SCIENCE ADVANCES | RESEARCH ARTICLE

OPTICS

On-chip mechanical exceptional points based on an

optomechanical zipper cavity
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Exceptional points (EPs) represent a distinct type of spectral singularity in non-Hermitian systems, and intrigu-
ing physics concepts have been studied with optical EPs recently. As a system beyond photonics, the mechanical
oscillators coupling with many physical systems are expected to be further exploited EPs for mechanical sensing,
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topology energy transfer, nonreciprocal dynamics, etc. In this study, we demonstrated on-chip mechanical EPs
with a silicon optomechanical zipper cavity, wherein two near-degenerate mechanical breathing modes are
coupled via a single colocalized optical mode. By tailoring the dissipative and coherent couplings between
two mechanical oscillators, the spectral splitting with 1/2 order response, a distinctive feature of EP, was ob-
served successfully. Our work provides an integrated platform for investigating the physics related to mechan-
ical EPs on silicon chips and suggests their possible applications for ultrasensitive measurements.

INTRODUCTION

The non-Hermitian system, which exchanges energy with the
outside environment, is quite different from the conservative Her-
mitian system. Exceptional points (EPs) are special degenerate
points of spectra that exist in the non-Hermitian system. For Nth-
order EPs, N eigenvalues and eigenvectors coalesce simultaneously
at the EPs, and the theorem of completeness and orthogonality fails
in this system (I-4). Thus, owing to this characteristic, intriguing
physics concepts are expected. In the past few years, optical EPs
have been demonstrated in various platforms including optical
and microwave cavities (5-9), photonic crystal slabs (10), and mul-
tilayered plasmonic structures (11). Furthermore, certain counter-
intuitive phenomena have been reported and observed
experimentally (1—4). For instance, when a small disturbance of
strength € acts on the EPs, spectral splitting is proportional to
e/N. As a result, for a 1/N order response, the spectral splitting
near the EPs may be far greater than the normal mode splitting in
the Hermitian system, where splitting of degenerate points is pro-
portional to the perturbation €. This property was used to improve
the performance of the single-mode operation in multimode laser
cavities (12) and enhance the sensitivities of sensors (5, 11, 13—15).
In addition, encircling the EPs in parameter space is nonreciprocal
and the counterclockwise evolution is distinct from the clockwise
one. This effect was demonstrated in topology energy transfer (16,
17) and asymmetric mode switching (18). However, studies to date
have focused primarily on optical EPs. The EPs in other physical
systems are expected to be exploited further.

In cavity optomechanics, mechanical properties such as resonant
frequency and dissipation rate can be adjusted effectively via optical
modes through radiation pressure. Moreover, the mechanical and
optical modes coupled with the thermal bath constitute a natural
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non-Hermitian system. Although this system is promising for ma-
nipulating mechanical modes and achieving mechanical EPs in
multiphysics systems, experimental studies on mechanical EPs are
still very limited (16, 17, 19). Fully integrated mechanical EPs have
remained elusive because of great challenges in on-chip mechanical
manipulation.

In this study, we demonstrate on-chip mechanical EPs in an op-
tomechanical zipper cavity at ambient environment, wherein two
near-degenerate gigahertz mechanical breathing modes are
coupled via a colocalized single optical mode. In this experiment,
the strength of dissipative and coherent couplings between two me-
chanical oscillators is controlled by adjusting the frequency and
power of the pump light to compensate for the difference of
complex frequencies between the two mechanical breathing
modes. Accordingly, the topology surface near the mechanical EP
was mapped and a spectral splitting with 1/2 order response, a dis-
tinctive feature of EPs, was observed. As nanomechanical resonators
can be coupled with many physical systems (20) and are suitable for
detecting quantities such as mass, charge, and torque (21-23), our
work paves the way for high-sensitivity measurement with mechan-
ical EPs on integrated platforms. Moreover, this research sets the
foundation for studying the related physics of mechanical EPs
and other non-Hermitian phenomena based on optomechanical
crystals.

RESULTS

Mechanical EPs based on multimode optomechanical coupling can
be analyzed as two independent pendulums with different oscilla-
tion frequencies (two mechanical modes) interacting with an
optical mode in a Fabry-Perot cavity constructed by the two pendu-
lums, as shown schematically in Fig. 1A. The optical mode acts as a
bridge that connects the two mechanical modes. The oscillation of
each pendulum can modulate the resonant frequency of the optical
mode; thus, subsequently, the light intensity in the cavity changes.
Accordingly, the oscillation of radiation pressure force that origi-
nates from the variation of light intensity in the cavity affects the
motion of the other pendulum and thereby enables the coupling
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Fig. 1. 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 b, and b, with oscillation frequency, Q; and Q,, and are coupled to the thermal bath at the rate of y; and y,, respectively. The optical
mode of the Fabry-Perot cavity loses energy via the intrinsic loss channel at rate k; and detectable extrinsic coupling channel at rate k. (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-Il 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 £, 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 the electric field on the top surface of the silicon structure. u, and E, 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 S,

= 9du,/dy (33) and the electric field component E, in this structure.

between the two mechanical modes. Note that the coupling here is
distinct from mode coupling in the Hermitian system. In a Hermi-
tian system, one of the mechanical oscillators exerts a force propor-
tional to its displacement on another oscillator and leads to the
coherent coupling (24-26). When the coherent coupling rate is en-
hanced, the normal mode splitting increases. However, for the non-
Hermitian optomechanical system, in addition to the coherent cou-
pling, the force exerted by one of the mechanical oscillators on the
other also contains the dissipative coupling (27), which results in a
notable change in the physical scenario. The corresponding quan-
titative description is as follows.

The coupling strength between the mechanical oscillators, in-
cluding both the coherent and dissipative couplings, is primarily
controlled by the optical mode. When a pump laser with frequency
wy, drives the optical mode with resonance frequency w,,, detuning
A = 0, — W,y and intracavity photon number #.,, can be adjusted
by changing the frequency w; and power Py, of the pump laser. To
further quantitatively describe the relationship between these pa-
rameters and the dynamics of the model shown in Fig. 1A, the Hei-
senberg-Langevin equations (28) are solved in the frequency
domain (section S1), and the effective Hamiltonian of the mechan-
ical oscillators can be expressed as

Q1 =iy /2 + giX f&xX
gi&X O —iy,/2 + &X

where X & ne {1/[(w+ A) + ik/2] — 1/[(w — A) + ik/2]} and w = (O
+ ,)/2. k is the optical dissipation rate, and g; (j = 1, 2) is the
vacuum optomechanical coupling rate between the optical mode
and the jth mechanical mode. For the diagonal elements of the ef-
fective Hamiltonian H.g, mechanical resonant frequencies Q; and
Q, are modified owing to the optical spring effect. Meanwhile, the

He =
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mechanical dissipation rates y; and y, are decreased (increased) by
the antidamping (damping) effect of optomechanical coupling
when a blue (red) detuned laser (28, 29) is used. Furthermore, the
off-diagonal element is a complex number, and its real and imagi-
nary parts correspond to the coherent and dissipative couplings, re-
spectively. The eigenvalues, which characterize the evolution of this
two-level system, can be further represented as

Wy =0y —iy, /2
1

s (2)

N[ =

. . 1
=5 (O =iy /24 % =i, /2) +o (& T &)X £

where
§= \/ [(Q1 — iy, /2 +g2%) — (@2 — iy,/2 + &X)) + 4(g18:X)°

Here, the resonant frequencies and mechanical dissipation rates
(linewidth) of both mechanical modes are modified by 1 (g7 + g3)x
and the mode splitting between them is controlled and reflected by
parameter S. By tuning parameter x via sweeping of the detuning A
and intracavity photon number 7, the eigenvalue and eigenvector
coalesce at the EPs where S = 0 when parameter ¥ satisfies the fol-
lowing condition

(Q — Q,) =iy, — v,)/2
& &t 2%

Typically, parameter Xeps is @ complex number at the EPs and
indicates that the coherent and dissipative coupling mechanisms
are both necessary. It can be seen that X, is an imaginary
number when g; = g and y; = y,, which indicates that the dissipa-
tive coupling alone is sufficient to realize the EPs related to anti—
parity time symmetry (30-32) in this situation. Although the hy-
bridization of two mechanical modes was reported recently in the

Xeps (A()? nCﬂVo) = (3)
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unresolved-sideband regime (k >> Q) (24-26), the dissipative cou-
pling is strongly diminished compared with the coherent coupling
in this regime (28). As a result, it is crucial to investigate the re-
solved-sideband regime (k << Q) of the EPs wherein the coherent
and dissipative couplings can be adjusted effectively to compensate
for the difference of resonant frequencies and mechanical dissipa-
tion rates simultaneously.

When certain disturbances act on a system at the EPs, parameter
X may deviate from yp,,. We define perturbation strength eas e = x —
Xeps t0 characterize the deviation from the EPs. The complex fre-
quency splitting S can be further represented as a function of per-
turbation €, S = /| Ae + Be? |¢', where A and B are complex
constants and parameter ¢ reflects the ratio of splitting on the
real and imaginary parts. For a small disturbance (Be* << Ag),

| S |~ /| A¢ |. In particular, the amplitude of the coefficient A
will scale with Q;-Q, if y; = y,. This implies that a small perturba-
tion e results in large mode splitting at EPs owing to the 1/2 order
response and the large difference of mechanical resonant
frequencies.

Following the multimode optomechanical coupling model in-
troduced above, we propose and design the optomechanical
zipper cavity, consisting of two identical silicon nanobeam cavities
with a 200-nm gap between them, as shown in Fig. 1B. As one arm
of the optomechanical zipper cavity, a nanobeam cavity consists of
three parts: two quasi-periodic mirror regions (P-I and P-II) and
one defect cavity region. The first quasi-periodic structure P-I
(Fig. 1C) can avoid optical energy loss via a waveguide as the
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optical resonant frequency is on the center of the photonic
bandgap. The second quasi-periodic structure P-II (Fig. 1D) is
used to regulate the mechanical radiation loss when the phononic
bandgap is designed properly (section S2). In the defect region, the
radius of holes increases gradually from the center moving outward,
and both the optical and mechanical modes can be confined (33,
34). We focus on the mechanical breathing mode (Fig. 1E) and
the first-order optical mode (Fig. 1F). When two identical nano-
beam cavities approach each other to constitute the zipper cavity,
the mechanical breathing mode in each nanobeam cavity remains
independent of each other. In contrast, the first-order optical de-
generate modes in each nanobeam cavity couple to each other
through the evanescent field and result in renormalized odd
(Fig. 1G) and even optical modes with distinct resonant frequencies.
In principle, either of these optical modes can be used to realize the
mechanical EPs when it couples to mechanical breathing modes via
radiation pressure. In our design, a low optical dissipation rate is
required because the system should reach the resolved-sideband
regime. Moreover, both high vacuum optomechanical coupling
rate g; and low optical dissipation rate k are expected to decrease
the intracavity photon number #,, at EPs and diminish the influ-
ence of other nonlinear effects related to light absorption (35, 36).
Considering these objectives, the structure parameters such as the
radius and pitches of holes were optimized. Last, the designed
optical wavelength was Aogq = 1542.5 nm (Aeyen = 1551 nm), and
the optical linewidth was k/2m = 0.04 GHz (0.12 GHz) correspond-
ing to optical quality factor Q, = 4.86 x 10° (1.6 x 10°). In addition,
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Fig. 2. Characterization of the fabricated optomechanical zipper cavity. (A) Experimental setup schematic. VOA, variable optical attenuator; PC, polarization con-
troller; EOM, electro-optic modulator; VNA, vector network analyzer; FBS, fiber beam splitter; PM, power meter; OS, optical switch; PD, photodetector; ESA, electric spec-
trum 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 S,;. k values at high optical power and detuning A are deduced from this response. (D) PSD of mechanical spectrum after sub-
tracting 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.
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Fig. 3. 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 P, = 11 dBm and P;, = 13 dBm, respectively. Black solid lines represent fit to experimental data. (C and D) Mechanical resonant frequencies w./2m versus the

optical detuning A, deduced from the spectra in (A) and (B), respectively. (E and F)

Mechanical dissipation rate y./2m versus the optical detuning A, 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.

the designed mechanical frequency was Q,/2n = Q,/2n = 5.634 GHz
and the optomechanical coupling rate was g;/2n &/
21 = 0.63 MHz.

After determining the parameters of the zipper cavity, the de-
signed cavity was fabricated on a silicon-on-insulator wafer with a
top layer thickness of 220 nm and a 3-um-thick buried-oxide layer
(Materials and Methods). Figure 2A shows the measurement setup
used to characterize the evolution of mechanical spectra with tuned
optical parameters. A tapered fiber controlled with nanopositioners
was used to evanescently couple the input blue-detuned laser into
the zipper cavity. In this experiment, a pump-probe scheme (37-39)
was used to monitor the detuning A and the optical dissipation rate
k (section S3).

The optical and mechanical spectra are illustrated in Fig. 2 (B to
D). In Fig. 2B, the first resonant dip at 1534.9 nm is an odd optical
mode, while the second resonance dip at 1543 nm corresponds to an
even optical mode. In this experiment, we excite the optical odd
mode to realize the mechanical EPs, and its Lorentzian fitting is
shown in the inset. The corresponding optical linewidth of k/
21 =1 GHz (Q, = 1.95 x 10°) indicates that the resolved-sideband
regime (Q) >> k) was reached. The derived extrinsic coupling rate of

Wu et al., Sci. Adv. 9, eabp8892 (2023) 18 January 2023

kex/2m = 0.208 GHz from Fig. 2B is assumed to be constant during
the experiment and was used to calculate the intracavity photon
number 7.,,. The normalized amplitude response of S;, (red
points in Fig. 2C) detected via the vector network analyzer after cal-
ibrating the frequency response (section S4) is consistent with the
theoretical fitting (black line), and the optical linewidth and detun-
ing can be derived. Meanwhile, a narrow resonant dip appears when
the beat frequency between the pump and weak probe lights is close
to the mechanical resonant frequency. This can be attributed to the
effect of optomechanical-induced absorption (OMIA) (39). Here,
with the large n.,, inside the cavity, the derived optical linewidth
k/2m = 1.26 GHz is distinct from the result in Fig. 2B because of
the nonlinear absorption effect (35). The power spectrum density
(PSD) in Fig. 2D carrying the information of mechanical motion
and the related mechanical mode properties can be deduced by
using multiple spectra measured under different detunings and
optical input powers. Here, the fitting parameters were as follows:
0,/2n = 5.6531 GHz, Q,/2n = 5.6581 GHz, Q; = Q,/y; = 1100,
Qy = Oy/y, = 1440, g; = 0.72 MHz, and g, = 0.32 MHz. Compared
to the intrinsic mechanical resonant frequencies, resonant peaks in
Fig. 2D are blue-shifted due to the optical spring effect.
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Fig. 4. Characterization of the experimental results near the mechanical EP. (A) Resonant frequencies w./2n and (B) dissipation rate y./2r of mechanical modes
versus detuning A and intracavity photon number n,,. (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 . Inset shows alter-
native 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.

Furthermore, the mechanical peak at higher frequency is weaker
than that at lower frequency because the optomechanical coupling
rate g, is lower. In addition, the discrepancy of the intrinsic resonant
frequencies between the two mechanical oscillators originates from
the fabrication error and it contributes to a large eigenvalue splitting
near the EPs.

To analyze the evolution of the eigenvalue of the mechanical
modes with the variation of the detuning A and the intracavity
photon number #.,,, the mechanical spectra are measured by scan-
ning the optical detuning A at a fixed laser power P;, = 11 dBm and
Py, = 13 dBm in Fig. 3 (A and B, respectively). For P;, = 11 dBm in
Fig. 3A, we observed a notable increase in the peak of the mechan-
ical mode with lower frequency as the detuning A decreases, which
indicates the decrease in the mechanical linewidth. Subsequently,
the phonon lasing (40-42) occurred in this lower-frequency
mode. In contrast, for P, = 13 dBm, it can be found that the
peak (linewidth) of the mechanical mode with higher frequency
shown in Fig. 3B increases (decreases) markedly as the detuning
A decreases. Thereafter, the phonon lasing occurred in this
higher-frequency mode. This phenomenon is also an evidence of
the coupling between the two mechanical oscillators. Otherwise,
the lower-frequency mode would always enter the phonon lasing
regime first because of its higher optomechanical coupling rate g;.

Furthermore, mechanical eigenvalues w, — iy,/2 can be ob-
tained from the mechanical spectra. Figure 3, C and E (Fig. 3, D

Wu et al., Sci. Adv. 9, eabp8892 (2023) 18 January 2023

and F), displays the evolution of the real and imaginary part of ei-
genvalues for different detuning A using the spectra in Fig. 3A
(Fig. 3B), respectively. Here, the experimental data (square
markers) are consistent with the theoretical curves (solid lines)
with the linear approximation. In addition, the crossing (anticross-
ing) of the dissipation rate y./2m and the anticrossing (crossing) of
frequency w./2m of the mechanical modes appear as theoretical pre-
diction when the detuning is swept at P;,, = 11 (13) dBm. This prop-
erty can be illustrated in Fig. 4D; here, the black solid (dashed) line
corresponds to parameters where the real (imaginary) parts of the
eigenvalues are degenerate. As the real and imaginary parts of the
mechanical modes are simultaneously degenerate at the EPs, the
corresponding parameter point of the EPs is the intersection of
the black solid and dashed line. Because of this property of the
EPs, under the higher (lower) laser power, the evolution of param-
eters will cross the black solid (dashed) line when the detuning is
swept. Then, the crossing of the mechanical frequency (dissipation
rate) of mechanical modes will show up and the phase transition
occurs at the EPs. Nevertheless, the system enters the phonon
lasing regime before the frequency crossing at P;,, = 13 dBm exper-
imentally in Fig. 3 (D and F), owing to the low intrinsic mechanical
dissipation rate of this test sample. Accordingly, the evolution of
mechanical spectra will deviate from the theoretical curve with a
linear approximation, and the relation between the coupling
strength (coherent and dissipative coupling) and the optical
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parameters (#1.,, and A) will change. Even so, the relation between
the eigenvalues and the coupling strengths (coherent and dissipative
coupling) will maintain and will still be effective to analyze the
results in the phonon lasing regime (section S7). Thus, in the
phonon lasing regime, the coherent and dissipative coupling
strength will be saturated until the imaginary part of the eigenvalue
for the phonon lasing mode becomes zero and a lasing frequency is
exactly one of the real parts of system eigenvalues to satisfy the
system dynamics. Moreover, the crossing and the anticrossing prop-
erties will still have the corresponding consequences after the tran-
sition from the linear to the phonon lasing regime (section S7).

Following the abovementioned procedure, we further recon-
struct the topological surface of the mechanical eigenvalues under
different laser powers and detuning. The mechanical resonant fre-
quency w./2m and the mechanical dissipation rate y./2m versus the
detuning A and intracavity photon number n,, are plotted in Fig. 4
(A and B, respectively). Figure 4C shows the amplitude of mode
splitting S versus the coherent and dissipative coupling strength
to combine the information in Fig. 4 (A and B) and better locate
the EP. It can be seen that the experimental data (blue and red
points) are consistent with the theoretical surface results, and the
region near the EPs was reached. Here, the relation between
optical dissipation rate k and intracavity photon number #.,, has
been considered in the theoretical calculation (section S5), and
the deviation between the experimental data and the theoretical
surface mainly comes from the long-term drift of the intrinsic me-
chanical frequency (section S6).

Then, we focus on the variation of eigenvalues near the EPs. Ac-
cording to the theoretical model, the amplitude of mode splitting S
is a nonlinear function of the perturbation e, where
| S |= +/| Ae + Be? |. As the experimental data are close to the
EPs in the parameter space, the perturbation & can be very small.
This leads to a good agreement between the corresponding experi-
mental eigenvalue splitting for the data inside the blue circle in
Fig. 4D and the approximate theoretical response of

| S|= /| Ae |, as illustrated in Fig. 4E. Consequently, the 1/2
order response of the EPs was observed in this test sample. In addi-
tion, as the amplitude of perturbation ¢ is a nonlinear function of
detuning A, the 1/2 order response and the nonlinear transduction
between perturbation € and detuning A resulted in a sudden change
of mechanical frequency splitting near the EPs in Fig. 4A when the
detuning A is adjusted.

DISCUSSION

In our experiment, a larger difference of mechanical frequency |Q,-
Q,| will further enhance the frequency splitting near the EPs. In ad-
dition, the device also benefits from the reduced mechanical line-
width by using a blue-detuned laser. What is more, owing to the
self-reference detection scheme of frequency splitting, this system
is robust to mechanical frequency drifts (43). In contrast, the
sensor proposed by a single optomechanical coupling suffers
from frequency drift (44, 45). Therefore, the device is suitable for
realizing high-sensitivity sensors by combining the antidamping
modes and the mechanical EPs. It is noted that this work also
offers a reliable, integratable platform for studying and using mul-
timode non-Hermitian physics. For instance, further using the red
detuning laser might be suitable for the investigation of multimode
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optomechanical cooling (46) and the nonreciprocal dynamics of
mechanical EPs (17, 19) under the quantum ground state as the
high frequency of mechanical breathing modes results in low
thermal phonons. In addition, high-order EPs (47) and the multi-
mode dynamics in the phonon lasing regime (48, 49) can also be
explored further based on this platform.

MATERIALS AND METHODS

Fabrication process of zipper cavity

The designed cavity was fabricated on a silicon-on-insulator wafer
with a top layer thickness of 220 nm and a 3-pm-thick buried-oxide
layer. Electron-beam lithography was used to define the pattern on
resist, and inductively coupled plasma reactive ion etch was used to
transfer the pattern to the top silicon layer. Subsequently, the
buried-oxide layer was removed using buffered hydrofluoric acid
to form the suspended nanobeam structure (42, 50). The fabrication
process of the zipper cavity is shown in fig. S2.

Supplementary Materials
This PDF file includes:

Sections S1 to S7

Figs. S1 to S9
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