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A new form of induced transparency enabled by dynamical tunneling coupling of continuous chaos and discrete regular modes
in a slightly deformed optical microcavity is demonstrated experimentally. An optical beam is focused on the cavity boundary and tuned on resonance with a high-Q mode, which leads
to destructive interference for the excitation of chaotic field and
induces a transparency in the transmission. The experimental
results are in excellent agreement with a model based on quantum scattering theory. This tunneling-induced transparency is
accompanied by extremely steep normal dispersion, and holds
great potential in slow light and enhanced nonlinear interactions.
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An opaque atomic medium can be made transparent in the
presence of a strong control laser beam, in a process known
as electromagnetically induced transparency (EIT) [1]. EIT
has led to novel concepts and important consequences, such
as light freezing, enhanced nonlinear interactions and lasing
without inversion [2]. These have put EIT to the forefront
of experimental study in atomic physics during the last
two decades. It has been recently recognized and demonstrated that similar interference effects occur in linear classical systems such as plasma [3, 4], electric circuits [5, 6],
photonic microresonators [7–11], metamaterials [12, 13]
and optomechanical systems [14,15], which bring the original quantum phenomenon into the realm of classical optics. Remarkably, this all-optical form of induced transparency does not require naturally occurring resonances and
can therefore be applied to previously inaccessible wavelength regions. Equally importantly, no strong pumping is
required. In this Letter, we experimentally demonstrate a
new form of induced transparency in a slightly deformed
microcavity, in which the ray dynamics result in a mixed
phase space including both regular and chaotic trajectories
[16–19]. The induced transparency originates from dynamical tunneling between the regular and the chaos [20], so it
is termed as tunneling-induced transparency.
Figure 1(a) depicts the coupled system in which a deformed toroidal microcavity is excited by a free-space laser
beam focused on the cavity boundary. The 
boundary of the
microtoroid is defined as r (φ) = r0 (1 + i=2,3 ai cosi φ)

for cos φ ≥ 0, and r0 (1 + i=2,3 bi cosi φ) for cos φ < 0
in the polar coordinates (r , φ), where r0 denotes the size
parameter. The deformed microcavity was constructed by
combining a two-step dry etching and a CO2 pulse laser

irradiation, described elsewhere [21,22]. In our experiment,
the resulting microtoroid has geometrical parameters following the theoretical design of r0 ∼ 45 μm, a2 ∼ −0.133,
a3 ∼ 0.095, b2 ∼ −0.064, and b3 ∼ −0.022 (Ref. [22]).
The thickness of the disk is 2 μm and the minor radius of
the toroid is 2.5 μm, which means that the inner walls raised
by the toroid cast little influence on the transportation of
light into the disk part, different from the annular microcavities [23] and the ring resonantors [24]. The deformed
microtoroid supports resonances with both ultrahigh Q factors and highly directional emission toward the 180◦ farfield direction (emitted at polar angle positions φ ∼ π/2
and 3π/2) [22], as shown in red in Fig. 1(a).
A consequence of the aforementioned directional emission is that time-reversing the process enables excitation
of high-Q resonances with a free-space beam [25, 26]. The
whole interaction process is shown in Fig. 1(b), characterized by a three-level configuration: ground, chaos, and highQ resonance. Throughout this paper, the concepts of regular mode and chaotic mode are used to describe uncoupled
states, and dynamical tunneling can be treated as the interaction between an uncoupled regular mode and uncoupled
chaotic modes [25]. In general, both direct tunneling and
dynamical tunneling can excite the high-Q regular mode. To
provide a better understanding, first, Fig. 1(c) (black) plots
the phase space of the deformed microcavity. It is found that
the ray dynamics is mostly chaotic, in addition to some regular orbits such as islands and Kalmogorov-Arnol’d-Moser
(KAM) tori [27]. In ray optics, these different structures
are disjoint; while in reality, dynamical tunneling takes
place between the regular and neighboring chaotic orbits.
The dynamical tunneling can be demonstrated by a Husimi
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Figure 1 (a) Schematic illustration of a deformed silica microtoroid excited by a focused free-space laser beam (waist: 3 μm).
The blue arrow indicates the excitation beam from the 180◦ farfield direction. The red plotting describes the spatial distribution
of a high-Q resonance, where the field outside is magnified. Inset:
real-space chaotic trajectories (blue curves) in the cavity. r, φ give
the polar coordinate system in the cavity plane. (b) The schematic
illustration of the interaction mechanism. (c) The phase-space
structure for the deformed microcavity plotted in Birkhoff’s coordinates. The red dotted curve above sin χ = 0.8 is a KAM
torus, which divides the chaotic sea into classically accessible
(bottom) and classically forbidden (upper) regions. The purple
dashed curve at sin χ = 0.69 denotes the critical refraction line.
Husimi distributions of the high-Q resonant field and the excitation
field are shown in yellow and blue, respectively.

projection (blue in Fig. 1(c)) of the excited chaotic field
[17, 28], where some tails of the excitation field obviously
intrude into the upper area by crossing the KAM torus.
Second, the high-Q resonances in the deformed microcavity are located on the upper of the phase space (yellow
in Fig. 1(c)), and their angular momenta have significant
mismatch to the free-space beam focused on the cavity
boundary. As a result, the direct tunneling is extremely
weak, and the efficient excitation of high-Q resonances in
the deformed microcavity is attributed to the dynamical
tunneling. In this regard, finally, the EIT-like resonance in
the free-space transmission spectrum can be understood by
considering two excitation pathways: (1) direct excitation
of the continuous chaos from the incident beam, and (2)
excitation of the high-Q mode (by dynamical tunneling)
coupling back to the chaos. Most importantly, these two
pathways interfere destructively with each other because a
phase shift occurs when light crosses the KAM torus which
represents a potential barrier in the wave-optic field [29,30].
Thus, the cancellation of the chaos loss due to the destructive interference results in the induced transparency in the
far transmitted field.
In the first experiment, the incident beam is injected
from the 180◦ far-field direction and is focused to 3 μm in
diameter with an objective lens (N.A.: 0.26) on the cavity


C 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Y.-F. Xiao et al.: Tunneling-induced transparency

Figure 2 (a)–(e), Measured transmission spectra for different excitation positions of the focused beam. All figures have the same
scales in both horizontal and vertical axes. From top to bottom,
the focused beam moves away from the cavity boundary. The
initial position (r = 0) is set to the highest induced transparency
peak. (f)-(j) Zoom-in of the transmission spectra around the transparency window. Red solid curves correspond to model fits from
Eq. (1).

edge at φ ∼ π/2. The transmitted light is collected in the
0◦ far-field direction by the other identical objective lens
and finally enters into a photoreceiver. Figure 2(a) with the
zoom-in (f) shows a typical power transmission spectrum
for a quasi-TM resonance of the coupling system. A high-Q
cavity resonance is observed to be excited in such a way that
a sharp EIT phenomenon occurs. As the coupling position is
moved away from the cavity boundary, this induced transparency experienced a transition to an asymmetric Fano
resonance [31], as shown in Figs. 2 (b)-2(e) and 2(g)-2(j).
To further reveal the significance of free-space coupling, in our second experiment, a fiber taper is used to
couple the same deformed cavity. Figures 3(a)–3(b) compare the transmission spectra obtained with the two methods. It can be seen that the high-Q resonance responses
in both spectra show a good correspondence with a slight
red shifting of the resonances when coupled to the taper.
The target resonance mode has an intrinsic quality factor
exceeding 3 × 107 at the wavelength of 1556.8 nm. The
EIT-like characteristic in the free-space transmission spectrum differs from the symmetric Lorentzian dips. Moreover,
no obvious change of the resonance lineshape is observed
when the taper-cavity system is tuned continuously from
under- to strongly over-coupled regions as Fig. 3(c). The
principal difference between free-space coupling and taper coupling is that taper coupling directly excites high-Q
regular modes within the cavity [21], whereas free-space
coupling first excites chaotic modes of the deformed cavity
that then excite the high-Q modes though the dynamical
tunneling.
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Figure 4 (a) Modeled κ and γt in Figs. 2(f)-2(j) depending on
the beam-cavity gap. The shadow shows the measured linewidth
range with a fiber taper coupling. (b) The calculated phase
change of the transmitted field in Fig. 2(f), showing strong normal
dispersion.

Figure 3 Comparison of the transmission spectra obtained with
the focused beam excitation (a) and the fiber taper coupling (b).
(c) The transmission spectra around the same resonance mode
when coupled to the taper for different taper-cavity gaps. The blue
curve shows the critical coupling case. (d) The transmission spectra around the target resonance mode for eight typical coupling
positions of the focused beam shown in the inset.

The transparency resonances using free-space coupling
depend strongly on the excitation positions. As shown in
Fig. 3(d), the highest transparency peak occurs when the
incident beam focuses on the cavity edge at the polar position φ ∼ π/2 and from the 180◦ far-field direction (see
the inset of Fig. 3(d)). This is the exact position where
high-Q counter-clockwise resonances show the strongest
directional emission assisted by chaos. By time-reversing
this process, this is also where the chaotic modes are most
strongly excited by the incident laser. In our experiment,
the transmission spectra of a circular toroidal microcavity
are also measured, devoid of chaotic modes, excited by a
free-space laser, and no efficient coupling and Fano-like
EIT resonance for a single resonant mode were observed.
This further confirms that coupling with the chaotic modes
in deformed microcavities is indeed responsible for the induced transparency.
To obtain more insight on the coupling features mentioned above, in what follows the experimental transmission spectra are theoretically modeled. In the free-space
coupling process shown in Fig. 1(c), the incident light |in
with frequency ω is scattered by the microcavity and directly excites continuous chaotic modes, denoting the excitation state |Cω  [30]. We consider that a discrete regular
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quasi-mode |M with resonant frequency ω0 interacts with
the chaotic modes, and assume that the |Cω  and |M are
orthogonal and normalized [25, 32] before performing a
perturbation treatment. The interacting system is governed
by a Hamiltonian H , satisfying M|H |M = ω0 − iγ /2,
Cω |H |M = Vω , and Cω |H |Cω  = ωδ(ω − ω). Here Vω
describes the interaction between |M and |Cω , known as
the dynamical tunneling; γ represents the modified decay
rate of |M, consisting of (i) the intrinsic loss such as radiation, material absorption and scattering, and (ii) the tunneling into other chaotic states that are not directly excited
by free-space coupling.
With a standard procedure developed by Fano in
Ref. [31], the transmission spectrum of the free-space beam
is obtained
T (ω) =

|qω + − i K |2
T0 (ω).
(1 + K )2 + 2

(1)

Here K is defined as the ratio γ /κ ≡ (γt − κ) /κ
with κ = 2π |Vω |2 being the coupling strength [33] and
γt ≡ κ + γ representing the whole decay rate of the regular mode; ≡ (ω − ω0 ) /(κ/2) describes the detuning between the incident light and the regular mode; qω stands for
the shape parameter of the Fano resonance; T0 (ω) describes
the uncoupled scattering background (i.e., κ = 0). In experiment, T0 (ω) can be obtained from a large-range wavelength
scanning, which shows baseline oscillations resulting from
the interference of two amplitudes: (i) the directly transmitted amplitude, and (ii) the dissipated amplitude that refracts
into and back from the cavity.
Under this model, the red solid curves in Figs. 2(f)2(j) show the theoretical fittings, in good accordance with
the experimental spectra (blue dots). The fitting parameters
κ/2π and γt /2π are plotted in Fig. 4(a). It can be seen
that the coupling between the regular and the excitation
states, described by the strength κ, becomes weaker when
the focused beam moves away from the cavity boundary.
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This is possibly due to the reduced direct refraction into
the cavity and to the lower distribution of the excited |Cω 
states in phase space. Furthermore, the modeled total decay
rates γt /2π of the high-Q mode, which is an invariant in
our theory, range from 4 to 6 MHz, falling within the error
of the measured resonant linewidth.
To characterize the induced transparency, Fig. 4(b)
shows the calculated phase change of the transmitted field
with the modeled data in Fig. 2(f). This conventional curve
exhibits an extremely steep normal dispersion, and indicates a strong suppression of the group velocity. At the
resonance point ω ∼ ω0 , the group velocity is significantly
reduced to smaller than 10−5 c where c is the velocity of
light in vacuum, resulting from the ultra-narrow linewidth
of the ultrahigh-Q resonance mode in the deformed
microcavity.
In summary, we have experimentally demonstrated dynamical tunneling-induced transparency in a chaotic microcavity with a Q factor exceeding 3 × 107 . When excited
by a focused laser beam, the induced transparency in the
transmission spectrum is attributed to the destructive interference of two optical pathways: one is to directly excite the continuous chaos from the incident beam, and the
other excites the high-Q mode (by dynamical tunneling)
coupling back to the chaos. By controlling the excitation
position of the laser beam, the induced transparency experiences a highly tunable Fano-like asymmetric lineshape.
This induced transparency is accompanied by extremely
steep normal dispersion, which provides a dramatic slow
light behavior and a significant enhancement of nonlinear
interactions in an optical microcavity.
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