http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Multi-window transparency and fast-slow light switching in a quadratically coupled

optomechanical system assisted with three-level atoms

Wan-Ying Wei(ZE110), Ya-Fei Yu(iA1E €), Zhi-Ming Zhang (7K £ #H)
Citation:Chin. Phys. B . 2018, 27(3): 034204. doi: 10.1088/1674-1056/27/3/034204

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Parallel generation of 31 tripartite entangled states based on optical frequency combs

Jing Zhang(5ki#), Yan-Fang Wang(FE#i75), Xiao-Yu Liu(*i%5), Rong-Guo Yang(#%¢ &)
Chin. Phys. B . 2017, 26(12): 124205. doi: 10.1088/1674-1056/26/12/124205

Generation of squeezed vacuum on cesium D2 line down to kilohertz range

Jian-Feng Tian(H &%), Guan-Hua Zuo(/4£ &), Yu-Chi Zhang(5k L4th), Gang Li(Z=HI), Peng-Fei Zhang(7K i
k), Tian-Cai Zhang(5k X 4°)
Chin. Phys. B . 2017, 26(12): 124206. doi: 10.1088/1674-1056/26/12/124206

Quantum feedback cooling of two trapped ions

Shuo Zhang(ikfil), Wei Wu(%f5), Chun-Wang Wu(R2%HE), Feng-Guang Li(Z=XJ%), Tan Li(Z=#H), Xiang
Wang(7E#), Wan-Su Bao(fifl i 77)
Chin. Phys. B . 2017, 26(7): 074205. doi: 10.1088/1674-1056/26/7/074205

Single-photon scattering by two separated atoms in a supercavity

Wei Zhu(2kfH5), Xiao Xiao( i %%), Duan-Lu Zhou(f ki), Peng Zhang(5k 1)
Chin. Phys. B . 2016, 25(6): 064203. doi: 10.1088/1674-1056/25/6/064203

Quadripartite entangled state from cascaded second-harmonic generation

Yang Rui, Zhai Shu-Qin, Yang Rong-Guo
Chin. Phys. B . 2014, 23(4): 044202. doi: 10.1088/1674-1056/23/4/044202


http://cpb.iphy.ac.cn/EN/abstract/abstract71697.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71697.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract71070.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71195.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70284.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67552.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract58496.shtml

Chin. Phys. B Vol. 27, No. 3 (2018) 034204

Multi-window transparency and fast—slow light switching
in a quadratically coupled optomechanical system
assisted with three-level atoms”

Wan-Ying Wei(BEM10), Ya-Fei Yu(JAIFK), and Zhi-Ming Zhang(Fk 2 i)

Guangdong Provincial Key Laboratory of Nanophotonic Functional Materials and Devices (SIPSE),
Guangdong Provincial Key Laboratory of Quantum Engineering Quantum Materials,
South China Normal University, Guangzhou 510006, China

(Received 16 September 2017; revised manuscript received 11 October 2017; published online 11 February 2018)

We study theoretically the features of the output field of a quadratically coupled optomechanical system assisted
with three-level atoms. In this system, the atoms interact with the cavity field and are driven by a classical field, and the
cavity is driven by a strong coupling field and a weak signal field. We find that there exists a multi-window transparency
phenomenon. The width of the transparent windows can be adjusted by controlling the system parameters, including the
number of the atoms, the powers of the lasers driving the atoms and driving the cavity, and the environment temperature.
We also find that a tunable switch from fast light to slow light can be realized in this system.

Keywords: quantum optics, optomechanics, optomechanically induced transparency, fast and slow light
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1. Introduction

Optomechanical systems have attracted a great deal of at-
tention these days since they offer devices extending quan-
tum mechanics to macroscopic objects.!'! With the develop-
ment of theory and experiment, many interesting phenom-
ena have been confirmed, for example, the optomechanical
entanglement, >/ the optomechanically induced transparency
(OMIT),[6-111 the quantum ground state cooling,['>~4! the

15-191 and so on.[?%2!] These phenomena

quantum squeezing,
rely on the light-mechanical interaction in the coupled op-
tomechanical system. The radiation pressure plays an im-
portant role in optomechanical systems. The radiation pres-
sure coupling between the light fields and oscillating mir-
rors can depend on the location of the mirror linearly or
quadratically.?”) The quadratically coupled optomechanical
systems (QC-OMSs),[?>~2%! in which the optical field is cou-
pled to the square of the position of a mechanical oscil-
lator, have attracted a great deal of attention.>”?8] Many
effects have been devoted to the QC-OMSs, for example,
the two-phonon OMIT, (23291 the mechanical cooling, B and
the mechanical squeezing.3!! Hybrid linearly coupled op-
tomechanical systems containing atomic ensembles have been
investigated. 3>~4% It is interesting to extend studies to the QC-
OMSs assisted with atoms. In a QC-OMS filled with two-
level atoms, [*! the output field exhibits an analogous electro-
magnetically induced transparency (EIT) phenomenon. Al-
though a QC-OMS with a two-level atomic ensemble has been

studied,?”! there are few works to explore what will happen in
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a QC-OMS with a three-level atomic ensemble. In this paper,
we report a theoretical study on this system. We find that there
exists a multi-window OMIT phenomenon and a fast—slow
light switching effect, and these effects can be adjusted by
controlling the systemic parameters. The results of our system
have distinct differences with those of the QC-OMS without
atom?3! and the QC-OMS with two-level atoms,?*! in which
only one transparent window can occur. In Ref. [41], the au-
thors studied an optomechanical system containing a single
atom, and found that the multi-window transparency and the
fast light can be realized. Compared with that work, the multi-
window transparency in our system can be adjusted more eas-
ily and the fast—slow light switch can occur. Compared with
Ref. [37], the position of the fast—slow light switch can be con-
trolled in our system.

The organization of this paper is as follows. In Section 2,
we describe our systemic model and present the analytic cal-
culation. In Section 3, we study the multi-window OMIT, and
show how to adjust the width of the OMIT windows. In Sec-
tion 4, we study the fast—slow light switch in detail. Finally in
Section 5, we present a brief summary.

2. Model and analytic calculation

Our system model is shown in Fig. 1. A membrane as a
quantum-mechanical harmonic oscillator with finite reflectiv-
ity R is placed at the center of the optical cavity formed by two
fixed mirrors separated from each other by a distance L. The
three-level atomic ensemble trapped inside the cavity is driven
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by a strong classical light field of frequency @, and the cav-
ity mode of frequency @y is driven simultaneously by a strong
coupling field of frequency @, and a weak probe field of fre-
quency @p. The Hamiltonian of the total system can be written
as

+ P2 1 2 2
H=nh — + -mo,
a)occ—l—<2m+2m mq)

. (0 (0
+h2(w21 O,y + 31033)

+hgocTeq —|—th G +Hc)

i=1
+h2 e 1% +Hc)+ih£c(cTe '@ _H.c.)
+1h(£c e i —H.c.), (D)

where the first term describes the free Hamiltonian of the cav-
ity field in which ¢ (c) is the annihilation (creation) opera-
tor of the cavity field. The second term represents the free
energy of the membrane with frequency @, mass m, mo-
mentum p, and displacement g. The third term is the free
Hamiltonian of the three-level atomic ensemble with the oper-

ators o4 = |Oc>(l) (al (oe =2,3); here we assume the ground
state |1)(i) as the energy reference point, and frequency s
(w31) is the energy-level spacing between [2)@ and |1)?
(|3>(i) and |1>(i)) for the i-th atom. The fourth term is the in-
teraction Hamiltonian between the cavity field and the mem-
brane with the quadratically coupling constant gg, and gy =
(8cw?/A2L)\/R/(1 —R),['®! where c is the speed of light in
the vacuum and A is the wavelength of the pump field. The
fifth term denotes the interaction between the atom ensemble
and the cavity field with coupling g, and the sixth term is the
interaction between the atom ensemble and the classical field,
where 2 is the Rabi frequency associated with the coupling
between the classical field and the three-level atom. The last
two terms describe the interactions of the cavity field with the
coupling field and the probe field, respectively, with the am-
plitudes & = \/2kP./ho. and &, = \/2kP, /hw, , where K is
the decay rate of the cavity field, and P. and F, are the laser
powers.
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Fig. 1. (color online) Sketch of the system. A membrane is at the center
position of the cavity and a three-level atomic ensemble driven by an
external classical field is trapped inside the cavity. The cavity is driven
by a coupling laser and a probe laser. The energy-level configuration of
the three-level atom is shown on the right.

In the rotating frame with the coupling field frequency @,
Hamiltonian (1) can be rewritten as

»
1
= hAoc e+ (2 + memq )

N . . )
+1 Y (@106 + A0 +hgocteq?
i=1

N . N .
+th(cT61(l3) +H.c.)+n 2(96302) +H.c.)
i=1 i=1

Fine(c —H.c.)+in (epcfe*i& —H.c.) . @

where Ag = @y — @, A = W3
detunings.

— @, and 8 = @, — @ are the
We define the collective operators of the atomic

ensemble as[33-3]

SN R SO S B SO
Al=—) © B'=—) o,/. 3)
\/N 1:21 31> \/N z:Zl 21
We suppose that the number of the atoms is large enough,
and most of the atoms are in the ground state, i.e., the atomic
system is in very low excitation. 38! In this situation, <61(11)> ~
1, (6] ~ 0, (6]} ~ 0, and (6)} ~ 0, then the above col-
lective operators satisfy the commutation relations

1 N i i
[A’AT] = NZ(GI(]) - 3<3)) ~1,
i=1
1Y i
[B’BT] = NZ(GQ - 2(2)) ~ 1,
i=1
1Y
(48] = Y 03 0 )

Il
—_

The quantum Langevin equations for the atom-field—
membrane system are given as follows:

dp
o = MO —280c g~ Fnp + &,
dg _p
dt m’
dc . 2 ;
3 = 1(Aotgod’) +Kle—iGaA
e+ ge ¥ 4 V2Key,
dA . : .
4 = TN iAA = iGac — QB+ Vhid,
dB . .
dit = [—)Q—IG)ZI}B—I.QA—F\/%Bim ®)

in which the commutation relations in Eq. (4) have been used.
In Eq. (5), Ga =
tween the cavity field and the atomic ensemble, k is the cav-

V/Ng is the effective coupling strength be-

ity decay rate, 7 () is the decay rate of the atomic transition
[1) <> |3) (J1) <> |2)), Y is the damping rate of the membrane;
&, c¢in, Ajn, and By, are the input vacuum noise operators,[42]
and satisfy (£) = (cin) = (Ain) = (Bin) = 0. We are interested
in the mean response of the system. By using the mean-field
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assumption (abc) = (a) (b) (c), we write the Langevin equa-
tions for the mean values as

80— a0 -200 ()0 -0 ),

dig) _ (p)

Sdr m’
d{c)
dr
d(A)
Sdr
d(B)
Sdr

= —[i(Ao+80{(q*)) + K] (c) —iGA (A) + & +gpe 1,

= [-n —14A1](A) —iGa(c) —iQ(B),
= [-p—iwy](B)—-iQ(A). (6)

In order to solve the above set of equations, we need the fol-
lowing equations:

2
7di5> = %<pq+qp>,
2(p? .
dlpatar) _ 27 02 1 2n(c) () ()
—Ym (Pq+aqp),
d(p?)

= —(mo} +21{c")(c)) (pq+aqp)

dr
—2¥m (P*) +2¥m(1+ 2n)mho,,  (7)

in which 2%, (1 + 2ny, )mhoy, is the coupling constant from
the membrane and the thermal environment,['8 where g =
[exp(7iwm /kgT) — 1]~! is the mean phonon occupation num-
ber at temperature 7', and kg is the Boltzmann’s constant.
For convenience, we define operators (E) = (¢*), (F) =
(pq+qp),and (D) = (p*). For obtaining the steady-state so-
lution, we make the ansatz

(x) =xo+xpe 0 4 x_el¥ (8)

where x can be any one of the quantifies c, A, B, E, D, F. By
substituting Eq. (8) into Egs. (6) and (7), and letting the time
derivatives be equal to zero, we can obtain

(14 2n)mhon Dy
0="———H  E= a0
m*oz(1+2¢a)
&

Fp =0, ¢g= - )
. Gi(p+imm)

K+ 1A + - p 3

(n+id)(p+imm)+Q

. S\WS3 —4io af (2ym —i8)
T S1SWSs+4i02oB (2%m —16)X

€p, 9

where
higocol? goEo
a = mwr%l ) B: a)rn7 A:AO—"ﬁa)m;
_ (o —i(@n1 4 9)]
(n—i(A1+8)][p—i(wn+8)]+92
(12 +i (w21 — 9)]

n+i(41=8)][rp+1i(an —8)]+02

S = k—i(A+8)+GiL,

S) = k+i(A—8)+GiM, S3=(ym—id),
W = 8% — 4wl — 8020+ 2i ¥,

X = [-2iA+GR(L-M)],

(10)

in which « is the ratio of the radiation pressure energy to
the potential energy of the mechanical oscillator and A is the
effective cavity detuning.*3! Using the input—output relation
Cout (1) = & + €,e 1% —2kc(t),2138] we obtain

ot

X —idt i
Cout (t) = Couty + Cout, € + Cout_ €

= (& —2Keo) + (g —2Key ) e 1 —2kc_el%. (11)

It is the second term on the right-hand side that corresponds to

the response of the system to the weak probe field at frequency

@p. The transmission of the probe field, which is the ratio of

the returned probe field from the coupling system divided by

the input probe field, can be written as

& —2Kcy

Ip (a)p) = T
SIWSs —4ia] aB (29, —id)

S15WS3 +4i2 off (2%, —i6)

In order to obtain the accurate transmission, we introduce the

1-2x

% (12)

normalized transmission** 7, (@ ) = (tp — ) /(1 — 1), where
t; is the resonance transmission in the absence of the coupling
laser t; =, (0 = 2, €,= 0). The optomechanically induced
transparency is then described by the normalized transmission

coefficient
St (Ym —i8)W —4io aB (29 — i6)
S18oW (Ym —16) +4i02af 2pm —i8) X |
(13)

What is more, in the resonant region of the transparency

L[ =|1-x

window, the probe field has a phase dispersion ¢ (w,) =
arg[ Tp(wp)], which can cause the transmission group delay
T, = dy(@p)/day = d{arg[Ty(®,)]}/dw,. The group de-
lay 7, > 0 (g < 0) corresponds to the slow (fast) light prop-
agation of the probe field. In the following two sections, we
will discuss the optomechanically induced transparency and
the fast—slow light switching, respectively.

3. Adjustable multi-window transparency

In this section, we first explain why there are multiple
transparency windows, and then discuss how to control the
width of the transparency windows. The parameters used in
our numerical simulation are taken from Refs. [23], [43], and
[45]. The wavelength of the laser A, = 27m¢/ @, = 532 nm,
the cavity length L = 6.7 cm, the cavity decay rate k =
27 x 10° Hz, the frequency of the moving membrane @y, =
27 x 10* Hz, the decay rate of the membrane ¥, = 20 Hz, the
mechanical quality factor Q = @y /Y = 3.14 x 103, the mem-
brane’s reflectivity R = 0.45, the effective coupling strength
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Ga = 7 x 10* Hz, the Rabi frequency Q = 7 x 10* Hz, the
decay rate of the atomic transition y; = 9 = 7 X 100 Hz, and
the mass of the oscillating membrane is m =2 x 107! g. Con-
sidering the two-phonon process (an intracavity phonon needs
absorption of two phonons to be converted into an anti-Stokes
photon) in the QC-OMS, 23] we take the detunings A, = 2o,
and A| = @] = 2my,. We also consider the sideband-resolved
situation, i.e., @Oy > K.

1.0

0.8}

0.6}

T

0.4r

0.2}

0

- -1 0 1 2
(572‘*]111) /wm

Fig. 2. (color online) The transmission coefficient is plotted as a func-
tion of (0 — 2®n )/ @m, which shows multiple transparency windows.
The corresponding parameters are Gy = 7 x 10* Hz, Q = 7 x 10* Hz,
P, =10 uW, T =20K, y = = 1007 Hz, and k =27 x 10° Hz.

In Fig. 2, we show the transmission coefficient as a func-
tion of (8 —2@n)/@m. It can be seen that there are three
OMIT windows, the middle one is narrower, and the two side
ones are wider. It should be pointed out that there is no atomic
ensemble and the laser driving it in Ref. [23], and there is only
one OMIT window about § = 2@,. In our system, we in-
troduce the atomic ensemble and the laser driving it, and this
leads to the appearing of the two additional OMIT windows in
our system.

3.1. The reason for multi-window transparency

Now we explain the reason of the multi-window trans-
parency by changing the systemic models and parameters.
Figure 3(a) corresponds to the case in which we only keep
the coupling field and the probe field to the cavity. In this
case, there is one OMIT window near 8§ = 2@y, this result is
the same as that in Ref. [23]. We know that there is a two-
phonon process involved in the QC-OMS, and the nonlinear
coherence effects between the probe field and the anti-Stokes
field generated by the quadratic coupling lead to the OMIT
window about 6 = 2@y,. Figure 3(b) corresponds to the situa-
tion in which we turn off the coupling field driving the cavity
but introduce the driven atomic ensemble. In this situation,
two OMIT windows occur at the symmetrical places. Due
to Ag = A; = a1 =2y, at the resonances, the single trans-
parency window splits into two transparency windows. The

process can be treated as a single-phonon up-conversion, 6]

in which an intracavity phonon can convert to an anti-Stokes
photon via the absorption of a phonon. In the presence of both
the coupling field to the cavity and the driven atomic ensem-
ble, we obtain Fig. 2, in which there are three OMIT windows.
By comparing these figures, we can conclude that the mid-
dle OMIT window is due to the presence of the coupling field
driving the cavity, and the other two windows are due to the
driven atomic ensemble.

1.0
(a)
0.8}

0.6

T

0.4t

0.2F

—2 —Il 0 1 2
(6—2wm) /wm

1.0

(b)
0.8}

0.6

T

0.4r

0.2¢

0 2 -1 0 1 2
(6_2"0[11) /wm

Fig. 3. (color online) The transmission coefficient of the probe field

as a function of (6 —20n)/®m: (2) & # 0, G =0, and Q = 0; (b)

& =0, Gp #0, and  # 0. The other parameters are the same as those

in Fig. 2.

3.2. Adjusting the width of the OMIT windows

Next we show that the width of the OMIT windows can
be adjusted by controlling the systemic parameters, for exam-
ple, the number of atoms, the power of the laser fields driving
the atoms and driving the cavity, and the environment temper-
ature.

3.2.1.

‘We now discuss the influence of the number of atoms in

Effects of the number of atoms

the atomic ensemble on the width of the OMIT windows. In
Figs. 4(a) and 4(b), the different curves correspond to differ-
ent numbers of atoms. From Fig. 4(a), we can see clearly that
the width of the two side windows increases with the increase
of the number of atoms. The reason for this is that the effec-
tive coupling strength between the cavity field and the atomic
ensemble Go = /N g increases with increasing the number of
atoms and this leads to broader OMIT windows. So we can
adjust the width of the OMIT windows by changing the num-
ber of atoms. In Fig. 4(b), we enlarge the central transparency
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window of Fig. 4(a). It can be seen that we can obtain a higher
transmission coefficient at § = 2.06®y, for a larger number of
atoms. This result is similar to that in Ref. [29]. However, in
Ref. [25], a two-level atomic ensemble was used in the QC-
OMS, while in our system, a three-level atomic ensemble was
used in the QC-OMS. From Ref. [29], we know that the fluc-
tuation in the displacement increases with the increase of the
atomic number. The fluctuation in the displacement plays the
role of the atomic coherence in the QC-OMS. 23] The fact that
the central peak increases with the number of atoms shows that
the increase of the number of three-level atoms can increase
the fluctuation in the displacement and benefit the two-phonon
process in the QC-OMS.

1.0 T T .
(a) \f
0.8f ] Ga = 0.25wp]
_GA = Wm
~ 0.6F
&
0.4f
0.2}
O 1 l 1 1 1
-2 -1 0 1 2 3 4
(6—2wm) /wm
1.0 T
(b)
0.8}F .
G = 0.25wy,
~ 0.6} - GA = Wm
&
04}
0.2}
0 IS
0 0.04 0.08 0.12

(6_2w1n)/wm

Fig. 4. (color online) The transmission coefficient of the probe field as
a function of (6 — 20 )/®m. (a) For different numbers of three-level
atoms. (b) Enlargement of the central OMIT window in panel (a). The
other parameters are the same as those in Fig. 2.

3.2.2. Effects of the power of the laser driving the

atoms

Figure 5(a) shows that the width of the two side OMIT
windows increases with the increase of the power of the laser
driving the atoms. This is due to the increase of the power
of the laser driving the atomic ensemble that can increase
the mean photon number of the cavity field and the width
of the OMIT windows.**! Thus we can adjust the power of
the laser driving the atoms to control the two side OMIT win-
dows. From Fig. 5(b), we can see that the central OMIT win-
dow for a smaller 2 = 0.25wmy, has a higher transmission co-
efficient than that for a larger Q = 1.250y, at § ~ 2.06@y,.

The physical reason can be understood as follows. When

the environment temperature is fixed, the mean phonon num-
ber ng, = [exp(howy /kgT) — 1]7! is also fixed, therefore, with
increasing the power of the laser driving the atomic ensem-
ble, the single-phonon up-conversion process is enhanced, and
then the two-phonon process is reduced. So the central OMIT
window has a lower transmission coefficient with the increase
of the power of the laser driving the atoms.

1.0 ——T—
o8 (a)\\ 3 ( 2 = 0.25wy
’ 3 — 2 =1.25wy
. 0.6} ]
= :
T o0.4f !
0.2} !
|
R T R R
(6720‘)111) /wm
1.0
05 (b) \ 2 = 0.25wy,
) — 2 =1.25wy,
o~ 0.6¢
5
04}
0.2}
0 \ 1 1 1 1 1
0 0.04 0.08 0.12

(6—2wm) /wm

Fig. 5. (color online) The transmission coefficient of the probe field as
a function of (8 —2@y)/®m. (a) For different driving powers on the
atoms. (b) Enlargement of the central OMIT window in panel (a). The
other parameters are the same as those in Fig. 2.

3.2.3. Effects of the power of the laser driving the cav-
ity

Figure 6(a) shows that the change of the power of the
laser driving the cavity (the coupling field) almost does not
influence the two side OMIT windows. This is consistent with
Fig. 3, where we have pointed out that the appearance of the
two side OMIT windows is mainly due to the driven atoms.
In Fig. 6(b), the width of the central window becomes wider
with the increase of the power of the pump field. This is due
to that the ratio of the radiation pressure energy to the poten-
tial energy of the mechanical oscillator o = figg |co|* /m@Z 7!
increases with the increase of the power of the pump field,
i.e., the radiation pressure enhances with the increase of the
power of the pump field. Besides, the central peak appears at
a larger detuning. The reason is that the effective cavity detun-
ing A = Ag + B oy, increases when the power of coupling light

increases.
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1.0

(a) F——PC:E)pw
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Fig. 6. (color online) The transmission coefficient of the probe field as a
function of (6 — 2wy, )/ ®n. (a) For different powers of the laser driving
the cavity. (b) Enlargement of the central OMIT window in panel (a).
The other parameters are the same as those in Fig. 2.

1.0
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Fig. 7. (color online) The transmission coefficient of the probe field as a
function of (6 —2®n )/ @n. (a) For different environment temperatures.
(b) Enlargement of the central OMIT window in panel (a). The other
parameters are the same as those in Fig. 2.

From Fig. 7(a), we can see clearly that the change of the
environment temperature has almost no influence on the two
side OMIT windows. The reason is that the environment tem-
perature has no contribution to nonlinear coherence during the

single-phonon up-conversion process.*®! Figure 7(b) shows
that both the width and the peak value of the central OMIT
window increase with the increase of the environment temper-
ature. This is due to that, in the two-phonon process, the dis-
placement fluctuation of the mechanical oscillator comes from
the environment, and the increase of the environment temper-
ature can increase the mean phonon-number and enhance the
two-phonon process.

4. Fast light and slow light

In this section, we analyze the fast and slow light effects
by using the group delay 7, = d{arg[T,(®,)]}/d@p. In Fig. 8,
the group delay of the output field at the frequency of the probe
field is plotted as a function (6 — 2@y, )/ . Figure 8(a) shows
that one can obtain the fast light when the coupling field is ab-
sent (P, = 0). This is due to the quantum interference effect
between the probe field and the anti-Stokes field generated by
three-level atoms in the absence of the coupling light. From
Fig. 8(b), we can see clearly that a fast-slow light switching
is obtained near 6 ~ 2@y, when the coupling light is present
(P. =1 pW). So the fast—slow light switching results from the
quantum interference effect between the coupling field and the
anti-Stokes field generated by the quadratically coupled cavity.
Figure 8(c) shows an enlarged part of Fig. 8(b) near 8 ~ 2@,
the maximum and minimum valves of the group delay near
0 = 2@y are Tpmax = 14 ps and Ty, = —19 ps, respectively.
When we increase the power of the pump laser, the position of
the extreme valves appear at a larger detuning, and the abstract
values of the extreme valves become larger. Figure 8(d) is an
example, in which P, = 10 pW, the extreme valves appear near
6 = 2.01wy, and the maximum and minimum valves of the
group delay are Tn,x = 50 pus and Ty, = —95 us, respectively.
So we can control the fast—slow light switching by changing
the power of the coupling field.

20 20
(a) | (b)
0 y 0
: ” !
E 90 E —20
& &
—40 —40
— —60
691.0 -05 0 0.5 1.0 —1.0 —-0.5 0 0.5 1.0
(0—2wm) /wm (6—2wm) /Wi
10 (c) 50 (d)
z E
g 0 0
< >
& &
—10 —50
—20
0 0.02 0.04 0.06 0 0.02 0.04
(6—2wm) /wm (0—2wnm)/wm

Fig. 8. (color online) The group delay as a function of (8 — 20 )/ ®Om:
(a) P, =0, (b) P, = 1 uW, (c) enlargement of panel (b) near § =~ 2@y,
(d) P. = 10 uW, enlargement near 8 ~ 2@y,. The other parameters are
the same as those in Fig. 2.
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5. Conclusion

We have studied a quadratically coupled optomechanical
system assisted with a three-level atomic ensemble. We have
examined the optical properties of the output field with experi-
mentally accessible parameters, and found that a phenomenon
with three OMIT windows can appear in this system. Our
analysis shows that the middle OMIT window mainly comes
from the quadratic coupling, while the two side OMIT win-
dows are due to the driven atomic ensemble. We have ana-
lyzed the effects of some systemic parameters on the width
of the OMIT windows. These parameters include the num-
ber of atoms in the atomic ensemble, the powers of the lasers
driving the atoms and driving the cavity, and the environment
temperature. Our analysis shows that the width of the OMIT
windows can be adjusted by controlling these systemic param-
eters. We have also studied the fast and slow light effects in
this system, and found that one can achieve a fast—slow light
switching in our model. We have also shown that the fast—
slow light switching can be adjusted by the power of the laser
driving the cavity.
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