component Syy = ∂uy/∂y and the electric field component Ey
in this structure. Credit: Science Advances (2023). DOI: 10.1126/sciadv.abp8892

Exceptional points are a distinct type of spectral singularity in non-
Hermitian systems and their intriguing physics are in study with optical
exceptional points. Exceptional points are singularities in the energy
functions of a physical system, where two light modes can coalesce to
produce unusual effects. Mechanical oscillators are a system beyond 
photonics that can couple with many physical systems to further explore
within mechanical sensing, topology energy transfer and non-reciprocal
dynamics.

In a new study now available in Science Advances, Ning Wu and a team
of scientists in electronic engineering, science and technology in China
developed on-chip mechanical exceptional points with a silicon
optomechanical zipper cavity. During the process, they coupled two near-
degenerate mechanical breathing modes via a single colocalized optical
mode. The team tailored the dissipative and coherent couplings between
the two mechanical oscillators to observe a distinct feature of
exceptional points. The outcomes provide a fundamental platform to
investigate the physics behind the mechanical exceptional points on
silicon chips with possible applications for hyper-sensitive
measurements.

Non-Hermitian physics

Non-Hermitian systems exchange energy with the outside environment
quite differently from conservative Hermitian systems. Exceptional
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points exist within non-Hermitian systems and are observed as special
degenerate points of spectra. Because of their exotic nature, researchers
expect intriguing physics concepts from the phenomenon. In the past,
optical exceptional points had shown their potential across optics and
microwave cavities, photonic crystal slabs and multilayered plasmonic
structures.

Researchers have also observed counter-intuitive phenomena
experimentally. For example, if a small disturbance of specific strength
acted on the exceptional points, the spectral splitting observed was
proportional to the strength of interest. The exceptional points in other 
physical systems can be further explored similarly.

During this work, Wu and colleagues demonstrated on-chip mechanical
exceptional points in an optomechanical zipper cavity at an ambient
environment. The scientists coupled two near-degenerate gigahertz
mechanical breathing modes using a singular optical mode. The
outcomes pave the way to conduct high sensitivity measurements with
mechanical exceptional points integrated on the platforms to ultimately
set the stage to study the physics underlying such phenomena.
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Characterization of the fabricated optomechanical zipper cavity. (A)
Experimental setup schematic. VOA, variable optical attenuator; PC,
polarization controller; EOM, electro-optic modulator; VNA, vector network
analyzer; FBS, fiber beam splitter; PM, power meter; OS, optical switch; PD,
photodetector; ESA, electric spectrum analyzer. (B) Low–input power optical
transmission spectrum. The first (1534.9 nm) and second (1543 nm) resonant
dips correspond to odd and even optical modes, respectively. (C) Amplitude
response of S21. k values at high optical power and detuning Δ are deduced from
this response. (D) PSD of mechanical spectrum after subtracting the background
noise, obtained under the same condition in (C). Green dashed line represents
intrinsic resonant frequency of both mechanical oscillators. (B to D) Black solid
lines represent fitting results. Credit: Science Advances (2023). DOI:
10.1126/sciadv.abp8892
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 Mechanical exceptional points

Mechanical exceptional points are based on multimode optomechanical
coupling; the phenomenon occurs as two independent pendulums with
different oscillations, interacting with an optical mode. The optical mode
facilitates a bridge-like connection between the two mechanical modes
to regulate the coupling strength between the two.

Based on the features of a multimode optomechanical coupling model,
the researchers proposed and designed an optomechanical zipper cavity
containing two identical silicon nanobeam cavities with a nano-scale gap
between them. The researchers generated the cavity on a silicon-on-
insulator wafer and used a pump-probe scheme to monitor the detuning
and optical dissipation rate. They excited the optical odd mode to realize
the mechanical exceptional points with a resulting Lorentzian fitting.
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The evolution of mechanical modes. (A and B) PSD of mechanical spectra after
subtracting the background noise when optical detuning is scanned with fixed
laser power Pin = 11 dBm and Pin = 13 dBm, respectively. Black solid lines
represent fit to experimental data. (C and D) Mechanical resonant frequencies
ω±/2π versus the optical detuning Δ, deduced from the spectra in (A) and (B),
respectively. (E and F) Mechanical dissipation rate γ±/2π versus the optical
detuning Δ, deduced from the spectra in (A) and (B), respectively; (C to F)
square markers correspond to fitting results of experimental spectra, and blue
and red lines are theoretical results using the linear approximation. Credit: 
Science Advances (2023). DOI: 10.1126/sciadv.abp8892
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 The evolution of the eigenvalue

Wu nd the team analyzed the evolution of the eigenvalue of the
mechanical modes by scanning the optical detuning gradient at a fixed
laser power. The team noted the occurrence of phonon lasing in both the
lower-frequency mode and higher frequency mode at separate instances
as evidence of coupling between the two mechanical oscillators. The
physicists next obtained the mechanical eigenvalues from the mechanical
spectra to observe its evolution; the experimental data were consistent
with the theoretical values.

Based on the outcomes, the researchers continued to reconstruct the
topological surface of the mechanical eigenvalues at different laser
powers and detuning values to next focus on the variation of eigenvalues
near the exceptional points.
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Characterization of the experimental results near the mechanical EP. (A)
Resonant frequencies ω±/2π and (B) dissipation rate γ±/2π of mechanical
modes versus detuning Δ and intracavity photon number ncav. (C) Amplitude of
eigenvalue splitting S versus the dissipative and coherent coupling strength. In
(A) to (C), topology surfaces are calculated from the theoretical model using
parameters deduced from experimental results. Blue and red points are
experimental results. (D) Distribution of the experimental data (circle markers)
in parameter space. (E) Amplitude of eigenvalue splitting S versus amplitude of
perturbation ε. Inset shows alternative logarithmic scale presentation where the
1/2 order response corresponds to the line with slope = 1/2. (A to D) Green point
corresponds to an EP. Credit: Science Advances (2023). DOI:
10.1126/sciadv.abp8892

 Outlook
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In this way, Ning Wu and colleagues developed an experimental setup
and noted a larger difference of mechanical frequency for enhanced
frequency splitting near the exceptional points. They used a blue-detuned
laser to reduce the mechanical linewidth while maintaining a self-
reference detection scheme of frequency splitting on the device to
enable a robust system for mechanical frequency drifts. The device
could therefore realize high-sensitivity sensors combined with anti-
damping modes and mechanical exceptional points.

The outcomes offer a reliable, integrated platform to comprehensively
study and integrate non-Hermitian physics. The scientists envision using
the red detecting laser to investigate multimode optomechanical cooling
and nonreciprocal dynamics of the mechanical exceptional points. The
new research outcomes can also lead to understand both higher-order
exceptional points and multimode dynamics in the phonon laser regime
on the same platform.

  More information: Ning Wu et al, On-chip mechanical exceptional
points based on an optomechanical zipper cavity, Science Advances
(2023). DOI: 10.1126/sciadv.abp8892 

Jing Zhang et al, A phonon laser operating at an exceptional point, 
Nature Photonics (2018). DOI: 10.1038/s41566-018-0213-5
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