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Optomechanical synchronization across multi-
octave frequency spans

Caique C. Rodrigues® 2, Caué M. Kersul® "2, André G. Primo"2, Michal Lipson® 34,
Thiago P. Mayer Alegre® "2 & Gustavo S. Wiederhecker @ 12>

Experimental exploration of synchronization in scalable oscillator microsystems has unfolded
a deeper understanding of networks, collective phenomena, and signal processing. Cavity
optomechanical devices have played an important role in this scenario, with the perspective
of bridging optical and radio frequencies through nonlinear classical and quantum synchro-
nization concepts. In its simplest form, synchronization occurs when an oscillator is entrained
by a signal with frequency nearby the oscillator's tone, and becomes increasingly challenging
as their frequency detuning increases. Here, we experimentally demonstrate entrainment of a
silicon-nitride optomechanical oscillator driven up to the fourth harmonic of its 32 MHz
fundamental frequency. Exploring this effect, we also experimentally demonstrate a purely
optomechanical RF frequency divider, where we performed frequency division up to a 4:1
ratio, i.e., from 128 MHz to 32 MHz. Further developments could harness these effects
towards frequency synthesizers, phase-sensitive amplification and nonlinear sensing.
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ynchronization lies at the core of time keeping and under-

pins a vast class of natural phenomena, from life cycles to

precision measurements!. In a nutshell, synchronization
occurs when an oscillatory system has its bare frequency entrained
by a weak external signal, which may have a slightly different
tempo. Since its observation by Huygens in the 17th century, the
synchronization of widely distinct systems has been shown to share
remarkably universal features!2, fostering its exploration across
many disciplines>. With the recent convergence among optical,
mechanical and electrical waves using scalable microfabrication
technologies, synchronization has emerged as a powerful tool
targeted not only at technological applications, such as phase-lock
loops in radio-based communications®~8, but also at developing
the fundamentals of chaotic systems’, injection locking!0-12,
electro and optomechanical devices!3-20, nonlinear dynamics?!-2,
network coupling?’-3%, and quantum synchronization31-3¢.

Most synchronization realizations occur when the oscillation
frequencies involved are barely dissimilar. This is usually the
case because most oscillators rely on an underlying frequency-
selective resonant response, e.g., mechanical, electrical, or
optical resonance, which drastically suppresses off-resonant
excitations. Despite the weak response to such nonresonant
signals, oscillators with a strong nonlinearity may also syn-
chronize when the ratio between external driving frequency
(Q,) and the oscillation frequency () is close to a rational
number p = p/q called winding number?’, i.e., the ratio Qu/
Qo = p/q with p, q being coprime integers. Indeed, higher-order
p:q synchronization features have been experimentally observed
in a variety of nonlinear systems, from Van der Pol’s neon-bulb
oscillator3® to modern spin-torque oscillators3®-41, micro-
electro-mechanical ~systems#2-47,  delay-coupled lasers®3,
nuclear magnetic resonance laser?’, and on-chip optical para-
metric  oscillators®®. These higher-order synchronization
demonstrations are of major importance in radio-frequency
(RF) division applications, which often demand low-power
consumption and wide-band operation>1-53,

Within optomechanical devices, although seminal work has
revealed that high-order synchronization is possible, its full
strength is yet to be developed, potentially impacting the bridge
between optical and RF signals®* or enabling role in
quantum33>5°6 and classical devices?%>7. For instance, the first
optomechanical injection-locking demonstration by Hossein-
Zadeh et al.”® showed evidence of synchronization at Q= 20,
while®®®0 demonstrated synchronization at subharmonics and

the second harmonic in an on-fiber optomechanical cavity
oscillator based on thermal effects. Theoretical work has sug-
gested weak signatures of higher-order synchronization in opto-
mechanical cavities®!.

Here, we experimentally demonstrate the entrainment of a
silicon-nitride optomechanical oscillator (OMO) by an external
signal up to two octaves away from its oscillation frequency.
Furthermore, the OMO operates in the intriguing regime where
higher-order synchronization (p >gq) is actually stronger than
the trivial 1:1 case, as determined by the degree of nonlinearity
set by the laser frequency and intensity. Finally, we explore this
regime to experimentally demonstrate a purely optomechanical
radio-frequency divider with a phase noise performance better
than the 1:1 locking regime. Our results open a route for
exploring and engineering nonlinear synchronization in opto-
mechanical oscillators®2, phase-sensitive amplification®3-64,
nonlinear sensing®, and collective dynamics of emerging
oscillator arrays30:66:67,

Results and discussion

The general structure of optomechanical oscillators dynamic can
be represented by the feedback diagram shown in Fig. la. The
optical force driving the mechanical mode depends nonlinearly
on the displacement, x(t). Thus, the Lorentzian shape of the
optical resonance provides a unique route to tailor the degree of
nonlinearity of the optical force, defining how different harmo-
nics of the mechanical oscillation are excited during the optical-
to-mechanical transduction.

To establish synchronization, we apply a weak intensity mod-
ulation to the optical driving power, P, () = P, [1 +e sin(th)] ,
where P, is the continuous-wave average power and ¢ (< 1) is the
modulation depth. In the unresolved sideband regime, where Qy is
smaller than the optical linewidth «, the essence of the feedback
loop of Fig. la is captured by introducing a delayed mechanical
response x(t) — x(t — 7), where X is a normalized dimensionless
displacement (details in the Supplementary Note 5). The optical
force can then be efficiently written as a power series in x(¢t — 1),

Fop(t) = fope[1 + £5in(Qgt) ] 20 E X"t — 1), 6}

whose strength depends not only on the overall optical force
strength, fop but also on the dimensionless coefficients F,, which
dictates the intensity of the nonlinearity and their detuning
dependence, as shown in Fig. 1b. Important optomechanical
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Fig. 1 High-harmonic response of optomechanical oscillators. a Optomechanical oscillator feedback diagram. The mechanical degree of freedom, x(t), is
initially in equilibrium with the thermal Brownian noise bath, but when a continuous-wave laser excites the optical field within the optical resonator, a(t),
the optical phase is imparted by the mechanical motion and transduced—via the optical resonance—to fluctuations on the optical energy. Due to radiation-
pressure forces, the mechanical oscillator experiences a feedback (back-action) force that impacts its dynamics; b Optical force components as function of
the optical detuning A, = @, — wg — Gxg shown in Eq. (1) (details in the Supplementary Note 5); ¢ Arnold tongues in the ¢ — Q, space illustrating 1:1 and 2:1

entrainment.

2 | (2021)12:5625 | https://doi.org/10.1038/s41467-021-25884-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s541467-021-25884-x

ARTICLE

properties, such as optical cooling/amplification or spring
effect>>%8, are described by considering up to the first-order term
F, in Eq. (1). The modulation depth-dependent terms (e €) enable
the injection-locking and synchronization of the OMO to an
external drive. While Fy and F; hardly provide new insights into
synchronization properties, the quadratic and cubic terms (F, and
F) highlight a key aspect explored in this work: nonlinear syn-
chronization properties can be adjusted with an easily accessible
parameter, the optical detuning, which significantly changes their
relative strengths, as shown in Fig. 1b.

The impact of these nonlinearities in the synchronization
dynamics can be cast into the well-known Adler’s model, which
describes the slowly varying phase dynamics of an oscillator
perturbed by a weak external drive®’%%, Indeed, we show in
“Methods” that the Taylor-series description of Eq. (1) leads to an
effective Adler model when the optical modulation frequency is
tuned towards a chosen harmonic of the mechanical frequency.
Synchronization in this model arises when the perturbation
strength overcomes the frequency mismatch between the drive
and oscillator’s harmonics. As the external drive frequency Q is

swept around the oscillator harmonics, the synchronization
condition may still be satisfied and defines a region in a e—Q
space known as Arnold tongues (ATs)!, illustrated in Fig. lc.
Such response to higher harmonics could be readily explored for
radio-frequency division, as we experimentally demonstrate for
divisions ratio 2:1, 3:1 and 4:1, the same orders of the measured
Arnold tongues maps.

To experimentally assess high-order synchronization and
measure the ATs, it is important to harness the nonlinear response
of an OMO. We achieve this control by employing a dual-disk
optomechanical cavity based on silicon-nitride’®”!, as shown
schematically in Fig. 2a. This cavity supports a relatively low
frequency (Q,,/2r=31.86 MHz) and high-quality factor
mechanical mode (Q,,=1250)72, which is coupled to a
transverse-electric optical mode (Qqpt = 1.6 X 10° at a wavelength
A=1556nm) with an optomechanical coupling rate go/
2w =16.2kHz. The experimental setup, shown in Fig. 2b, essen-
tially consists of an intensity-modulated external cavity tunable
laser that is coupled to the optomechanical cavity using a tapered
fiber’0. The output light is analyzed with an oscilloscope and an
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Fig. 2 Experimental demonstration of multi-octave synchronization. a Illustration of the silicon nitride dual-disk optomechanical cavity used in the
experiment. The inset shows the simulated flapping mechanical mode displacement profile |u|; b Schematic of the experimental setup used; TL is the
tunable laser source; A-Ref: acetylene gas cell and a Mach-Zehnder interferometer as a reference in frequency; EOM: electro-optic modulator; RFG: radio-
frequency generator; ESA: electrical spectrum analyzer; PM: power meter; OSC: oscilloscope; € Magnitude of the fast-Fourier transform of the OMO output
signal (inset); d-g Time-trace of the OMO output entrained at p=1 (d) until p=4 (at g). A RF injection power of —10 dBm (e ~ 4%) was used; h-k RF
spectrograms measured as the RF drive frequency sweeps from lower to higher frequencies around each OMO harmonic, p =1 (h) until p = 4 (at k), for an
injection RF power of —10 dBm. The vertical RF frequency axis is always centered at the mechanical oscillation frequency £,/27z = 32 MHz and increases
from top to bottom, as the symbols minus and plus from h) suggests. The same is true for the horizontal axis, in which the RF drive frequency increases
from the left to the right; I-o Measured Arnold tongues corresponding to each harmonic, obtained by stacking horizontal linecuts along the dashed black
line shown in h-k. The purple curves are the simulated ATs and the color scale of each plot matches the grayscale range shown in the right.
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electrical spectrum analyzer (ESA) that reveals the dynamics of the
oscillator while monitoring the optical transmission.

To transition this optomechanical cavity into an OMO we
raise the pump power to Py =480 uW and fine-tune its wave-
length such that the detuning between the laser frequency and
the cavity resonance corresponds to A, = 0.35k(A,/2m =408
MHz), which is inferred by monitoring the optical transmission.
A typical OMO free-running output signal and the corre-
sponding Fourier transform are shown in Fig. 2c, revealing the
mildly nonlinear characteristic with a few noticeable harmonics.
Interestingly, at this detuning, both the F, and F; terms in Eq. (1)
are of similar strength (see Fig. 1b), suggesting that the nonlinear
response to an injection signal should be readily observed. To
observe injection-locking, the laser intensity modulation is acti-
vated, and the modulation frequency is swept around the OMO
fundamental frequency or its harmonics (p =1—4 and g=1).
The time-traces in Fig. 2d-g are captured with the injection
signal frequency being precisely matched to each harmonic using
a RF power of —10 dBm. As the RF driving frequency is detuned
from each harmonic, the OMO response is monitored through
the RF spectrum centered around the fundamental frequency Qq/
2m, as shown in the density plots of Fig. 2h-k. At the left-hand
side of these plots, the RF tone is far away from the OMO
harmonics and do not synchronize, thus, both oscillator and
drive frequencies appear as distinct peaks, accompanied by
nonlinear mixing products typical of driven oscillators#2. When
the RF tone approaches a harmonic, a clear transition occurs and
a single RF peak emerges, which is one major signature of syn-
chronization. The first striking feature is the observation of
strong synchronization for all the driving harmonics, a phe-
nomenon that has not been reported in optomechanical systems.
Second, and most important, the width of the synchronization
region for p=2 and p=4 are larger than the fundamental
harmonic (p=1). It is also remarkable that the
p =3 synchronization window is relatively small, counterposing
the hierarchy among harmonics.

To map the synchronization window into Arnold tongues and
understand the role played by the optical modulation depth, we
performed the measurements shown in Fig. 2h-k for a range of
RF powers, and built the ATs shown in Fig. 21-o. The colored
regions indicate a synchronized state and were obtained by
stacking RF spectral slices along the OMO frequency, given by the
horizontal dashed-lines in Fig. 2h-k. It is worth pointing out that
the highest RF power (—6 dBm) corresponds to a modulation
depth & = 6%, ensuring a weak perturbation regime. Although the
existence of higher order tongues could be anticipated by quali-
tative analysis of the nonlinear terms in Eq. (1), further theore-
tical analysis is necessary to precisely picture their nature.

To study the observed AT behavior, we perform numerical
simulations of the exact coupled equations describing both the
mechanical and optical dynamics, and the resulting simulated
Arnold tongues boundaries are shown in Fig. 3a. Despite the
specific parameters that influence the precise behavior of the
optomechanical limit cycles®!, such as optical detuning, opto-
mechanical coupling, and optical/mechanical linewidths, a good
agreement is observed between the measured and simulated
tongues. Such agreement suggests that the observed features are
indeed dominated by the optomechanical interaction itself, in
contrast to silicon optomechanical devices where thermal and
charge carrier effects strongly influence the self-sustaining oscil-
lator dynamics!®73. Although the numerical model is useful for
confirming the optomechanical nature of the observed effects, it
hardly provides any analytical insight on the origins of the
observed synchronization effects.

We obtain further insight by approximating the optical force as
a delayed power series, as suggested in Eq. (1). This analysis
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Fig. 3 Numerical analysis and experimental observation of fractional
synchronization. a Arnold tongues boundaries simulated using the
complete coupled optomechanical equations. The horizontal scale is the
same used in experimental data of Fig. 2l-o, revealing a good agreement;
b Same simulation done at (a) but now considering only one parametric
term in each simulation, i.e., the green (1:1) boundary was simulated
considering ef; = ef, = eF3 = 0 but eFg # O (details in the Supplementary
Note 5). The orange (2:1) boundary has only the term &F; # O, the blue (3:1)
has eF, # 0 and the red (4:1) has eFs # O; c-f Impact of optical detuning A,
in the ATs, showing their tunability and the possibility of a vanishing p=3
tongue at A, ~ 0.43k for the parameters used. These maps were simulated
using € = 5% and the black-dashed line is the mechanical oscillation
frequency fo, which increases with A, because of the optical spring effect; g
Measured fractional synchronization threshold, indicated as blue dots, to
observe a finite-width AT. The red lines indicate the locking orders that did
not synchronize and only frequency pulling was observed. The Arnold
tongues shown are illustrations (see Supplementary Note 2 for actual data).

allows exploring the synchronization role of each nonlinear
component F, in Eq. (1) and elucidates the underlying structure
of high-harmonic synchronization. The nonlinear components
that are not proportional to the driving signal define a “forced
Van der Pol-Duffing oscillator” responsible for the oscillator limit
cycle observed in Fig. 2c.

The synchronization dynamics is related to the terms pro-
portional to the RF driving signal (x ¢). However, in addition to
the usual non-parametric excitation (x eFp), the injection signal
also contributes to time-dependent coefficients in the mechanical
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Fig. 4 Phase-noise reduction and optomechanical frequency division. a Measured one-sided phase noise spectral density for the free-running (black),
injection-locked (colored), and RF injection signal (gray). The RF power used for the injections was —7 dBm (e ~ 5.5%); b Phase noise spectral density
evolution as a function of the RF power for the 4:1 injection; € Comparison between experimental data sidebands and the semi-analytical model prediction
(see Supplementary Note 7). The colormap is the experimental power spectral density (PSD) around the OMO fundamental frequency. The RF drive
frequency was set to the OMO frequency for all the RF powers shown. The black dashed lines are the experimental fit and the red/blue curves are the
semi-analytical prediction, showing excellent agreement; d Experimental PSD, in gray, for a RF power of —13 dBm (¢ ~ 2.75%), which is the same horizontal
dashed gray linecut at (¢) showing the agreement between semi-analytical model and experimental data for these sidebands, for both frequency and
linewidth; e Schematic of the optomechanical frequency divider; LPF means “low-pass filter”; f Experimental Optomechanical frequency division. The
orange, blue and red curves are the injection-locked signal output from the OMO for the cases 2:1, 3:1, and 4:1, respectively. The overlapping black curves
are the divided signal obtained using a low-pass filter with 48 MHz cutoff frequency.

oscillator dynamical equation. Physically, these time-varying
coefficients indicate that the external signal modulates the oscil-
lator’s frequency and damping properties, leading to linear
(e €F;) and nonlinear (x €F,3) parametric resonance effects, a
situation resembling the dynamics of a nonlinear Mathieu
equation” 174,

By neglecting all but one time-dependent term in the numer-
ical simulations, we could identify how each harmonic (p = 1-4)
is related to the force expansion coefficients shown in Fig. 1b. The
resulting map is shown in Fig. 3b, where each boundary was
simulated considering only one parametric term, while all the
others were set to zero. The resemblance with the full model
simulation at Fig. 3a is remarkable. This analysis reveals that each
eF,_; term in the force expansion is the leading contribution to
the p:1 AT, for all measured harmonics. For instance, as the p =3
entrainment occurs due to the eF, parametric term, the thinner
tongue observed in Fig. 2n is explained by the negligible value for
F, at this detuning. Interestingly, although quadratic force terms
like F,x? are often ignored in nonlinear mechanical oscillators (as
they arise from an asymmetric elastic potential energy), here, they
emerge naturally from the Lorentzian shape of the optical mode
and can be tuned with the optical detuning. Another interesting
feature, present both in the analytical and numerical model, is the
presence of a cusp in the 1:1 tongue at —16 dBm RF power.
Although we verified that such a feature occurs due to an
amplitude bifurcation using the analytical model (see Supple-
mentary Note 8), the cusp was not observed in the
experimental trace.

The insights brought by our semi-analytical model suggest that
tunable Arnold tongues should be feasible. In Fig. 3c—f we show a
full numerical simulation of the ATs as a function the optical
detuning, confirming this possibility. In particular, a complete
suppression of p =3 tongue is attainable (Fig. 3e). Such rich
response to higher harmonic excitation led us to verify whether
our OMO could also respond to fractional frequency excitation,
i.e, where p/q is not an integer number. These experimental
results are summarized in Fig. 3g but the full map can be found in
Supplementary Note 2 for various subharmonics of the
mechanical frequency, revealing terms of the famous Farey
sequence known in number theory?’. Note, however, that the
injection signal power required to observe fractional tongues was
substantially larger, with some fractions (e.g., 4/5) requiring a full
modulation, which is beyond the reach of our semi-analytical
approximations (¢ = 100%).

Optomechanical frequency division. An important aspect often
praised when investigating synchronization and injection-locking
phenomena is the reduction of phase noise (PN) in free-running
oscillators. While optomechanical oscillator’s phase noise (PN)
has been previously explored!>°8:67.73.75 its characteristics under
high harmonic injection are not known. In Fig. 4a we show the
measured PN at the fundamental oscillator’s frequency for the
free-running OMO and injection-locked at the harmonics
p=1—4 (see “Methods” for details). The PN curves were taken
using a constant RF power of —7 dBm (e = 5.5%) for all harmo-
nics. The general behavior of the free-running OMO PN has been
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discussed previously”> and it is influenced by various noise
sources, such as flicker, thermomechanical, and amplitude-to-
phase conversion’®. When injection locked at p = 1 (green curve),
the PN performance improves significantly, and the PN of the
higher harmonics are surprisingly low, despite that the same
modulation depth was employed. Indeed, the p=2 injection
offers an improvement over the trivial p =1 case, p = 3 is slightly
deteriorated, and p = 4 PN suffers a significant penalty of 10 dBc/
Hz at small offset frequencies, however, it still preserves the low-
frequency PN plateau, characteristic of injection-locked oscilla-
tors. To investigate the RF power dependence of each harmonic,
PN curves were measured over a range of RF powers, shown in
Fig. 4b for the 4:1 case. The transition to a low-frequency PN
plateau (around —7 dBm) observed in Fig. 4b also occurs for
other harmonics, albeit at lower injection powers, showing that
very low PN levels can be achieved at the expense of higher RF
power levels (see Supplementary Note 3 for other harmonics). In
particular, while the 1:1 PN of Fig. 4a reaches —80 dBc/Hz at
—7dBm, the 4:1 PN of Fig. 4b requires —1dBm to reach
—80 dBc/Hz, still corresponding to a moderate modulation depth
of 11%. A qualitative understanding of the observed PN behavior
can be cast upon previous investigations in the context of
superharmonic injection-locking”77=7°.  When the injection-
signal PN is negligible, the phase-noise of a superharmonic
injected oscillator is written as

Efree(Q)

Lout(Q) = ,
out() 1+ (AQ, /Q) cos?0

()

where Lg00(Q) is the free-running OMO PN spectra, ie., the
black curve of Fig. 4a; AQ,, is the locking range (AT width) for
each harmonic; 0 is the phase offset between the injection signal
and the OMO. Apart from the phase offset §, the AT width
determines the locking range and is often associated with good
phase noise performance.

Indeed, the wider lock range AQ, observed for the 2:1
injection is associated with a better PN. For the 3:1 and 4:1 PNs
cases, however, the trend is not as clear. While the phase-noise
is reduced as the lock-range increases (due to higher injection
power), the 4:1 PN shown in Fig. 4a is not lower than the 3:1
injection, despite the wider 4:1 tongue. Although it is not clear
all the factors contributing to this discrepancy, we verified in
numerical simulations that the phase-offset 6 varies among
harmonics and could partially contribute to the observed
mismatch. One unique factor contributing to these phase offsets
in nonlinear oscillators is the strong frequency pulling3%-8! that
distinctively shifts the bare OMO frequency for each harmonic.
Indeed, we can notice in the injection maps of Fig. 2h-k that
the locking frequency loci are not symmetric relative to the
OMO frequency. For example, Fig. 20 is shifted towards lower
frequencies, while Fig. 2m shifts toward higher frequencies.
Such shifts are also anticipated by our semi-analytical
model and can be traced back to the effective perturbation
strength and frequency mismatch in Adler’s model (see
“Methods”). These nonlinearities also highlight the weakness
of neglecting the amplitude-phase coupling in the PN modeling
of OMOs.

Another feature that supports the amplitude-phase coupling
effects in the PN spectrum, which is not readily captured by the
simple model leading to Eq. (2), is the presence of the sidebands
appearing in Fig. 4a between 20 and 60 kHz. In contrast to the
fixed-frequency satellite peaks at 150 kHz, which are caused by
parametric mixing with a spurious mechanical mode, these peaks
are intrinsic to the nonlinear locking dynamics of OMOs. These
sidebands were discussed by Bagheri et al.20 and attributed to the
coupling between phase and amplitude dynamics that are

intrinsic to OMOs. Based upon our amplitude-phase model
leading to the effective Adler equations (Eq. (4)), we derive a
quantitative model, in similarity to spin-torque oscillators40,
which predicts both frequency splitting and linewidth of these
sidebands. Despite the various approximations necessary, the
fitted model agrees remarkably well with the experimental data, as
shown in blue/red curves in Fig. 4c, d.

In the context of higher-order synchronization, the demon-
strated phase-noise performance could be explored towards
injection-locked superharmonic frequency dividers”-8, which
generate radio-frequency signals at a fraction of a higher
frequency reference. Despite the low power-consumption
advantage of injection-locked dividers, compared to other
technologies, such as regenerative and parametric dividers?,
they often suffer from a narrow lock range. While OMOs offer
intrinsically narrower lock ranges compared to electronic
injection dividers®, the wide Arnold tongues reported in Fig. 3
suggest that a robust OMO frequency division is feasible.
Exploring this strong response to higher harmonics, the
experimental schematic of Fig. 4e was implemented to perform
the demonstration of an optomechanical frequency division. A
low-pass RF filter (48 MHz cutoff, MiniCircuits SLP-50+)
rejects the higher-harmonics generated by the injection-locked
OMO and delivers an output signal at a fraction of the injected
reference, fo/N.

The measured frequency-divided signals for 2:1, 3:1, and 4:1
locking for a RF power of 0 dBm are shown in Fig. 4f. The worst
PN performance, obtained in the divide-by-4 case, is better than
—70dBc/Hz and can be significantly improved at higher RF
powers, as shown in the red-tone traces in Fig. 4b. Further
improvement in phase-noise could be achieved by using devices
with higher mechanical quality factor and stronger optical driving
power, for instance, double-disk optomechanical devices with
mechanical quality factors exceeding 10* and driven at larger
amplitudes (using higher optical power) could exhibit a further
PN reduction of 30 dB (see Supplementary Note 3). These results
show that OMO-based frequency dividers can be readily derived
from the observed higher-order synchronization. Although there
is room for improvement in optomechanical frequency dividers,
its ability to generate frequency references in the optical domain
could be explored in experiments requiring optical synchroniza-
tion, such as radio antenna telescopes®?, optical frequency
combs®?, or coherently linking arrays of optomechanical
oscillators with distinct frequencies®’. Given the current state-
of-the-art in hybrid integration®? and electro-optical conversion
in photonic circuits’3, the demonstrated divider could still ensure
the low power consumption expected for injection locking
frequency division.

We have experimentally demonstrated an optomechanical
oscillator entrained by high-order harmonics and its applica-
tion as a purely optomechanical frequency division. The wider
locking range observed for the higher harmonics, and its
theoretical mapping to each nonlinear term in the oscillator
dynamics, open new routes to control nonlinear synchroniza-
tion phenomena in optomechanical oscillators, including the
tailoring of the nonlinear response through the laser-cavity
detuning and frequency synthesizers optomechanical devices.
Furthermore, the importance of nonlinear parametric effects
could also significantly impact phase-sensitive amplification8
and nonlinear sensing® with optomechanical devices. The
demonstrated entrainment should also enable novel configura-
tions for coupling and controlling optomechanical arrays based
on dissimilar resonators. The demonstration of locking at
fractional harmonics could also be a starting point for further
nonlinear dynamics investigations within an optomechanical
platform.
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Methods

Optical energy. The optical energy dependence on the laser-cavity detuning and
mechanical displacement is given by,

KZ
. —
(A—Gx)*+12/4 ™ @)
in which two key parameters that will enable the tuning of the OMO nonlinear
response arise: the input laser power, P;,, and the bare optical detuning, A = w; — wy,
between the pump laser (w;) and optical mode (w,) frequencies; x is the mechanical
mode amplitude, G = dw/dx is the optomechanical pulling-parameter, « is the optical
mode linewidth and , is the external coupling to the bus waveguide3.

la]* =

Effective Adler model. By employing the Krylov-Bogoliubov-Mitropolsky time-
averaging method®” at the mechanical oscillator equation, an effective Adler’s
equation may be derived (details in the Supplementary Note 6),

AQ(p)
2

where ® is the mechanical oscillator phase correction and @ denote its time
derivative; v(p) is the mean correction of Qy and AQ(p) is the size of the syn-
chronization window at a particular harmonic p = p/q. Although many approx-
imations must be carried on, this analysis relates the Taylor series coefficients in
Eq. (1) with the coefficients v(p) and AQ(p) in the effective Adler’s model Eq. (4),
providing a quantitative description of the width hierarchy among the

measured ATs.

d=v(p)+¢ sin(p®). 4)

Experimental setup. A full schematic of the experimental setup is shown in
Supplementary Note 1, along with optical and mechanical characterization of the
bare resonator data. The optical transmission and the RF spectral measurements
for the bare resonator properties were taken at low pump powers (<50 pW). The
laser wavelength and detuning are accurately monitored using a Mach-Zehnder
Interferometer and a HCN gas cell. The cavity is inside a vacuum chamber with
pressure of approximately 0.1 mbar and at room temperature. Finally, the trans-
duced signal goes to two detectors: a power meter (PM) that will track the optical
mode and a fast photodetector (NewFocus 1617AC Balanced Photodetector) with
800-MHz bandwidth whose electrical output feeds both the electric-spectrum
analyzer (ESA, Keysight N9030A) and oscilloscope (OSC, DSO9254A). The phase-
noise measurements were performed in the spectral domain using the ESA N9030A
phase-noise measurement application (N9068A). There was also a feedback loop
between the PM and the TL to lock the signal, preventing the optical resonance to
drift due to unwanted external perturbations.

Phase noise. To derive the approximate expression for the phase noise (Eq. (2)),
we must start from the general PN expression”>’7,

(A9, /1)’ Linj(Q)cos’8 + O Leee(Q)
AQZcos?0 + Q? '

Since the injection-locking signal is derived from a stable RF frequency source

(Agilent PSG E8251), £;,,(Q), the injection signal PN spectra are orders of

magnitude smaller than Ly .(€)), and then Linj (Q)/ Lepee(Q) — 0 results in Eq.

(2). The modulation depth as a function of the RF power is given by

e = n1y/PrpR/V ,, where R=50 Q and V,=5.5V is the optical modulator

parameter. The phase angle is given by 6 = arcsin [(Q0 - Qd/n)/AQn]. A more

detailed analysis is given in Supplementary Note 3 where we show the measured
phase noise as a function of the RF power for all the harmonics.

Lout(Q) = ®)

Simulations. The acquired data were compared with numerical simulations using
Julia language together with well-known and powerful packages like Differential
Equations.jl, DSP,jl and Sundialsjl. As we are dealing with a stiff system, ie., there is
more than one relevant natural time scale that differ by many orders of magnitude,
solvers available in Julia offer a better performance. We simulate the system for a range
of modulation depths € while the RF signal sweeps around a set of chosen p:q region,
revealing the nature of synchronization. With the obtained time trace, we then locally
Fourier transformed the data to construct the spectrogram. A detailed discussion on
the numerical simulation is available at Supplementary Note 4. The mechanical mode
effective mass and the zero point fluctuation were obtained from COMSOL Multi-
physics finite element simulations, .= 101.82 pg, x,,r= 1.536 fm, leading to an
optomechanical pulling parameters G/27 = (go/27)/Xp¢ = 10.546 GHz/nm.

Data availability
Further data supporting the findings of this study are openly available at Zenodo at
https://doi.org/10.5281/zenodo0.4737381.

Received: 6 April 2021; Accepted: 3 September 2021;
Published online: 24 September 2021

References

1. Pikovsky, A., Kurths, J., Rosenblum, M. & Kurths, J. Synchronization: A
Universal Concept in Nonlinear Sciences, Cambridge Nonlinear Science Series.
https://books.google.com.br/books?id=Fulv845q3QUC (Cambridge
University Press, 2003).

2. Jenkins, A. Self-oscillation. Phys. Rep. 525, 167 (2013).

3. Aspelmeyer, M., Kippenberg, T. J. & Marquardt, F. Cavity optomechanics.
Rev. Mod. Phys. 86, 1391 (2014).

4. Strogatz, S. Nonlinear Dynamics and Chaos: With Applications to Physics,
Biology, Chemistry and Engineering, Studies in Nonlinearity. https://
books.google.com.br/books?id=NZZDnQEACAA] (Westview, 2000).

5. Jackson, E. Perspectives of Nonlinear Dynamics: Volume 1, Perspectives of
Nonlinear Dynamics. https://books.google.com.br/books?id=22E0AAAATAA]
(Cambridge University Press, 1989).

6. Razavi, B. A study of injection locking and pulling in oscillators. IEEE J. Solid-
State Circuits 39, 1415 (2004).

7.  Plessas, F. A study of superharmonic injection locking in multiband frequency
dividers. Int. J. Circuit Theory Appl. 39, 397 (2011).

8. Rategh, H. & Lee, T. Superharmonic injection-locked frequency dividers. IEEE
J. Solid-State Circuits 34, 813 (1999).

9. Barbosa, W. A. S., Rosero, E. ], Tredicce, J. R. & Rios Leite, J. R. Statistics of
chaos in a bursting laser. Phys. Rev. A 99, 053828 (2019).

10. Shi, M., Yi, L. & Hu, W. High-resolution brillouin optoelectronic oscillator
using high-order sideband injection-locking. IEEE Photonics Technol. Lett. 31,
513 (2019).

11. Markovi¢, D, Pillet, J., Flurin, E., Roch, N. & Huard, B. Injection locking and
parametric locking in a superconducting circuit. Phys. Rev. Appl. 12, 024034
(2019).

12. Arregui, G. et al. Injection locking in an optomechanical coherent phonon
source. Nanophotonics 10, 1319 (2021).

13.  Mahboob, I, Nishiguchi, K., Okamoto, H. & Yamaguchi, H. Phonon-cavity
electromechanics. Nat. Phys. 8, 387 (2012).

14. Huang, K. & Hossein-Zadeh, M. Injection locking of optomechanical
oscillators via acoustic waves. Opt. Express 26, 8275 (2018).

15. Bekker, C., Kalra, R,, Baker, C. & Bowen, W. P. Injection locking of an electro-
optomechanical device. Optica 4, 1196 (2017).

16. Huang, J. G. et al. A dissipative self-sustained optomechanical resonator on a
silicon chip. Appl. Phys. Lett. 112, 051104 (2018).

17. Sheng, J., Wei, X,, Yang, C. & Wu, H. Self-organized synchronization of
phonon lasers. Phys. Rev. Lett. 124, 053604 (2020).

18. Xu, D. et al. Synchronization and temporal nonreciprocity of optical
microresonators via spontaneous symmetry breaking. Adv. Photonics 1, 1
(2019a).

19. Colombano, M. F. et al. Synchronization of optomechanical nanobeams by
mechanical interaction. Phys. Rev. Lett. 123, 017402 (2019).

20. Bagheri, M., Poot, M., Fan, L., Marquardt, F. & Tang, H. X. Photonic cavity
synchronization of nanomechanical oscillators. Phys. Rev. Lett. 111, 213902
(2013).

21. Zhou, X. et al. Dynamic modulation of modal coupling in
microelectromechanical gyroscopic ring resonators. Nat. Commun. 10, 4980
(2019).

22. Huan, R, Pu, D., Wang, X. & Wei, X. Effects of phase delay on
synchronization in a nonlinear micromechanical oscillator. Appl. Phys. Lett.
114, 233501 (2019).

23. Ganesan, A. & Seshia, A. Resonance tracking in a micromechanical device
using phononic frequency combs. Sci. Rep. 9, 9452 (2019).

24. Parlitz, U, Junge, L. & Kocarev, L. Subharmonic entrainment of unstable
period orbits and generalized synchronization. Phys. Rev. Lett. 79, 3158
(1997).

25. Xu, C, Boccaletti, S., Zheng, Z. & Guan, S. Universal phase transitions to
synchronization in kuramoto-like models with heterogeneous coupling. N. J.
Phys. 21, 113018 (2019b).

26. Leijssen, R,, La Gala, G. R,, Freisem, L., Muhonen, J. T. & Verhagen, E.
Nonlinear cavity optomechanics with nanomechanical thermal fluctuations.
Nat. Commun. 8, ncomms16024 (2017).

27. Cabot, A., Galve, F. & Zambrini, R. Dynamical and quantum effects of
collective dissipation in optomechanical systems. N. J. Phys. 19, 113007 (2017).

28. Matheny, M. H. et al. Exotic states in a simple network of
nanoelectromechanical oscillators. Science 363, eaav7932 (2019).

29. Sanavio, C., Peano, V. & Xuereb, A. Nonreciprocal topological phononics in
optomechanical arrays. Phys. Rev. B 101, 085108 (2020).

30. Raeisi, S. & Marquardt, F. Quench dynamics in one-dimensional
optomechanical arrays. Phys. Rev. A 101, 023814 (2020).

31. Walter, S., Nunnenkamp, A. & Bruder, C. Quantum synchronization of a
driven self-sustained oscillator. Phys. Rev. Lett. 112, 094102 (2014).

32. Lorch, N., Amitai, E., Nunnenkamp, A. & Bruder, C. Genuine quantum
signatures in synchronization of anharmonic self-oscillators. Phys. Rev. Lett.
117, 073601 (2016).

| (2021)12:5625 | https://doi.org/10.1038/s41467-021-25884-x | www.nature.com/naturecommunications 7


https://doi.org/10.5281/zenodo.4737381
https://books.google.com.br/books?id=FuIv845q3QUC
https://books.google.com.br/books?id=NZZDnQEACAAJ
https://books.google.com.br/books?id=NZZDnQEACAAJ
https://books.google.com.br/books?id=z2E0AAAAIAAJ
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Lorch, N., Nigg, S. E., Nunnenkamp, A., Tiwari, R. P. & Bruder, C. Quantum
synchronization blockade: Energy quantization hinders synchronization of
identical oscillators. Phys. Rev. Lett. 118, 243602 (2017).

Qiao, G. ], Liu, X. Y., Liu, H. D,, Sun, C. F. & Yi, X. X. Quantum ¢
synchronization in a coupled optomechanical system with periodic
modulation. Phys. Rev. A 101, 053813 (2020).

Roulet, A. & Bruder, C. Synchronizing the smallest possible system. Phys. Rev.
Lett. 121, 053601 (2018).

Es’haqi-Sani, N., Manzano, G., Zambrini, R. & Fazio, R. Synchronization
along quantum trajectories. Phys. Rev. Res. 2, 023101 (2020).

Kennedy, M., Krieg, K. & Chua, L. The devil’s staircase: the electrical
engineer’s fractal. IEEE Trans. Circuits Syst. 36, 1113 (1989).

Van der Pol, B. & Van der Mark, J. Frequency demultiplication. Nature 120,
363 (1927).

Urazhdin, S., Tabor, P., Tiberkevich, V. & Slavin, A. Fractional
synchronization of spin-torque nano-oscillators. Phys. Rev. Lett. 105, 104101
(2010).

Tortarolo, M. et al. Injection locking at 2f of spin torque oscillators under
influence of thermal noise. Sci. Rep. 8, 1728 (2018).

Keatley, P. S. et al. Superharmonic injection locking of nanocontact spin-
torque vortex oscillators. Phys. Rev. B 94, 094404 (2016).

Seitner, M. J., Abdi, M., Ridolfo, A., Hartmann, M. J. & Weig, E. M.
Parametric oscillation, frequency mixing, and injection locking of strongly
coupled nanomechanical resonator modes. Phys. Rev. Lett. 118, 254301
(2017).

Pu, D., Wei, X,, Xu, L, Jiang, Z. & Huan, R. Synchronization of electrically
coupled micromechanical oscillators with a frequency ratio of 3:1. Appl. Phys.
Lett. 112, 013503 (2018).

Taheri-Tehrani, P., Defoort, M. & Horsley, D. A. Observation of the effect of
fractional synchronization on amplitude and frequency stability in
micromechanical oscillators. J. Microelectromech. Syst. 28, 578 (2019).
Houri, S., Hatanaka, D., Asano, M., Ohta, R. & Yamaguchi, H. Limit cycles
and bifurcations in a nonlinear mems resonator with a 1:3 internal resonance.
Appl. Phys. Lett. 114, 103103 (2019).

Du, X., Wang, D. F,, Xia, C, Isao, S. & Maeda, R. Internal resonance
phenomena in coupled ductile cantilevers with triple frequency ratio-part I:
experimental observations. IEEE Sens. J. 19, 5475 (2019).

Brown, S. E., Mozurkewich, G. & Griiner, G. Subharmonic shapiro steps and
devil’s-staircase behavior in driven charge-density-wave systems. Phys. Rev.
Lett. 52, 2277 (1984).

Avila, J. F. M. & Leite, J. R. R. Time delays in the synchronization of chaotic
coupled lasers with feedback. Opt. Express 17, 21442 (2009).

Simonet, J., Warden, M. & Brun, E. Locking and arnold tongues in an infinite-
dimensional system: The nuclear magnetic resonance laser with delayed
feedback. Phys. Rev. E 50, 3383 (1994).

Jang, J. K. et al. Observation of arnold tongues in coupled soliton kerr
frequency combs. Phys. Rev. Lett. 123, 153901 (2019).

Rocheleau, T. O., Liu, R., Nilchi, J. N., Naing, T. L. & Nguyen, C. T.-C. A
micromechanical parametric oscillator for frequency division and phase noise
reduction, In Proc. IEEE 27th International Conference on Micro Electro
Mechanical Systems (MEMS) 210-213. https://doi.org/10.1109/
MEMSYS.2014.6765612 (2014).

Amann, A., Mortell, M. P., O’Reilly, E. P., Quinlan, M. & Rachinskii, D.
Mechanism of synchronization in frequency dividers. IEEE Trans. Circuits
Syst. I: Regul. Pap. 56, 190 (2009).

Kennedy, M. P., Mo, H. & Dong, X. Experimental characterization of
arnold tongues in injection-locked cmos Ic frequency dividers with tail and
direct injection, In Proc. 20th European Conference on Circuit Theory and
Design (ECCTD) 484-487. https://doi.org/10.1109/ECCTD.2011.6043392
(2011).

Hill, J. T., Safavi-Naeini, A. H., Chan, J. & Painter, O. Coherent optical
wavelength conversion via cavity optomechanics. Nat. Commun. 3, 1196
(2012).

Chan, J. et al. Laser cooling of a nanomechanical oscillator into its quantum
ground state. Nature 478, 89 (2011).

Kato, Y., Yamamoto, N. & Nakao, H. Semiclassical phase reduction theory for
quantum synchronization. Phys. Rev. Res. 1, 033012 (2019).

Heinrich, G., Ludwig, M., Qian, J., Kubala, B. & Marquardt, F. Collective
dynamics in optomechanical arrays. Phys. Rev. Lett. 107, 043603 (2011).
Hossein-Zadeh, M. & Vahala, K. J. Observation of injection locking in an
optomechanical RF oscillator. Appl. Phys. Lett. 93, 191115 (2008).

Wang, H.,, Dhayalan, Y. & Buks, E. Devil’s staircase in an optomechanical
cavity. Phys. Rev. E 93, 023007 (2016).

Shlomi, K. et al. Synchronization in an optomechanical cavity. Phys. Rev. E 91,
032910 (2015).

Amitai, E., Lorch, N., Nunnenkamp, A., Walter, S. & Bruder, C.
Synchronization of an optomechanical system to an external drive. Phys. Rev.
A 95, 053858 (2017).

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

Qiao, G.-j., Gao, H.-x,, Liu, H.-d. & Yi, X. X. Quantum synchronization of two
mechanical oscillators in coupled optomechanical systems with kerr
nonlinearity. Sci. Rep. 8, 15614 (2018).

Rugar, D. & Griitter, P. Mechanical parametric amplification and
thermomechanical noise squeezing. Phys. Rev. Lett. 67, 699 (1991).

Zega, V. et al. Predicting the closed-loop stability and oscillation amplitude of
nonlinear parametrically amplified oscillators. Appl. Phys. Lett. 106, 233111
(2015).

Brawley, G. A. et al. Nonlinear optomechanical measurement of mechanical
motion. Nat. Commun. 7, 10988 (2016).

Pelka, K., Peano, V. & Xuereb, A. Chimera states in small optomechanical
arrays. Phys. Rev. Res. 2, 013201 (2020).

Zhang, M., Shah, S., Cardenas, J. & Lipson, M. Synchronization and phase
noise reduction in micromechanical oscillator arrays coupled through light.
Phys. Rev. Lett. 115, 163902 (2015).

Marquardt, F., Harris, J. G. E. & Girvin, S. M. Dynamical multistability
induced by radiation pressure in high-finesse micromechanical optical
cavities. Phys. Rev. Lett. 96, 103901 (2006).

Adler, R. A study of locking phenomena in oscillators. Proc. IRE 34, 351
(1946).

Zhang, M. et al. Synchronization of micromechanical oscillators using light.
Phys. Rev. Lett. 109, 233906 (2012).

Shah, S. Y., Zhang, M., Rand, R. & Lipson, M. Master-slave locking of
optomechanical oscillators over a long distance. Phys. Rev. Lett. 114, 113602
(2015).

Zhang, M., Luiz, G., Shah, S., Wiederhecker, G. & Lipson, M. Eliminating
anchor loss in optomechanical resonators using elastic wave interference.
Appl. Phys. Lett. 105, 051904 (2014).

Luan, X. et al. An integrated low phase noise radiation-pressure-driven
optomechanical oscillator chipset. Sci. Rep. 4, 6842 (2014).

Kovacic, I, Rand, R. & Mohamed Sah, S. Mathieu’s equation and its
generalizations: overview of stability charts and their features, Appl. Mech.
Rev. 70, 020802. https://doi.org/10.1115/1.4039144 (2018).

Fong, K. Y., Poot, M., Han, X. & Tang, H. X. Phase noise of self-sustained
optomechanical oscillators. Phys. Rev. A 90, 023825 (2014).

Mathai, C., Bhave, S. A. & Tallur, S. Modeling the colors of phase noise in
optomechanical oscillators. OSA Contin. 2, 2253 (2019).

Zhang, X., Zhou, X., Aliener, B. & Daryoush, A. A study of subharmonic
injection locking for local oscillators. IEEE Microw. Guide. Wave Lett. 2, 97
(1992).

Verma, S., Rategh, H. & Lee, T. A unified model for injection-locked
frequency dividers. IEEE J. Solid-State Circuits 38, 1015 (2003).

Kalia, S. et al. A simple, unified phase noise model for injection-locked
oscillators, In Proc. IEEE Radio Frequency Integrated Circuits Symposium 1-4.
https://doi.org/10.1109/RFIC.2011.5940707 (2011).

Slavin, A. & Tiberkevich, V. Nonlinear auto-oscillator theory of microwave
generation by spin-polarized current. IEEE Trans. Magn. 45, 1875 (2009).
Pandey, M., Rand, R. H. & Zehnder, A. T. Frequency locking in a forced
mathieu-van der Pol-Duffing system. Nonlinear Dyn. 54, 3 (2008).

Maleki, L. The optoelectronic oscillator. Nat. Photonics 5, 728 (2011).
Stern, B., Ji, X., Okawachi, Y., Gaeta, A. L. & Lipson, M. Battery-operated
integrated frequency comb generator. Nature 562, 401 (2018).

Bai, Y. et al. Phase-sensitive optomechanical amplifier for quantum noise
reduction in laser interferometers. Phys. Rev. A 102, 023507 (2020).
Mitropol’skii, Y. A. & Kolomiets, V. G. Asymptotic methods in the theory of
nonlinear random oscillations. Ukrainian Math. ]. 46, 1110 (1994).

Acknowledgements

This work was supported by Sao Paulo Research Foundation (FAPESP) through grants
2019/14377-5, 2018/15577-5, 2018/15580-6, 2018/25339-4, 2017/24845-0, 2020/06348-2,
2019/09738-9, Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior—Brasil
(CAPES) (Financial Code 001). This work was performed in part at the Cornell
NanoScale Science and Technology Facility, which is supported by the NSF, its users, and
Cornell University.

Author contributions

C.CR. and G.S.W. designed the experiment; C.C.R. performed measurements and data
analysis with help from C.M.K. and A.G.P; C.C.R,, CM.K,, and A.G.P. contributed to the
theoretical framework. G.S.W. and M.L. designed and fabricated the device; T.P.M.A.
and G.S.W supervised the project. All authors contributed to the discussions and pre-
paration of the manuscript.

Competing interests
The authors declare no competing interests.

| (2021)12:5625 | https://doi.org/10.1038/s41467-021-25884-x | www.nature.com/naturecommunications


https://doi.org/10.1109/MEMSYS.2014.6765612
https://doi.org/10.1109/MEMSYS.2014.6765612
https://doi.org/10.1109/ECCTD.2011.6043392
https://doi.org/10.1115/1.4039144
https://doi.org/10.1109/RFIC.2011.5940707
www.nature.com/naturecommunications

ARTICLE

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-25884-x.

Correspondence and requests for materials should be addressed to Gustavo S.
Wiederhecker.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:5625 | https://doi.org/10.1038/s41467-021-25884-x | www.nature.com/naturecommunications 9


https://doi.org/10.1038/s41467-021-25884-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Optomechanical synchronization across multi-octave frequency spans
	Results and discussion
	Optomechanical frequency division

	Methods
	Optical energy
	Effective Adler model
	Experimental setup
	Phase noise
	Simulations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




