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Whispering-gallery-mode (WGM) optical resonators are
ideal systems for achieving electromagnetically induced
transparency-like phenomenon. Here, we experimentally
demonstrate that one or more transparent windows can
be achieved with coupled-mode induced transparency
(CMIT) in a single bottle WGM resonator due to the bot-
tle’s dense mode spectra and tunable resonant frequencies.
This device offers an approach for multi-channel all-optical
switching devices and sensitivity-enhanced WGM-based
sensors. © 2016 Optical Society of America

OCIS codes: (140.3948) Microcavity devices; (230.3990) Micro-
optical devices; (280.4788) Optical sensing and sensors.
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An electromagnetically induced transparency-like effect in op-
tical resonant systems, i.e., showing one or more transparent
windows in the transmission spectrum, has been intensively ex-
ploited due to its potential applications in all-optical switching
and quantum information processing [1-8]. This phenomenon
can be apprehended as destructive interference between differ-
ent optical paths. Whispering-gallery-mode (WGM) resonators
are good candidates for this effect because of several available
physical mechanisms [9-17]. Among them, coupled-mode
induced transparency (CMIT) is the easiest to achieve because
it involves no other modes besides optical modes, such as a
mechanical mode in optomechanically induced transparency
or an acoustic mode in Brillouin scattering induced transpar-
ency [11-13]. To achieve CMIT, two or more resonant modes
with close resonant frequencies should be simultaneously ex-
cited. There are two approaches: one is to excite different radial
modes in a single WGM resonator, and the other is to use a
sequence of resonators in which each resonator contributes
one mode [6,7,14—16]. However, the former method is con-
strained by the mode density of a resonator and is always as-
sisted by a tuning method to shift the resonant frequency. In
addition, only a single transparent window is reported. Although
the latter method is able to achieve multiple transparent win-
dows, it strictly requires both the frequency tuning of each mode
and high-precision micro-nano fabrication technique.
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Among all sorts of WGM resonators, the bottle shape has
been intensively investigated in light-matter interaction and
sensing, owing to its ultra-dense mode spectra and its tunable
resonant frequencies [18-23]. These two characteristics make
a bottle resonator suitable for CMIT, but it has not been re-
ported. In this Letter, we first demonstrated theoretically that
CMIT can be easily attained in a single bottle resonator; then,
by exciting different radial modes, we observed an experimen-
tally tunable CMIT effect with both one and two transparent
windows in a bottle-fiber coupling system. This device could
pave the way toward practical applications in multi-channel
all-optical switching devices and sensitivity-enhanced WGM-
based sensors [7,8,24-26].

The bottle configuration could be depicted as a truncated
harmonic-oscillator profile R(z) = Ry[1-1/2(Akz)?], where z
is the resonator axis direction, Ry is the radius at z = 0, and A%
is the curvature of the resonator profile. Its resonant mode is
characterized by radial, azimuthal, and axial mode numbers; it
is expressed in the form of (n, m, g). Considering the polari-
zation effect, its resonant frequency v = ¢/ (4An;), with resonant
wavelength expressed as [27]
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where 7 is the resonator refractive index, ¢ is the light speed in
vacuum, and
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Here, a,, is the nth root of the Airy function, p = n, for
transverse electric mode, and p = 1/n, for the transverse mag-
netic mode. In one radial mode family, its resonant frequencies
are discrete and are separated by the axial free spectrum range
(FSR), FSR, ~ cAk/(27n). In practice, modes of close-by ax-
ial and nonsequential azimuthal order could be excited together
for a bottle-fiber coupling system; thus, the bottle exhibits
dense mode spectra. Furthermore, the radial modes with 7 <
3 can be excited simultaneously using one taper fiber [27]. For

instance, Fig. 1 shows the mode spectra of a bottle resonator
with Ak = 0.0019 pm™' and R, = 70 pm. It is found that
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Fig. 1. Mode spectra of a bottle resonator with Ry = 70 pm and
Ak = 0.0019 pm™!. The green and red colors of each signal denote
n =1 and » = 2 radial modes, respectively.

around 1553.5 nm, the frequency of mode (1, 401, g) locates
between two consecutive azimuthal modes (2, 391, ¢) and (2,
390, g). This means that different radial mode families are in-
tersecting, i.e., the nearest resonance of 7 = 1 mode could be
n = 2 or n = 3 mode, which further increases the mode den-
sity. This feature holds for different axial mode numbers, i.e.,
different positions along the axial direction. Therefore, frequency
overlapping in a bottle resonator can be easily achievable.

Bottle WGM resonator was fabricated by fusing a standard
telecom fiber (Ry, = 70 pm) with a fiber fusion splicer. Using
different numbers of arc discharges, bottles with curvature
ranging from 0.01 to 0.0019 pm™' were produced. Because
the smaller curvature brings the denser mode spectra, a bottle
of Ak =0.0019 pm™! is utilized to achieve mode coupling.
The experimental setup is presented in Fig. 2(a). The input
light, after passing a fiber polarization controller, excites the
bottle resonant mode evanescently with a taper fiber. The out-
put is monitored by an oscilloscope linked with a photo detec-
tor. To excite different radial modes effectively, the tapered
region of the taper fiber is maintained in physical contact with
the bottle surface [28]. A piezoelectric transducer (PZT) is used
to tune the resonant frequency by stretching the bottle.

The resonant frequencies are not intrinsically overlapped
with each other in most cases. This frequency difference can be
compensated by tuning the bottle’s radius with external strain
due to different radial mode responses, i.e., the resonant wave-
length of low-order radial mode shifts blue at a larger rate than
high-order mode [15]. Figure 2(b) selects three modes termed
M1, M2, and M3 to determine their response characteristics in
our system. It is evident that the resonance peaks shift linearly
with the increase of voltage, as shown in Fig. 2(c). M2 and M3
have nearly the same response rate of 0.15 GHz/V, while M1
has a larger response rate of 0.3 GHz/V. Thus, it is predicted
that M1 belongs to low-order radial modes, and M2 and M3
are the same high-order radial modes. Notably, the frequency
difference (3 GHz) between M2 and M3 is far less than the
axial FSR (62.7 GHz). This is because the radius of the taper
fiber must be around 1.65 pm to effectively excite the resonant
mode of a bottle (Ry = 70 pm). In this case, resonant modes
with the same radial mode number, but different azimuthal and
axial mode numbers, can be excited together because of their
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Fig. 2. (a) Schematic of the experimental setup. FPC, fiber polari-
zation controller; PZT, piezoelectric transducer. (b) Three resonant
modes selected to identify the response characteristics of different radial
modes. (c) Resonant frequency shift responses of different radial modes.
The inset is an optical picture of the botdle WGM resonator used in the
experiment, A2 = 0.0019 pm™! and R, = 70 pm. The experimental
data of M3 are less because it is tuned out of the sweeping range.

close resonant frequencies and propagation constants [27,28].
Therefore, the tuning range of a resonance peak as large as one
axial FSR [19] can facilitate the frequency overlapping between
two separated modes.

In theory, CMIT can be apprehended as destructive inter-
ference between different optical pathways and can be ex-
plained by the coupled-mode equations introduced in [17] as

d +
% = —iAC()AaA _ 74 > Ky a, - Ej g 4% =+ /K4, COS 9)
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where 7 denotes integer. 7 4+ 1 coupled modes result in 7 trans-
parent windows in the transmission spectrum, and each win-
dow corresponds to a relatively high Q-factor mode. The
frequency difference between two adjacent window modes is
assumed to be larger than their linewidths; thus, there is no
coupling between them. As shown in Fig. 3, a, denotes a
low Q-factor mode termed valley mode; a; denotes a window
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Fig. 3. Schematic of the coupled modes in the resonator. The red
and blue lines denote different radial modes, i.e., a window mode and a
valley mode, respectively. In our experimental results, the valley (low
Q-factor) mode is the high-order radial mode, but this does not hold
for all situations because the loaded Q-factor mainly depends on the
external coupling rate.

resonant mode; and Aw, and Aw; are their frequency devia-
tions from the incident light, respectively. x4 (k;) is the external
coupling rate of a4 (a;); 4 (y;) is its intrinsic loss rate; and g 4;
is the coupling strength between a4 and a;, determined by
g4 = (kg-k)/% . cosw,; /2. @, is the input electric field;
and 6 and y; are the polarization orientations of modes a;,
and a; relative to mode a4, respectively. When solved in steady
state, the transmission spectrum can be derived as

1
T =|a|2[am cos 0 + /K404 +Z‘/Fiai cos @;

a;, sin 0 + E JKia; sin @;
i
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+
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Experimentally, by keeping the tapered region of the fiber in
contact with the bottle, tens of micrometers away from the
equator and sweeping the incident wavelength, we found two
close resonant modes A and B, as shown in Fig. 4(a). They are
separated by about 3 GHz, and their Q-factors are approxi-
mated to be 2 x 10° and 9 x 10°, respectively. The two reso-
nant frequencies were then tuned by stretching the bottle with
the PZT, and the window mode B generally swept across the
valley mode A as presented in Figs. 4(b)—4(d), showing tunable
CMIT phenomenon. The experimental CMIT is in accord
with the theoretical results. The mismatch between the fitting
and the experiment is attributed to the involvement of other
low Q-factor modes and the experimental environment. From
the fittings, we find that the coupling condition for each mode
changes slightly during stretching, but the window mode is
always overcoupled (kg > y3), and the valley mode is under-
coupled (k4 < y4). This is consistent with the theoretical
results in [14,29]. From the perspective of interference, the
transmission power consists of three parts, i.e., the power trans-
mitting the tapered fiber directly and the power coupling out of
the two WGMs. We assume that interaction between the two
coupled WGMs changes the coupling condition of the valley
mode; hence, it changes the transmission power [30]. In this
situation, the undercoupled valley mode is tuned to be over-
coupled near the central frequency of mode B. Power coupled
out of the resonator becomes the major component of the trans-
mission power; then we have an increased transmission power.
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Fig. 4. Experimental CMIT at different voltages. The red line is
the theoretical fitting, and the black triangle is the experimental
transmission spectrum. In the fitting, (y4, kK4, V5, K, 0, W) were
uniquely determined using the weighted least-square method accord-
ing to experimental results. The fitting parameters used in the fitting
are (a) [k4(y4), kp(yp)] = [0.2 (1.3), and 0.01 (0.002) GHz;
(b) [k4(r4), kz(yp)] = [0.26 (1.36), and 0.03 (0.002)] GHz;
(©) [k4(y4)s k5(y)] = [0.26 (1.3), and 0.02 (0.001)] GHz; and
) [k4(r4), k5(r5)] = [0.26 (1.36), 0.008 (0.0002)] GHz, and
0 = /10, w, = n/9. In the experiment, the FPC was fixed to a cer-
tain polarization. Zoom-ins of each window mode are shown on the
right. The appearance of a Fano-shaped mode is attributed to the
slight changes in the coupling conditions.

At this moment, a new mode distribution is built, and the fre-
quency can be regarded as the eigenfrequency of the bottle-fiber
coupling system [31,32]. Moreover, it is noted that the tuning
range of the transparent window is limited by the linewidth of
the valley mode. To achieve a larger tuning range, it is suggested
to involve another tuning method, in which the coupled two
modes respond at the same rate, like thermal control [6,33].
In addition, as implied by Fig. 4, there are several modes
around the coupled modes A and B. Thus, it is anticipated
to observe two or more transparent windows within one valley
mode in a single bottle resonator experimentally. Here, as shown
in Fig. 5, modes B and C, separated by about 24.5 MHz, exhibit
two windows in mode A. The loaded Q-factors of the two win-
dow modes are approximated to be 3 x 107 for mode B and 4 x
10° for mode C, respectively. These are two orders of magnitude
larger than the Q-factor achieved in coupled ring resonators [6].
By fitting the experimental results, we find that all three modes
are overcoupled, which enables the coupling system to be robust
against the external disturbance. In this situation, interference
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Fig. 5. (a) Three modes for mode coupling. (b) Experimental
CMIT with two transparent windows. The red line is the theoretical
fitting, and the black triangle is the experimental transmission spec-
trum. Mode A is the valley mode, and modes B and C are two window
modes. The fitting parameters used in the fitting are [k4(7,4), k3(75)»
ke (rc)] = [0.24 (0.046), 0.0043 (0.0026), 0.045 (0.001)] GHz, and
[0, wy, w.] = [n/40, n/9, x/10]. The inset is the closeup of the two
window modes B and C.

enhances the overcoupling condition of the valley mode and,
hence, results in an increased transmission power [29]. Further-
more, modes B and C shift at almost the same rate when stret-
ching, which means that they belong to the same radial mode
family. To tune the frequency difference between them, each
frequency should be tuned individually. This can be facilitated
by modulating the refractive index of each mode distribution as
introduced in [34]. Finally, achieving CMIT with multiple
windows in a single bottle resonator significantly reduces the
requirement on micro-nano fabrication technique in producing
a coupled resonator system. To achieve CMIT with three or
more window modes in a single resonator, however, remains
challenging. Mode identification of the coupled modes and
polarization effect will be examined in our further work.

In summary, we have theoretically demonstrated that a
bottle WGM resonator is suitable for CMIT phenomenon.
Because it has ultra-dense mode spectra and frequency, overlap-
ping can be achieved in many positions along the axis direction.
In addition, the demonstration is verified by the tunable CMIT
with one window and two windows experimentally. Such fea-
sibility and selectivity make the bottle resonator a practical
element in applications, such as multi-channel all-optical swit-
ching devices and sensitivity-enhanced WGM-based sensors.
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