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We study opto-electromechanically induced transparency in a hybrid opto-electromechanical system made up of an
optical cavity tunneling-coupled to an opto-mechanical cavity, which is capacitively coupled to a charged mechanical oscil-
lator by a charged and moveable mechanical cavity mirror as an interface. By studying the effects of the different parameters
on the output field, we propose a scheme to modulate the opto-electromechanically induced transparency (OEMIT). Our
results show that the OEMIT with the transparency windows from single to double to triple can be modulated by changing
the tunneling, opto-mechanical and electrical couplings. In addition, the explanation of the OEMIT with multi-windows is
given by the energy level diagram based on quantum interference. Our investigation will provide an optimal platform to
manipulate the transmission of optical field via microfabricated opto-electromechanical device.

Keywords: opto-electromechanical system, opto-electromechanically induced transparency, pump-—probe

spectroscopy
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1. Introduction

Over the past two decades cavity quantum electrody-
namics (QED) has the blooming developments and become
one of the most promising setups to investigate the interac-
tions between light and matter at the quantum level.l->! The
progress has shown that cavity QED offers an interesting tool
to implement quantum manipulation technology. For exam-
ple, cavity-induced transparency!®! is an electromagnetically
induced transparency (EIT)-like effect.[*! The EIT-like effect
provided large valuable contributions and important roles in a
variety of quantum processes, such as nonlinear susceptibility
modulation, ! light switch,[®! quantum memory,!”! and quan-
tum communication. (¥

As anovel extension of the cavity, cavity opto-mechanics
system is usually composed of Fabry—Pérot (FP) cavity with
one fixed mirror replaced by a mechanical oscillator as a mov-
able mirror, where the optical field in the cavity can cou-
ple to the mechanical oscillator via the radiation pressure.”!
Recently such cavity opto-mechanics has become one of
the most promising platform to study the interactions be-
tween optical and mechanical modes or between optical
fields and atoms, and has attracted increasing interest in both
theory and experiment.!>!%) More importantly, some theo-
ries in QED can be further extended to the cavity opto-
mechanics,['%! where many interesting phenomena and effects
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have been theoretically predicted then experimentally demon-
strated, such as opto-mechanically induced transparency
(OMIT, EIT-like),[!1-13] frequency transfer,!!*! and normal-
mode splitting.['> In addition, this system can be applied
1617] preci-
22,23]

to studying the cooling of mechanical oscillator,!

sion measurement,[18-211

quantum information transfer, !
etc. When the combination of opto-mechanical system with
atoms or the nitrogen—vacancy centers in various hybrid
systems allows for light switch,>*! electro-optic waveform
interconnect, > the strong coupling of the mechanical oscil-
lations to the atomic spin!?®! and phonon-induced spin—spin

[27

interactions.!?’] Therefore cavity opto-mechanics system has

shown significant advantages and may be applicable to future
quantum networks. (1%

The transmission spectroscopy of the cavity is of crucial
importance to control the propagation and absorption of op-
tical field in practical application. Therefore, the output of
cavity opto-mechanics is widely studied, especially the OMIT
effect caused by the destructive interference.?®! However, the
OMIT with a single transparency window in the frequency do-
main limits the manifold functionalities for nonlinear optics
and optical communication.'”) In recent studies, the single-
OMIT has been extended to the double transparency win-
dows in the divers opto-mechanical modes. The double trans-
parency can be induced by two charged nano-mechanical res-
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onators with Coulomb interaction,?*! the coherent oscillations

(30]

of the two mechanical oscillators,'”"! two tunneling-coupled

resonators, 3!l two coupling opto-mechanical cavities, *?! and
coupling the mechanical resonator to a two-level system. 33!
Further, multiple-OMIT was also found in multiple-cavity
opto-mechanical system coupled to one two-level atom.3*! It
is worth noting that the multiple-OMIT in the nanostructure

system can be applied in all-optical communication,*!]

all op-
tical quantum network, and multi-channel quantum informa-
tion processing.!?>! Therefore it is very valuable and signifi-
cant to research the manipulation of the multiple-OMIT.

In order to break frequency limitation of the trans-
parency window and realize multiple-channel optical
communication,!9 this device should satisfy the following
conditions: (i) the multiple transparent windows; (ii) control-
lable transparent windows; (iii) advantageous integrability on
the chip. For this purpose we propose a scheme to manipulate
the opto-electromechanically induced transparency (OEMIT)
with multi-windows in a hybrid opto-electromechanical de-
vice consisted of two tunneling coupled cavities including
one FP cavity and one opto-mechanical cavity. The charged
mechanical mirror of the opto-mechanical cavity is capaci-
tively coupled to another charged mechanical oscillator by the
Coulomb interaction, i.e., a mechanically tunable capacitor.
By combining the coherent cavity,*!l opto-mechanical,!'!]
and Coulomb couplings® into a micro-fabricated hybrid
opto-electromechanical module, we successively show the
single, double, and triple transparency windows, i.e., a con-
trollable multiple-OMIT, whose width can be adjusted by
changing the parameters of the system. Here the transparency
is a hybrid opto-electromechanically induced transparency.
This integrated device including functions of three of induced
transparency will excite a development trend and implementa-
tion prospect towards the integration quantum module device.

The paper is organized as follows. In Section 2, we intro-
duce the hybrid opto-electromechanical model and theoretical
equations. We will discuss OEMIT in our system and propose
a scheme to modulate the transparency windows of OEMIT in

Section 3. Finally we give the conclusion.

2. Model and theory

The hybrid opto-electromechanical system (HOEMS) un-
der consideration is shown schematically in Fig. 1. The sys-
tem consists of an FP cavity d; tunneling-connected to a cavity
opto-electromechanical system, which includes a typical opto-
mehcanical cavity d; and a variable capacitor. As an interface,
the nanomechanical oscillator (NMO) b; not only couples to
the cavity field d, by the radiation pressure but also capaci-
tively interacts with another mechanical oscillator b, by the
Coulomb interaction. The FP cavity is separately driven by a
strong pump field €. with frequency @, and a weak probe field

€, with frequency ®,. In the rotating frame, the total Hamilto-
nian of the HOEMS can be written as

H = Ho + Hint, (1)
where
Hy = Y hAda;:+hoy,blb;, )
i=1,2
Hiy = hJ(a]ar+aba,) — hgabar (bl +by) + ine.(a] —a
int = 182+ @ydy1) — hgaydr (b +by) 4 ihec(a); — ay)
+ihey(af e 1 —a,ei®) 4 hA(BThy +b1bY),  (3)

where d; and 13,- with i = 1,2 are annihilation operators of the
i-th cavity and the i-th NMO with frequency ®,,; and mass m;
separately, A; = @; — @, (6 = Wp — @) is the detuning fre-
quency between the i-th cavity field (the probe field) and the
pump field respectively. Hy represents the free Hamiltonian of
two optical cavities and two NMOs. Hj,; denotes the interac-
tion Hamiltonian of the system and successively describes the
coherent photon tunneling coupling between the two cavity
fields with tunneling-coupling strength J, the opto-mechanical
coupling between the opto-mechanical cavity d, and the NMO
by through the radiation pressure with the opto-mechanical
coupling parameter g = (@, /L)+/hi/m; @y, , the input—output
coupling of the cavity field d; to the injected pump field with
the amplitude &, = /2P.k; /h®, and probe field with the am-
plitude &, = /2P K /ha)p, where P, are the powers of the
pump and probe fields and ki » are the decay rates of cavities
di 2, the Coulomb coupling between the two NMOs with the
Coulomb coupling strength A = C1V,C,V,/(2rheyL?), 12936
where the i-th NMO takes the charges g; = C;V; (i = 1,2) with
the capacitance C; and the voltage V; of the bias gate, L is the
equilibrium distance between two NMOs and & is the vacuum
permittivity.

“ i
él &2 i)l 62

Fig. 1. The schematic diagram of the HOEMS. The FP cavity d; is tunnel-
ing coupled to an opto-mechanical cavity d,, where the charged NMO by as
a mechanical mirror of the opto-mechanical cavity is capacitively coupled
to another charged NMO by by the Coulomb interaction. J is the tunnel-
ing coupling strength between the two cavities. The HOEMS is driven by a
strong pump field & and a weak probe field &,. The output field at the probe
frequency of the HOEMS is &qyt.

Considering the effects of noise terms on the cavity fields
and NMOs, the Langevin equations of the HOEMS are given
by the following expressions!37!

K1+ iAl)&l —iJar+ée + Spe_i&

ar=—( +V2K144 jn,
by = — (K2 +iA2) a2 — iJdy +igda (b 4 b1) + /2K282in,
by = —(Ymy + i, )by + igahds — iAD2 + /2 Ym, m,

by = —(Ymy + Oy b2 — iAB1 + /2oy emo (4)
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where ¥, s, describe the damping rates of the mechanical
modes 131,2, respectively. djin (d2,in) is the input noise oper-
ator with zero mean value. The quantum Brownian noise Eml
(:f,,,z) with zero mean value comes from the coupling between
Therefore, the
noise terms are negligible in the case of the mean response.

the NMO 131 (132) and its own environment.

Under the condition of mean field approximation with opera-
(0)(¢), where O and ¢ are two arbi-
trary operators, ! the dynamic equations of the system can be

tor factorization (O¢) =

written as
(@) = —(1A1 + K1)(d1) — 1J(a2) + & +gpe 1%
(o) = — (A2 +12)(a2) — 1/ (1) +ig(an) ((B]) + (b)),
(b1) = (i@, + Y, ) (b1) + iglab) (@2) — iA(D2),
(ba) = (i@, + Yoy) (b2) — 1A (b1). 5)

In order to simplify these nonlinear equations, we can take a
semi-classical approach by considering & >> &,, which allows
us to write down each operator as a linear sum of the steady-
state mean value and a small quantum fluctuation, i.e.,

(d12) = aigps+8ay 2,
(b12) = bisos+ 8b 2. (6)

Here the steady-state value of the operator comes from the
influence of the strong pump light and the weak probe light
causes the quantum fluctuation. After inserting Eq. (6) into
Eq. (5), and neglecting the second-order terms, we can obtain
the steady-state mean values of the system as

— (AL —irp)ans /U,
ary = iJe.J[(A1 —iK))(AS —iKy) — T,
bis = (1Ymy — Omy)b2s/ A,

bas = ighlazs|* /[(i@m, + Yy ) (1Y, —

als =

Omy) +iA%], (7)

where A} = Ay — g(bis+ bj,) is the effective detuning. The

linear equations of quantum fluctuation are given by

8ay = —(iA; + x1)8a; — iJ8ay +gye 1O

Say = — (1AL +12)8ay —iJ8ay +iG(8by + 8by),

8by = — (i@, + Yin,) b1 +1(G8d5 + G*Say) — 11.8by,
8by = —(iWm, + Yn, )82 — 1A 8Dy, (8)

where G = gay, is the effective opto-mechanical coupling
strength between the optical mode d; and the mechanical
mode b;. For simplicity, we consider two identical NMOs
= Y, but

it is not essential. In addition, we assume that the HOEMS

with my = my =m, @y, = O, = O, and Y, = Y,

is operating under the conditions of the resolved red sideband
Ay = A} = @, and @, /K12 > 1, the NMOs with @, /%, > 1
and @,, > |G|.3" Based on the rotating-wave approximation,
with the rotation transform 8a;, = 8di» e 147 and Ob1s =

313112 e 147 the steady-state equations of quantum fluctuation
can be derived as

(iA —Kp)da; —
(1A —x»)dady —iJ6a; + iG8by,

(1A — Y, )8b1 +1G* 8> + 1A 8bs,

(1A = Yny) 8Dy — 118Dy, ©)

iJéad, + &,

Ql
H Il

where A = 6 — w,, is the effective detuning of the probe field
from the cavity resonance frequency. Under steady-state con-
dition, the solution of the first intracavity field dd; can be
given by

iy = % (10)

J2
(Kl —iA)—‘r

G2
(K —i4) + Gl

3’2
g —1A) + ————
('}’nl ) (sz B IA)
In order to find the response of the system to the probe
frequency, by the output field based on the input—output

[11,31]

theory, we can obtain

Eout,p =2K16d; — &. (11)

For the opto-electromechanically induced modification of the
probe field in the HOEMS, we define the term &7 as

&r = Eoup/& + 1 =2K184d1 /8. (12)

The real and imaginary parts of &7 describe the absorption and
dispersion of the HOEMS, respectively.!!!!

3. Opto-electromechanically induced trans-
parency with tunable multi-transparency
windows in output field

Now we present the opto-electromechanically induced
multi-transparency in the HOEMS and study the manipulation
of OEMIT in the different cases. We find that the number and
width of the OEMIT windows can be modulated and some in-
teresting phenomena can be observed. Here we employ the
parameters from the recent experiment,!!>3!! where the mass
m = 20 ng, the frequency ®,, = 27 x 51.8 MHz, the damping
rate ¥, = 27 x 41 kHz, and the wavelength of the cavity field
Ac = 1064 nm, and the power the pump laser . = 80 mW and
the single photon coupling strength g = 27 x 2.16 kHz.

If the tunneling-coupling strength between two cavity
fields J = 0, ie.,
driven by the pump and probe fields, figure 2(a) shows the

the system only includes an FP cavity

usual absorption and dispersion of the optical field with
no transparency window. The output field becomes & =
2x1/(x1 —iA), which only depends the first cavity decay K
and the detuning A.
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Fig. 2. The absorption Re [er] (blue-solid line) and dispersion Im [er] (red-dotted line) as a function of the detuning A with no opto-mechanical
coupling g = 0 in the different cases (a) k] = k» =27 x 15 MHz, J =0; (b) k] = k» =27 x 15 MHz, J = x1; (¢) k] = k» =271 X 15 MHz,

J=10xy; (d) k1 = 100k, =271 x 15 MHz, J = k.

When the opto-mechanical coupling g is negligible with
J # 0 in Eq. (10), the output field can be rewritten as

21(1

er = = (13)

K‘zfiA

(K'] — 1A> +

which has the standard form of the single coupled-cavity-
induced transparency.?® As the coupling strength J gradually
increases, the absorption peak of the probe field in Fig. 2(a)
begins to split into two peaks, i.e., a dip appears and finally
reaches a state with no absorption. From Figs. 2(b) and 2(c),
we can find that the transparency window can be widened and
the dip can be deepened by the strong coupling J when the
other parameters are not changed. If the decay of the sec-
ond cavity d, decreases, i.e., the quality of the coupling cav-
ity becomes high, the dip can be also deepened, as shown in
Figs. 2(b) and 2(d). These show that the single-transparency
window is induced by the strong coupling cavity field.

Releq], Im[eq]

Afwp,

Fig. 3. The absorption Re [er] (blue-solid line) and dispersion Im [er]
(red-dotted line) as a function of the detuning A in the case of G # 0
and the other parameters are the same as those in Fig. 2(c).

Further considered the opto-mechanical coupling and ig-
noring the Coulomb coupling, the output field can be given

by

2K1

er = e (14)
(K‘l — iA) +

. G?
K —1iA)+ ——
( ) —
Then the behavior of the probe output field become the stan-
dard form of the double-EIT,[*! which is caused by the cou-

31.32] [ts real and

pled opto-mechanical-induced transparency.!
imaginary parts are shown in Fig. 3. A new absorption peak
appears inside the transparency window in Fig. 2(c) due to the
effect of the opto-mechanical coupling. The double OMIT is
presented due to quantum interference effects. The explana-
tion of OEMIT can been given by the energy level configu-
ration in Fig. 4. With the coupling of two cavities, the nor-
mal optical mode splits into two modes and the EIT-like win-
dow of the output field is established based on the destructive
interference!?¥! as shown in Eq. (14). When the NMO l;] is
coupled to the second cavity via the opto-mechanical interac-
tion, which is involved in the interference process, therefore
the opto-mechanical interaction destroy the single EIT and
splits one transparency window into two, i.e., two dips appear
as shown in Fig. 3. The central peak is narrower than the both
sides because of k| = K > V.

Moreover, when the NMO b; capacitively couples to the
NMO b, by the Coulomb interaction, the output field is shown
in Eq. (12). The absorption of the probe field versus the de-
tuning A and the Coulomb coupling strength A is plotted in
Fig. 5(a). With no the Coulomb coupling, the absorption of
the probe field is just as Fig. 3 with the double OMIT. Con-
sidering the electrical coupling, we find that the triple-OMIT
appears. The two-dimensional elevation diagram given in
Fig. 5(b) with the corresponding to Fig. 5(a) shows clearly the
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change of the transparency window as the Coulomb coupling
increases, i.e., the width of the central transparency window
is significantly widened by the Coulomb coupling. The origin
of the triple-OMIT can be explained by the level configura-
tion in Fig. 4. We know that the double-OMIT arising from
quantum interference is sensitive to phase disturbances due to
the first NMO b;.12%31] The capacitive coupling between both
NMOs not only gives an additionally degenerate level for iden-
tical NMOs, but also breaks down the symmetry of the double
OMIT interference, and thereby produces a spectrally sharp
bright resonance within the OMIT line shape.>”! Then the
double OMIT transparency windows are split into triple trans-
parency windows, which is an opto-electromechanically in-
duced transparency, i.e., OEMIT. Moreover, for two different
NMOs, the results will be slightly different from those above
for identical NMOs.[2%] Therefore, our scheme of the trans-
parency window combines the advantages of the coupling-
cavity, opto-mechanically and electromechanically induced
transparency.

|N1+1, N2, ny, na) J |N1, Na+1, ny, no)

|N1, Ng, ni+1, ny) [N1, Ny, n, no+1)

|N15 N27 ni, n2>
Fig. 4. Energy level structure of the HOEMS. The number states of photons
and phonons are denoted by N; and n;, respectively. The tunneling cou-
pling strength between |N; + 1,Nz,n1,n2) and [Ny, N2 + 1,n1,n2) is J, and
the effective opto-mechanical coupling strength between [Ny, N2 + 1,n1,n2)
and |N1,N2,n; + 1,n3) is G. The Coulomb coupling strength between
|N1,N2,n1 + 17n2> and |N1,N2,n1,l’l2 + 1> isA.

Re [8 T]

A/ wWm

—4 —2 0 2 4
Afwp,

Fig. 5. The absorption Re[er| as a function of the detuning A and A
is plotted in panel (a) and the corresponding two-dimensional elevation
diagram is given in panel (b), when the Coulomb interaction is added
into the system. The other parameters are the same as those in Fig. 3.

4. Conclusion

In summary, we proposed a scheme to implement the
manipulation of the opto-electromechanically induced trans-
parency based on OMIT in a hybrid opto-electromechanical
device composed of an FP cavity tunneling-coupled to a hy-
brid opto-electromechanical system. By studying the probe
output field of the FP cavity, we found the OEMIT with the
tunable multi-transparency windows. When the tunneling cou-
pling is considered and the opto-mechanical coupling is neg-
ligible (g = 0) with the high quality opto-mechanical cavity
do, we can find a single coupled cavity-induced transparency,
where the strong J and weak x; can enhance the width of
the transparency window. Further, the Coulomb coupling
is not added into the system considering the case of g # 0
and J # 0, the output field gives the double OMIT with the
single window split into two transparency windows due to
the opto-mechanical coupling. Finally, the tunneling, opto-
mechanical and Coulomb couplings are considered, the triple-
OMIT appears with electromechanical induced an additional
transparency window due to a degenerate level induced a new
interference channel, where the width of transparency window
can been widen by increasing A. Therefore, by studying the
effects of the different coupling parameters on the output field,
we gave a scheme to modulate the number of transparency
windows and its width. We believe that our results would be
helpful for further understanding and applying quantum in-
terference effects, especially, in the aspect of the integration
quantum module device.
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