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We study a three-mode double-cavity optomechanical system in which an oscillating membrane of perfect reflection
is inserted between two fixed mirrors of partial transmission. We find that electromagnetically induced transparency (EIT)
can be realized and controlled in this optomechanical system by adjusting the relative intensity and the relative phase
between left-hand and right-hand input (probe and coupling) fields. In particular, one perfect EIT window is seen to occur
when the two probe fields are exactly out of phase and the EIT window’s width is very sensitive to the relative intensity of
two coupling fields. Our numerical findings may be extended to achieve optomechanical storage and switching schemes

applicable in quantum information processing.
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1. Introduction

Cavity optomechanics has quickly developed over the
past few years as an intersection field of nanophysics and
quantum optics dealing with the coherent interaction between
light fields and micro- or nano-mechanical motions. Relevant
studies allow the high-sensitivity detection of tiny mass, force,
and displacement by virtue of the radiation-pressure coupling
between optical modes of cavities and mechanical degrees of
freedom.!'~#! The standard and simplest optomechanical setup
is a Fabry—Perot cavity in which one end mirror is a micro-
or nano-mechanical vibrating object.!>~") Other optomechan-
ical devices were also designed and tested such as silica
toroidal optical microresonators with the radiation-pressure
coupling!®'1 and typical optomechanical cavities confining

4,12—

a Bose—Einstein condensate (BEC).[*!2-14] Recently, three-

mode or multi-mode optomechanical systems have been fur-
ther studied to attain hybrid quantum entanglement,[! op-
tomechanically induced light transparency,!!'®! single-photon

nonlinearities, 17}

18-21]

and ground-state cooling of mechanical
modes.|

The very interesting phenomena, electromagnetically in-
duced transparency (EIT) and related normal mode splitting
(NMS) have been predicted and observed in certain optome-

[7.16,22-301 where the output probe fields de-

chanical systems
pend on the input control fields via nonlinear optomechan-
ical interactions. EIT in optomechanical systems (OEIT) is

an analogue of that in coherent atomic systems!*!! where one
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medium of multi-level atoms is made completely transparent
to a weak probe field as simultaneously illuminated with a
strong coupling field. Then slowing down light signals and

even mapping them 32341

into the long-lived mechanical vi-
brations may be realized by the dynamic OEIT technique.

Here, we are interested in the engineering of EIT in a
three-mode double-cavity optomechanical system with an in-
between movable membrane of perfect reflection in the pres-
ence of two coupling fields and two probe fields. We find that
one perfect EIT window can be realized in this optomechani-
cal system if appropriate parameters are taken in the coherent
interaction. In addition, it is eas y to control the EIT window’s
width by adjusting the relative intensity of two coupling fields.
We expect that the realization of dynamically controlled OEIT
could be explored to build new photonic devices in quantum
information networks.

2. Model and method

We consider a three-mode optomechanical system with
one movable membrane of perfect reflection inserted between
two fixed mirrors of partial transmission (see Fig. 1). The
membrane oscillator has an eigenfrequency wp,, a decay rate
Ym, and a mechanical quality factor Q = @y /Y. Two op-
tical cavities of the same length L and the same frequency
o happen when the membrane oscillator is at its equilib-
rium position in the absence of any external excitation. We
describe the two optical modes, respectively, by annihila-
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tion (creation) operators cj (CT) and ¢; (c;) while we rep-
resent the mechanical mode with b (b"). Annihilation and
creation operators of the two cavity modes of the same fre-
quency @p and the mechanical mode are restricted by the
commutation relation [c,',c;] =13G=12),
[b,bT] =1
fields from the left and right sides with amplitudes de-
noted by & — v/ZKgw /(). e — v/ 2w/ () (6L —

2k /(hay), and er = /2R /(hwy)). Here, @1, R,

L, and @R are the relevant field powers, k is the common

[c1,¢2] =0 and
The system is driven by two coupling (probe)

decay rate of both optical modes, and @, (@) is the probe
(coupling) field frequency.

Ecly W mmm— EcRy W
i0
ELy W er-e”, wp
Eout L mmmm— €outR

Fig. 1. (color online) A three-mode optomechanical system with an os-
cillating membrane inserted between two fixed mirrors. The two cavities
have identical cavity lengths L and mode frequencies @y in the absence of
radiation pressure from external driving fields. Two coupling (probe) fields
with the same frequency . (@) but different amplitudes &1 cr (€Lr) act
upon opposite sides of the movable membrane after entering either left or
right cavities. The two input probe fields have a fixed relative phase 6
while the two output fields are denoted by €qyr. and €yyr, respectively.

In the rotating frame at the coupling frequency @, the
system Hamiltonian is

H = hAC(cTcl + cEcz) + hgg(c;Q — c?cl)(bT +b)
+homb b+ ihe (] —ci) +ifi(cle e 1 —cigf i)

+ ih&‘cR(C;—cz)—Hh(c;EReie e 10 _coghe 10100
(1)
where A = wp — @ is the detuning between the cavity-mode
and the coupling fields
_ % h
g0 = LV 2mwy,

is the coupling constant between the two optical modes and the
mechanical mode, § = @, — @, is the detuning between probe
fields and coupling fields, and 6 is the relative phase between
the left-hand and right-hand probe fields.

With Eq. (1), it is straightforward to obtain the quantum
Langevin equations for mechanical- and optical-mode annihi-
lation operators

b= —ia)mb—igo(c;czfc;(cl)f%nb+\/ymbin,

—[k+iA.—igo(b'+b)|c1+eL+ee O+ 2K,
—[k+iAc+igo(b'+b)]cr+er+ere e 41/ 2K,
(2)

where b, is the thermal noise on the movable membrane with
zero mean value while c (c 1) is the vacuum noise in the left
(right) cavity with zero mean value.

Mean values of the three mode operators in the absence
of probe fields €, and &g can be obtained from Eq. (2) with the

factorization assumption (bc;) = (b) (c;) as
o —ig0(|c25\2 - |CIS‘2)
<b> - bS - Ym ’
7 + 10y
_ _ &L
<Cl> — s K+144 ’
ER
=y = 3
(c2) = cas i 3

where A1 2 = Ac F go(bs + b}) denotes the effective detuning
between the two optical modes and the two coupling fields.
Mean values by and cis (cas) determine the micro- or nano-
mechanical displacement and the left- (right-) hand cavity field
amplitude in the steady state, respectively. Note, in partic-
ular, that go(bs + b}) is typically very small as compared to
o, and becomes even exactly zero in the case of |cis| = |cas]
(J&L] = |&cr])-

To solve the nonlinearly coupled Eq. (2), we can write
each mode operator as the sum of its mean value and its small
fluctuation (b = bs + 6b,c1 = c15+ 8¢y, ¢ = ca5 + 6cz) when
both coupling fields are sufficiently strong.
expressions into Eq. (2), keeping only the linear terms, and
moving into another interaction picture by introducing 6b —
5b€_immt, 5bin — 5bin€_immt, oc; — SCle_iAlt, 8cr —
Scpe 142§l — §eine 141§l — §cile ~142! we then ob-

tain the linearized quantum Langevin equations

Inserting these

8b — —igo(chBere i) _cx §oomilAi—amr)
—igo(casdeyelldtom) oy §eTel(Aitom)r
Ym8b+¢%bm,
8¢ = —Kk8ci +igocis(Sbe H(On=A) | §pTei(@mtanr
+epe A L2kl
8¢y = —K562—igoc‘25(5be i(@m—d2)t 4 §ptei(@m+an)ry
+epelfe™1(0=A) L \/Dxecin @)

If each coupling field drives one cavity mode at the me-
chanical red sideband (A} =~ Ay =
system is operating in the resolved sideband regime (@, > k),
the membrane has a high mechanical quality factor (@wy >

), the optomechanical

Ym), and the mechanical frequency @y, is much larger than
golcis| and go |25, equation (4) will be simplified into

8b = ~igolcs,dc2 — ciuSer) = B 8b-+ \Vinbin
8¢y = —Kk0c) +igoc1s0b+ SLeii“w + vV 2K'Cl ,
8¢y = —KOcy — ig00255b+8Reieeilﬂ +V K'Czn, (®)]

where x = 0 — @y, is the detuning of the probe field from the
cavity resonance.
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Now we begin to examine the expectation values of small
fluctuations. Considering that the mean values of vacuum and
thermal noise terms are zero, we have

(8b) = —igo(c3,8¢2 iy Ser) — 6,

<60'1> = —Kk0cy +igoc1s0b+ €L eiiﬂ,

<56"2> = 71('5627igoczSSbJrEReiee_ixr, (6)
whose solutions are expected to have the following form

(8s) = 8s e M4 85 el (7

with s = b, ¢y, or ¢;. Note that ds, and Js_ are the compo-
nents of (Js) oscillating at @, — @ and @ —
frame at frequency @, respectively.

o, in the rotating

Substituting Eq. (7) into Eq. (6), we can finally obtain

Sh. — —iG(nSReie—EL)
+ = )
(K_ix)(%"—ichz(nz“)
(neReie+n28L)G2+6L(Kfix)<y7mfix>
dciy = ¥
(x—ix)z( 1x)+G2(n2+1)(K x)
2
(nSL-‘rSRele)Gz—FSRele (% )
Scry = ; (8)

(= i0? (B —ix) + G202 + 1) (k= i)

where ¢ and ¢ are assumed to be real-valued with ¢p5/c1s =
n. In addition, G = goc; is the effective optomechanical cou-
pling rate related to the coupling power g .

3. Electromagnetically induced transparency

In this section, we examine whether EIT can be achieved
in terms of the left-hand output probe field based on the equa-
tions derived above. Similar results apply to the right-hand
output probe field due to the symmetric driving configuration
of our optomechanical system. Defining er = 2kdc1+ /€L as
in Ref. [7], it is easy to obtain from Eq. (8), that

ix) (%n - ix)

(k- ix)z(%n — i) + G2 (2 + 1) (1 — ix)

21(( eif 4 n? )G2+2K(K‘—
EL
& =

)

whose real and imaginary parts, Re[er] and Im[er], represent
absorptive and dispersive behaviors of the left-hand output
probe field, respectively.

We will implement numerical calculations to investigate
dynamic effects of the right-hand probe and coupling fields
on EIT spectra of the left-hand probe field with realistic pa-
rameters in a recent optomechanical experiment.*>! We have,
in particular, L = 25 mm, m = 145 ng, k = 27w x 215 kHz,
O = 27 X 947 kHz, and %, = 27 x 141 Hz. In addition,
the laser wavelength is A = 27¢/@, = 1064 nm and the me-
chanical quality factor is Q = ®n/Ym = 6700. We stress that

the expected EIT phenomenon is a result of quantum destruc-
tive interference between incident probe photons and gener-
ated Stokes photons in the left cavity.[?03% In the presence
of an efficient optomechanical coupling, probe photons and
Stokes photons are phase locked on one side of the membrane
because they are coupled to the same cavity mode. Then quan-
tum destructive interference will occur to result in a deep EIT
window when probe photons are modulated to be matched in
frequency with Stokes photons.

First, we consider the case of eg = 0 in the absence of
a right-hand probe field. In this case, the optomechanical in-
teraction in the left cavity will be somewhat weakened by the
right-hand coupling field if we have n # 0 because the radia-
tion pressure is partially counteracted. Consequently, there are
not enough Stokes photons generated to contribute to a perfect
destructive interference with incident probe photons when the
first term in the numerator of Eq. (9) is non-vanishing. This
is why the EIT window of the left-hand output probe field
becomes shallower and shallower when the value of n is in-
creased from n = 0.5 (black-solid) first to n = 1.0 (red-dotted)
and then to n = 1.5 (blue-dashed) [see Fig. 2]. Note that
we always work in the optomechanical red-sideband regime
and relevant experiments are usually implemented in the cryo-
stat environments. >3>4! Thus the membrane may approach its
quantum ground state via the resolved sideband cooling mech-
anism. As a result, we can safely ignore the effects of thermal
noise on the mechanical dephasing rate and our EIT results.

Rele 1]
2.0

* T /wm

—-1.0 —0.5 0.5 1.0

Fig. 2. (color online) Real part of the left-hand output probe field er ver-
sus. normalized frequency detuning x/ @y, with eg = 0 for n = 0.5 (black-
solid), n = 1.0 (red-dotted), and n = 1.5 (blue-dashed). The left-hand cou-
pling field has a power of g1, = 1.0 mW.

Then we consider the case of &g # 0 to see effects of the
right-hand input probe field on EIT of the left-hand output
probe field. It is clear that we always observe a perfect EIT
window with @ = 7 and &g = nep, for n = 0.5 (black-solid),
n = 1.0 (red-dotted), and n = 1.5 (blue-dashed) [see Fig. 3].
In fact, with @ = & and &g = néL, equation (9) reduces into

2k
—ix+G*(n*+1) / (}’jm — 1x> 7

er = (10)
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from which the perfect destructive interference is seen to exist
independently of n. To be more specific, the intensity mis-
match between left-hand and right-hand coupling fields can
be well compensated to recover the perfect destructive inter-
ference by applying the right-hand probe field with 6 = &
and eg = nep, [see the first term in the numerator of Eq. (9)].
In this case, the EIT window’s width is given by IgT ~
G?(n* +1) /K123 because the mechanical decay rate ¥, is very
small in comparison with G?/x. This means that the EIT win-
dow’s width will become larger and larger with the increase of
n for a given power of the left-hand coupling field, as verified
in Fig. 3 with three typical values of n.

! ; : x/wm
—0.5 0.5 1.0

-1.0

Fig. 3. (color online) Real part of the left-hand output probe field et ver-
sus normalized frequency detuning x/®p under the condition of 6 = &
and €gr = néep. The other parameters are chosen to be the same as those in
Fig. 2.

Now we introduce a critical value of the left-hand cou-
pling power g defined by

_ monocL? (K + 0f) (K — Y /2)?
Por = 4gk(n2+1)

; (1)

which is @ =~ 1.2 mW for n = 1.5. With @, < %, the two
roots of x in the denominator of Eq. (10) are purely imagi-
nary such that the nontrivial quantum destructive interference
results in a deep EIT window of width Igrr. On the con-
trary, NMS will occur with 1 > ¢ even in the absence of
quantum destructive interference (not the focus in this work).
In Fig. 4, we plot Im[er| of the left-hand output probe field
against the normalized frequency detuning x/®y,. It is clear
that the value of n affects, remarkably, the sharp probe dis-
persive behavior around x = 0, as shown by the black-solid
(n = 0.5), red-dotted (n = 1.0), and blue-dashed (n = 1.5)
curves. Then it is viable to attain tunable slow-light signals
via the controlled probe dispersion within an OEIT window
with little probe absorption.

Finally we consider the case where the two probe fields
are exactly in phase with 8 = 0. In this case, the nonlin-
ear Stokes process in the left cavity will be dramatically sup-
pressed, as can be seen from Eq. (8). In fact, we have 6b, =0
forn=1, 8 =0, and €g = €1, which indicates a complete can-
cellation of the optomechanical coupling. This is why we just

observe a Lorentzian profile of probe absorption, as shown by
the black-solid curve in Fig. 5. Tuning 6 into 7/2 or 37/2,
the profile of probe absorption becomes very different from
both the EIT spectrum and the Lorentzian profile (see the red-
dotted and blue-dashed curves in Fig. 5). The essence is once
again that the values of 0 and &g affect, significantly, the ef-
fective optomechanical coupling via 65, and thus the probe
absorption and dispersion properties.

Im[er]

T / Wi

Fig. 4. (color online) Imaginary part of the left-hand output probe field et
versus normalized frequency detuning x/ @y, with the same parameters as
those in Fig. 3.

Rele 1]

~1.0 ~0.5 0.5 o2/ @m

Fig. 5. (color online) Real part of the left-hand output probe field er ver-
sus normalized frequency detuning x/ @, for 8 = 0 (black-solid), 6 = /2
(red-dotted), and 6 = 37/2 (blue-dashed) with eg = €, n = 1.0, and
©r, = 1.0 mW.

4. Conclusions

In summary, we have studied EIT in a three-mode double-
cavity optomechanical system with a symmetric driving con-
figuration. We find that the EIT window is not perfect in gen-
eral without applying the right-hand probe field. When the
right-hand probe field is turned on, however, we can observe
a perfect EIT window if the two probe fields have the relative
phase 0 = 7 and the relative amplitude er = nep, (n = ca5/c1s).
This is because the Stokes photons generated in the left-cavity
interfere, destructively, with the left-hand input probe photons.
We also find that it is easy to control the EIT window in depth
and in width by adjusting relative phases and intensities of
the left-hand and right-hand input (coupling and probe) fields.
Our results may be extended to realize, e.g., slow light, optical
storage, and optical switching in appropriate optomechanical

systems as in multi-level atomic systems. [37-38]
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