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in a nonlinear optomechanical cavity with a degenerate optical parametric amplifier (OPA) and a higher
order excited atomic ensemble. Studies show that the higher-order-excitation atom which is similar to
the degenerate OPA that acts as a nonlinear medium, induces an additional dip in absorption spectrum
of the probe field. The coherence of the mechanical oscillator leads to split the peak in absorptionin
the probe field spectrum so that the phenomenon of optomechanically induced transparency (OMIT) is
generated from the output probe field. In particular, the presence of nonlinearities with the degenerate
OPA and the higher order excited atoms can affect significantly the width of the transparency windows,
providing an additional flexibility for controlling optical properties. Furthermore, in the presence of the
degenerate OPA, the optical-response properties for the probe field become phase-sensitive so that a
tunable switch from slow to fast light can be realized.

It is well-known that a three-level atomic medium driven by a strong controlling field can become transparent for
a weak probe field, which results from the quantum interference between the two different pathways of excitation
in atomic system. This phenomenon is a typical quantum coherent effect called the electromagnetically induced
transparency (EIT)'-?, which has been widely investigated both in theory*-® and in experiment®”. It is shown that
EIT is important for various applications®® such as slow light, light storage and the production of a giant non-
linear effect. The phenomenon of EIT has been recently observed in the other solid state systems, i.e., quantum
wells'®, metamaterial'! and nitrogen-vacancy centers'% In addition, the double EIT windows in multi-level atomic
systems have been studied in detail®>.

On the other hand, the propagation of a weak probe field in optomechanical system'* can be coherently
manipulated through the driving of a strong coupling field which leads to an optomechanical coupling between
the cavity mode and the mechanical oscillator. Several important quantum optomechanical characteristics, i.e.,
optomechanical entanglement'>!¢ and optically cooling mechanical mode'”~%° as well as transitions between clas-
sical and quantum behaviors of a mechanical system??? have been extensively investigated by pumping the cavity
with external laser fields. In particular, a phenomenon of EIT-like, called generally the optomechanically induced
transparency (OMIT), has been shown theoretically?*-* and observed experimentally in optical cavities**-** and
microwave cavities*. OMIT can be designed to slow and switch a probe signal®® and further used to store light®.
The transparency behavior in an optomechanical system also advance the ground-state cooling of mechanical
motions and optomechanical entanglement between the optical and mechanical modes®-*.

Upon combining the optomechanical system with cavity quantum electrodynamics (QED)*, the influence
of an additional atomic medium on the OMIT in a hybrid optomechanical system*"*? has been investigated in
detail, where the low-atomic excitation limit of atoms requires the single-atom excitation probability to be much
less than 1****, However, this may restrict the amplitude of the driving field in this kind of hybrid optomechanical
system so that the optomechanical coupling between the optical and mechanical modes can not be advanced fur-
ther by increasing the pump power. In order to relax the constraints on the driving of the system or the atom-field
coupling strength, we need to go beyond the low-atomic excitation limit for the atomic medium embedded in an
optomechanical system. In previous paper, we have shown that when the low excitation condition of atoms breaks
slightly, a large driving but a relatively small atom-field detuning can be applied to help observe OMIT behavior
in a levitated optomechanical system*.
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Figure 1. Schematic of the setup studied in the paper. The optomechanical cavity contains N identical two-
level atoms and a degenerate OPA. The cavity mode is driven by a strong input laser field and a weak probe
field through the left cavity mirror. The nonlinear crystal is pumped by an additional laser beam to produce
parametric amplification.

In addition, we know the nonlinear optical effect of the optomechanical system can be obviously enhanced by
adding a degenerate optical parametric amplifier (OPA). The degenerate OPA placed in the optomechanical sys-
tem can increase the effective optomechanical coupling between the movable mirror and the cavity field, which
results from increase of the photon numbers in the cavity. Some researches about the influences of the degener-
ate OPA on the propagation of the probe field are reported in refs 28,46,47, where the optical properties of the
output field, i.e., the width of OMIT, can be controlled easily by adjusting the pump amplitude of the degenerate
OPA. On the other hand, when the degenerate OPA is included, the quantum interference effect between the
probe field and the generated anti-Stokes field depends strongly on the phase of the degenerate OPA so that the
optical-response properties for the probe field will become phase-sensitive. As so far, the response of nonlinear
optomechanical cavity with an excited atomic ensemble to a weak probe light is not reported under the condition
of the existence of the degenerate OPA. In this paper, we investigate the properties of absorption and dispersion
of the probe field propagating the optomechanical system including low- or high-excitation atomic medium and
a degenerate OPA. Also, we contrast the role of the nonlinearities of the higher-order excitation of atoms with
one of the degenerate OPA in the optical properties of the output field. Further, OMIT behavior in absorption of
the probe field generated through the optomechanical coupling is discussed in detail, which is influenced by the
higher order excitation of the atoms and the degenerate OPA. We also discuss in detail how to control the switch
from slow to fast light of the output probe field by adjusting the phase of the field driving the degenerate OPA. The
result suggests that the phase-sensitive interference effects have potential applications to provide new tools for
controlling and engineering light propagation.

Optomechanical Model and Hamiltonian
As shown schematically in Fig. 1, the model that we consider is a nonlinear optomechanical system, where a
degenerate OPA and N identical two-level atoms (with transition frequency wj, and decay rate 7,) are placed in a
Fabry-Férot cavity with length L consisting of one fixed mirror and one movable mirror. Specifically, we consider
a quadrupole transition between the 65?'S, ground state |g) and the 6s6p *P, excited state |e) of atomic barium
for the two-level atoms**%°. The transition wavelength between the two states in atomic barium and the decay
rate of the excited state to the ground state are A="791 nm and ~, = 47 kHz, respectively*®. Further, we consider a
realistic optical cavity, where the intracavity photon leakage can be occurred through the input and the movable
mirror’*°%%1, We assume the decay rates of two cavity mirrors are equal without loss of generality, i.e., ko= K,
where r, and &, are the decay rates of the cavity field through the input and the movable mirrors, respectively.
The cavity mode with frequency w, is driven by a classical control field with frequency w;and amplitude ¢, as
well as a weak probe field with frequency w, and amplitude €,, which then exerts an optical radiation pressure on
the movable cavity mirror. Moreover, the system is pumped by an additional laser beam with coupling coefficient
[ to produce parametric amplification?®46%7. In general, the movable mirror is treated as a quantum-mechanical
harmonic oscillator with resonance frequency w,,, effective mass m and damping rate ~,,. Then, the total
Hamiltonian of the system can be written as!>?4
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where the first term describes the free Hamiltonian of cavity field and a (a') is the annihilation (creation) operator
of the cavity mode satisfying the commutation relation [a, a'] = 1. The second term is the free Hamiltonian of the
atomic ensemble, where the ground state and the excited state of the ith two-level atom are described by |g)® and
e)? and therefore o) = [} (e] — |g)? (g]. In addition, the pseudospin-1/2 operators o, = J )(i)(’) (g|and
oV = \g)(')(') (e| for the ith atom satisfy the commutation relations [o(’) o] = (’) and [a(’) ’)] + 20(’)
'Ihe third and fourth terms are the kinetic and potential energies of the movable mlrror, respectively; g and p are
the position and momentum operators for the movable mirror with the commutation relation [g, p] = ifi. The fifth
term describes the optomechanical coupling of the cavity mode with the movable mirror; G, =w,/L is the optom-
echanical coupling strength between the mechanical mode and cavity mode®. L is the length of the cavity. The last
term in the first line denotes the interaction of the atomic ensemble with the driven cavity field, where g repre-
sents the averaged atom-field coupling strength*>#+52. The first term in the second line describes the coupling of
the cavity mode with the degenerate OPA; G, is the nonlinear gain of the degenerate OPA, which is proportional
to the pump amplitude, Eqpy, i.e., G4 = B|Eop,]; 6 is the phase of the field driving the OPA?$46%7_ The last terms
describe the interaction of the cavity field with the coupling field and that of the cavity field with the probe field,

with the amplitude ¢ = / Z:OP ¢ and €, = 2:°PP , respectively. P, and P, are the laser powers.
W Wp
For simplification, we use the Holstein-Primakoff transformation®, which is defined as
EINIO'(l) BN — B'B ZN o= /N - B'BB and Efilaz(i) = 2B'B — N, to rewrite Hamiltonian (0),
where B and B satisfy the fundamental commutation relation [B, B'] = 1°* In general, in the low-excitation limit

(B'B)/N <1 for the atoms, the Holstein-Primakoff transformation becomes ¥ _laf) = ./NB' and

N ol ) — _/NB. In the present system, we assume that the low-excitation condition is broken slightly for the
atomic ensemble so that the h1gher orders of the Holstem Primakoff transformation should be included***, i.e.,
N 1‘74(—) -/NB' (1 - 2;) =./N (1 )B andy"N o (’) = 2B'B — N. Then, in the interaction

picture with respect to H,= hwf(afa + B'B), the Hamlltoman of the total system, Eq. (0), is rewritten as

2 2
H = hAa'a + hAB'B + p + mw2 md — hGya'aq

+| hcaBt — hGaB'zB
2

+ H.c.]
+ ihG, (8'9 12 — H.c.) + 1'fiec(aJr —a) + ifi(epef"‘”adr — 6;,"ei&a), )

where G = g-/N is the collective coupling strength of the atomic ensemble with the cavity field. A, =w, —Wwp
A, =w, — wyand 6 =w, — wyare the detunings. In the derivation of Eq. (2), a constant term Nw /2 has been
neglected.

System Dynamics and Equation of Motion

For a detailed analysis of the system, we consider photon losses in the cavity through the input mirror with decay
rate x, and the movable mirror with decay rate «,; and Brownian noise acting on the mirror as well as decays asso-
ciated with the atoms. Based on the Hamiltonian in Eq. (2), the quantum dynamics of the system can be described
by the following Heisenberg-Langevin equation®*:

q = pim,

b = —mwliq+ hGya'a — v,p + £(1),

a = —(ky+ K + iA)a — iGB + IZBJFBZ + iGoaq + 2hG 4e’a’
+e +ee ™+ 2Rga + 260",

] .~ ot (T2

B o= —(y+in)B+ SBE G SOB L s,

3)

where a;", a;" and B,, are the input vacuum noise operators with zero mean value corresponding to the input
mirror, the movable mirror and the atomic ensemble, which are fully characterized by the nonzero correlation

functions a}”(t)aj”’T(t’) = 6(t — t')(j =0, 1) and (B, (t)B;,(t')) = &(t — t'), respectively®. £(t) is the
Brownian stochastic force with zero mean value and its correlation function is characterized by
dw i (t—t' 7
(EDE) = mhy,, [T 0l1 + coth(%)
perature of the reservoir related to the movable mirror.

In order to studying the effect of the higher order excited atomic ensemble and the degenerate OPA on the
optical properties of the output field in the optomechanical system, we need to investigate the motional equations

*7, where kg is the Boltzmann constant and T is the tem-
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of the quantum fluctuations around the mean values. Further, the mean values at steady state for the movable
mirror, atomic ensemble and cavity field can be obtained from Eq. (3) by setting all time derivatives to 0. These
are found to be

p = 0,q = hG0|“‘
s s mw,f, ’
. (k — iA)E, 4+ 2G,e"Er
: 1 N 4Gl
. . 2 igas*bsz
0 = — O+ idb+ fga(bf -1+ B, w

where A=A, — Gy, and E, = ¢, — iG-/N(1 — |b,[*/2)b, withb, = B/-/N. k= ry+ K, is the total cavity decay
rate. It is seen from Eq. (4) that the steady-state values of the system depend strongly on the nonlinear gain G, and
the phase 6. Thus, the combine of the nonlinear optics and optomechanics may be used to control the optical
properties of the output field.

To this end, one can split each operator in Eq. (3) into the steady-state mean value at the fixed point and a
small quantum fluctuation, i.e., O= O,+ 6O(O =a, B, p, q). Further, we consider that there are a large number of
photons in the cavity, i.e., |a,/>> 1, so that all the higher terms (6060) in Eq. (3) can be neglected. Then, the quan-
tum Langevin equations for the fluctuations can be written as

6q = op/m,
8p = —mwléq + hGy(aréa + aba’) — ~,,6p + £(t),
ba = —(k+ iA)ba+ G,0a" + iGya,09 — iG6B + iGy6B' + ¢,e”™
+ J2rqay" + 267",
6B = — (v, + iAL)SB — iG,6a + iG,0B" + iG;6a’ + .[27, B, (5)
Gagb

2 .
where G, = G(1 — |b,f), G, = N G, = ;" , G, =2G,e”and A) = A, — G(a,by + arb,)/-/N. In order
to solve Eq. (5), we use the ansatz 60 = O, e+ O_e. Substituting this ansatz into Eq. (5), we can obtain the
following solution of interest for the response of the cavity:

iBs — iG;A, — iGA, |

a, =c,|B, + iGA, + iGA, + (ifs + iGA, — iG4A,) : ,
- r By + iGSA; — iGA;s (6)
. . G3G: * %
. 6 zcz[zcl+§—33] - —iGz[%HG;] i, B G;—fhicl B GﬁGI+IG*
where Aliﬂ + ﬁﬂ_‘Glz ’ A2_42_/3_’ A3_ GZ, A4_4G’
3 34 2 53[34_ ‘G2| 3 ﬁ4*% ﬁ4*%
m:——ﬁg—fm=mum—&—Maﬁm=m4m+&+mMHm:%+uM—&

m(wp,— 6% = iy
By =1y, — i(A) + 6) Bs = iGy — Byal and B¢ = iG, — Byar’.

The expression (6) and the steady-state values in Eq. (4) help us investigate the component of the output field
oscillating at the probe frequency w,, which relates to the higher order excitation of the atomic ensemble |b,|* as
well as the degenerate OPA. In addition, the expression of a_ is not necessary since this describes the four-wave
mixing with frequency w, — 2wy for the driving field and the weak probe field. We can calculate the response of the
system to all fre';:tluencies detected by the output field via the standard input-output theory®®
(a,,:(D) + w% = .[2k, (a). Using the above input-output relation and the ansatz da=a_ e " +a_e™, we

can express the mean value of the output field as

28 (Ao (D)) = 2Rga — €) + (2Kga, — €p)e 0 4 2pga_e. (7)

It is noted that the second term on the right-hand side of Eq. (7) corresponds to the response of the whole system
to the weak probe field at frequency w,. Thus, we can examine the total output field at the frequency w, by defining
an amplitude of the rescaled output field corresponding to the weak probe field as

Eout = 250“4—/6}7’ (8)

where we have removed the constant term. The real and imaginary parts of the output probe field account for
in-phase and out-phase quadratures of the output field spectra and can be written asRe(E,,,) = ry(a, + af)/e
andIm(E,,,) = Ky(a, — at)/e » which describe the absorption and dispersion of the whole system to the weaﬁ
probe field, respectively. In general, the modification of the probe response and the phenomenon of the transpar-
ency can be generated by the coupling the atoms or the mechanical motion with cavity field*2 In the present
optomechanical system, we investigate in detail the generation of dips in absorption induced by the atom-field
and optomechanical couplings as well as the degenerate OPA.

Moreover, in the region of the narrow transparency window the rapid phase dispersion ¢ (w,) =arg(E,,) can
az(wp) A positive group delay with 7,> 0 corresponds to slow light
w

cause the group delay expressed as Ty =
P
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Figure 2. The absorption Re(E,,,) (a) and dispersion Im(E,,,) (b) are plotted as a function of 6/w,, in

the absence and presence of the degenerate OPA. Here the optomechanical coupling is turned off and

the low-excitation limit for the atoms is satisfied with b;= —0.01 4 0.04i. When the degenerate OPA is
included, we select the parameters G, = 0.7+ and /= 37/2. Other parameters are chosen to be A;=791nm,
L=0.001m, k=27 x 215 x 10°Hz, A=A, =w,, =27 x 947 X 10°Hz, N=10°, g=27 x 2.3 x 10*Hz and
~,=2m X 7.5 x 10*Hz.

propagation and a negative group delay with 7, < 0 corresponds to fast light propagation®**>*". In the following
section, we also investigate theoretically a tunable switch from slow to fast light in the nonlinear optomechanical
cavity by adjusting the nonlinear gain of the OPA and the phase of the field driving the OPA.

Results

In this section, we numerically evaluate the values of phase quadratures Re(E,,,) and Im(E,,,) and quantify the
slow and fast light effects through the corresponding output field a, . Further, in order to demonstrate the phe-
nomenon of transparency and the group delay of the probe field in the system, we select the accessible param-
eters in optomechanical systems*>%, i.e., the wavelength of the driving field A\;~ 791 nm, the total cavity length
L=0.001m, the total cavity decay rate K =27 x 215 x 10*Hz and k¢/x = 0.5, the frequency of the moving mir-
ror w,, = 27 X 947 x 10° Hz, the mechanical factor Q=w,,/7,,= 6700, and the mass of the oscillating mirror
m=25ng. In addition, we choose the parameters of atoms, i.e., the number of the atoms N=10°, the atom-field
coupling strength g= 27 x 2.3 x 10°Hz and the decay rate of atom -y, =27 X 7.5 x 10>~ 47000 Hz**. We also
consider that the cavity is driven on its red sideband, i.e., A = w,,,. The atom-field detuning A, and the driving
strength of the optical cavity . can be calculated in terms of the excitation number of the atoms |b,|> and the
steady-state value b,.

Transparency effect. We first consider that the low-excitation condition of atoms is satisfied, i.e., |b|> < 1.
Moreover, the degenerate OPA and the optomechanical coupling between the cavity field and the movable mirror
are also removed or turned off, i.e., G, =0 and G, =0. In this case, the expression of a, in Eq. (6) can be simplified
as

p

K+ i(A, —6) +

a, =

GZ
Y, +i(A, = 0) 9)

It is found that the denominator of the response function is quadratic in ¢ so that the coherent coupling between
the atomic collective mode and the optical mode can lead to a dip in absorption obtained as § ~ 0.13w,, and
therefore the generation of the transparency behavior which is shown in Fig. 2(a), where we show the absorption
Re(E,,,) of the output field as a function of 6/w,, with b;=—0.01 + 0.04i; the corresponding driving strength
€.=35.12k, atom-field detuning A, =0.43x and excitation number of atoms |b,|*~ 0.002. We can see from
Fig. 2(a) that the positions of two peaks in absorption appear at§ ~ 0and § ~ w,,, where the left peak in absorp-
tion results from the atom-field coupling®.

In order to compare with the above situation, we now explore the effect of the degenerate OPA on the
atom-field coupled system. Correspondingly, the expression of the response of a, in Eq. (6) is simplified as
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Figure 3. The absorption Re(E,,,) and dispersion Im(E,,,) are plotted as a function of §/w,, with
b,=—0.25 + 0.40i. The frequency of the moving mirror w,, =27 X 947 x 10° Hz, the mechanical factor
Q=w,/7,,=6700 and the mass of the oscillating mirror m = 25 ng. Other parameter values are the same as in
Fig. 2. (a) In the absence of the degenerate OPA and the optomechanical coupling. (b) In the presence of the
degenerate OPA and the optomechanical coupling.

- ) B G? _ G2
Kk +i(A, —6) + FoTo v

2
Kk—i(A, +6)+W (10)
The denominator of the response function is quadruplicate in é. Then, under the condition of certain parameters,
we can obtain more dips in absorption. Indeed, when the degenerate OPA is included in the system, i.e., G4 =0.7x
and 0 =37/2 in Fig. 2(a), an additional dip in absorption appears near the left peak in absorption, i.e.,
6 ~ — 0.04w,,, which results from the coupling between the degenerate OPA and the cavity field. Thus, we can
obtain two transparent windows. Figure 2(b) depicts the dispersion shapes of the output field in the absence and
presence of the degenerate OPA.

The additional dip in absorption that is similar to the one induced by the degenerate OPA can be generated
by the higher order excitation of the atomic ensemble. In this case of presence of the higher order excited atomic
ensemble and absence of the degenerate OPA and the optomechanical coupling, the amplitude of the output field
[Eq. (6)] can be simplified as

€
& = G} : asa, ’
/-c+i(Aa—6)+ﬂ—‘3+ozl 4

k—i(Ay+06)+ o, + 3761/[33 (11)

% = iG}A, _G|27§G3 0, =GA, —GAanda, = —GiA,— G/A,
are the terms related to the hlgher order of the Holstein- Prlmakollf transformation. One can clearly observe from
Eq. (10) and Eq. (11) that the higher order coupling terms of the atoms play a role of nonlinear medium similar to the
degenerate OPA for the generation of the transparency behavior.

In Fig. 3(a), we show the absorption Re(E,,,) and dispersion Im(E,,;) of the output field in the absence of the
degenerate OPA as a function of 6/w,,, where we select b, = —0.25 + 0.40i so that the excitation number of the
atomic ensemble |b,|* = 0.22, the driving strength of the cavity .= 267.5x and the atom-field detuning
A,=0.20x. We see from Fig. 3(a) that for the selected system parameters there exists indeed an additional dip in
absorption at § ~ —0.04w,, which results from the higher order excitation of the atomic ensemble, correspond-
ing to the terms of o, , 5 ,. Further, the higher order terms related to the |b,|* influence slightly the position of the
dip in absorption at § > 0.13w,,, as well as the peaks in absorption; such as, the dip in absorption is attained at
6 >~ 0.10w,,,. In particular, when the low-excitation condition of atoms breaks slightly, a large driving strength i.e.,
€,=267.5x but a relatively small atom-field detuning i.e., A, = 0.20~ can be applied to help observe the transpar-
ency behavior in the atom-field coupled system. In contrast, the low-excitation limit of atoms requires a small
driving of the cavity but a relatively large atom-field detuning. For example, in the low-excitation limit, i.e.,
|b,|*=0.002, the driving strength .= 35.12x and the atom-field detuning A, = 0.43% could be used [see Fig. 2].

Figure 3(b) demonstrates the transparency behavior in absorption of output probe field in the presence of the
optomechanical coupling between the cavity field and the movable mirror when the degenerate OPA and the
higher order excitation of the atomic ensemble are both included, i.e., G, =0.7x Hz and b, = —0.25 4 0.40i. In this

whereq, = iG,A, + %
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Figure 4. The absorption Re(E,,) is plotted as a function of §/w,, with (a) different G,’s and (b) different b5s.
Other parameter values are the same as in Figs 2 and 3.

case, |b|>=0.22, ,=140.78k and A, =0.21x. We can easily find from Fig. 3(b) that there exist three dips in
absorption, where the peak in absorption at § ~ w,, splits and therefore the optomechanically induced transpar-
ency (OMIT) appears due to the coupling between the cavity field and the movable mirror. This is because in
general the strongest optomechanical coupling obtains at § ~ w,, so that the probe beam interferes destructively
with the anti-Stokes field generated by the mechanical oscillator and therefore a transparency window appears in
the probe transmission spectrum?*. Moreover, the positions of the left side of the two dips in absorption are
6 ~ —0.04w,, and § ~ 0.11w,,, respectively, which depends on the atom-field coupling and the degenerate OPA.

We can study the effect of the degenerate OPA on the transparency behaviors in the nonlinear optomechanical
system with a higher order excited atomic medium. In Fig. 4(a), we show the absorption Re(E,,,) in the presence
of the OPA as a function of §/w,, with different G,’s. Other parameter values are the same as in Figs 2 and 3. From
Fig. 4(a), we see clearly that the larger the nonlinear gain of the degenerate OPA, the wider the OMIT windows.
This is because the photon number in the cavity increases with increasing G, [see Eq. (4)]. Therefore, the effective
optomechanical coupling Gya, can be increased by adding a degenerate OPA inside the optical cavity, which leads
to widen the OMIT window. This suggest that the nonlinear gain of the degenerate OPA can be used to control the
optical-response properties in the nonlinear optomechanical system and the width of OMIT window. Further, in
the presence of both the higher order excitation of the atoms and the degenerate OPA, the left dip in absorption
shallows, i.e., G, = 0.5k corresponds to the blue dashed line in Fig. 4(a). This means that the roles of the higher
order nonlinearity of atoms and the degenerate OPA cancel each other for generating the dip in absorption in
the output field. When the nonlinear gain of the OPA becomes larger, i.e., G, = 1.0k in Fig. 4(a), the degenerate
OPA plays a determined role for the transparency of the probe field and therefore the left transparency window
reappears.

We now discuss the important role of excitation of the atomic ensemble in the properties of the output field and
OMIT. In Fig. 4(b), we show the absorption Re(E,,) as a function of ¢/w,, with different bs in the absence of the
degenerate OPA. We consider the three cases with b, = —0.25 + 0.40i, b;= —0.254 0.30i and b,= —0.25+ 0.20i.
The corresponding excitation numbers are calculated as |b,|*=0.22, |b,|*=0.15 and |b,|>= 0.10, respectively. In
addition, the corresponding atom-field detunings are A, =0.20x, A, =0.22x and A, = 0.23k, respectively, and
driving strengths of the optical cavity are e, =267.50k, £, =191.99x and €, = 137.23k, respectively. From Fig. 4(b),
we see that the increase of the excitation number of the atoms widens the OMIT window. This is because when the
low-excitation condition of atoms is broken slightly, the effective optomechanical coupling strength is enhanced
by the increase of the photon number, which depends strongly on the higher order excitation number of atoms.
In addition, the additional dip in absorption shallows so that the left transparency behavior disappears when the
excitation number decreases. These results can be applied to determinate the excitation number of atomic ensem-
ble and its important role in the properties of the output field.

Tunable slow and fast light. As mentioned in previous section, the optical response of the system to the
weak probe field can be described by the group delay. In Fig. 5, the group delay of the output field at the frequency
of the probe field is plotted as a function of 6/w,, with different G,’s and s (a) and different b_’s (b). Here we
consider the driving of the cavity field is so large that the low-excitation condition of atoms is broken slightly. For
example, in Fig. 5(a) we still select b= —0.25 + 0.4i and therefore |b,|*= 0.22. This leads to generate an additional
dip in absorption at §~ 0 even in the absence of the degenerate OPA [see the red line in Fig. 4(b)]. In Fig. 5(b),
we always remove the degenerate OPA, i.e., G, =0 and focus justly on the effect of the higher-order excitation of
atoms on the optical properties of the system. Other parameter values are the same as in Fig. 4.

We see clearly from Fig. 5(a) that in the absence of the degenerate OPA, a positive group delay of the output
field is obtained at 6 ~ 0 or 6 ~ w,,,, which corresponds to the slow light effect of the output probe field and results
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Figure 5. Group delay 7, is plotted as a function of 6/w,, with different G,’s and 6's (b;= —0.25 + 0.4) (a) and
different b;s (G, = 1.5k) (b). Other parameter values are the same as in Fig. 4.

100}

T (us)

-20071

0 0.5 1 1.5 2 0 0.5 1 1.5 2
0/n 0/n

Figure 6. Group delays 7, at (a) 6~ 0 and (b) § ~w,, are plotted as a function of the phase 0/7 with different
G,’s. Other parameter values are the same as in Fig. 4.

from the enhancement of the optical transparency induced by the higher order excitation of the atoms and the
optomechanical coupling, respectively [see the red line in Fig. 5(a)]. When the degenerate OPA is included in the
system, i.e., G, = 1.5k and 6 = /2, the group delay at 6~ 0 can be turned to negative value and therefore the out-
put probe field contains fast light. In contrast, the positive group delay at 6 ~ w,, is decreased due to the effect of
the degenerate OPA. Moreover, when the degenerate OPA with the phase 6 = 37/2 is included, the group delays at
6~ 0 and 6~ w,, can be decreased due to the influence the degenerate OPA. In Fig. 5(b), we see that in the absence
of the degenerate OPA, the group delay of the output field is always positive with different steady-state excitation
number. Thus, only the phenomenon of slow light can be appeared.

In Fig. 6, we show the group delays 7, at 6~ 0 and é ~w,,, respectively, as a function of the phase 6/7 with
different G,’s. In Fig. 6(a), we can see that in the absence of the degenerate OPA, i.e., G, =0 Hz, the group delay
with 6~ 0 induced by the higher order excitation of the atoms is positive with 7,=2.2us and the transmitted
probe field contains slow light. In the presence of the degenerate OPA, i.e., G, = 0.3k, the positive group delay
is not a monotonous function of the phase and a peak appears in the intermediate value of the phase. When the
nonlinear gain of the OPA becomes larger, i.e., G, = 0.6k, the group delay can be negative corresponding to the
fast light within a finite interval of the phase around 6 =0.887, whose position moves in the positive direction
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with increasing G, for the selected range of the parameters [see the dash-dot and dot lines in Fig. 6(a)]. Physically,
when the degenerate OPA is added inside the atom-field coupled system, the quantum interference effect between
the probe field and the anti-Stokes field generated by the atoms is related directly to the phase of the degenerate
OPA by the coupling coefficient G, [see Eq. (6) or Eq. (10)]. Therefore, the optical-response properties for the
probe field become phase-sensitive so that a tunable switch from slow to fast light can be realized by adjusting the
phase of the degenerate OPA.

In Fig. 6(b), we can see that in the absence of the degenerate OPA, i.e., G, =0, the group delay with 6~ w,,
induced by the OMIT is 7, = 54.5us, which is much greater than that induced by the higher order atomic excitai-
ton. When the degenerate OPA is included, i.e., G, = 0.5k, the effect of the degenerate OPA on the optomechan-
ical system leads to the increase in the group delay for the intermediate value of the phase. In particular, when
the nonlinear gain of the OPA becomes larger, i.e., G, = 2.5k, a negative group delay and therefore the fast light
appears in a small interval of the phase around § = 0.367. Similarly, the tunability of the group delay induced by
the OMIT results from the quantum interference effect between the probe field and the anti-Stokes field generated
by the mechanical oscillator, which depends strongly on the phase of the degenerate OPA. These results suggest
that the phase-sensitive interference effect can be used to control the light propagation from slow to fast light of
the transmitted probe field.

Discussion

In conclusion, we have studied a nonlinear optomechanical cavity with a degenerate OPA and a higher order
excited atomic ensemble, which is driven by pump and probe laser fields. We derive the expression of the response
of probe field in the system and demonstrate numerically the optical properties of the output field with exper-
imentally accessible parameters. It is shown that there exist three dips in absorption in the output field in the
presence of a higher order excited atomic medium, which induced by the optomechanical and atom-field cou-
plings as well as the higher order excited terms related to the atom-field coupling, respectively. Further, the OMIT
behavior in absorption of probe field can be generated through the optomechanical coupling between the cavity
field and the movable mirror. We show that the higher order excitation of the atoms and the degenerate OPA can
significantly affect the width of these transparency windows, which can be applied to determinate the excitation
number of atoms and the important roles of nonlinear media in the optical properties of the output field. In
particular, we find that the higher order excitation of the atoms and the degenerate OPA play a similar role of
nonlinear medium in the generation of the additional transparency behavior in the probe field spectrum. We also
discuss in detail the change in the magnitude of the group delay as well as a tunable switch from slow to fast light
of the output probe field, where the group delay tunability is mainly due to the phase of the degenerate OPA. The
phase-sensitive interference effects in the optical-response properties have potential applications to provide new
tools for controlling and engineering light propagation.

References
1. Harris, S. E., Field, J. E. & Imamoglu, A. Nonlinear optical processes using electromagnetically induced transparency. Phys. Rev. Lett.
64, 1107 (1990).
2. Boller, K. J., Imamoglu, A. & Harris, S. E. Observation of electromagnetically induced transparency. Phys. Rev. Lett. 66, 2593 (1991).
3. Fleischhauer, M., Imamoglu, A. & Marangos, J. P. Electromagnetically induced transparency: Optics in coherent media. Rev. Mod.
Phys. 77, 633 (2005).
4. Zhu, S. Y. & Scully, M. O. Spectral Line Elimination and Spontaneous Emission Cancellation via Quantum Interference. Phys. Rev.
Lett. 76, 388 (1996).
5. Wu, Y. & Yang, X. Electromagnetically induced transparency in V -, A -, and cascade-type schemes beyond steady-state analysis.
Phys. Rev. A 71, 053806 (2005).
6. Roghani, M., Breuer, H. P. & Helm, H. Dissipative light scattering by a trapped atom approaching electromagnetically-induced-
transparency conditions. Phys. Rev. A 81, 033418 (2010).
7. Abdumalikov, A. A. et al. Electromagnetically Induced Transparency on a Single Artificial Atom. Phys. Rev. Lett. 104, 193601 (2010).
. Lukin, M. D. Colloquium: Trapping and manipulating photon states in atomic ensembles. Rev. Mod. Phys. 75, 457 (2003).
9. Kash, M. M. et al. Ultraslow Group Velocity and Enhanced Nonlinear Optical Effects in a Coherently Driven Hot Atomic Gas. Phys.
Rev. Lett. 82, 5229 (1999).
10. Phillips, M. C. et al. Electromagnetically Induced Transparency in Semiconductors via Biexciton Coherence. Phys. Rev. Lett. 91,
183602 (2003).
11. Liu, N. et al. Plasmonic analogue of electromagnetically induced transparency at the Drude damping limit. Nature materials 8, 758
(2009).
12. Santori, C. et al. Coherent Population Trapping of Single Spins in Diamond under Optical Excitation. Phys. Rev. Lett. 97, 247401
(2006).
13. Paspalakis, E. & Knight, P. L. Transparency and parametric generation in a four-level system tReviewing of this paper was handled
by a member of the Editorial Board. J. Mod. Opt. 49, 87 (2002).
14. Aspelmeyer, M., Kippenberg, T. ]. & Marquardt, F. Cavity optomechanics. Rev. Mod. phys. 86, 1391 (2014).
15. Vitali, D. et al. Optomechanical Entanglement between a Movable Mirror and a Cavity Field. Phys. Rev. Lett. 98, 030405 (2007).
16. Nie, W. ]. et al. Enhancing steady-state entanglement via vacuum-induced emitter -mirror coupling in a hybrid optomechanical
system. J. Phys. B: At. Mol, Opt. Phys. 49, 025501 (2016).
17. Liu, Y.-C. et al. Dynamic Dissipative Cooling of a Mechanical Resonator in Strong Coupling Optomechanics. Phys. Rev. Lett. 110,
153606 (2013).
18. Gigan, S. et al. Self-cooling of a micromirror by radiation pressure. Nature 444, 67 (2006).
19. Nie, W. . et al. Dynamics of a levitated nanosphere by optomechanical coupling and Casimir interaction. Phys. Rev. A 88, 063849
(2013).
20. Nie, W.J., Chen, A. X. & Lan, Y. H. Cooling mechanical motion via vacuum effect of an ensemble of quantum emitters. Opt. Exp. 23,
30970 (2015).
21. Schwab, K. C. & Roukes, M. L. Putting mechanics into quantum mechanics. Phys. Today 58, 36 (2005).
22. Ma, J. et al. Formation and manipulation of optomechanical chaos via a bichromatic driving. Phys. Rev. A 90, 043839 (2014).
23. Jing, H. et al. Optomechanically-induced transparency in parity-time-symmetric microresonators. Scientific Reports 5, 9663 (2015).
24. Agarwal, G. S. & Huang, S. Electromagnetically induced transparency in mechanical effects of light. Phys. Rev A 81, 041803 (2010).

=)

SCIENTIFICREPORTS | 6:35090 | DOI: 10.1038/srep35090 9



www.nature.com/scientificreports/

25. Huang, S. & Agarwal, G. S. Electromagnetically induced transparency from two-phonon processes in quadratically coupled
membranes. Phys. Rev. A 83, 023823 (2011).

26. Huang, S. & Agarwal, G. S. Electromagnetically induced transparency with quantized fields in optocavity mechanics. Phys. Rev. A
83, 043826 (2011).

27. Qu, K. & Agarwal, G. S. Fano resonances and their control in optomechanics. Phys. Rev. A 87, 063813 (2013).

28. Shahidani, S., Naderi, M. H. & Soltanolkotabi, M. Control and manipulation of electromagnetically induced transparency in a
nonlinear optomechanical system with two movable mirrors. Phys. Rev. A 88, 053813 (2013).

29. Davuluri, S. & Zhu, S. Y. Controlling optomechanically induced transparency through rotation. Europhysics Lett. 112, 64002 (2015).

30. Weis, S. et al. Optomechanically Induced Transparency. Science 330, 1520 (2010).

31. Lin, Q. et al. Coherent mixing of mechanical excitations in nano-optomechanical structures. Nat. Photon. 4, 236 (2010).

32. Safavi-Naeini, A. H. et al. Electromagnetically induced transparency and slow light with optomechanics. Nature 472, 69 (2011).

33. Karuza, M. et al. Optomechanically induced transparency in a membrane-in-the-middle setup at room temperature. Phys. Rev. A
88, 013804 (2013).

34. Massel, E et al. Multimode circuit optomechanics near the quantum limit. Nat. Commun. 3, 987 (2012).

35. Zhou, X. et al. Slowing, advancing and switching of microwave signals using circuit nanoelectromechanics. Nat. Phys. 9, 179 (2013).

36. Chang, D. E. et al. Slowing and stopping light using an optomechanical crystal array. New J. Phys. 13, 023003 (2011).

37. Guo, Y. J. et al. Electromagnetically-induced-transparency-like ground-state cooling in a double-cavity optomechanical system.
Phys. Rev. A 90, 053841 (2014).

38. Genes, C. et al. Atom-membrane cooling and entanglement using cavity electromagnetically induced transparency. Phys. Rev. A 84,
051801(R) (2011).

39. He, Y. Optomechanically induced transparency associated with steady-state entanglement. Phys. Rev. A 91, 013827 (2015).

40. Haroche, S. & Raimond, J. M. Exploring the Quantum: Atoms, Cavities and Photons (Oxford University Press, New York, 2006).

41. Wang, H. et al. Optomechanical analog of two-color electromagnetically induced transparency: Photon transmission through an
optomechanical device with a two-level system. Phys. Rev. A 90, 023817 (2014).

42. Akram, M. J., Ghafoor, F. & Saif, E. Electromagnetically induced transparency and tunable fano resonances in hybrid optomechanics.
J. Phys. B: At. Mol. Opt. Phys. 48, 065502 (2015).

43. Genes, C., Vitali, D. & Tombesi, P. Emergence of atom-light-mirror entanglement inside an optical cavity. Phys. Rev. A 77, 050307 (2008).

44. Genes, C., Ritsch, H. & Vitali, D. Micromechanical oscillator ground-state cooling via resonant intracavity optical gain or
absorption. Phys. Rev. A 80, 061803 (2009).

45. Nie, W.]., Chen, A. X. & Lan, Y. H. Optical-response properties in levitated optomechanical systems beyond the low-excitation limit.
Phys. Rev. A 93, 023841 (2016).

46. Huang, S. & Agarwal, G. S. Enhancement of cavity cooling of a micromechanical mirror using parametric interactions. Phys. Rev. A
79, 013821 (2009).

47. Farman, F. & Bahrampour, A. R. Effects of optical parametric amplifier pump phase noise on the cooling of optomechanical
resonators. J. Opt. Soc. Am. B 30, 1898 (2013).

48. Wilson, G. A. et al. Inversionless gain in driven three-level ssV-type atoms: A comparison of broadband and monochromatic
excitation. Phys. Rev. A 50, 3394 (1994).

49. Yi, Z., Gu, W.-j. & Li, G.-x. Sideband cooling of atoms with the help of an auxiliary transition. Phys. Rev. A 86, 055401(2012).

50. Karuza, M. et al. Optomechanical sideband cooling of a thin membrane within a cavity. New J. Phys. 14, 095015 (2012).

51. Biancofiore, C. et al. Quantum dynamics of an optical cavity coupled to a thin semitransparent membrane: Effect of membrane
absorption. Phys. Rev. A 84, 033814 (2011).

52. Chen, X. et al. Cooling of macroscopic mechanical resonators in hybrid atom-optomechanical systems. Phys. Rev. A 92, 033841 (2015).

53. Law, C. K. Interaction between a moving mirror and radiation pressure: A Hamiltonian formulation. Phys. Rev. A 51, 2537 (1995).

54. Holstein, T. & Primakoff, H. Field Dependence of the Intrinsic Domain Magnetization of a Ferromagnet. Phys. Rev. 58, 1098 (1940).

55. Turek, Y. et al. Indirect driving of a cavity-QED system and its induced nonlinearity. Phys. Rev. A 90, 013836 (2014).

56. Gardiner, C. & Zoller, P. Quantum noise: a handbook of Markovian and non-Markovian quantum stochastic methods with applications
to quantum optics (Springer Science Business Media, 2004).

57. Giovannetti, V. & Vitali, D. Phase-noise measurement in a cavity with a movable mirror undergoing quantum Brownian motion.
Phys. Rev. A 63, 023812 (2001).

58. Walls, D. E. & Milburn, G. J. Quantum Optics (Springer-Verlag, Berlin, 1994).

59. Milonni, P. W. Fast light, slow light and lefthanded light (Institute of Physics Publishing, Bristol, 2005).

60. Groblacher, S. et al. Observation of strong coupling between a micromechanical resonator and an optical cavity field. Nature 460,
724 (2009).

Acknowledgements

W. N. is supported by the National Natural Science Foundation of China (NSFC) under Grants No. 11304010 and
No. 11565014 and the Natural Science Foundation of Jiangxi Province (Grant No. 20161BAB211023). A. C. is
supported by the NSFC under Grant No. 11365009.

Author Contributions
L.L. and W.N. wrote the main manuscript text and prepared Figures 1-6. All the authors reviewed the manuscript
and discussed the results and edited the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Li, L. et al. Transparency and tunable slow and fast light in a nonlinear optomechanical
cavity. Sci. Rep. 6, 35090; doi: 10.1038/srep35090 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
MM o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:35090 | DOI: 10.1038/srep35090 10


http://creativecommons.org/licenses/by/4.0/

	Transparency and tunable slow and fast light in a nonlinear optomechanical cavity

	Optomechanical Model and Hamiltonian

	System Dynamics and Equation of Motion

	Results

	Transparency effect. 
	Tunable slow and fast light. 

	Discussion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic of the setup studied in the paper.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The absorption Re(Eout) (a) and dispersion Im(Eout) (b) are plotted as a function of δ/ωm in the absence and presence of the degenerate OPA.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ The absorption Re(Eout) and dispersion Im(Eout) are plotted as a function of δ/ωm with bs = −0.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The absorption Re(Eout) is plotted as a function of δ/ωm with (a) different GA’s and (b) different bs’s.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Group delay τg is plotted as a function of δ/ωm with different GA’s and θ’s (bs =​ −​0.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Group delays τg at (a) δ ≈​ 0 and (b) δ ≈​ ωm are plotted as a function of the phase θ/π with different GA’s.



 
    
       
          application/pdf
          
             
                Transparency and tunable slow and fast light in a nonlinear optomechanical cavity
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35090
            
         
          
             
                Ling Li
                Wenjie Nie
                Aixi Chen
            
         
          doi:10.1038/srep35090
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep35090
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep35090
            
         
      
       
          
          
          
             
                doi:10.1038/srep35090
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35090
            
         
          
          
      
       
       
          True
      
   




