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Tunable anti–parity-time-symmetric chaos in optomechanics
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The chaotic light source is one of the most crucial foundations in optical physics studies and photonic devices.
The microcavity provides the predominant solution of compact chaotic light sources in integrated photonics.
Still, its prefixed feature has severely ruled out access to tuning for meeting the ever-increasing demands of the
general-purpose chaotic light source in engineering. Here we report a demonstration of a chaotic light source
with a switchable bandpass–band-stop chaotic emission and tunable bandwidth in a spinning microcavity anti-
parity-time (anti-PT ). system. In addition, the arrangement of anti-PT microcavity presents several phenomena
such as loss-induced chaotic emission and two different chaotic emissions from one microcavity light source.
Such advantages offer another possible way to advance multiplex photonic devices and on-chip chaotic light
source fabrication. These results provide a promising approach for the tunable chaotic source and serve as tools
for applications in secure communications, electromechanical switching, and exploring non-Hermitian physics.
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I. INTRODUCTION

Due to the strongly nonlinear interaction between radiation
pressure and the mechanical mode in a microcavity, the op-
tomechanical system (OMS) provides a golden opportunity to
drive a mesoscopic system accessing classical and quantum
dynamics [1–6]. For example, OMSs have been employed
for the preparation of Schrödinger cat states [7,8], the gen-
eration of light-matter entanglement [9], the nonreciprocal
phonon laser [10], and single-particle sensing [11,12]. More
essentially, an OMS driven by a powerful laser can enter
into a regime of self-induced oscillations, where the light-
coupled mechanical gain overcomes the intrinsic mechanical
loss. Upon further increasing the strength of the pump laser,
chaotic dynamics emerges in both the optical and mechani-
cal modes without external feedback or modulation [11,13].
The investigation of chaotic dynamics has opened up possi-
bilities for discoveries and applications such as decoherence
suppression [14], random number generation [15–17], secure
communication [18], and broadband optical devices [19,20].

A tunable bandwidth or convertible bandpass–band-stop
feature is desirable for most optical devices [21–23]. How-
ever, a microcavity transmission is difficult to tune because
once the microcavities are fabricated, dynamically controlling
their prefixed parameters usually relies on strongly nonlinear
processes [24]. Thus, multiple-task nonlinear interaction has
to generate a chaotic signal and tunes the microcavity reso-
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nance simultaneously, which poses a direct challenge in both
theory and practical applications.

Since the dissipative terms were introduced into optics,
the notion of non-Hermitian optics has attracted an enor-
mous amount of attention. As the first notion introduced,
parity-time (PT ) symmetry has produced extensive novel
applications, such as PT -symmetry-phonon lasers [25,26],
reconfigurable chiral lasers [27], loss-induced lasers [28], and
exception point enhanced gyroscopes [29]. Furthermore, the
marriage of PT photonics and the OMS has demonstrated
an ultralow chaos threshold [13]. However, an optical gain
introduces noise from the heat reservoir, which may destroy
the quantum coherence [30]. Therefore, an equivalent passive
PT -symmetric waveguide or microcavity pair was commonly
used in the confirmation experiments [31]. Such a passive
arrangement ignites the interest in another non-Hermitian
Hamiltonian operator, called anti–parity-time symmetry [32].

Anti-PT symmetry in the microcavity system suggests
that two optical modes with different resonances gener-
ate a dissipative coupling [33,34]. The uniqueness of the
anti-PT symmetry provides a fruitful platform to study
complex physical phenomena in the wave dynamics and dif-
fusive system [35], including the exceptional-point enhanced
Sagnac effect [36], anti–PT -symmetric Berry phase [37],
and resonant-tunable isolator [38]. Two typical schemes,
i.e., the synthetic anti–PT -symmetric microcavity [39] and
spinning microcavity [40], are commonly used in the anti–
PT -involved confirmation experiments. Since the rotational
speed is much easier to continuously tune in situ than the
internal nonlinearity of materials, providing a different de-
gree of freedom to tailor the spectrum [41], the spinning
microcavity is widely used in the Sagnac effect induced
slow light [42], ultrasensitive detection [40], synthetic gauge
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FIG. 1. (a) Realization of a spinning microcavity anti-PT OMS.
The microcavity is driven by two lasers with the same angular
frequency from ports A and B, generating the clockwise mode a1,
counterclockwise mode a2, and mechanical mode b. The rotational
speed of microcavity � adjusts the anti-PT symmetry [38], which
induces two opposite angular frequency shifts on two optical modes.
(b) Solutions of the real and imaginary parts of the eigenvalues λ+
(top) and λ− (bottom) in the absence of mechanical motion.

field [43], and nonreciprocal photon blockade [44–46]. The
heuristic question of whether an anti-PT symmetry could
tune the chaotic dynamics in different wavelengths and
constitute a general-purpose chaotic light source, considering
it couples two optical modes with different resonances, mo-
tivates us to study the spinning microcavity anti-PT system.
More importantly, the uninvestigated crossover between the
anti-PT -symmetry theory and chaos in the OMS may sub-
stantially advance the fields of non-Hermitian physics and
chaos in optics.

This study proposes a chaotic light source with a tunable
bandwidth and switchable bandpass–band-stop feature in the
spinning anti-PT OMS. In contrast to earlier chaotic light
sources, the tunable rotational speed enables us to harness
the anti-PT phase transition. It benefits from the proposed
chaotic source being able to freely switch chaotic emission
from bandpass to band stop in a tunable bandwidth. This
advantage ultimately allows a single microcavity to gener-
ate two independent chaotic outputs and directly decreases
the chaos threshold. In addition, another phenomenon, loss-
induced chaos, was characterized in the proposed anti-PT
system, which is different from the conventional mechanism
of power-induced chaos, benefiting the microcavity fabrica-
tion in chaos generation. This chaos generation mechanism,
providing a tunable scheme, is identified in the spinning anti-
PT OMS.

II. THEORETICAL MODEL AND ANALYSIS

When an OMS couples to a spinning microcavity anti-PT
system through the optical tunneling shown in Fig. 1(a), the
system Hamiltonian can be described by [3,5,8]

Hsym = Ha-PT + Hm − ih̄�d

∑
i=1,2

(a†
i − ai ), (1)

where Ha-PT = h̄�+a†
1a1 − h̄�−a†

2a2 + ih̄κ (a†
1a2 + a1a†

2)
and Hm = h̄ωmb†b − h̄g(b† + b)

∑
i=1,2 a†

i ai. The terms of

ai (a†
i ) and b (b†) are the annihilation (creation) operators

of the optical modes and mechanical mode, respectively.
Here κ is the coupling between two cavity modes. The
microcavity is driven with frequency ωd and amplitude

�d = √
2Pγc/h̄ωd , with P denoting power and γc the decay

rate of the microcavity. Further, �+ and �− are the detunings
in a frame rotating with ωd , i.e., �± = ωc − ωd ± �Sag, with
ωc the angular frequency of the microcavity and �Sag the
angular frequency given by the spinning-induced Sagnac
effect [38]. In addition, ωm and g are the angular frequency
of the mechanical mode and the coupling between the optical
modes and the mechanical mode, respectively. Here we
consider that the system Hamiltonian is composed of three
parts: The first term on the right-hand in Eq. (1) characterizes
the cavity modes ai with resonance frequency �± and the
coupling between the cavity modes; the second term describes
the mechanical mode b with resonance frequency ωm and the
interaction between the mechanical mode and cavity modes;
the third term gives the input and output relations of the
fiber taper coupled spinning microcavity. In the high-power
situation, the interactions of the mechanical-cavity mode,
the cavity-cavity mode, and the fiber taper and spinning
microcavity have been validated experimentally [14].

To explore the chaotic dynamics of the spinning anti-PT
microcavity system, we employed the semiclassical Langevin
equations of motion. Furthermore, by defining the dimen-
sionless position operator x = (b† + b)/

√
2 and momentum

operators p = i(b† − b)/
√

2 of the mechanical mode, the
master equation of the OMS can be described by [13]

ẋ = ωm p, (2a)

ṗ = −
(γm

2

)
p − ωmx +

√
2g

∑
i=1,2

|ai|2, (2b)

ȧ1 =
(
−i�+ − γc

2

)
a1 + κa2 + i

√
2ga1x − �d , (2c)

ȧ2 = (−i�− − γc/2)a2 + κa1 + i
√

2ga2x − �d , (2d)

where γm is the decay rate of the mechanical mode.
To better understand the spinning microcavity anti-PT

system, we calculated the eigenvalues in the absence of me-
chanical motion and present their results in Fig. 1(b). For a
low rotational speed (�Sag/κ < 1), the eigenvalues preserve
the anti-PT symmetry, having the same real part and different
imaginary parts. This indicates that two eigenmodes possess
the same resonance wavelength but different strengths for the
clockwise and counterclockwise components. The anti–PT -
symmetric breaking occurs if the spinning is further enhanced
(�Sag/κ > 1), where the imaginary part coalesces, but the real
part bifurcates. An interesting phenomenon is that the anti–
PT -symmetric phase in a low-rotational-speed regime allows
the imaginary part to obtain a positive value rather than a usual
negative value [34]. Generally, a positive imaginary part sug-
gests that the light intensity obtains an optical gain. However,
the spinning microcavity system is passive and therefore such
an unusual feature offers intriguing chaotic dynamics.

Here we discuss the experimental feasibility. The spin-
ning microcavity was recently manifested experimentally
in an optical isolator [47], and several studies in sensing
were developed using the spinning microcavity arrange-
ment [38,40]. The present study is directly based on the
first work on realizing anti-PT symmetry in a spinning cav-
ity [38]. Based on the above pioneering studies, we select
a fiber taper to guide light into the spinning microcavity
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FIG. 2. Evolutions of I1 (upper) and x (lower) for (a) γc ≈ 1.88κ , (b) γc ≈ 2.1κ , and (c) γc ≈ 2.35κ . (d) Lyapunov exponent of I1 versus
γc/κ . (e) Pseudocolormap describes the evolutions of the PSD of I1 versus ω/ωm and γc/κ . The parameters are ωc = 1216 THz corresponding
to 1550 nm, κ = 8 kHz, g = 100 Hz, ωm/2π = 10 kHz, ωm/2π = 1 kHz, ωc = ωd , P = 55 pW, and �Sag = 1 kHz.

because such a coupling approach benefits from the effect of
aerodynamic self-adjustment, resulting in robustness against
perturbation [47]. In terms of experimental accessibility [48],
we select a microcavity with a Q value of approximately
1 × 1010 at a wavelength of 1.55 μm. The coupling between
the clockwise and counterclockwise cavity modes is set to be
κ = 8 kHz, which is feasible in the experiments [36], and
its value can also be tuned via external scatters experimen-
tally [49]. The mechanical parameters can be flexibly tuned,
depending on the requirement of specific experiments. Sev-
eral well-recognized reviews have exhibited the parameters
in various experiments [50–52]. Without loss of generality,
we use the integrity with the same order of magnitude as
mechanical parameters to simplify the calculation, where the
oscillation frequency ωm/2π = 10 kHz [53] and radiative
decay rate γm/2π = 1 kHz [54]. The coupling between the
optical and mechanical modes takes g = 100 Hz [53]. We set
�Sag ranging from 1 to 9 kHz, corresponding to a spinning
angular velocity of 40–374 Hz calculated following Ref. [38]
using a refractive index of 1.44, a microcavity radius of
50 μm, and a wavelength of 1.55 μm.

III. RESULT AND DISCUSSION

A. Pseudolaser and loss-induced chaos

The dynamics of the light field are characterized by various
decay rates of the microcavity in Figs. 2(a)–2(c). We merely
show I1 as I2 nearly overlaps with I1. When γc ∼ 1.88κ ,
the decay rate of the microcavity is extremely weak. Hence,
light intensity accumulation in the microcavity is available in
the situation without gain, which corresponds to the positive
imaginary part of the eigenvalue [34]. The rapid increase of
the light intensity appears initially, which is similar to the
general laser generation, as shown in Fig. 2(a). Here we call
such light intensity evolution a pseudolaser to distinguish it
from a general laser. When the decay rate of the microcavity
increases to γc ∼ 2.1κ , chaos is immediately generated in
both the optical and mechanical modes, as shown in Fig. 2(b).

By comparing Figs. 2(a) and 2(b), we see that this anti-PT
system produces chaos if the loss is greater, which presents a
remarkable distinction from the conventional power-induced
chaos.

As usual, a larger positive γc results in a faster light decay-
ing in the microcavity and eliminates the chaotic dynamics;
in contrast, a negative γc generates a laser, and the power-
ful light strength eventually triggers chaos. For example, in
the coupled PT microcavities, the PT -symmetry-breaking
phase allows the gain microcavity to produce power in the
system. The ever-increasing light intensity results in an ade-
quate nonlinear interaction from the OMS and finally triggers
chaos [13]. However, the chaotic mechanism in the anti-PT
microcavity is distinct from the PT microcavities. The chaos
generation in the anti-PT microcavity relies on the light
strength accumulation from the input instead of the gain in
the PT microcavities.

Such a uniqueness features several interesting dynamics,
including the chaotic dynamics. For example, since the anti–
PT -symmetric phase produces the pseudolaser when γc takes
a small positive value, the nonlinear interaction given by the
interaction between light and the OMS is negligible compared
to that of light intensity. Therefore, the ever-increasing op-
tical strength at the anti–PT -symmetric phase immediately
produces the mechanical motion accessing the steady states
instead of chaos, as shown in Fig. 2(a). When the decay rate γc

increases until all imaginary parts of eigenvalues are less than
zero in Fig. 1(b), the microcavity accumulates a relatively low
light intensity, but its value is comparable to the mechanical
movement. The mechanical motion driven by light generates
a matching nonlinear interaction on the optical modes. As a
result, a comparable light strength with the mechanical move-
ment will more easily form chaos, as shown in Fig. 2(b).

However, achieving chaotic dynamics by continuously
increasing the loss γc is impossible. For example, when
γc increases to 2.35κ , the chaotic dynamics vanish, as
shown in Fig. 2(c). To evaluate the contribution of γc

in chaos generation, we plot the Lyapunov exponent

L031503-3



FEIFAN HUANG et al. PHYSICAL REVIEW A 104, L031503 (2021)

from γc ∼ 1.88κ to γc ∼ 2.35κ in Fig. 2(d). The
Lyapunov exponent is defined by the logarithmic
slope of the perturbation δI1 = |a1 + δa1|2 − |a1|2
versus time [13], which mathematically characterizes the
rate of separation of trajectories with an infinitesimally close
initial condition. To obtain the Lyapunov exponent, we set the
perturbation |δa1|/|a1| = 10−9 in the numerical simulations.
The positive Lyapunov exponent suggests that the chaotic
emission happens, e.g., γc takes values from approximately
2.05κ to approximately 2.2κ . Then the evolution of the
power spectral density (PSD) further verifies the intriguing
loss-induced chaos, as shown in Fig. 2(e). When γc/κ is
small, the PSD presents a continuous distribution in the broad
spectrum, which indicates the fluent pseudolaser dynamics.
With the continual growth of γc/κ , the chaotic emission
appears and yields a broadly discrete distribution. When the
loss of the microcavity is beyond the critical value, the PSD
collapses to several specific spectrum components, indicating
the periodic dynamics. This loss-induced chaos shows that
although an ultralow decay rate (or ultrahigh-Q value) of a
microcavity is regularly a goal in most scientific areas, it
is unfavorable to this proposed chaotic generation design.
Consequently, the mechanism of loss-induced chaos may
potentially benefit the microcavity fabrication in the chaotic
light source.

B. Tunable and switchable chaotic light source

A switchable chaotic light source keeps traffic among
the devices on the same network. The tunable rotational
speed of the microcavity allows us to control the anti–PT -
symmetric and anti–PT -symmetric breaking phases, which
offers a genuine opportunity to switch the chaotic emission.
As shown in Figs. 3(a) and 3(b), when the rotational speed
remains low, the eigenmodes are anti-PT symmetric and
therefore the bifurcation diagrams of I1 and I2 feature a
bandpass chaotic emission. With the increase of �Sag, the
eigenmodes enter the anti–PT -symmetric breaking phase and
result in a split of their corresponding bifurcation diagrams,
as shown in Figs. 3(e)–3(j). The distinguishable bifurcation
diagram around resonance indicates that the chaotic emissions
switched off near resonance. In addition, such variable multi-
bandpass chaos demonstrates that the chaotic bandwidth is
tunable by adjusting the microcavity spinning.

The bifurcation diagrams of I1 and I2 present a remarkable
asymmetry for the opposite detuning, as shown in Fig. 3(a).
When (ωc − ωd )/ωm < 0, the increment of ωc − ωd forms
a cascade of period-doubling bifurcations, and such a self-
similar pattern eventually accesses chaos. In contrast, when
(ωc − ωd )/ωm > 0, the dynamics of I1 and I2 accesses chaos
quickly as ωc − ωd decreases. Physically, the asymmetric
bifurcation diagram originates from asymmetric radiation
pressure in different wavelengths. To further characterize the
asymmetric bifurcation diagrams, we calculated two trajec-
tories of the mechanical motion in phase space with the
opposite detuning ωd = ωc − 0.4ωm (left) and ωd = ωc +
0.4ωm (right), as shown in Fig. 3(a). The x and p of the
mechanical mode generate a more intensive response if the
input has a greater angular frequency. Such an asymmetric
nonlinear response of the mechanical mode presents direct ev-

FIG. 3. Bifurcation diagrams of I1 and I2 versus (ωc − ωd )/ωm

for (a) and (b) �Sag = 5.8 kHz, (c) and (d) �Sag = 6.5 kHz, (e)
and (f) �Sag = 7 kHz, (g) and (h) �Sag = 8 kHz, and (i) and (j)
�Sag = 9 kHz. The insets in (a) show two trajectories of the me-
chanical motion at �Sag = 5.8 kHz in phase space with the opposite
detuning ωc − ωd = ∓0.4ωm and γc ≈ 1.57γ .

idence to identify the asymmetric radiation pressure triggering
the asymmetric optical response.

C. Two chaotic emissions from one microcavity and reduced
chaos threshold

The asymmetric bifurcation diagram due to the nonlinear
interaction has sparked curiosity in exploring the intrinsic
chiral symmetry of a spinning microcavity anti-PT system.
We apply the Sagnac frequency shift �Sag = 8 kHz to spin-
ning the microcavity and set the power to 120 pW. After
that, we input the laser unidirectionally and observe the light
field dynamics in the microcavity. When the light with ωd =
ωc − 0.5ωm [Figs. 4(a)–4(c)] comes from port A only, I1 and
I2 generate the chaotic dynamics, as shown in Fig. 4(a); how-
ever, when the light with the same angular frequency comes
from port B, both I1 and I2 reach steady states, as shown in
Fig. 4(b). Very interestingly, owing to the asymmetric nonlin-
ear interaction, the reversed chaotic isolation can be found at
the opposite detuning ωd = ωc + 0.3ωm [Figs. 4(d)–4(f)], as
shown in Figs. 4(d) and 4(e). For a spinning microcavity, the
nonreciprocal response is expected because of its asymmetric
configuration.

However, if the lights are incident bidirectionally, the
microcavity can simultaneously generate two independently
chaotic lights from ports A and B, as shown in Figs. 4(c)
and 4(f). The chaotic isolation disappears because the optome-
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FIG. 4. Evolutions of I1 (thicker line) and I2 (thinner line) with
the incident direction of input from (a) and (d) port A, (b) and (e)
port B, and (c) and (f) both ports, for �Sag = 8 kHz and detunings of
(a)–(c) ωd = ωc − 0.5ωm and (d)–(f) ωd = ωc + 0.3ωm. The insets
in (a), (b), (d), and (e) show the corresponding trajectories of the
mechanical motion in phase space.

chanically mediated chaos transfers between two optical fields
such that they follow a similar route to chaos (comparing
the left and right columns in Fig. 3) but different chaotic
dynamics, promising multiplex photonic devices.

Moreover, the arrangement of bidirectional light input pro-
vides an extra advantage of the reduced chaos threshold.
When the light is incident from either port A or B, the bi-
furcation diagrams of I1 and I2 show a similar chaos threshold
at approximately 50 pW, as shown in Figs. 5(a)–5(d). In con-
trast, when the inputs come from ports A and B, the chaos
threshold dramatically decreases to approximately 20 pW, as
shown in Figs. 5(e) and 5(f). The arrangement of two-port
light input enables us to generate two chaotic lights using the
same amount of energy as the unidirectional light input. Such
a high-efficiency chaotic light source arrangement is desirable
in space-starved silicon on-chip applications.

IV. CONCLUSION

In summary, this study proposed a tunable chaotic
light source in the spinning anti–PT -symmetric and anti–

FIG. 5. Bifurcation diagrams of I1 and I2 versus power P when
light is incident from (a) and (b) port A, (c) and (d) port B, and (e)
and (f) both ports, for a detuning of ωd = ωc − 0.5ωm.

PT -symmetric breaking OMS. Unlike earlier chaotic light
sources, the continuously tuned rotational speed enables us to
control the anti-PT phase transition and then freely switch the
bandpass–band-stop chaotic emission in a tunable bandwidth.
In additioin, several phenomena were discovered, such as
loss-induced chaos and a chiral input reduced chaos thresh-
old. This chaos generation mechanism was identified in the
spinning microcavity anti-PT OMS. This study provides a
continuous tunable chaotic sources scheme and offers a plat-
form further to exploit the benefits of non-Hermitian optics
and chaotic dynamics.
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[28] B. Peng, Ş. K. Özdemir, S. Rotter, H. Yilmaz, M. Liertzer, F.
Monifi, C. M. Bender, F. Nori, and L. Yang, Science 346, 328
(2014).

[29] X. Mao, G.-Q. Qin, H. Yang, H. Zhang, M. Wang, and G.-L.
Long, New J. Phys. 22, 093009 (2020).

[30] F. Klauck, L. Teuber, M. Ornigotti, M. Heinrich, S. Scheel, and
A. Szameit, Nat. Photon. 13, 883 (2019).

[31] S. Weimann, M. Kremer, Y. Plotnik, Y. Lumer, S. Nolte, K. G.
Makris, M. Segev, M. C. Rechtsman, and A. Szameit, Nat.
Mater. 16, 433 (2017).

[32] L. Ge and H. E. Türeci, Phys. Rev. A 88, 053810 (2013).

[33] S. Ke, D. Zhao, J. Liu, Q. Liu, Q. Liao, B. Wang, and P. Lu,
Opt. Express 27, 13858 (2019).

[34] Y. Yang, Y.-P. Wang, J. W. Rao, Y. S. Gui, B. M. Yao, W. Lu,
and C.-M. Hu, Phys. Rev. Lett. 125, 147202 (2020).

[35] Y. Li, Y.-G. Peng, L. Han, M.-A. Miri, W. Li, M. Xiao, X.-F.
Zhu, J. Zhao, A. Alù, S. Fan, and C.-W. Qiu, Science 364, 170
(2019).

[36] Y.-H. Lai, Y.-K. Lu, M.-G. Suh, Z. Yuan, and K. Vahala, Nature
(London) 576, 65 (2019).

[37] B. Lu, X.-F. Liu, Y.-P. Gao, C. Cao, T.-J. Wang, and C. Wang,
Opt. Express 27, 22237 (2019).

[38] H. Zhang, R. Huang, S.-D. Zhang, Y. Li, C.-W. Qiu, F. Nori,
and H. Jing, Nano Lett. 20, 7594 (2020).

[39] F. Zhang, Y. Feng, X. Chen, L. Ge, and W. Wan, Phys. Rev. Lett.
124, 053901 (2020).

[40] H. Jing, H. Lü, S. K. Özdemir, T. Carmon, and F. Nori, Optica
5, 1424 (2018).

[41] W. Lin, H. Zhang, Z. Gong, B. Liu, H. Liu, B. Song, and J. Wu,
J. Lightw. Technol. 39, 2443 (2021).

[42] I. M. Mirza, W. Ge, and H. Jing, Opt. Express 27, 25515 (2019).
[43] H. Shi, Z. Xiong, W. Chen, J. Xu, S. Wang, and Y. Chen,

Opt. Express 27, 28114 (2019).
[44] R. Huang, A. Miranowicz, J.-Q. Liao, F. Nori, and H. Jing,

Phys. Rev. Lett. 121, 153601 (2018).
[45] B. Li, R. Huang, X. Xu, A. Miranowicz, and H. Jing, Photon.

Res. 7, 630 (2019).
[46] W. S. Xue, H. Z. Shen, and X. X. Yi, Opt. Lett. 45, 4424 (2020).
[47] S. Maayani, R. Dahan, Y. Kligerman, E. Moses, A. U. Hassan,

H. Jing, F. Nori, D. N. Christodoulides, and T. Carmon, Nature
(London) 558, 569 (2018).

[48] V. Huet, A. Rasoloniaina, P. Guillemé, P. Rochard, P. Féron,
M. Mortier, A. Levenson, K. Bencheikh, A. Yacomotti, and Y.
Dumeige, Phys. Rev. Lett. 116, 133902 (2016).
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