
PHYSICAL REVIEW A 103, 033510 (2021)

Transition between coupled-resonator-induced transparency and absorption
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Electromagnetically induced transparency and absorption in atomic systems have applications such as slow-
light generation. Coupled-resonator-induced transparency (CRIT) and absorption (CRIA) are the optical analogy
to them. Here we theoretically and experimentally study CRIT and CRIA in two directly coupled whispering-
gallery-mode microresonators. The theoretical results give conditions for observing CRIT and CRIA, and predict
that a transition between them will happen if we change the coupling strength between the two microresonators or
the coupling strength between the fiber taper and the first microresonator. The experimental results demonstrate
the transitions between CRIT and CRIA using a microsphere coupled to a sausagelike microresonator. The
obtained results give some guidelines to observe CRIT and CRIA.
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I. INTRODUCTION

Electromagnetically induced transparency (EIT) in atomic
systems, relying on quantum interference to diminish absorp-
tion, has found extensive optical applications [1]. In recent
years, there has been much interest in observing all-optical
analogues of EIT in optical resonators [2,3]. The related works
include observing an EIT-like phenomenon in a single optical
resonator [4–8], observing an EIT-like phenomenon in two
coupled optical resonators [9–13], and observing optome-
chanically induced transparency [14–17]. It is one advantage
that an EIT-like phenomenon in optical resonators can be
observed at room temperature, which is very important for its
future wide applications.

A whispering-gallery-mode (WGM) microresonator, such
as a silica microsphere and microdisk, is a kind of optical res-
onator that can support optical modes with ultra-high-quality
factors and small mode volumes and has wide applications
[18–20]. Two coupled WGM microresonators provide a very
good platform to study EIT-like phenomena in which several
system parameters related to EIT can be adjusted indepen-
dently. The EIT-like phenomenon in two coupled resonators
is also called coupled-resonator-induced transparency (CRIT)
[9,21], which is typically manifested by a narrow peak in
the background of a broad transmission dip. In addition to
CRIT, there is also the coupled-resonator-induced absorption
(CRIA) phenomenon [9], which shows a narrow dip in the
background of a broad transmission dip. The application of
CRIT in slow light has been experimentally demonstrated in
two coupled microspheres [10]. Multiple CRIT and CRIA are
observed in two coupled WGM microresonators [22]. Very re-
cently, CRIT and CRIA have been observed in two indirectly
coupled WGM microresonators with exceptional point [23].
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Additionally, WGM microresonators coupled to a waveguide
can be used to discuss novel optical transport and correlation
phenomena with quantum coherence [24–26].

In this paper, CRIT and CRIA in two directly coupled
WGM microresonators are studied theoretically and experi-
mentally. In the theory study, conditions for observing CRIT
and CRIA are obtained and we discuss how to achieve a
transition between CRIT and CRIA. In the experimental
study, the transmission spectra of the coupled system of a
microsphere and a sausagelike microresonator (SLM) [27] are
measured under different conditions. Our results demonstrate
clear observations of transitions between CRIT and CRIA, the
related Fano resonance [28–33], and Autler-Townes splitting
(ATS) [12].

II. THEORETICAL MODEL AND ITS
TRANSMISSION SPECTRUM

The considered theoretical model is shown in Fig. 1.
Microresonator μR1 supports a WGM of resonant angular
frequency ω1 with an intrinsic loss rate κo1, which is coupled
to a fiber taper with a coupling strength κe1. In the following,
the parameter κ1 = κo1 + κe1 will be used to denote its total
loss rate. Microresonator μR2 supports a WGM of resonant
angular frequency ω2 with a total loss rate κ2 that is equal to its
intrinsic loss rate as μR2 has no coupling with the fiber taper.
The two microresonators have a coupling with strength g. The
dynamical equations governing the fields of two WGMs are

dE1(t )

dt
= (−iω1 − κ1)E1(t ) − igE2(t ) +

√
2κe1Ein(t ), (1)

dE2(t )

dt
= (−iω2 − κ2)E2(t ) − igE1(t ), (2)

where E1(t ) and E2(t ) represent the fields of the WGMs
in μR1 and μR2, respectively. The output field from the
fiber taper is Eout (t ), whose relation to the input field Ein(t )
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FIG. 1. A schematic diagram of two coupled WGM microres-
onators. The above microresonator is coupled to a fiber taper.

is given by

Eout (t ) = −Ein(t ) +
√

2κe1E1(t ). (3)

The normalized transmission of the system is defined as

T =
∣∣∣∣
Eout (t )

Ein(t )

∣∣∣∣
2

, (4)

which is usually dependent on the time t . In the case that
the input field Ein(t ) has the angular frequency ω, the time-
dependent part of T will decay exponentially and, finally, T
will go to its stationary value,

T =
∣∣∣∣
[κe1 − κo1 + i(�ω − δ12)](−i�ω + κ2) − g2

[κe1 + κo1 − i(�ω − δ12)](−i�ω + κ2) + g2

∣∣∣∣
2

, (5)

where �ω = ω − ω2 and δ12 = ω1 − ω2. The above station-
ary normalized transmission T describes the transmission
spectrum of the theoretical model, which will be used to fit
our experimental observation.

III. CONDITIONS FOR OBSERVING CRIT AND CRIA

Assume that two WGMs have the same angular frequency,
i.e., δ12 = ω1 − ω2 = 0. In this case, the normalized transmis-
sion T |δ12=0 as a function of the angular frequency detuning
�ω is an axisymmetric function because it is an expression
of (�ω)2. The transmission at the symmetry axis (resonance
input) is

T
∣∣
δ12=0,�ω=0 =

∣∣∣∣1 − 2κe1κ2

(κe1 + κo1)κ2 + g2

∣∣∣∣
2

. (6)

When μR2 is not coupled to μR1, the function shape of T will
be a Lorentzian dip and the transmission at the symmetry axis
(resonance input) is

T
∣∣
δ12=0,�ω=0,g=0 =

∣∣∣∣1 − 2κe1

κe1 + κo1

∣∣∣∣
2

. (7)

Define

D = T
∣∣
δ12=0,�ω=0 − T

∣∣
δ12=0,�ω=0,g=0. (8)

If D > 0, the coupling of μR2 to μR1 increases the transition
at the resonance input. If D < 0, the coupling of μR2 to μR1

decreases the transition at the resonance input. Therefore,
when D > 0 (D < 0), we will say there is a CRIT (CRIA)
phenomenon. It can be found that

D = 4g2κe1
(
κo1g2 + κ2

o1κ2 − κ2
e1κ2

)

[(κe1 + κo1)κ2 + g2]2(κe1 + κo1)2
. (9)

Therefore, the condition for observing CRIT is

κo1g2 + (
κ2

o1 − κ2
e1

)
κ2 > 0, (10)

and the condition for observing CRIA is

κo1g2 + (
κ2

o1 − κ2
e1

)
κ2 < 0. (11)

It is noted that in order to observe a typical CRIT (CRIA), i.e.,
there is a narrow peak (dip) in the background of a broad dip,
it is also required that the quality factor of μR2 is much larger
than that of μR1, i.e., κ2 � κe1 + κo1. Defining D > 0 (D < 0)
as CRIT (CRIA) grasps its basic meaning. A discussion about
conditions to observe CRIT and CRIA is also given in a very
different language in Ref. [34].

IV. TRANSITION BETWEEN CRIT AND CRIA
BY CHANGING COUPLING STRENGTHS

How will the shape of the transmission T change as the
coupling strength κe1 increases between μR1 and the fiber ta-
per? The answer is meaningful as it tells what will be observed
in experiment when the fiber taper is moved towards μR1.
According to Eqs. (10) and (11), the system is in the CRIT
phase for κe1 < κe1c, with

κe1c =
√

κ2
o1 + κo1g2/κ2, (12)

and the system is in the CRIA phase for κe1 > κe1c. The result
predicts that when we fix the gap between the two microres-
onators and move the fiber taper towards μR1 from faraway,
i.e., increasing κe1 from zero, CRIT will be observed first
and then a transition from CRIT to CRIA will happen when
the coupling strength κe1 between the fiber taper and μR1

becomes equal to κe1c. It is noted that in a real experiment,
a transition from CRIT to CRIA may not happen as κe1 may
always be smaller than κe1c no matter how close the fiber taper
and μR1 are.

It is also meaningful to know how the shape of the trans-
mission T will change as the coupling strength g changes
between μR1 and μR2, which can be tuned in experiment by
changing the gap between μR1 and μR2. The answer depends
on the coupling condition between the fiber taper and μR1.
When the fiber taper and μR1 are in the overcoupling, i.e.,
κe1 > κo1, according to Eqs. (10) and (11) the system is in the
CRIA phase for g < gc, with

gc =
√(

κ2
e1 − κ2

o1

)
κ2/κo1, (13)

and the system is in the CRIT phase for g > gc. The result
predicts that when we fix the fiber taper and μR1 in the
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FIG. 2. A micrograph of a SLM and a microsphere. The fiber
taper is placed under the SLM and the microsphere is placed above
the SLM. The diameter of the microsphere is about 120 μm. The
resonant frequency of the SLM can be adjusted by pulling its two
ends.

overcoupling and move μR2 towards μR1 from faraway, i.e.,
increasing g from zero, CRIA will be observed first and then a
transition from CRIA to CRIT will happen when the coupling
strength g between μR2 and μR1 becomes equal to gc. It is
also noted that in a real experiment, a transition from CRIA to
CRIT may not happen as g may always be smaller than gc no
matter how close μR2 and μR1 are.

The shape of the transmission T will change in a different
manner as the coupling strength g changes when the fiber taper
and μR1 are in the undercoupling or critical coupling. When
the fiber taper and μR1 are in the undercoupling or critical
coupling, i.e., κe1 � κo1, the system is in the CRIT phase for
all g according to Eq. (10). Therefore, CRIT can always be
observed as we increase g from zero, but the transmission
at the resonance input, i.e., T |δ12=0,�ω=0, will increase as g
increases, according to Eq. (6). The result predicts that when
we fix the fiber taper and μR1 in the undercoupling or critical
coupling and move μR2 towards μR1 from faraway, CRIT will
always be observed and the height of the peak in CRIT will
increase as μR2 is moved closer to μR1.

V. EXPERIMENTAL RESULTS ON TRANSITIONS
BETWEEN CRIT AND CRIA

The experimental setup is shown in Fig. 2, where the SLM
has a coupling with the fiber taper [35], and the microsphere
has a coupling with the SLM but has no coupling with the
fiber taper. The experimental setup is the same as the theoret-
ical setup, where the SLM is corresponding to μR1 and the
microsphere is corresponding to μR2. The fiber taper is made
by using a hydrogen flame to heat a single-mode fiber and, at
the same time, stretching it from two sides by a motorized
translational stage. The prepared fiber taper is very fragile
as its waist diameter is about 2 μm. Some UV glue is used
to fix the fiber taper on a U-shaped frame so that we can
move the fiber taper by moving the U-shaped frame. The

FIG. 3. Observation of the transition from CRIT to CRIA. From
(a) to (e), the coupling strength κe1 between the fiber taper and
the SLM is increased. The red lines are the theoretical results with
the parameters κo1 = 2π × 15.80 MHz, g = 2π × 17.90 MHz, κ2 =
2π × 0.50 MHz, δ12 = 0, and (a) κe1 = 2π × 3.40 MHz, (b) κe1 =
2π × 74.50 MHz, (c) κe1 = 2π × 100.10 MHz, (d) κe1 = 2π ×
125.30 MHz, and (e) κe1 = 2π × 150.20 MHz.

SLM and the microsphere are both made from a single-mode
optical fiber using a similar method [27,35]. To prepare them,
a single-mode fiber of about 10 cm is placed vertically with a
small weight attached to its lower end. A CO2 laser is used to
heat the fiber. The heated part of the fiber will become thinner
and thinner due to the gravity so that we can make a thin tip
at the lower end of the fiber by moving it. A microsphere can
be made by heating the end of the tip using the CO2 laser.
The SLM is made by heating two separate parts of the fiber;
the heated parts, due to the gravity, will be thinner than the
unheated part, as shown in Fig. 2.

In the experiments, the fiber taper, microsphere, and SLM
are attached to independent three-dimensional translation
stages with a resolution of 20 nm (MAX312D, Thorlabs), so
that we can control the gap between the fiber taper and the
SLM, and the the gap between the microsphere and the SLM.
The transmission spectra of the system are obtained by using
a tunable laser. Laser light is coupled into one port of the fiber
taper, and the output from the other port is measured by a
photoreceiver to obtain the transmission spectra. The experi-
ments are done in the 1550 nm band. Three parameters that
appeared in the theoretical model, i.e., δ12, g, and κe1, can be
adjusted in our experiments. The parameter δ12 is the angular
frequency detuning between the SLM and the microsphere,
which can be adjusted by pulling the SLM from its two ends
[27]. The parameter g is the coupling strength between the
microsphere and the SLM, which can be increased by moving
the microsphere close to the SLM. The parameter κe1 is the
coupling strength between the fiber taper and the SLM, which
can be increased by moving the fiber taper close to the SLM.

Figure 3 demonstrates how CRIT and CRIA are affected
by the coupling strength κe1 between the fiber taper and the
SLM. It shows the experimental results with a pair of resonant
WGMs when the gap between the microsphere and the SLM
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FIG. 4. Observation of the transition from CRIA to CRIT when
the fiber taper and the SLM are in the overcoupling. From (a) to
(e), the coupling strength g between the microsphere and the SLM
is increased. The red lines are the theoretical results with the param-
eters κo1 = 2π × 12.95 MHz, κe1 = 2π × 61.69 MHz, κ2 = 2π ×
1.09 MHz, δ12 = 0, and (a) g = 2π × 1.60 MHz, (b) g = 2π ×
2.30 MHz, (c) g = 2π × 16.30 MHz, (d) g = 2π × 17.60 MHz, and
(e) g = 2π × 20.90 MHz.

is fixed. According to the theory, when the fiber taper is moved
towards the SLM, CRIT will be observed first and then a
transition from CRIT to CRIA may happen. In Figs. 3(a) to
3(e), the fiber taper is moved closer and closer to the SLM,
which means an increasing of the coupling strength κe1. As
predicted by the theory, we first observe CRIT, and when we

FIG. 5. Observation of the influence of g on CRIT when the
fiber taper and the SLM are in the undercoupling. From (a) to (d),
the coupling strength g between the microsphere and the SLM is
increased. The red lines are the theoretical results with the param-
eters κo1 = 2π × 30.10 MHz, κe1 = 2π × 6.80 MHz, κ2 = 2π ×
0.50 MHz, δ12 = 0, and (a) g = 0 MHz, (b) g = 2π × 3.00 MHz,
(c) g = 2π × 3.40 MHz, and (d) g = 2π × 7.50 MHz.

FIG. 6. Observation of the transition between CRIT and Fano
resonance. From (a) to (e), the resonant frequency of the SLM
is increased. The red lines are the theoretical results with the
parameters κo1 = 2π × 30.10 MHz, κe1 = 2π × 6.80 MHz, κ2 =
2π × 0.50 MHz, g = 2π × 6.20 MHz, and (a) δ12 = −2π ×
101.50 MHz, (b) δ12 = −2π × 51.50 MHz, (c) δ12 = 0, (d) δ12 =
2π × 30.50 MHz, and (e) δ12 = 2π × 56.50 MHz.

move the fiber taper closer to the SLM, a transition from CRIT
to CRIA is observed. In Fig. 3, it can be found that the width
of the peak in CRIT is much larger than the width of the dip
in CRIA, which is interesting and may be used in sensing.

Figures 4 and 5 show how CRIT and CRIA are affected by
the coupling strength g between the microsphere and the SLM.
Figure 4 shows the experimental results with a pair of resonant
WGMs when the fiber taper and the SLM are fixed in the
overcoupling, i.e., κo1 < κe1, where, from Figs. 4(a) to 4(e),
the coupling strength g between the SLM and the microsphere
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FIG. 7. Observation of the transition between CRIA and Fano
resonance. From (a) to (c), the resonant frequency of the SLM is
increased. The red lines are the theoretical results with the param-
eters κo1 = 2π × 4.40 MHz, κe1 = 2π × 38.51 MHz, κ2 = 2π ×
2.36 MHz, g = 2π × 5.10 MHz, and (a) δ12 = −2π × 36.87 MHz,
(b) δ12 = 0, and (c) δ12 = 2π × 37.50 MHz.
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FIG. 8. Observation of the ATS phenomenon. From (a) to
(e), the resonant frequency of the SLM is increased. The red
lines are the theoretical fittings with the parameters κo1 = 2π ×
5.10 MHz, κe1 = 2π × 0.50 MHz, κ2 = 2π × 0.67 MHz, g =
2π × 39.20 MHz, and (a) δ12 = −2π × 185.50 MHz, (b) δ12 =
−2π × 24.40 MHz, (c) δ12 = 0, (d) δ12 = 2π × 30.50 MHz, and (e)
δ12 = 2π × 186.50 MHz.

is increased. As predicted by the theory, CRIA is observed
at the beginning and then a transition from CRIA to CRIT
is observed. Figure 5 shows the experimental results with a
pair of resonant WGMs when the fiber taper and the SLM
are fixed in the undercoupling, i.e., κo1 > κe1, and move the
microsphere towards the SLM from faraway. In Figs. 5(a)–
5(d), the microsphere is moved closer and closer to the SLM,
which means an increasing of the coupling strength g between
the SLM and the microsphere. It can be found that as the
coupling strength g increases, the height of the central peak
of the CRIT becomes higher and higher, which proves the
theoretical prediction.

We also investigate how CRIT and CRIA are affected by
the angular frequency detuning δ12 between the SLM and
the microsphere. The results are shown in Figs. 6 to 8. In
these experiments, we pull the SLM from its two ends, which
increases the angular frequency of the mode of the SLM.
The angular frequency of the mode of the microsphere does
not change during pulling the SLM, therefore the angular
frequency detuning δ12 will increase when the SLM is pulled
from its two ends. Figure 6 shows the transition between CRIT
and Fano resonance by tuning the angular frequency detuning
δ12, where, from Figs. 6(a) to 6(e), the angular frequency
detuning δ12 is increased, and the fiber taper and the SLM are
in the undercoupling. In the experiment, the quality factor of

the mode of the SLM is much smaller than that of the mode
of the microsphere, i.e., κo1 + κe1 � κ2, which is important to
the observation of the typical CRIT in the middle of Fig. 6.
Figure 7 shows the transition between CRIA and Fano res-
onance by tuning the angular frequency detuning δ12, where
the fiber taper and the SLM are in the overcoupling. In the
experiment, the quality factor of the mode of the SLM is much
smaller than that of the mode of the microsphere, which is also
important to the observation of the typical CRIA in the middle
of Fig. 7. It can be found that Fano resonance transmitted from
CRIA has no sharp peak, while Fano resonance transmitted
from CRIT has a sharp peak. We note that for the experiments
shown in Figs. 6 and 7, the coupling strength g between the
SLM and the microsphere is much smaller than the decay
rate of the mode of the SLM, i.e., g � κo1 + κe1. When the
coupling strength g is much larger than the decay rate of the
mode of the SLM, the phenomena will be different as shown
in Fig. 8. Compared to Fig. 6, it does not show a typical CRIT
when δ12 = 0 in the middle of Fig. 8, but shows the ATS
phenomenon. This is because the coupling strength g between
the SLM and the microsphere is much larger than the decay
rate of the mode of the SLM [12].

VI. SUMMARY

In summary, we investigate CRIT and CRIA in two cou-
pled WGM microresonators theoretically and experimentally.
We first give the theoretical normalized transmission of the
coupled system and then focus on the cases in which the
two microresonators have the same resonant frequency. By
considering the influence of the coupling between two mi-
croresonators on the transmission at the resonance input, we
give the conditions to observe CRIT and CRIA and predict
that a transition between them can be observed by changing
the coupling strength between the two microresonators or
the coupling strength between the fiber taper and the first
microresonator. We experimentally measure the transmission
spectra of a SLM coupled with a microsphere and demonstrate
the predicted transitions between CRIT and CRIA. Our exper-
imental results also show how CRIT and CRIA are influenced
by the frequency detuning between the SLM and the micro-
sphere. The theoretical results fit well with the experimental
results. The obtained results give some guidelines to observe
CRIT and CRIA, and have potential applications such as slow-
light generation [10] and sensing [36–38].
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