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We present a scheme with the multiple-induced transparency windows in a hybrid optomechanical device. By studying
the transmission of a probe field through the hybrid device, we show the successive generations of three transparent windows
induced by multiple factors including tunneling, optomechanical and qubit-phonon coupling interactions, and analyze the
physical mechanism of the induced transparency based on a simplified energy-level diagram of the system. Moreover, the
effects of the transition frequency and decay rate of the two-level system on the multiple-induced transparency windows
are discussed. We find that the transparency windows can be modulated by the coupling interaction between the qubit and
NMR, the decay of qubit and the power of the control field. Therefore, the transmission of the probe field can be coherently
adjusted in the hybrid cavity optomechanical device with a two-level system.

Keywords: hybrid optomechanical device, optomechanical induced transparency, two-level system

PACS: 42.50.Pq, 42.15.Eq, 07.10.Cm

1. Introduction

As an excellent candidate for studying the transform of a
macroscopic degree of freedom from the classical to the quan-
tum regimes, cavity optomechanics composed of an Fabry—
Pérot (FP) cavity with its end-mirror replaced by a nanome-
chanical resonator (NMR) has received considerable attention
over the last decade.!'™! In this emerging field, remarkable
progress has been made in both theory and experiment, includ-
ing quantum ground-state cooling of NMR,%8] slowing and

9-11 information processing,!'?~14]

storage of the light pulse, !
and optomechanical induced transparency (OMIT).[15-21]
When a strong control field and a weak probe field
are applied to an optomechanical cavity, an optomechan-
ical interference can lead to generation of OMIT, which
has been reported theoretically!'”! and then demonstrated
experimentally.[??l Some exciting phenomena including the

23,24] 25]

tunable slow and fast light,[ four-wave mixing,[

t?1 and squeezing of the mechani-

electro-optic interconnec
cal model in the resolved sideband regime have been proposed
based on the mechanism of OMIT. [27-%°]

As a preferred component in the construction of com-
plex quantum systems, NMR with the wide frequency range
is a promising candidate to explore various applications of

[30-32] To find the properties and applica-

quantum behavior.
tions of NMR in the quantum region, it can be combined

with other quantum systems to form hybrid systems, such as

DOI: 10.1088/1674-1056/abf642

optomechanical systems!*3-** and quantum electromechani-
cal systems.["*l A two-level system (for example, supercon-
ducting qubit, quantum dot and the inherent defect in mate-
rials) can also be embedded in NMR to study various quan-

35,361 quantum

tum phenomena, such as controllable coupling,!
entanglement®” and phonon blockade.?®! As a two-level sys-
tem, the defect inside the NMR can interact with the NMR
through the deformation force. Especially, when the transi-
tion frequency of an intrinsic two-level defect inside NMR is
near resonance with the NMR frequency, the great effects of
the defect on the quantum properties of NMR should not be
ignored. 39!

Motivated by recent progress of two-level systems in op-
tomechanical devices, here we study the interaction between
a two-level system and a hybrid optomechanical device. Our
model consists of an FP cavity tunneling coupled to an op-
tomechanical cavity, where the two-level system is embed-
ded in the movable cavity mirror of the optomechanical cav-
ity. The two-level system can be considered as a defect inside
the material of the movable cavity mirror or a superconduct-
ing charge qubit. The movable cavity mirror can be viewed
as an NMR, which is coupled to the two-level system via the
Jaynes—Cummings coupling. In this hybrid optomechanical
system, we find the multiple optomechanically induced trans-
parency and discuss the effects of two-level system on OMIT.

The paper is organized as follows. In Section 2, we

describe the model by an effective Hamiltonian and give
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Langevin motion equations and their stable solutions. In Sec-
tion 3, a profile of multiple OMIT windows of the output field
is presented. In Section 4, we discuss the effect of the qubit
(two-level system) on the OMIT. A conclusion is given in Sec-
tion 5.

2. Model and quantum Langevin equations

As schematically shown in Fig. 1(a), our model consists
of an optical cavity a; tunneling-connected to an optomechan-
ical cavity a;, where as a moveable mirror of the optomechani-
cal cavity, NMR b mechanically couples to a two-level system.
The optical cavity a; is driven by a strong control field & with
frequency @. and a weak probe field &, with frequency @,.
The two cavity fields are coupled via the photon tunneling in-
teraction with the coupling strength J. The NMR with the fre-
quency @y, is coupled to the optomechanical cavity a, by the
radiation pressure with the optomechanical coupling strength

X

Fig. 1. (a) Schematic diagram of a hybrid optomechanical system. The
optomechanical cavity a, with frequency my; is coupled to the optical
cavity a; with frequency @,; (via the tunneling interaction) and to the
NMR (via the optomechanical coupling). As a two-level system, su-
perconducting qubit or a defect is embedded inside the NMR, where
|g) and |e) denote the ground and excited states, respectively. The hy-
brid optomechanical system is driven by a strong control field with the
frequency @, and a weak probe field with the frequency @,. (b) The
double-well potential model for the two-level system. Ay and At are
tunnel splitting frequency and the asymmetry frequency in the double-
well potential, respectively.

In our model the intrinsic defect inside NMR or a super-
conducting charge qubit attached on NMR can be effectively
described by the two-level state in a double-well potential at
low temperature, as shown in Fig. 1(b). It is worth noting that
the frequency gap of two energy levels is resonant or near-
resonant with the frequency of the NMR, and the other energy
levels are highly detuned with the frequency of the NMR, i.e.,
two-level approximation. For an isolated two-level system and
the single mechanical mode of NMR, the Hamiltonian reads

1 1
Hy = hownb b+ EhATGZ + EhAoc'fx, (1)

where b (b') is the annihilation (creation) operator of the
NMR, &, are the Pauli matrices. In Fig. 1(b), the asym-
metry frequency At depends on the strain in the material and
the NMR displacement generates a strain tensor at the posi-
tion of the defect, so the two-level defect in the NMR can
be coupled to the localized NMR. Under the action of exter-
nal strain S and electric fields Ey, the asymmetry frequency

Ar(S, Eo) = Ar +2D1S + 2p - Ey, where Dy and p are the
deformation potential tensor and the intrinsic electric dipole
moment of the two-level system, respectively. The relations
of external field coupling to the defect have been studied in
detail in supplemental information of Ref. [40]. In our model,
the optomechanical force induces the motion of NMR with
the effective mass meg to generate the strain. The displace-

\ T (b4 b7). As
a result, in the Heisenberg picture the strain can be given as

S(x,1) = Spprs(x) (be™ 1O + bTelOn') where S,pr = |/ Ao

is the zero-point strain fluctuation with Young’s modulus E of

ment of NMR can be quantized as x =

the material and the mode volume V},, of the mechanical mode,
and s(x) is a normalized strain profile of the interesting mode.
We are interested in the situation: the effective transition fre-
\/ AR+ AL~ o, e,
the transition frequency of two-levels system is near-resonant

with the frequency of the NMR. When Ej = 0, the Hamilto-
[39,40]

quency of the two-level system oy =

nian (1) can be rewritten in the Schrodinger picture as
1 1
Hy = honb b+ S A +hA (b +b)} G:+ 510G, (2)

. _ Drs(x)
where the coupling strength A = =15

27}5—“:,‘“[“ depends on
the deformation potential and the second-order derivative of
the NMR displacement. For the convenience of discussion,
we transform the eigenbasis of the system to the eigenbases
of the uncoupled two-level system, that is, make the rotation

change: 3911

6;| _(cos@ —sin@) |o;

Gy|  \sin@® cosB ) |o.|’
where cos 0 = At/ wq and sin @ = Ay/®,. Equation (2) can be
transformed to

ho,
Hy = honb b+ chz +hg(b+b") (o +0), (3

where ¢ = A sin 6 denotes the effective coupling strength be-
tween the NMR and the two-level system, and o_ (o) is the
lowering (raising) operator for the two-level system. Mak-
ing use of the rotating-wave approximation to omit counter-

rotating terms, the Hamiltonian in Eq. (3) can be rewritten
25 16:39,40,43.44]

hao,
Hjc = honb b+ quz +hg(bo, +b'c.). 4)

The first and second terms in Eq. (2) describe the energies
of the NMR and qubit, respectively. The last term in Eq. (4)
describes the JC-type coupling interactions between the two-
level system and the NMR. In summary, for the JC-type cou-
pling the following realizable physical conditions should be
met: (a) The two-level system and the NMR are in near res-
onance, and are far-resonance with the cavity field. (b) The
two-well potential satisfies the two-level approximation con-
dition. (c) The conditions of the rotating-wave approximation,
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i.e., the fast oscillation term of far-resonance, can be ignored.
(d) Only consider the effects of the strain on the asymmetry
frequency from NMR. Thus, the total Hamiltonian of the hy-
brid system in the rotating frame can be given by

H = hAlaTal + hAza;az + hJ(aIaz + a;al)
—hyxabas(b" +b) + Hyc + Ha, 5)

where the detunings Aj;) = @,1(2) — @c, @; is the annihila-
tion operators of the i-th cavity field with the decay rate k;
(i = 1,2), respectively. The third and fourth terms in Eq. (5)
describe the coupling interactions between the two cavities,
the optomechanical cavity a, and the NMR, respectively. The

driven Hamiltonian Hg, can be written as
Hy = ihsc(ai—al)—|—ih,5‘p(a;e_im—alem’)7 (6)

2K P, . ..
5 ('0 “P are the intensities of
c.p

with A = @, — .. Here, &, =
both input fields with the power P p.

From the Hamiltonian (5), the evolution of the system is
determined by the quantum Langevin equations, which can be
given as follows:

aj (1A| —|—K|)a] —iJay + € —|—€peiim+ ZK](ZUH(I),
ay=—(1A + Kr)ap — iJa; —i—ixaz(bT +b)+ 210a2 in (1),

b= —(in+ Ym)b+ ixagaz —1g0_ + /2Ymbin (1),
6_=— (iwq + ?)6_ +igbo, ++/I_(t)
= —Y(0.+ 1) —2ig(bo, —b'o-) + /L(1), (7)

where ¥ and 7, are the decay rates of the NMR and qubit, re-
(¢) and I;(r) de-
note the zero-mean environment noises corresponding to the

spectively. The operators aj () in(?), bin(t), I

two cavities fields, the NMR and the two-level system, respec-
tively. In order to solve the nonlinear equations, the mean field
(A) (B) is used here, where A and B are
two arbitrary operators. By the linear way, each operator can

approximation (AB) =

be split as a sum of its steady-state value and an additional
small fluctuation operator, i.e., O = Os+ 80 (O =a;2,b,0-
and o). O corresponds to the stable solution of O, when the
strong driving fields applied to the system; 8O denotes the first
order fluctuation operator of the injected weak field g,. With
these approximations, the steady-state values can be calculated
by
7(Aé — iKz)az,s

als = 7 )

iJ€.
(Al — iK'l)(Aé — iK'z) —./2’
- il(% +ig)|azs|?
(It ion) (B +iey) —g?o.s
_ ighs0; s

ays =

%
o5 +(5)?

@+ (B7+2gb

®)

O;s = —

where A} = Ay — x(bs + bY) is the effective optomechani-
cal detuning of the optomechanical cavity a;. The optome-
chanical system is considered in the resolved sideband regime
Oy, > K and the red sideband regime Aé = . To enhance
the tunneling coupling between two cavity fields, two cavity
= Wp. The NMR has a high
nanomechanical quality factor @y >> %n and resonates with
80, e 14 the

equations of motion for the fluctuations can be rewritten as

modes are near resonant, i.e., A;

qubit, i.e., Wy = @y,. By redefining (60) =

dai, = —(ki —ix)8a, —iJ8as, + &,
— iJ5a1+ + 105b+,

ix)0by +1G*Sar, —igdo__,

5d2+ =
8by = —(Ym—
56, = — (7;‘ _ ix> 56 +igh50., +igdbo.y,

7(1(2 — i)C)SazJr

06, = —(Yq—iA)o;+2igh;60_, —2igdbc”;, (9)
where x = A — wp. G = Yays is the effective optomechanical
coupling strength between the optical model a; and the NMR.
Under the steady-state conditions of (§0. ) = 0, the solution

of the intracavity field 6a;, can be derived as

&

oa), = 7 . (10)
—ix+

|G
—g2075(1q—i4)+2ig3bso*
(B in)(rg—i8)-2¢2 b5 2

K —ix+

Ym—ix+

The response of the system can be detected by the out-
put field at the probe frequency @,. Based on the input-
e iocd 4 Spe’i“’Pt = 2K1a;, where

— —impt —
Eout = Eouts T Eout, € '@ and a; = a5+ 5a1+
[15.45-47)

output relation €y + &
e 1 we can
obtai

Eour = (2K1as — &) e 1O 4 (2Kk16a;, — sp)e*i“’f”. (11)
Here, the first term in Eq. (11) on the right side corresponds
to the output field at the control field frequency @.. The sec-
ond term corresponds to the output field at the probe field fre-
quency @,. We are interested in the output field at the probe

field frequency, therefore we can define the transmission of the
probe field as

e = Eout = 21&']5(114r

& &

=V, + iV, (12)

where v, = Re(ér) and ¥, = Im(er) describe the absorption
and dispersion of the whole system at the probe frequency, re-

spectively.
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3. The multiple induced transparency windows
profile in the output field

In this section, we numerically study the transmission of
a weak probe field through a hybrid optomechanical system.
The parameters we used in the simulation!'%*1 are @y, /27 =
0y/27 = 51.8 MHz, 1 /2n = 15.0 MHz, k, /21 = 1.5 MHz,
Ym/27m = 41.0 kHz, v,/27% = 51.8 kHz, J/2m = 15.0 MHz,
x/27 =2.16 kHz, and g/27 = 10.0 MHz.

In order to more intuitively show the interactions in the
hybrid system and to better understand the physical meaning
of our results, the energy level diagram of the model is plotted
as shown in Fig. 2. We can find that there are three interac-
tion relationships associated with the different subsystem in
our model, i.e., the tunneling coupling interaction between the
two cavities, the optomechanical interaction between the cav-
ity and the NMR, and the JC coupling interaction between the
qubit and NMR. Next, we study the effects of three interac-
tions on the output probe field.

|N1+1,N27n> J ‘NlaN2+17n>
—_— ) —
Wp dressed
G states

|N1,Nog,n+1)

Fig. 2. Energy-level diagram of the hybrid system. The number state of
the cavity i-th photons and phonons are denoted by N; and n. The tun-
neling coupling strength between |N; 4+ 1,N,,n) and [Ny, N2 + 1,n) is J;
the effective optomechanical coupling strength between [Ny, N, + 1,n)
and |N1,N2,n+ 1) is G; and the qubit-NMR coupling strength is g.

First, we assume that the tunnel-coupling strength be-
tween two cavities is negligible, i.e., J = 0, only transition

INi,N2,n) <> [Ny + 1,N2,n) exists in Fig. 2. The absorption
of the probe field shows a single Lorentzian shape because

T 3[(a) Reler] - - - -Im[eq]
g 2
=1
&,
2 0
—1
1.0 -05 0 0.5 1.0
z/wm
3
= 7| () Releq] - ---Imler]
&~
E
W, 1
Q ]
e '
1 L 7
—1.0 -05 0 0.5 1.0

z/wm

there is no quantum interference in the cavity field, as shown
in Fig. 3(a). However, with the tunneling coupling (J # 0) and
without the optomechanical interaction (¥ = 0), the transition
N1 + 1,Np,n) <> |[N1,Ny + 1,n) is additionally driven. The
absorption peak of the output probe field is split due to pho-
ton hopping between two cavities, which leads to the occur-
rence of tunneling induced transparency, as shown in Fig. 3(b).
As we continue to switch on the optomechanical interaction
in the optomechanical cavity a, and keep no interaction be-
tween the NMR and qubit, the additional optomechanical cou-
pling will cause the transition |[Ny,N, + 1,n) <+ |Ni,Na,n+ 1),
which breaks down the symmetry of the tunneling induced
transparency and produces a spectrally sharp absorption peak
to split the single transparency window into two, i.e., the
double OMIT is presented in Fig. 3(c).1*! When the strong
J-C coupling interaction between NMR and qubit is added
and the frequency of NMR resonates with the transition fre-
quency between the upper and lower energy levels of qubit,
the state |Nj,N,,n+ 1) is split into both dressed states, i.e.,
|N1,Na,n+ 1) with the frequency @y + g and [Ny, Na,n+1_)
with the frequency @y, — g. |n+ 14 ) represent the dressed state
introduced by the strong coupling between the qubit and the
single-phonon state, i.e., |[Ny,Np,n+14) = (|N;,No,n+ 1)+
INt,Na,n+1_))/v/2.1481 When a strong control field and a
weak probe field are injected into the optomechanical cavity

ay, the beat frequency A = @, — @ resonates with the effec-
tive NMR. This will produce Stokes and anti-Stokes scattering
due to the radiation pressure. The anti-Stokes fields with fre-
quencies s, = O+ (Om + g) and a5 2 = O+ (Om — g) are
enhanced by the near-resonant cavity field, while the Stokes
fields are actively suppressed because of off-resonant the cav-
ity field.[*** In this case, the destructive interference be-
tween the degenerate probe field and the generated anti-Stokes
fields leads to the transmission spectrum in Fig. 3(d).

E (b) Reler] - =---Imler)
£
=
L,
)
aet
—1.0 —0.5 0 0.5 1.0
/W
= 3 (d) Reler] ---- Im[ET]
=2
g
=
-~ 1
= N
W, 0 " ' ,
) \
o -—-~~~_,II \‘: \‘: V!
—1.0 —0.5 0 0.5 1.0
x/wm

Fig. 3. The absorption Re[er] (blue-solid line) and dispersion Im[er] (red-dotted line) as a function of x/@p, in the different coupling cases;
ie.(@g=0x=0J=0;(b)g=0, x =0,J/2m =150 MHz; (c) g = 0, /27 = 2.16 kHz, J /27 = 15.0 MHz; (d) g/27 = 10.0 MHz,
x/27 =2.16 kHz, J /2w = 15.0 MHz. The other parameters are given as /27 = 15 MHz, k» /2w = 1.5 MHz, ,/27x = 0.1 MHz, %, /21 =

41.0 kHz, and @y /27 = 51.8 MHz.
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4. Effect of the two-level system on the output
field

The two-level system here can be considered as artifi-
cial modulation systems such as qubit, quantum dot or defect
inside the NMR material. When the transition frequency of
the two-level system is at near resonance with the oscillation
frequency of the NMR, the effect of the two-level system on
the motion of NMR cannot be neglected, especially quantum
properties of NMR. [4041] Therefore, in this section we give the
discussions about the effects of the two-level system (qubit) on
the output field. In Fig. 4, we show that the absorption spectra
of the probe field are plotted as a function of x/ @y, for different
values of the qubit-NMR detuning (Aq = &g — @) and cou-
pling strength. In the absence of the qubit—-NMR coupling (i.e.,
g = 0), a symmetrical double OMIT arising from the photon
tunneling and optomechanical coupling is shown in Fig. 4(a)
and corresponds to the case of Fig. 2(c).*3) However, when the
qubit-NMR coupling is considered, a additional transparency
window appears because the two-level system introduces extra
channels with the two dressed states. In the same qubit-NMR
coupling cases, Figs. 4(b)—4(d) show that the symmetry of the
double transparency window is broken due to the qubit-NMR
strong coupling with the different detuning. In the cases of the
red-detuned @q (i.e., @y < @y) in Fig. 4(c) and blue-detuned
0y (i.e., g > O) in Fig. 4(d), the transparency window will
have the corresponding redshift and blueshift by comparing
it with the case of Wy = @y, in Fig. 4(b).1161 As the coupling
strength g increases, the width of the central transparency win-
dow will be widened as shown in Fig. 4(e) compared with
Fig. 4(b). Therefore the two-level system attached on NMR
can greatly effect on the frequency width and intensity of the
output field by changing the coupling strength g and detuning
Aq.

2
1(a)g:0 s Ay=0
0 :
— 9 .
E l(b)g:Q o : quo
)
~ g :
=}
2 11(c) 9= 2.0wr; X Wq<Wm
59 |
2 1 (d) g= 2.0 : Wq>Wm
< I
0
2
1
0

Fig. 4. The absorption Re|er| of the probe field as a function of x/ @y
for different values of qubit-NMR detuning and coupling strength: (a)
§=0, A =0: (b) g = 020, Aq = 0; (¢) g = 020, 0 < Oy: (d)
g =0.20n, ©g > On; () g = 0250y, Aq = 0. The other parameters
are the same as those in Fig. 3.

Furthermore, we study the variations of the triple OMIT
windows in the different cases of the laser powers of the con-
trol field and the decay rates of the two-level system. As

shown in Fig. 5(a), the absorption peaks and the transparency
dips on both sides move away from the center of symmetry
x/ oy = 0, whereas both the center absorption peaks come
closer x/®y = 0 as the laser power value P. increases with
the fixed decay of qubit };. The changes come from both the
enhanced cavity fields due to the high laser power, which are
different from the effects of the qubit-NMR coupling strength
g in Fig. 4. The effects of the decay rate ¥ on the output field
are shown when the other parameters are fixed in Fig. 5(b).
We can find that the positions of absorption peaks and trans-
parency dips remain almost unchanged in the horizontal di-
rection, while the transparency dips get more in-depth, and the
absorption peaks become higher as the decay rate y; decreases.

20— P.=5mW
- -P.=8mW, ¥ (a)
1.5p 7 Pe=1ompy s ' \

1.0}
0.5}

Re [ET]

—0.6

-04 —-02 O 0.2 04 0.6

/W

Fig. 5. The absorption Re[er] as a function of x/@y, in the different
cases of the modulation P, with the fixed y,/27 = 0.1 MHz in (a), the
modulation ¥, with the fixed . =8 mW. The inset in (b) is the en-
larged figure around x/®m = 0.17 MHz. The other parameters are same
as those in Fig. 3.

In addition, we also study the qubit population inversion
0, as a function of the steady-state phonon number n. In
Fig. 6, at the initial time the qubit is prepared on the ground
state |g), the population inversion o firstly rapidly increases,
then reaches a saturation value near zero when phonon num-
ber n increases. This indicates that one can modulate the pop-
ulation inversion o of the two-level system by the phonon
number. We can find that the population inversion changes
faster in the red-detuning case than the blue-detuning due to
the enhanced anti-Stokes and suppressed Stokes fields.

0

702 F

704.

70 10 20 30 40 50 60 70 80 90 100
n

Fig. 6. The population inversion o as a function of the steady-state
phonon number n. The other parameters are same as those in Fig. 3.
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5. Conclusion

In summary, we have investigated the multiple-induced
transparency of a hybrid optomechanical device consisting of
an FP cavity tunneling coupled with an optomechanical cavity,
where the end mirror of the optomechanical cavity is the NMR
coupled to a two-level system. We have analyzed the phys-
ical mechanism of each transparency window by discussing
the generation process of three transparency windows in de-
tail. It is found that each of the three couplings (including pho-
ton tunneling, photomechanical and phonon—-two-level system
couplings) introduces a transition channel. Each of them will
produce a transparent window; finally, the triple transparent
windows are displayed. In addition, we focus on the effects of
the two-level system on the output field and find that the qubit—
NMR coupling strength can change the width of the trans-
parency windows, and the qubit-NMR detuning can break the
symmetry and change the positions of the windows. Further-
more, the effects of the laser power P of the control field and
the decay rate ¥, of the two-level system on the transparency
windows are considered. As the power F. increases, the two
transparency windows on both sides become wider, while the
central transparent window becomes narrower. Although the
decay rate 7y, decreases, the position of the absorption spec-
trum peak is slightly changed, and ¥, has only a slight effect
on the width of the middle transparent window. In addition,
we discuss the relations between the population inversion of
the qubit and the steady-state phonon number in the different
detuning Aq cases.
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