nature .
photonics

ARTICLES

PUBLISHED ONLINE: 9 MAY 2016 | DOI: 10.1038/NPHOTON.2016.73

Optomechanically induced stochastic resonance
and chaos transfer between optical fields

Faraz Monifi", Jing Zhang'?3*, Sahin Kaya Ozdemir'*, Bo Peng™, Yu-xi Liu3#, Fang Bo'5, Franco Nori®’

and Lan Yang™

Chaotic dynamics has been reported in many physical systems and has affected almost every field of science. Chaos involves
hypersensitivity to the initial conditions of a system and introduces unpredictability into its output. Thus, it is often
unwanted. Interestingly, the very same features make chaos a powerful tool to suppress decoherence, achieve secure
communication and replace background noise in stochastic resonance—a counterintuitive concept that a system’'s ability to
transfer information can be coherently amplified by adding noise. Here, we report the first demonstration of chaos-induced
stochastic resonance in an optomechanical system, as well as the optomechanically mediated chaos transfer between two
optical fields such that they follow the same route to chaos. These results will contribute to the understanding of nonlinear
phenomena and chaos in optomechanical systems, and may find applications in the chaotic transfer of information and for
improving the detection of otherwise undetectable signals in optomechanical systems.

enabled the creation of novel structures in which enhanced

light-matter interactions result in mechanical deformations
and self-induced oscillations via the radiation pressure of photons.
Suspended mirrors!?, whispering-gallery-mode (WGM) microreso-
nators (for example, microtoroids*, microspheres®” and microdisks®-17),
cavities with a membrane in the middle!' and photonic-crystal
zipper cavities'? are examples of such optomechanical systems
where the coupling between optical and mechanical modes has
been observed. These have opened new possibilities for fundamental
and applied research. For example, they have been proposed for pre-
paring non-classical states of light'>!, high-precision metrology!'>6,
phonon lasing!’~1? and cooling to their ground state?*-22. The non-
linear dynamics originating from the coupling between the optical
and mechanical modes of an optomechanical resonator can cause
both the optical and the mechanical modes to evolve from periodic
to chaotic oscillations. These can find use in applications such as
random number generation and secure communication®?, as
well as chaotic optical sensing®. In addition, the intrinsic chaotic
dynamics of a nonlinear system can replace the stochastic process
(conventionally an externally provided Gaussian noise) required
for stochastic resonance?®: a phenomenon in which the presence
of noise optimizes the response of a nonlinear system, leading to
the detection of weak signals. Stochastic resonance?®?’ is encoun-
tered in bistable systems, where noise induces transitions between
two locally stable states enhancing the system’s response to a weak
external signal. A related effect showing the constructive role of
noise is coherence resonance?, which is defined as stochastic reso-
nance without an external signal. Both stochastic resonance?¢27:2-%7
and coherence resonance?®*- are known to occur in a wide range
of physical and biological systems, including electronics®®3145,
lasers®™*4!, superconducting quantum interference devices*?, sensory

Q dvances in micro- and nanofabrication technologies have

neurons?”?**, nanomechanical oscillators** and exciton-polaritons®’.

However, to date, they have not been reported in an optomechanical
system. In this Article, we demonstrate chaos-mediated stochastic
resonance in an optomechanical microresonator.

Despite recent progress and interest in the nonlinear dynamics
involved, optomechanical chaos remains largely unexplored exper-
imentally. Further experimental and theoretical studies on chaos
and stochastic resonance in optomechanical systems could substan-
tially advance the field and may be useful for high-precision
measurements and for fundamental tests of nonlinear dynamics.
Here, we report the demonstration of optomechanically mediated
transfer of chaos from a strong optical field (pump) that excites
mechanical oscillations, to a very weak optical field (probe) in the
same resonator. We show that when the pump power is increased,
the probe and pump fields follow the same route from periodic to
quasi-periodic oscillations and finally to chaotic oscillations.
Chaos transfer from the pump to the probe is mediated by the
mechanical motion of the resonator, because there is no direct
talk between these two largely detuned optical fields. Moreover,
we report the first observation of stochastic resonance in an opto-
mechanical system. The required stochastic process is provided by
the intrinsic chaotic dynamics and optomechanical backaction.

Optical chaos in an optomechanical resonator

Our experimental system was composed of a fibre-taper-coupled
WGM microtoroid resonator (Fig. 1la; Supplementary Section A).
Light from an external cavity laser in the 1,550 nm band is first
amplified by an erbium-doped fibre amplifier (EDFA) and then
coupled into a microtoroid to act as the pump for excitation of
mechanical modes. The optical transmission spectrum, obtained
by scanning the wavelength of the pump laser, shows a typical
Lorentzian lineshape with a low-power pump field (Fig. 1b). The
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Figure 1| Whispering-gallery-mode microtoroid optomechanical resonator. a, Sectional view of the microtoroid illustrating the mechanical motion induced
by the optical radiation force. b, Typical transmission spectra obtained by scanning the wavelength of a tunable laser with a power well below (red) and
above (blue) the mechanical oscillation threshold. At high powers (blue), thermally induced linewidth broadening and fluctuations due to the mechanical
oscillations kick in. Inset: Close-up view of the fluctuations in the transmission, obtained at a specific wavelength of the laser, revealing a sinusoidal oscillation
at the frequency ,,, of the mechanical oscillation. ¢, Typical electrical spectrum analyser trace of the detected photocurrent below the mechanical oscillation
threshold. Inset: The spectrum above threshold. Blue traces, experimental data; red curves, best fitting curve. RF, radiofrequency.

quality factor of this optical mode is 1 x 107. As the pump power
increases, the spectrum changes from a Lorentzian lineshape to a
distorted asymmetriclineshape as a result of thermal nonlinearity*64”.
This helps to keep the pump laser blue-detuned with respect to the
resonant line of the microcavity. As a result, radiation-pressure-
induced mechanical oscillations take place, leading to modulation
of the transmitted light at the frequency of the mechanical motion
(Fig. 1b, inset). This is reflected by the oscillations imprinted on
the optical transmission spectra (Fig. 1b). Radiofrequency (RF)
power versus frequency traces, obtained using an electrical
spectrum analyser (ESA), revealed a Lorentzian spectrum located
at 0y, ~ 26.1 MHz with a linewidth of ~200 kHz, giving a mechan-
ical quality factor of Q, ~ 131 when the pump power is below the
threshold of mechanical oscillation (Fig. 1c). For powers above
threshold, linewidth narrowing is clearly observed (Fig. 1c, inset).

To investigate the effect of mechanical motion induced by the
strong pump field on a weak light field (probe light) within the
same resonator, we used an external cavity laser with emission in
the 980 nm band. The power of the probe laser was chosen such
that it did not induce any thermal or mechanical effect on the
resonator; that is, its power was well below the threshold of
mechanical oscillations. We monitored the transmission spectra of
the pump and the probe fields separately by photodiodes connected
to an oscilloscope and an ESA. The probe resonance mode had a
quality factor of 6 x 10°.

As we increase the power of the pump field, the transmitted
pump light is observed to transit from a fixed state to a region of
periodic oscillations and finally to the chaotic regime through
period-doubling bifurcation®®* cascades (Fig. 2a). A periodic
regime, with only a few sharp peaks, then a quasi-periodic regime,
with infinite discrete sharp peaks, are observed successively in the

output spectrum of the pump field (Supplementary Section B).
Finally, the whole baseline of the output spectrum of the pump
field increases, suggesting that the system has entered the chaotic
regime. All these results agree very well with those of previous
studies**®%°, These phenomena observed for the pump field orig-
inate from nonlinear optomechanical coupling between the
optical pump field and the mechanical mode of the resonator.
Intuitively, one may attribute this observed dynamics to the
chaotic mechanical motion of the resonator®. However, the mech-
anical motion of the resonator, reconstructed using the experimen-
tal data in the theoretical model, shows that the optical signal is
chaotic even if the mechanical motion of the resonator is periodic
(Supplementary Section E). Thus, we conclude that the reason for
the chaotic behaviour in the optical field in our experiments is
a strong nonlinear optical Kerr response induced by nonlinear
coupling between the optical and mechanical modes.

By simultaneously monitoring the probe field we found that, as the
pump power increases, the probe also experiences periodic, quasi-
periodic and finally chaotic regimes (Supplementary Section C).
More importantly, the pump and probe enter the chaotic regime
via the same bifurcation route (Fig. 2); that is, both optical fields
experience the same number of period-doubling cascades and the
doubling points occur at the same values of pump power. These fea-
tures are clearly seen in the phase-space plots in Fig. 2a,b and in the
bifurcation diagrams in Fig. 2¢,d. The experimental data fit very well
with the bifurcation theory. Each periodic region is smaller than the
previous region by a factor aj/a,=4.5556 for the pump and
a,/a, = 4.5556 for the probe, and these factors are close to the first
universal Feigenbaum constant of 4.6692. The ratio between the
width of a tine and the width of one of its two subtines for the
pump is by/b, =2.6412 and that for the probe is b, /b, = 2.8687,

2 NATURE PHOTONICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephotonics

© 2016 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nphoton.2016.73
http://www.nature.com/naturephotonics

NATURE PHOTONICS Dbo!: 10.1038/NPHOTON.2016.73

ARTICLES

2 Poump = 1.8 MW
3 3 3
N 8 8
T 5 =
S ~ <
g £ B
3 Hl 5
Pout,pump (@u) Pout,pump (a.u.) Pout,pump (a.u.)
b Poump = 23 MW Py = 44 MW
3 s 3
3 s 3
S 3 S
° S g
lg D_O Q\g
o kel )
Poul,probe (@.u) Pout,probe (a.u.)
c 1.0 d 10
0.8
3 3
\f_'; S 0.6 -
S [}
=l hel
2 2
£ £
< <
0.2
q
| 0.0
2.0 2.7 34 41 4.8 2.0 27 34 4] 4.8

Pump power (mW)

Probe power (mW)

Figure 2 | Optomechanically mediated chaos generation and transfer between optical fields. a,b, Phase diagrams of the pump (@) and probe (b) fields in
periodic (left), quasi-periodic (middle) and chaotic (right) regimes. The phase diagrams were obtained by plotting the first time derivative of the measured
output power of the pump (@) and the probe (b) fields as a function of the respective output powers. ¢,d, Bifurcation diagrams of the pump (¢) and probe (d)
fields as a function of input pump power. The pump and probe enter the chaotic regime via the same bifurcation route. The ratios of the bifurcation intervals
for the pump (ay/a,) and probe (&,/a,) are both 4.5556. The ratio between the width of a tine and the width of one of its two subtines is by/b, = 2.6412 for

the pump and b, /b, = 2.8687 for the probe.

both of which are close to the second universal Feigenbaum constant,
2.5029. The probe field used in the experiments was so weak that it
could not induce any mechanical oscillations of its own and the
large frequency-detuning between the pump field (in the 1,550 nm
band) and the probe field (in the 980 nm band) ensured that there
was no direct crosstalk between the optical fields. Thus, the observed
close relation between the route to chaos for the pump and probe
fields can only be attributed to the fact that the periodic mechanical
motion of the microresonator mediates coupling between the optical
modes via optomechanically induced Kerr-like nonlinearity and
enables the probe to follow the pump field (Supplementary
Sections B and D).

Controlling chaos and stochastic noise

We next investigated the effects of increasing pump power (1,550 nm
band) on the detected pump and probe signals (980 nm band), the
degree of sensitivity to the initial conditions, and chaos in the probe.
To do this, we first calculated the maximal Lyapunov exponent
(MLE) from the detected pump and probe signals. Lyapunov expo-
nents quantify the sensitivity of a system to the initial conditions
and give a measure of predictability. They are a measure of the
rate of convergence or divergence of nearby trajectories in phase
space. The behaviour of the MLE is a good indicator of the degree

of convergence or divergence of an entire system. A positive MLE
implies divergence and sensitivity to initial conditions, and that
the orbits are on a chaotic attractor. If, on the other hand, the
MLE is negative, then the trajectories converge to a common fixed
point. A zero exponent indicates that the orbits maintain their rela-
tive positions and are on a stable attractor. We observed that, with
increasing pump power, the degree of chaos and sensitivity to
initial conditions, as indicated by the positive MLE, first increased
and then decreased after reaching its maximum, both for the
pump and the probe fields (Fig. 3a). With further increase of the
pump, the MLE became negative, indicating a reverse period-
doubling route out of chaos into periodic dynamics. In addition
to the pump power, the pump-cavity detuning and the damping
rate of the pump affect the MLE for both the pump and the
probe fields (Supplementary Section F).

We also measured the bandwidth D of the probe signal and found
that it increased with increasing pump power (Fig. 3b-e), and the
relation between D of the probe signal and the pump power Ppymp
follows the power function D = txPII){me, with o = 1.65 x 108 Hz mW-1/2
(Fig. 3b). This is contrary to the expectation that the less (more)
chaotic the signal, the smaller (larger) its bandwidth. We attribute
this to the presence of both the deterministic noise from chaos and
the stochastic noise from the optomechanical backaction. The system
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Figure 3 | Maximal Lyapunov exponents and probe bandwidth. a, Maximal Lyapunov exponents for the pump (blue) and the probe (red) fields as a function
of the pump power. The Lyapunov exponents describe the sensitivity of the transmitted pump and probe signals to the input pump power. Blue circles and
red diamonds are the exponents calculated from measured data. Blue and red curves are guides to the eye. b, Bandwidth broadening of the probe as a
function of pump power. Blue circles, experimental data; red curve, fitting curve. Inset: Cross-correlation between the pump and probe fields as a function of
pump power. c-e, Typical spectra obtained for the probe at different pump powers. Power increases from c to e, clearly showing the bandwidth broadening.
The corresponding Lyapunov exponents and bandwidths are indicated in a and b.

is chaotic for the range of pump power where the maximal Lyapunov
exponent is positive (Fig. 3a). For smaller or larger power levels, the
system is not in the chaotic regime. Thus, chaos-induced noise is
present only for a certain range of pump power. The effect of opto-
mechanical backaction, on the other hand, is always present in the
power range shown in Fig. 3 and its effect increases with increasing
pump power. The higher the pump power, the larger the stochastic
noise due to backaction (Fig. 3e has more backaction noise than
Fig. 3d, which has more than Fig. 3¢). In Fig. 3c,e (corresponding to
zero or negative maximum Lyapunov exponent), the bandwidth is
almost completely determined by the optomechanical backaction,
with very small or no contribution from chaos. In Fig. 3d, the
system is in the chaotic regime and thus both chaos and backaction
contribute to the noise, leading to a larger probe bandwidth in
Fig. 3d than in Fig. 3c. At the pump power used to obtain the spectrum
shown in Fig. 3e, on the other hand, the system is no longer in the
chaotic regime. However, the backaction noise reaches such high
levels that it surpasses the combined effect of the chaos and backaction
noises of Fig. 3d. As a result, Fig. 3e has a larger bandwidth. In our
system, the pump and probe thus became less chaotic when the
pump power was increased beyond a critical value. However, at the
same time, their bandwidths increased, implying a greater noise
contribution from the optomechanical backaction. Therefore, the
correlation between the pump and probe fields decreased with increasing
pump power (Fig. 3b, inset).

Stochastic resonance in an optomechanical resonator

We observed that, below a critical value, increasing the pump power
increases the signal-to-noise ratio (SNR) of both the probe and the
pump fields. However, beyond this value, the SNR decreases, despite
increasing pump power (Fig. 4a). When the pump was turned off

(Ppump ~ 0 mW), the SNR of the probe signal was —10 dB. The

maximum value of the SNR was obtained for a pump power of
Poump ~ 15 mW. The relation between the pump power and the SNR
of the probe is given by the expression (&/Pp,)exp(=f//Ppymp)>
where ¢ =0.825 mW and 8 = 7.4764 mW"? (Supplementary Section G).
Combining the relation between the bandwidth and the pump power
with the relation between the SNR and pump power, we find that the
relation between the SNR and the bandwidth of the probe signal
scales as SNchaD_zexp(—b/D) (Supplementary Section G). This
expression indicates that the SNR is not a monotonous function of
bandwidth D (that is, noise) and that it is possible to increase the
SNR by increasing the noise?®*>, This effect is referred to as stochastic
resonance: a phenomenon in which the response of a nonlinear system
to a weak input signal is optimized by the presence of a particular level
of stochastic noise, that is, the noise-enhanced response of an input
signal. Figure 4b provides a conceptual illustration of the mechanism
leading to chaos-mediated stochastic resonance in our optomechanical
system. An observed noise benefit (Fig. 4a) can be described as stochas-
tic resonance if the input (weak signal) and output signals are well
defined”. In our experiment, the input is given by the weak probe
field (in the 980 nm band) and the output is the signal detected in
the probe mode at the end of the fibre taper. In the rotated frame
and with the elimination of mechanical degrees of freedom, the
optical system is described by a weak periodic input (that is, the
weak probe field) modulated by the frequency of the mechanical
mode (Supplementary Sections B and H). The noise required for
stochastic resonance can be either external or internal (due to the
internal dynamics of the system). In our system it is provided by
both the optomechanical backaction and chaotic dynamics, which
are both controlled by the external pump field.

At low pump powers, corresponding to periodic or less-chaotic
regimes (that is, a negative or zero Lyapunov exponent), the contri-
bution of the backaction noise is small, and chaos is not strong
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Figure 4 | Optomechanically induced chaos-mediated stochastic resonance in an optomechanical resonator. a, Signal-to-noise ratio (SNR) of the probe as
a function of pump power. Solid curve: Best fit to the experimental data (open circles). b, lllustration conceptualizing chaos-mediated stochastic resonance in
an optomechanical resonator. Mechanical motion mediates the pump-probe coupling and enables the pump field to control chaos, the strength of the
optomechanical backaction, and the probe bandwidth. Hence, the pump controls the system’s noise. Increasing the pump power first increases the SNR to its
maximum and then reduces it. ¢,d, Mean (z) (¢) and scaled standard deviation R (d) of interspike intervals z, obtained from experimental data for the probe
(blue open circles) as a function of pump power, exhibiting the theoretically expected characteristics for a system with stochastic resonance (Supplementary
Section H). The data points labelled ¢, d and e correspond to the same points indicated in Fig. 3.

enough to amplify the signal. Therefore, the SNR is low. At much
higher pump power levels, the system evolves out of chaos. At the
same time, the noise contribution to the probe from the optomecha-
nical backaction increases with increasing pump power and
becomes comparable to the probe signal. Consequently, the SNR
of the probe decreases. Between these two SNR minima, the noise
attains the optimal level to amplify the signal coherently with the
help of intermode interference due to the chaotic map, and thus
an SNR maximum occurs. Indeed, resonant jumps between differ-
ent attractors of a system due to chaos-mediated noise was pre-
viously suggested by Anishchenko et al*® as a route to stochastic
resonance and to improve SNR.

The mean (7) (Fig. 4c) and scaled standard deviation
R=./(1?) — (1)?/(7) (Fig. 4d) of the interspike intervals 7 of the
signals detected in our experiments exhibit the theoretically
expected dependence on the noise (that is, pump power) for a
system with stochastic resonance (Supplementary Section H).
Although (1) is not affected by the pump power and retains its
value of 0.24 us (the resonance revival frequency of 26 MHz deter-
mined by the frequency of the mechanical mode), R attains a
maximum at an optimal pump power (that is, R is a concave func-
tion of noise). On the other hand, for a system with coherence res-
onance, increasing noise leads to a decrease in (7) and R is a convex
function of the noise (Supplementary Section H)**424451 Tt js

known that in a system with coherence resonance the positions of
the resonant peaks in the output spectra shift with increasing
pump power, implying that the resonances are induced solely by
noise*!. The resonant peak in our experimentally obtained output
power spectra, however, was located at the frequency of the mechan-
ical mode, which modulated the input probe field, and its position
did not change with increasing pump power (that is, noise level), pro-
viding another signature of stochastic resonance (Supplementary
Section H). Thus, we believe that the observed SNR enhancement
is due to the chaos-mediated stochastic resonance and hence this
work constitutes the first observation of optomechanically induced
chaos-mediated stochastic resonance, which is a counterintuitive
process where additional noise can be helpful.

Conclusions and discussion

The ability to transfer chaos from a strong signal to a very weak
signal via mechanical motion, such that the signals are correlated
and follow the same route to chaos, opens new venues for appli-
cations of optomechanics. One such direction would be to transfer
chaos from a classical field to a quantum field to create chaotic
quantum states of light for secure and faithful transmission of
quantum signals. The chaotic transfer of classical and quantum
information in such cavity-optomechanical systems demonstrated
here is limited by the achievable chaotic bandwidth, which is
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determined by the strength of the optomechanical interaction and
the bandwidth restrictions imposed by the cavity. One can increase
the chaotic bandwidth by using waveguide structures that have
larger bandwidths than the cavities. Moreover, the presence of
chaos-mediated stochastic resonance in optomechanical systems is
exciting not only for a fundamental understanding of the nonlinear
dynamics induced by the optomechanical coupling, but also for the
possibility of using stochastic resonance to enhance the signal-
processing capabilities to detect and manipulate weak signals.
Although we have performed experiments in an optomechanical
system, our results can be extended to micro/nanomechanical
systems where frequency-separated mechanical modes are coupled
to each other, for example, acoustic modes of a micromechanical
resonator>? or cantilevers regularly spaced along a central clamped-
clamped beam®’. We believe that generating, transferring and con-
trolling optomechanical chaos and using it for stochastic resonance
paves the way for developing electronic and photonic devices that
exploit the intrinsic sensitivity of chaos.

Received 16 October 2015; accepted 15 March 2016;
published online 9 May 2016
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