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Abstract—Optical interference and the related effects are key
elements which could exhibit the properties of both classical and
quantum optical systems. Usually, the interference between differ-
ent optical paths may produce intriguing effects, such as the electro-
magnetically induced transparent (EIT) and so on. In this work, we
study the interference effects in directly coupled whispering-gallery
mode (WGM) micro-resonators, in which the emergence of EIT and
electromagnetically induced absorption (EIA) could be observed.
We find by tuning the coupling strength between the resonators, the
modulation phase may control the appearance and disappearance
of EIT (EIA). Furthermore, we prove the existence of fast and slow
light, and propose a scheme for effective switching between them.
This work provides a new strategy for obtaining slow light and
quantum storage in the WGM micro-resonators.

Index Terms—Electromagnetically induced transparency,
whispering-gallery mode, directly coupled.

I. INTRODUCTION

O PTICAL interference is a typical effect in both classical
and quantum optics. And it has been widely demonstrated

in nanophotonic devices, such as in the plasmonic devices and
optical microcavities. Recently, optical microcavities have been
extensively studied due to their advantages in isolating modes
that meet specific conditions from the continuous mode by
resonance and confining them to a small volume on the order of
micrometers [1], [2]. Usually, there are several typical configura-
tions of optical microcavities, such as the Fabry-Perot microcav-
ities [3], whispering-gallery mode (WGM) optical microcavities
[4]–[10], distributed feedback (DFB) microcavities [11], and
photonic crystal microcavities [12].

Specifically, in the WGM optical microcavities, the reso-
nant light field is restricted by the total internal reflection and
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circulates around the curved inner boundary of the optical
microcavities. This special architecture can greatly enhance
the light-matter interactions due to the high quality factor and
small mode volume [13]–[19]. The unique advantages of WGM
optical microcavities have been proven in several field both the-
oretically and experimentally, such as the parity-time-symmetry
optics [20]–[26], ultralow threshold laser [27]–[30], nonlinear
optics [13], [31]–[34], optical quantum information process-
ing [35], [36], cavity quantum electrodynamics [17], [37], [38],
and second or high-order harmonic generation [39], [40].

Moreover, the optical evanescent field in the WGM micro-
cavities exhibits a very wide distribution, which can well couple
modes out of the cavity or into the cavity. And any changes
in or near the periphery of the cavity could be detected. These
special features made it various applications in cavity optome-
chanics [41]–[49], high-precision sensing [50]–[58], phonon
lasers [23], [59], [60], and biosensing [61]–[66].

In quantum optics, the electromagnetically induced trans-
parency (EIT) and electromagnetically induced absorption
(EIA) is a typical interference effect which could be illustrated
by the interference between different levels transition in atomic
structures [67]–[69]. EIT relies on destructive interference,
which leads to the absorption suppression. EIA is due to coherent
interaction with optical radiation. EIT resonance peak provides
high dispersion and very low absorption of light, EIA also
has high dispersion, so they can be used for low-light level
nonlinear optics. For example, EIT and related effects in atomic
ensemble systems [67], [70]–[73], optomechanical [46], [74],
[75], microwave field [76], plasmonic [77], coupled microcav-
ities [78]–[81], directly or indirectly coupled microrings on a
chip [82]–[84]. Recently, the applications of WGM microcav-
ities in EIT have gradually attracted attentions, the EIT effect
has been observed in coupled WGM microcavities [85], [86].
The coupled resonator induced transparency and absorption
caused by the interference between the WGM microcavities
is also demonstrated [87]. And the transparency and absorp-
tion of chiral light state modulation at anomalous points in
an indirect coupled resonator system is also discussed [88].
From these results, EIT or EIA can be obtained by tuning the
coupling strength and phase control of the resonator, which
provides a new method for obtaining slow light [89], ground state
cooling [90], second-harmonic generation [91] and quantum
storage [92].
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Fig. 1. System model diagram of two directly coupled WGM microcavities.
The two WGM microcavities are directly coupled, and are respectively coupled
to the optical fiber through the evanescent field. There are inherent disturbances
in the two resonators to couple the CW mode and the CCW mode. A nanotip is
introduced on the resonator μR1. (b) The resonators μR1 and μR2 are coupled
to the fiber cone with coupling strengths γ1,1 and γ1,2, respectively. They all
support CW and CCW modes (a1,2 and c1,2) with inherent losses (γ0,1 and
γ0,2).κa12, κa21, and κc12, κc21 are the coupling strengths of CW and CCW
modes in resonators μR1 and μR2, respectively.κac12, κca12 are the coupling
strength of CW and CCW modes between the two resonators.

In this work, we mainly study the destructive interference
induced by nanoscatters in the micro-resonators. The resonant
system is composed of two directly coupled WGM optical
microcavities which are simultaneously coupled to the same
fiber tapered waveguide. Here, the clockwise (CW) mode and
the counterclockwise (CCW) mode are coupled through inherent
perturbation. After the introduction of nanoscatters, the symme-
try of the CW mode and CCW mode of the system would be
destroyed. Therefore, the destructive interference can be used
to induce the transparency window on the spectrum. Moreover,
EIT or EIA can be achieved by modulating the coupling strength
between the resonators, and the mutual conversion between EIT
and EIA can also be realized by changing the coupling strength.
It is worth noting that the appearance of EIT and EIA is required
under a certain phase condition, so we can also selectively induce
transparency or absorption by modulating the phase. We believe
this work may provide a new strategy for the fast or slow light
generation and switching in the nanophotonic system.

II. THEORETICAL MODEL

The principle of the system is shown in Fig. 1, in which
two WGM microcavities are simultaneously coupled to the
fiber tapered waveguide and also directly coupled to each
other.Compared with the previously indirectly coupled micro-
cavities induced EIT [85], the directly coupled microcavity
provides more flexibility for EIT. Here ωa and ωc are the
resonant frequencies of the two WGM microcavities μR1 and
μR2, respectively, and the natural damping rates are γ0,1, γ0,2.
The WGM microcavities μR1 is driven by a pump field with
frequency ω. The amplitude of the pump field is E =

√
P/�ω,

where P denotes the pump power. The two microcavities μR1

and μR2 are coupled to the waveguide with the coupling
strength of γ1,1 and γ1,2. According to the coupled-mode the-
ory [93],when determining the coupling strength, there are two
crucial factors:the amount of overlap between modes and the
phase-matching between them. As long as the field distribution

of the waveguide and the microsphere is available, the coupling
coefficient can be obtained by the integral formula, which is
equivalent to the integral formula given in [94], [95]:

γ1,1 =
ωΔε

4

∫∫∫
VµR1

�Ef · �E∗
μR1

· eiΔβ1zdv (1)

γ1,2 =
ωΔε

4

∫∫∫
VµR2

�Ef · �E∗
μR2

· eiΔβ2zdv (2)

where Δε = ε0(n
2
s − n2

0) denotes the permittivity difference
between the micro-resonator (the same material as the taper)
and the air,ns and n0 are the indices of refraction of the
micro-resonator and air. �Ef and �EμR1(μR2)are the normalized
fields of the fiber and the micro-resonator, which are defined
by 1/2

∫∫ √
ε/μ0| �Ef(μR1,μR2)|2 dx dy = 1,and VμR1(μR2) is

volume of the micro-resonator μR1(μR2).Δβ1(2) = βf −
βμR1(μR2) defines the difference in propagation constants of the
taper and the micro-resonator.

CW mode and CCW mode are coupled to each other through
the backscattering of the microcavities surface. In μR2, we
assume that the coupling strength from CW to CCW (κc12) is the
same as that from CCW to CW (κc21). In the evanescent field of
μR1, the silica nanotip controlled by nano-positioners is placed
as the rayleigh scatterers. The nano-positioners could adjust
the relative position and effective size of the nanotips in the
evanescent field of μR1. The additional perturbation introduced
into the nanometer tip leads to asymmetric backscattering, that
is, the scattering-induced coupling strength from CW to CCW
(κa12) is not equal to the scattering-induced coupling strength
from CCW to CW (κc21).When analyzing the mode coupling
between two microresonators, considering that the CW (CCW)
in μR1 is coupled into μR2 in the CCW (CW) direction, so
it is not considered that the CW (CCW) in μR1 is coupled
into the CW (CCW) in μR2 in the same direction,and the
coupling from μR2 to μR1 is the same.Moreover, we assume
that the direct coupling resonators μR1 and μR2 have the same
coupling strength in different directional modes.which means
the coupling strength from CW mode in μR1 to CCW mode in
μR2 (κac12), from CCW in μR1 to CW in μR2 (κac21), from
CW in μR2 to CCW in μR1 (κca12) and from CCW in μR2

to CCW in μR1 (κca21) are all equal.According to the coupled
mode theory, referring to the coupling strength of a fiber taper
coupled to a micro-resonator ((1),(2)), we have obtained the
coupling strength between micro-resonators:

κac12 =
ωΔε

4

∫∫∫
VµR2

�EμR1,CW · �E∗
μR2,CCW · eiΔβzdv

(3)
where �EμR1,CW and �EμR2,CCW are the normalized fields of
of CW mode in μR1 and CCW mode in μR2, and β is the dif-
ference in propagation constants of these two modes.Similarly,
κac21, κca12, and κca21 can also be achieved by integrating the
normalized field and the propagation constant difference of the
two coupled modes.It can be seen from (3) that we can change
the amount of overlap between modes to change the coupling
strength.

The Hamiltonian of the system is composed of the free Hamil-
tonian H0, the Hamiltonian of the internal interaction HII and
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the Hamiltonian of the interaction between the microresonators
HMI , which can be described as

H = H0 +HII +HMI , (4)

H0 = �ωaa
†
1a1 + �ωaa

†
2a2

+ �ωcc
†
1c1 + �ωcc

†
2c2, (5)

HII = �κa12a
†
1a2 + �κa21a

†
2a1

+ �κc12c
†
1c2 + �κc21c

†
2c1, (6)

HMI = �κac12a
†
1c2 + �κac21a

†
2c1

+ �κca12c
†
1a2 + �κca21c

†
2a1, (7)

where a1 and a2 are the CW and CCW modes of μR1, and c1
and c2 denote the CW and CCW modes of μR2. By adding the
dissipative term, the Heisenberg-Langevin dynamic equations
of the system could be expressed as

da1
dt

= − iωaa1 − γ0,1 + γ1,1
2

a1 − iκa21a2

−√
γ1,1ain − iκca21c2 + Γa1(t), (8)

da2
dt

= − iωaa2 − γ0,1 + γ1,1
2

a2 − iκa12a1

− eiθ
√
γ1,1γ1,2c2 − iκca12c1 + Γa2(t), (9)

dc1
dt

= − iωcc1 − γ0,2 + γ1,2
2

c1 − iκc21c2

−√
γ1,2e

iθ
(
ain +

√
γ1,1a1

)
,

− iκac21a2 + Γc1(t); (10)

dc2
dt

= − iωcc2 − γ0,2 + γ1,2
2

c2 − iκc12c1

− iκac12a1 ++Γc2(t). (11)

In the rotating coordinate system with pump fieldω as the fre-
quency, we set detuning Δ1 = ω − ωa, Δ2 = ω − ωc, and total
dissipationγ1 = (γ0,1 + γ1,1)/2,γ2 = (γ0,2 + γ1,2)/2.Γa1(t),
Γa2(t), Γc1(t) and Γc2(t) represent fluctuation operators corre-
sponding to the modes a1, a2, c1, and c2.Using the semiclassical
and mean-field approximations,the steady state solution could
be solved as:

a1 = (γ2 + iΔ2)

√
γ1,2e

iθλΘ−√
γ1,1λξ

Ξξ −Θμ
ain; (12)

c1 = − μa1 + (γ2 + iΔ2)
√
γ1,2e

iθλain

ξ
; (13)

a2 =
αa1 + βc1

λ
; (14)

c2 = − i

γ2 + iΔ2
(κc12c1 + κac12a1 + κac22a2) . (15)

Here the related parameters in the above could be expressed
as:
α = i (γ2 + iΔ2)κa12 − ieiθ

√
γ1,1γ1,2κac12,

β = i (γ2 + iΔ2)κca12 − ieiθ
√
γ1,1γ1,2κc12,

λ = − (γ1 + iΔ1) (γ2 + iΔ2) ,

μ =
(
κc12κac12 + (γ2 + iΔ2)

√
γ1,1γ1,2e

iθ
)
λ

+ i (γ2 + iΔ2)κac21α,

ξ =
[
(γ2 + iΔ2)

2 + κc21κc12

]
λ + i (γ2 + iΔ2)κac21β;

Ξ = (γ1+iΔ1)(γ2+iΔ2)λ+i (γ2+iΔ2)κa21α+κca21κac12λ,

Θ = i (γ2 + iΔ2)κa21β + κca21κc12λ.

The angle θ is the phase shift accumulated when light prop-
agates in the fibre between the resonators.Based on the well-
known input-output relation [96], the output field is given by:

aout =
√
γ1,2c1 + eiθ

(√
γ1,1a1 + ain

)
, (16)

cout =
√
γ1,1a2 + eiθ

√
γ1,2c2. (17)

And the transmission spectrum could be solved as:

T = |tp|2 =

∣∣∣∣aout

ain

∣∣∣∣
2

=| (γ2 + iΔ2)
(
eiθ

√
γ1,1

−
√
γ1,2μ

ξ

) √
γ1,2e

iθλΘ−√
γ1,1λ

Ξξ −Θμ

+

(
eiθ − (γ2 + iΔ2) γ1,2e

iθλ

ξ

)∣∣∣∣
2

. (18)

And the associated transmission group delay caused by the
rapid phase dispersion is given by

τ =
d arg (tp)

dΔ
, (19)

where arg(tp) takes the argument of the complex number tp.

III. RESULTS AND DISCUSSIONS

Considering the performance of the nanoscatters, the pertur-
bation would be induced on the transmission spectrum. And
after the direct coupling of the two microresonators, the effects
of weak coupling(strong coupling) on the transmission spectrum
are also required to be considered. Moreover, we also analyze the
influence of phase θ modulation on the transmission spectrum.

It is obvious that the interaction of nanotips in the uncoupled
microcavities makes the scattering from a1 to a2 is κa12 = 0. In
the case of γ1,1 � γ0,1, γ1,2 ≈ γ0,2, the simplification of (18)
can be obtained as:

T =

∣∣∣∣ γ1κb21κb12

2γ2κa21κb12e2iθ + γ1γ2
2 + γ1κb21κb12

∣∣∣∣
2

(20)

According to the above results, we refer to the parameters
in the previous report [88]. Correspondingly, the results of
simulating on the transmission spectrum is shown in Fig. 2(a).
Here, we consider the frequency detuning fulfills the relation
Δ1 = Δ2 = Δ = 0. In Fig. 2(a), when the nanoscatter is not
introduced (see the blue solid line), it can be clearly seen that the
transmission rate T is relatively low. When the phase is around



6515508 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 2, APRIL 2022

Fig. 2. The transmission T of the system before and after adding the
nanotip when the system is uncoupled. (a) Transmission as a function
of modulation phase θ, we estimated the relevant parameters as λ =
1447.6 nm, γ0,1 = 14.61MHz, γ1,1 = 148.12MHz, γ0,2 = 5.33GHz,
γ1,2 = 3.6GHz, κa12 = 0 (the red dashed line) and κa12 = (11.79 +
74.31i)MHz (the blue solid line), κa21 = (11.79 + 74.31i)MHz, κc12 =
κc21 = (1.30× 102 − 2.60× 103i)MHz. (b), (c) The transmission spectrum
of the system before and after the nanotip interaction at θ = 0.517π.

θ = 0.65π, the transmission T is only about 0.13, and when the
nanoscatter is introduced (see the red dashed line), we can see
that the transmission rate has increased significantly. When the
phase is around θ = 0.52π, the transmission approaches about
0.91, and it can be concluded that the transmission has been
improved several times after introduction of the nanoscatter.
This is because the nanoscatter is an external perturbation of the
system, so that the CCW mode (a1) in the μR1 cavity cannot
be transmitted to the μR2 cavity. Meanwhile, this caused the
asymmetric distribution of field in the system. And according to
Fig. 2(a), we can see that the transmissionT changes periodically
with the increment of θ, so we can modulate the transmission
rate T by tuning the phase θ.We noticed that there is a phase
shift in Fig. 2(a). This is because the nanotip introduces an
extra phase, which causes the resonance phase of the system to
shift. Fig. 2(b) and 2(c) show the change of the transmission T

Fig. 3. (a) After two microcavities are directly coupled, transmission T as a
function of the coupling strength κ between two resonators when the phase is
θ = 0.517π(the blue solid line) and θ = 1.509π(the red dashed line). Here, we
consider Δ = 0. (b) Transmission T as a function of the detuning Δ, and we
take the coupling strength κ = 13.4MHz. (c) T versus κ when the coupling
strength κ = 174.1MHz.

with the detuning Δ before and after adding the nanotip, when
the detuning is Δ1 = Δ2 = Δ. It can be analyzed from (20)
that when the relation 2κa21κc12e

2iθ = −γ1γ2 is satisfied, the
maximal transmission rate of the system can approach unity.
Meanwhile, it can be seen from Fig. 2(c) that it is consistent
with the theoretical prediction, which proves that the efficiency
of the EIT window can be improved by the nanoscatters.

Here in the following, we consider the directly coupled
resonators, the coupling strength between two resonators is
the same as κac12 = κac21 = κca12 = κca21 = κ. In Fig. 3(a),
it can be seen that when θ = 0.517π (the blue solid line),
the transmission T is directly decreased. When the coupling
strength between the two resonators reaches κ = 171.2MHz,
there is a minimal value of 0.019 could be obtained in the
spectrum which appears the induced absorption. Further by
increasing θ = 1.509π (the red dashed line), the transmission
spectrum rises first. When the coupling strength between the two
resonators is κ = 13.4MHz, the maximal value of transmission
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Fig. 4. (a) Transmission spectrum at the coupling strength between two
resonators isκ = 13.4MHzwith the variation of the detuningΔ and the change
in phase θ under the ideal conditions. (b) Transmission spectrum versus the de-
tuning amountΔ and the phaseθwhen the coupling strength isκ = 174.1MHz.

rate is approaching 0.929 (see Fig. 3(b)). Then, the transmission
spectrum decreases as the coupling strength between the two
resonators increases. We get the minimal value of 0.014 in the
transmission spectrum, when the coupling strength increases
to κ = 174.1MHz, accompanied with the phenomenon of in-
duced absorption will appear(see Fig. 3(c)). Moreover, we can
obtain the ideal transmission spectrum by adjusting the coupling
strength at different phases.

Now, we analyze the system transmission T as a function of
the detuning Δ and the phase θ, when the coupling strength
between the two resonators is κ = 13.4MHz (see Fig. 4(a)),
we can see the maximal value at θ = 0.517π and θ = 1.519π,
so the system would reach a state of induced transparency
by modulating the phase. Also the emergence of EIT can be
achieved by tuning the modulating phase θ. Similarly, we also
analyze when the coupling strength between the two resonators
is κ = 174.1MHz (see Fig. 4(b)), the influence of detuning
Δ and phase θ on the transmission of the system, we can see
that there is induced absorption at θ = 0.517π and θ = 1.519π.
Furthermore, we also can adjust the coupling strength κ between
the microcavities to make the conversion of the system transition
spectrum from the state in Fig. 4(a) to the state in Fig. 4(b),
and realize the state transition between induced transparency

Fig. 5. (a) In the case of a transmission window of Δ = 0, optical group
delay τ as a function of the coupling strength at phase θ = 0.517π(the blue
solid line) and θ = 1.509π(the red dashed line) respectively. (b), (c) Optical
group delay τ as a function of the phase at coupling strength κ = 23.7MHz
and κ = 167.8MHz, respectively.

and induced absorption. Compared with the classical coupled
microcavities [79], [80] to obtain EIT by changing the coupling
strength, we can also adjust the phase accumulation θ to generate
EIT.

In general,the important characteristics of EIT and EIA are
narrow spectral width and steep dispersion. The characteristic
of steep dispersion helps to control the group speed of light
pulses. By adjusting the normal dispersion of EIT and the ab-
normal dispersion of EIA, the group speed of light pulses can be
slowed down or speed up respectively. The optical group delay
can be created due to the fact that the dispersion curve varies
drastically with the frequency within the EIT window [89],
which is useful in optical information storage without absorp-
tion. Correspondingly, the information speed of fast light under
EIA is attractive [97], [98]. In this case, the slow-light effect
emerges in the transmission window of Δ = 0 (see Fig. 5(a)).
When the phase θ = 0.517π, the group delay first gradually
increases, approaches the maximal value at the coupling strength
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κ = 114.6MHz, and then gradually decreases (see the solid
blue line in Fig. 5(a)). When the phase θ = 1.509π, the group
delay first decreases gradually, then it reaches a minimal value
when the coupling strength κ = 23.7MHz. After that, the group
delay gradually increases, approaches a minimal value when the
coupling strength κ = 167.8MHz (see the red dashed line in
Fig. 5(a)).

In the case of a transmission window withΔ = 0, we also plot
the optical group delay τ as a function of the modulation phase
θ at the coupling strength κ = 23.7MHz (see Fig. 5(b)) and
the coupling strength κ = 167.8MHz (see Fig. 5(c)). The group
delay time significantly decreases at θ = 0.503π, the delay time
of the light can even reach −26.6μs, and the group delay time
significantly increases at θ = 1.508π. Finally, the group delay of
the light can even approach 27.5μs (see Fig. 5(b)). Therefore, we
can switch between fast and slow light at the coupling strength
κ = 23.7MHz by tuning the modulation phase θ. Meanwhile,
the group delay time significantly decreases near θ = 0.482π
and θ = 1.528π, the delay time of the light can even reach
−4.1μs and −6.6μs, respectively(see Fig. 5(c)). It is worth
mentioning that near the phase θ = 1.515π, when the coupling
strength is κ = 23.7MHz and κ = 167.8MHz, the group delay
is with the opposite sign, which means that the slow-to-fast and
fast-to-slow light effects can emerge by changing the coupling
strength.Compared with the slow light in the classic EIT [99],
[100], the group delay of our slow light has improved by nearly
an order of magnitude, and we have also studied the fast light
effects in the system. These results can lead to achieve the
ultraslowing or ultra-fast signals, which can be used in optical
storage and quantum communication.

Different from the previous studies of obtaining EIT and EIA
in a coupled optical microcavity [87], [101], there is direct
coupling of the fiber taper to the second microcavity in our
system, which enables the modes in the two microcavities to
be coupled through the fiber. Therefore, we can not only obtain
EIT and EIA by adjusting the coupling strength, but also control
the appearance of EIT and EIA by adjusting the accumulated
phase in the fiber.We also give the specific effects of the coupling
strength between the two microcavities and the cumulative phase
on the EIT and EIA. What’s more, we analyze the fast and slow
light conditions that exist under this model, which are not present
in previous work.This makes our work potentially applicable in
amplitude-based high-sensitivity sensing and quantum informa-
tion processing.

IV. SUMMARY

In summary, based on the directly coupled waveguide and
microcavities system, we study the EIT and EIA effects in the
proposed system. The inherent perturbation of the surface of
the cavity induces the coupling between the CW mode and
the CCW mode. We obtain the analytical expression of the
transmission spectrum by solving the dynamic equations of
the system. First, the efficiency of the EIT is increased by
introducing nanoprobes. Secondly, the influence of different
coupling intensities on the transmission spectrum is studied.
The results show that strong EIT can be achieved under the

weak coupling, but EIA occurs under strong coupling strength.
Therefore, we can achieve the conversion between EIT and EIA
by tuning the coupling strength.The transmission spectra under
different phases is also discussed, which can be selected to obtain
EIT (EIA) by modulating the phases. Finally, the conditions for
the existence of fast or slow light are proved in the directly
coupled WGM microcavities, and a conversion strategy that can
realize fast light to slow light or slow light to fast light is given.
We believe our work has enriched the acquisition methods and
mutual switching of EIT and EIA in the nanophotonic devices,
and provide a novel way for the acquisition of slow light and
quantum storage.
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