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We propose a three-cavity coupled cavity optomechanical (COM) structure with tunable system parameters and theo-
retically investigate the probe-light transmission rate. Numerical calculation of the system’s spectra demonstrates distinctive
compound-induced transparency (CIT) characteristics, including multiple transparency windows and sideband dips, which
can be explained by a coupling between optomechanically-induced transparency (OMIT) and electromagnetically-induced
transparency. The effects of optical loss (gain) in the cavity, number and topology of active cavity, tunneling ratio, and
pump laser power on the CIT spectrum are evaluated and analyzed. Moreover, the optical group delay of CIT is highly
controllable and fast—slow light inter-transition can be achieved. The proposed structure makes possible the advantageous
tuning freedom and provides a potential platform for controlling light propagation and fast—slow light switching.

Keywords: microresonator, cavity optomechanics, optomechanically-induced transparency, slow light,

electromagnetically-induced transparency

PACS: 42.60.Da, 42.50.Gy

1. Introduction

Electromagnetically-induced transparency (EIT) is an in-
teresting and unexpected phenomenon resulting from quan-
tum coherence. The most direct way to achieve the EIT
effect is to employ coupled cavities, i.e., a microresonator
system with two coupled optical whispering gallery modes
(WGMs).!"I The progress of fabrication techniques makes it
possible to produce high-Q-factor mechanical oscillators and
subsequently the optomechanical systems. As a counterpart
and analogy to EIT, optomechanically-induced transparency
(OMIT)[?! has been proposed recently and could be gener-
ated through cavity optomechanical (COM) interaction. >4l
The fundamental physics of OMIT lies in the three-level A-
type atomic system!*7! and it allows writing and reading out
the optical information as a long-lived mechanical excitation.
The OMIT has been demonstrated experimentally to make it
possible to control the light propagation by employing nano-
and micro-mechanical structures,®°! in both optical and mi-
crowave regimes.!!-11]

Recent studies of COM have focused on the modi-
fication of the single-cavity structures by adding another
cavity and thus introducing the compound COM (coupled
two cavities),®>!12 which opens up a promising route to
implementing devices such as phonon lasers,!'3!4 station-
ary (photonic) qubits,'>1%1 and coherent optical wavelength
converters.[!”-18] As a combination of coupled-cavity-induced
EIT and OMIT, double OMIT has been shown in a com-
pound COM system.[”! Besides, other superior features pre-
sented by compound COM have been exploited to allow
for enhanced nonlinearities!'”) and optically induced energy
transfer.?! Inspired by parity—time-symmetric structure with
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passive—active—coupled cavities,?! in 2015 an inverted OMIT
spectrum was proposed and identified in a similar compound
COM structure with a tunable gain-to-loss ratio, featuring a
sideband-reversed non-amplifying transparency.'3! This struc-
ture of active—passive—coupled cavity has also been revealed to
demonstrate the active higher-order nonlinear OMIT effects,
which can achieve the optical delay or advance on a scale of
hundreds of microseconds.[!?! However, there still exist some
new physical phenomena and promising applications for all-
optics devices based on the extension of this COM structure.

In this paper, we propose a novel active COM structure
by incorporating a third cavity to the previous two-cavity com-
pound COM system, which demonstrates a novel compound-
induced transparency (CIT) spectrum and large degree of tun-
ing freedom. Unlike the two-cavity condition (active-passive
coupled) in Ref. [8], this three-cavity structure results in in-
teresting multiple transparency windows and sidebands dips
(peaks), which can be understood as a coupling between
OMIT and EIT. Theoretical model of probe-light transmission
rate in this structure is derived and its transmission spectrum
is numerically calculated to demonstrate the features of inter-
play between OMIT and EIT. The optical group delay of the
system is greatly modified and controllable, which enables the
switch from fast light to slow light, and vice versa.

2. Theoretical model
2.1. Schematic diagram of the proposed compound system

As shown in the schematic diagram, the compound sys-
tem is composed of three coupled microresonators, which in-

volve three optical modes (a;) and one mechanical mode ()
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with frequency @, and an effective mass m. We regard the
first resonator as a passive optomechanical resonator with an
optical loss rate of y;, and the second and third resonators can
either be active or passive, with optical loss (gain) rate denoted
by 72, 75 > 0 (< 0), respectively. For example, the proportion
Nn:p:p=1:
pled optomechanical system and each resonator has the same

—1: 1 refers to a passive—active—passive cou-

absolute value of optical loss (gain) rate. And the coupling
strengths J; and J, between the resonators can be tuned by
adjusting the distance between them.

tapered fiber

optical loss
"

az

optical loss/gain _f)ptical mode

Y2

as

RS optical loss/gain

Y3

Fig. 1. Schematic diagram of compound COM structure containing
three cavities with a mechanical mode (b) and three optical modes (ay,
ay, and a3). Gain (loss) ratio (%), number of active cavities and inter-
cavity tunneling rate (J;) are tunable.

hg

2.2. Deviation of transmission rate

To achieve CIT, both a strong pump laser with frequency
o, and weak probe light with frequency @y are used through
the tapered fiber and coupled to this compound system. The
amplitudes of the pump and probe light are given as Ep =
\/W and E, = \/W where A, and P, de-
note the pump power and the probe power, respectively.

The Hamiltonian of this four-mode coupling compound

system can be written as

H = Hy + Hiy JFI{drv

2
. 1
Hy = hAL(aTal —&—a;az +aza3) + g—m + Emwrznx{
Hipe = —hJy (aTag + a;al) —hJs (a;a3 + a;ag) — hgafalx,
Hy, = in(Eva) — ELa) + Epal e %" — Epay &%), (1)

where a;, ap, and a3 denote the annihilation operators of
the bosonic fields in the microresonators with resonance fre-
quency m; R is the radius; the optomechanical coupling rates
fit with the relation of g = @ /R. The pump-resonator, probe—
resonator, and probe—pump frequency detunings are respec-
oL, Ay =0, — 0, §E =0, — L.
The Heisenberg equations of motion (EOM) of this com-

tively expressed as Ay, = @ —

pound system can be discribed as

h
X+I,x+ a),%,x: —gafral,

a) = (—iAL +igx— yl)a1+1J1a2+EL+E e i!;t,
—1AL, — ’}’2)(12 +iJia; +iha;3,

= (
(—iAL — 1)as + iJha;. 2)

Setting the derivative terms in the EOM to be zero, the result-
ing steady-state values of the dynamical variables are

—Ep [(—iAL—p)(iAL+11) — J3]

xs = 2 |a1.s‘27
may;;

1
/g

als =

ars = — [—EL—a1s(—1AL+igxs — 7)), azs=

To further deal with the problem, we treat each operator as the
sum of its steady-state value and a small fluctuation around
that value, that is,

ay=ais+06ai, ay=ars+0az,

az =azs+8az, x=xs+ Ox.

Then the expected values of the operators are expanded as fol-
lows:

iJ2027s

(1AL +igxs — 1) [(—iAL — ») (AL + % — J3) + R (iAL + )] + 3 (1AL +73)

, 3
1AL+ 73 3
|
(ar) ais dayy
(a2) | | a2 Oary | —i&
(az) | | a3s + Saz, | €
{x) Xs Oxy
6611,
5612, ikt
| s | € (4)
Ox_

Linearized EOM can be obtained by eliminating the
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steady-state values and solved by using the ansatz

[38]

&L, 5x, =

§8

(@) s0ar+ +ays6ar-),

S\ws\%

w,%l E24iELL,)0x_ = (@} s0a1- +ays6aiy),

(
(
(1AL +7 —igxs —i&)Sary = iJ18ary +igay s0x4 + Ep,
(

1AL+ —igxs —18)0ai— = iJ10ar— +iga; s6x_,

(Ep/ig)(wy — &% —i&L)

(1AL + 1 —i&)dary = iJ18a14 +128a34,

(1AL + P +1&)day— =iJ18a1- +1)28a3-,

(1AL + 7y —i&)dasy = ihr8as+,

(1AL + 3 +1&)baz— = iJr8as-. 5)

Since the value of interest is only daj, solving these alge-
braic equations we have the following results:

daj, = 5 | ‘4 (6)
. ai,
(@2 - 82— iEL)K - £ a1 2 - &5 s
me (@ - 82— i )K — S a
with
1. . . J?
KlZE 1AL+ —igxs — i+ : y2 )
1AL+ P —i -l-%
L ’YZ é IAL+}/3—1£
R o J?
K2_—ig 1AL+y]+1gxs 1§+ J2 (7)
—AL+p i —
LT% '5 *IAL+Y3*1€

To numerically calculate the transmission spectrum for
probe light, we employ the standard input—output relation
v/Ya1 and generate the output probe field value,

out

out __ in __
a al

where a)" and a" are the input and output field operators.

Then the optical transmission rate (the squared amplitude of
the ratio of the output field amplitude to the input field ampli-
tude) reads

2
a(l)ut

Jip(ap)|* = | =L ®)

2’
aj

1- ET,MH(%)

For the better demonstrating the probe light transmission

features, several spectra are plotted for the commonly avail-

able conditions,!®! i.e. experimentally-accessible parameters

R =345 um, o, = 1.93 x 10° GHz, ®,, = 27 x 23.4 MHz,

m=>5x10"""kg, v = 6.43 MHz, I;, = 2.4 x 10° Hz, Ap, =
— L = Oy, and A, = @p — 0.

The transmission spectrum of the COM system can be
changed by adjusting the number of optical capacities and the
value of gain and loss of optical cavity. The optical tunnel-
ing rate between two resonators and the pump light power will
also induce the compound transparency spectrum to change.

3. Results

Adding the third cavity makes the system consist of two
coupled subsystems, an optomechanical system (first-second
cavity coupling) exhibiting OMIT feature, and an optical
coupled-cavity system (second—third cavity coupling) exhibit-
ing EIT feature. As is illustrated from the transmission rate in

Eq. (8), the compound-induced transparency spectrum is de-
pendent on several tunable system parameters. Hereby, in this
section the numerically calculated spectra and effects of dif-
ferent parameters are presented and evaluated.

3.1. Effect of 7, and 73 on CIT spectrum

In the first place, the optical gain rate 9 and loss rate Y3
in the second and third cavity are investigated for their effects
on the probe transmission spectrum. By introducing optical
gain into the second cavity, this compound COM system is
first preset to be passive—active—passive. A typical condition
of J =7, J1/J» = land B, = 1 uW is selected, and figure 2
demonstrates the relevant calculated transmission spectra with
different values of 9 and 3. The detailed gain/loss values are
added along the lineshape in individual figure. For compari-
son, the red solid line represents 7> < 0 (the second resonator
is active, inducing optical gain) and the blue dashed line repre-
sents > > O (the second resonator is passive, inducing optical
loss).

These CIT spectra show an interesting feature quantified
by four dips and three transparency windows, including one
at the zero-detuning position and two sideband peaks. Intu-
itively, the distinctive CIT spectra can be explained as origi-
nating from collective effects of inverted EIT and OMIT. An
active second cavity serves as a middleman, because it can not
only couple with the first optomechanical cavity to result in
an inverted OMIT, but interact with the third optical cavity to
form an inverted EIT.[??) Therefore, in the transmission spec-
trum, the on-resonance peak reveals the feature of OMIT, and
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two sideband peaks demonstrate the presence of EIT.
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Fig. 2. Transmission spectra of probe light in active—passive—active—coupled
system, with red solid line for 7» < 0 case and blue dashed line for p» > 0
case. Detailed optical loss—gain ratios are denoted in individual figures, and
relevant parameters are selected as J; = ¥, J1/Jo = 1,and B, = 1 pW.

Increasing the optical gain (reducing 9») into the second
cavity contributes to enhanced sideband peaks (see Figs. 2(a)-
2(c)) while increasing the optical loss in the third cavity (in-
creasing y3) will result in shallower sideband peaks, whose
heights are able to be tuned from larger to lower value than the
height of on-resonance window (see Figs. 2(c)-2(f)). A close
inspection of the three-passive-cavity case, the on-resonance
transparency window has the same lineshape as that of the
passive—active—passive case. Also, by tuning the gain rate and
the loss rate, the two farthest dips from on-resonance window
can range from the shallower (i.e., Fig. 2(d)) to the deeper
(i.e., Fig. 2(f)) than secnarios of the three-passive-cavity case.
Since the two sideband peaks reflect the EIT feature, this phe-
nomenon corresponds to the increasing of optical loss to a
value of an active—passive—coupled EIT system, which gen-
erates suppressed sidebands. Within these tuning ranges, the
height of the on-resonance peak (OMIT feature) remains rela-

tively stable.
3.2. Effect of number of active resonators on CIT spec-
trum

A distinctive feature of the proposed three-cavity struc-

ture is that both the number of active cavities and the passive—

active-coupling topology are tunable. To achieve these, one
can introduce optical gain into either the second or third cav-
ity, or make them act as active cavities. Here two special cases
are chosen, and their probe transmission spectra are numeri-
cally calculated.

Figure 3(a) shows the case of a structure including two
active cavities, that is, a passive—active—active structure. In
contrast with the passive—active—passive case, denoted by blue
dashed line, introducing additional gain into the third cavity
results in larger sideband transparency peaks, but other trans-
mission features are identical. Figure 3(b) demonstrates the
condition of passive—passive—active coupling, where the op-
tical gain is present in the third cavity instead of the second
one. This topological change results in broadened sideband
transparency windows, whose lineshapes are delicately differ-
ent from the former results. Examined from the peak max-
imum, sideband transparency windows in this case presents
Romanesque (domical) profiles, while those in the passive—
active—passive shows Gothic (spire-like) profiles.

These results clearly confirm the previous explanation
that the EIT feature from coupling of the second and third cav-
ity leads to the two sideband peaks, on which the optical loss
(gain) rate of the third cavity mainly has an influence.

1.8
(a) 1:v2iy3)= 1j—0.2:—0.05 (b)  7y2fy =1:0.1:~0.35
3
®
=
g 2
k7
2
B
z2 1
IS
E _ s
0 123 Y172t
—0.4 0.4 —0.4 0 0.4
Normalized probe detuning Normalized probe detuning
Ap/w, Ap/wm

Fig. 3. Transmission rate changing with normalized probe signal detuning
of probe lightfor (a) 71 : b : 3 =1:—-02:-0.05,and b) y1 : o : 5 =1:
0.1: —0.35 of probe light, with red solid line and blue dashed line showing
condition of y3 < 0 and 3 > 0, respectively, and relevant parameters being
selectedas Jy =91 J; /J, =1,and PL =1 pW.

3.3. Effect of tunneling ratio (J;/J;) between two res-

onators on CIT spectrum

Here the ratio of the optical tunneling rate between two
coupled cavities is defined as tunneling ratio, equal to J; /J>. A
passive—active—passive structure with 71 : 5 : 13 =1:—0.38 :
0.29 is considered. Figure 4 shows four transmission spectra
with different tunneling ratios, i.e., 0.05, 0.5, 1.3, and 1.6. At
J1/J> = 0.05, the transmission demonstrates a downward on-
resonance transparency window between two sideband peaks.
This is because there is nearly no coupling between the sec-
ond and third cavity (thus no EIT effect), but only typical
inverted OMIT spectrum. However, the on-resonance trans-

parency window starts to appear upward between two side-
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band dips at J;/J, = 0.5 and then continues to increase this
ratio, which will greatly amplify the coupled-cavity-induced
EIT and hence the new sideband peaks occur at J; /J, = 1.6.
Finally, the spectrum implies a coupling effect of OMIT and
EIT, that is, the CIT. Hence, the tunneling ratio can be deemed
as the relative prominence of OMIT feature and EIT feature in

the spectrum.
5
Jo/ 1
—0.05
g4 05
2
g
wn
g
£
B

Normalized probe detuning
AP/Wm

Fig. 4. Transmission spectra of probe light with different values of
J1/J2. Other related parameters are J1 =y, AL =1 puW,and 9, : 9 :
B =1:-0.38:0.29.

3.4. Effect of pump laser power (£.) on the CIT spectrum

The pump laser power B has an effect on the CIT spec-
trum. Under the condition of 7 : o : 3 =1:-0.3:0.2,
Ji =1, and J; /J, = 1, three cases of A, equal to 10, 100,
and 300 uW are shown in Fig. 5. As for the on-resonance
transparency window, it has a domical profile at A, = 100 uW
and 300 W, but presents a spire-like lineshape at A, = 10 uW.
Besides, a larger pump laser power gently suppresses the two
sideband peaks and thus increasing the width of the whole
window, which corresponds with previous reports on OMIT

features.
P
1.6}
o
2
3
-
g
2
& 08¢
g
w0
=]
£
&=
O L
—0.2 0 0.2
Normalized probe detuning
Ap/wm

Fig. 5. Transmission spectra of probe light with different values of pump
laser power (PL). Other related parameters are J; = 1, Ji/J» = 1, and
N:p:p=1:-03:02.

4. Slow and fast light

Slow light phenomenon and fast light phenomenon are
closely associated with the induced transparency effect, and

can be characterized by optical group delay given by

_ dArgli(y)

: (€))
day Gp=0x

g
In contrast with the only slow light in a typical passive COM
system, both highly tunable optical group delay and opti-
cally switching from slow to fast light are manifested in the
proposed structure. Figure 6(a) shows the optical group de-
lay as a function of pump power and optical gain (loss) rate
7, with three white dashed lines representing the following
cross-section results in the three panels of Fig. 7(a), respec-
tively. The gain—loss ratio of other two cavities is set to be
T 13 =1:0.6. When the group delay has a value larger than
zero, there exists the slow light phenomenon, and when the
group delay is less than zero, there appears the fast light phe-

nomenon.

Optical group delay/us

0 5 10 15
PL/105 HW

Optical group delay/us

PL/105 }lW

Fig. 6. Optical group delay versus pump power (P.) and optical gain (loss)
rate in the (a) second and (b) third resonators.

As for the three representative cases shown in Fig. 7(a),
changing the power P results in the fluctuation of group delay.
At 5 = 2.37; in the upper panel, sharp fast—slow light tran-
sition is observed as the power increases. The middle panel
exhibits a similar trend, but the transition is smoother. The
group delay of CIT demonstrates the transition of slow-to-fast
and fast-to-slow light, which are quite different from the com-
mon single transition phenomena.!®! However, at 15 = —7;,
only time delay is present, indicating the slowing of light.
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Fig. 7. Upper, middle, and bottom panels represent what are meant by white dashed lines in Figs. 6(a) and 6(b), respectively.
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Fig. 8. (a) Plots of phase of the transmission amplitude varying with nor-
malized frequency detuning at different values of (a) pump power (F.) and
®rn:n:n

Figure 6(b) is for another condition and shows the op-
tical group delay versus pump power and optical gain (loss)
rate 3, and three white dashed lines which correspond to the
cross-section results in the three panels of Fig. 7(b), respec-
tively. The gain—loss ratio between other two cavities is set
tobe 7 : » = 1:0.4. Tunable group delay is clearly observed
and the pump power threshold for achieving the fast—slow light
transition can be modified via the optical gain (loss) rate 3 as
indicated in the panels of Fig. 7(b). It is noteworthy that the
CIT in this system can present two fast—slow light transitions

(inter-transition) with pump power increasing monotonically,
which is in contrast with the one- or two-cavity case, where
only slow light[® or one fast—slow light transition®! is exis-
tent. Taking Fig. 7(b) for example, the group delay first ex-
periences a sharp up-down peak and then a smooth down-up
peak. This phenomenon can be understood as a combination
of the effects caused by EIT and OMIT. The sharp pulse is
greatly affected by 73, indicating its originality from EIT and
the smooth pulse from OMIT. Also, the largest optical group
delay is greatly enhanced to almost 6 x 10° us. These results
hold great potential for realizing the controllable switch from
slow to fast light, which is useful in optical communication
and signal processing.

In order to better illustrate the fast—slow light transition,
figure 8 shows the calculated phases of the CIT transmission
under different conditions. Figures 8(a) and 8(b) show the
plots of phase change versus normalized frequency detuning
at different values of pump power and ¥, : 5 : 13, which greatly
modify the evolution and sharpness of phase change.

5. Discussion

Although the CIT spectrum of the system is highly tun-
able, the basic guidelines can be given as follows. With the
second cavity being an agent, the coupling of first (third) and
second cavity results in an OMIT (EIT) feature. Therefore,
the transmission characteristic is an interplay between OMIT
and EIT. Changing the optical loss rate in the first (third) cav-
ity mainly affects the OMIT (EIT) spectrum, that is, the on-
resonance peak (two sideband peaks). An active second cav-
ity will provide optical gain for both the OMIT and EIT, thus
leading to an inverted spectrum. Tunneling ratio controls the
relative prominence of OMIT feature and EIT feature in the
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spectrum. The OMIT peak can widen with pump power in-
creasing.

By adding a third cavity, the CIT effect can be real-
ized in a compact COM structure, hence providing an insight
into coupling phenomenon of two key types of induced trans-
parency. The CIT spectrum can be employed to achieve highly
controllable modulation of light propagation and enhance the
sensing capability with its sharp transparency windows. Also,
the optical group delay of CIT can present two pulses with the
pump power increasing monotonically, indicating two slow-
fast light switches. The advance or delay can be reached on a
scale of hundreds of milliseconds.

6. Conclusions

In this paper, we propose a three-cavity compound COM
structure with large tunable freedom and investigate the sys-
The
calculated CIT spectrum has distinctive features of multi-

tem’s compound-induced transparency characteristics.

transparency windows and multi-sideband dips (peaks), which
are collective effects of OMIT and EIT. Tunability of the
CIT is demonstrated by evaluating the effects of spectrum-
dominant parameters, namely the optical loss (gain) rate (5,
73), the number and topology of active cavities, tunneling ra-
tio (J1/J>), and pump laser power (P_). The optical group de-
lay of CIT can reach hundreds of milliseconds. Notably, both
fast-to-slow light switching and slow-to-fast light switching
can be achieved by only monotonically increasing the pump
power. This work presents a promising platform for further
study on the compound-induced transparency features with
advantageous tunability, controllable light propagation, fast—

slow light switching, and engineering photons.
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