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We propose a scheme that can generate tunable optomechanically induced transparency in a hybrid piezo-
optomechanical cavity system. The system is composed of a high-quality planar distributed Bragg reflector
cavity modified with an embedded Gaussian-shaped defect. Moreover, interdigitated transducers are fabricated
on the surface of the cavity to generate surface acoustic waves. Under the actuation of the surface acoustic
wave, the upper Bragg mirrors can be vibrated as a bulk acoustic resonator, and the distributed Bragg reflector
cavity becomes a standard three-level optomechanical system. In this situation, we show that when a strong
pump optical field and a weak probe optical field are simultaneously applied to the hybrid optomechanical
cavity system, optomechanically induced transparency occurs under the quantum interference between different
energy-level pathways. Our scheme can be applied in the fields of optical switches and quantum information

processing in solid-state quantum systems.
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I. INTRODUCTION

In the field of quantum information, many types of ar-
tificial atomic systems have been proposed to regulate and
manipulate the processing of optical or microwave infor-
mation, including superconducting quantum circuits [1,2],
nitrogen-vacancy (N-V) centers [3,4], semiconductor quan-
tum dots [5,6], and distributed Bragg reflector (DBR) cavi-
ties [7,8]. Furthermore, since most of these artificial atomic
systems can be coupled with both photon and phonon modes,
the optical information can also be operated by modulating the
phonon modes. There are many methods to control the phonon
modes; for example, phonon modes can be driven by the radi-
ation pressure of the optical field or microwave field [9,10].
Moreover, in recent experiments, the phonon modes can
be driven by different types of external mechanical fields,
such as the Lorentz force and piezoelectric force [11,12]. A
representative mechanical field is the surface acoustic wave
(SAW) [13-20], which is generated by the piezoelectric ef-
fect. Since piezoelectric materials are widely used in optically
DBR-cavity systems, the SAW can be applied to modulate the
optical properties of DBR-cavity systems by controlling the
phonon modes [14].

The SAW is a type of phononlike excitation containing me-
chanical vibration modes [13-18]. It is electrically generated
on the surface of the piezoelectric substrate using interdigital
transducers (IDTs), which are driven by the radio-frequency
(RF) voltage source. Furthermore, the SAW contains both
transverse and longitudinal vibration modes; when it prop-
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agates along the surface of the substrate, it simultaneously
propagates downward. The velocity of the SAW propagating
along the surface is determined by the material performance
of the substrate. When the SAW propagates downward, its
vibration frequency can be adjusted with the design of the
IDTs, and the extension depth below the surface is approxi-
mately one wavelength of the SAW. Accordingly, the surface
of the substrate in the vertical direction is vibrated as a bulk
acoustic resonator (BAR), which can be considered a standard
mechanical resonator [4]. Moreover, the intrinsic damping
rate of the BAR is determined by the SAW mode, which
is equal to the linewidth of the SAW mode. In the related
research, the quality factor of the BAR can exhibit the order
of 10°. Correspondingly, its frequency can exceed the order of
gigahertz, and its intrinsic damping rate can exceed the order
of 10 kHz [19-21].

Planar DBR-cavity systems have been applied to realize
light-sound interactions in related experiments [22]. Gener-
ally, the quality of the DBR cavities can be improved by
increasing the number of mirror pairs or optimizing the de-
sign of the structure [23-25], and a representative type of
cavity structure is the DBR-cavity structure modified with the
embedded submicrometer Gaussian-shaped defect. This struc-
ture is proposed by Ding et al.; relative to traditional DBR
structures with the same number of mirror pairs, its quality
factor can be effectively improved by nearly two orders of
magnitude [25]. Physically, when the Gaussian-shaped defect
is sandwiched between the upper and the lower Bragg mirrors,
due to the local change in cavity length and the deformation of
the photonic defect band, the photons are confined in a small
modal volume in the vertical direction. Moreover, the light
scattering induced by the lateral dielectric discontinuities is
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minimized. As a result, the quality of this structure dramat-
ically improves. Based on the finite difference time domain
(FDTD) calculation, the quality factors Q of the designed
DBR cavity can exceed the order of 103 [25].

Here, we propose a hybrid planar DBR-cavity system,
where IDTs are fabricated on the surface to generate the SAW.
Moreover, the quality factor of the DBR cavity is optimized by
the embedded Gaussian-shaped defect, and the DBR cavity
is composed of AlAs and GaAs alternating layers, which are
piezoelectric materials to support the SAW generation. When
the SAW is applied to the system, we can estimate that the
thickness of the upper Bragg mirrors is within the wavelength
scope of the SAW. As a result, the upper Bragg mirrors in the
vertical direction vibrate as a BAR, which can be considered a
mechanical resonator. Accordingly, our system is turned into
a standard three-level optomechanical cavity system [26,27],
which is formed by the energy levels of the DBR cavity and
BAR.

The traditional three-level optomechanical cavity system is
composed of an optical cavity and a mechanical resonator; it
has been applied in many fields, and a representative system is
the optomechanically induced transparency (OMIT) [28-38].
OMIT is a special optical phenomenon. When it occurs, the
susceptibility of the optomechanical cavity system changes;
then, the resonance optical field can be modulated from opac-
ity to transparency. Physically, it arises from the quantum
interference among different energy-level pathways [39—42].
Similar to the electromagnetically induced transparency (EIT)
observed in three-level atomic systems [43,44], OMIT has
been applied in many fields including quantum information
processing [30], fast and slow light [34], and quantum optical
storage [45].

In our system, we show that when a strong pump optical
field and a weak probe optical field are simultaneously applied
to the hybrid optomechanical cavity system, in the presence of
the SAW, a transmission window can be obtained in the weak
output probe field. This phenomenon arises because under
the driving of the SAW, the upper Bragg mirrors vibrate as
a BAR; then, the DBR cavity becomes a A-type three-level
optomechanical system. Under quantum interference among
different energy-level pathways, OMIT occurs; as a result, the
transmission window is observed in the weak output probe
field. Conversely, without the actuation of the SAW, the trans-
mission window disappears.

Compared to traditional micro-nano-optomechanical cav-
ity systems, we propose an artificial DBR optomechanical
cavity system that can be applied in optical quantum infor-
mation processing, such as optical switches and information
storage. Moreover, our system has many advantages:

(i) The parameter settings of our system are flexible;
in particular, both frequencies of the optical cavity and
nanomechanical resonator can be autonomously and accu-
rately designed according to the application requirements.

(i1) Our system combines radio-frequency and optical sig-
nals to realize the electrically controlled quantum optical
information processing.

(iii) The relevant manufacturing technology of the DBR
microcavity our system adopted is mature and feasible, and
our system can be combined with quantum dots and quantum
traps to expand to the field of quantum device integration.

The IDTs

The upper
Bragg mirrors

The lower
Bragg mirrors

High-Q cavity

GaAs GaAs
Spacer Defect

GaAs . AlAs

FIG. 1. Schematic diagram of the hybrid piezo-optomechanical
DBR cavity system, where the IDTs are fabricated on the surface
of the cavity to generate the SAW and the IDTs are driven by the
RF voltage source. The high-Q planar DBR cavity (the area inside
the red dashed box) is modified with the embedded Gaussian-shaped
defect. The cavity is composed of AlAs (dark grey area) and GaAs
(light grey area) alternating layers, and the GaAs spacer (dark yellow
area) is sandwiched between the Bragg mirrors. L denotes the thick-
ness of the DBR cavity, and AL and W denote the thickness and half
width of the Gaussian-shaped defect (blue area), respectively. The
optomechanical cavity is driven by a strong optical pump field (red
arrow) and a weak optical probe field (brown arrow).

The paper is organized as follows. In Sec. II, we describe
the proposed model and derive the system Hamiltonian. In
Sec. III, we present the dynamical process of the system. In
Sec. IV, we discuss the detailed physical mechanism of the
OMIT and study the change in output field controlled by the
SAW. Finally, we make a brief conclusion in Sec. V.

II. MODEL AND HAMILTONIAN OF THE SYSTEM

The hybrid piezo-optomechanical planar DBR-cavity sys-
tem that we propose is illustrated in Fig. 1, where IDTs are
fabricated on the surface of the cavity to generate the SAW.
The IDTs are driven by the RF voltage source, which can
convert the RF voltage signal to SAW via the piezoelectric
effect. The high-Q cavity planar DBR cavity is modified with
the embedded Gaussian-shaped defect, as designed by Ding
et al. to improve the quality factor of the cavity [25]. The
optomechanical cavity is driven by a strong optical pump field
and a weak optical probe field. In detail, in our system, the
quarter-wavelength design for the DBR mirrors is used to
maximize the photon confinement. The DBR cavity is com-
posed of AlAs and GaAs alternating layers. The GaAs spacer
is sandwiched between the upper (10 pairs) and the lower (15
pairs) Bragg mirrors, and the same structure was applied in
the recent experiment in Ref. [14].

Correspondingly, based on the design of the embedded
Gaussian-shaped defect DBR-cavity structure, the photons on
resonance are confined in a small modal volume on the order
of (A/n)® (A is the spacer optical thickness, and 7 is the
refractive index of the spacer material), and the light scattering
induced by the lateral dielectric discontinuities is minimized.
As a result, the quality factor is improved by nearly two
orders of magnitude relative to the traditional DBR-cavity
structure [25].

First, we consider the situation where only a pump optical
field and a probe optical field are simultaneously applied to the
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DBR cavity, and the frequencies of optical fields are referred
to as wp, and w,,, respectively. Moreover, we assume that
the phase difference between the probe and pump fields is
zero, and the phase difference is locked. In this situation,
the DBR cavity is a standard two-level energy system, whose
Hamiltonian is given by

H; = 00" + ihep, (@ e — aer")

+ ihep (@ e — ety (1)

Here, the first term of H; describes the energy of the cavity
mode, where w, is the frequency of the DBR cavity mode. &'
and a are the creation and annihilation operators of the cavity
mode, respectively. The second and third terms describe the

energies of the input optical fields, and €, = \/Pyukq/(Awp,)
and &, = /Pprk,/(iwp,) are the amplitudes of the optical
pump field and probe field, respectively. P,, and P, are the
input powers of the optical pump field and optical probe field,
respectively. «, is the decay rate of the optical DBR cavity.
When the RF voltage source is also applied to the IDTs,
the SAW is generated, and the upper Bragg mirrors vibrate as
a BAR. Then, the Hamiltonian of the BAR can be written as

P 1 252
H=—+ - G°, 2
b 2mh+2mbwbq @)

where ¢ and p are the position and momentum operators of
the BAR, m;, is the mass of the BAR, and wj, is the frequency
of the BAR, which is equal to the frequency of the RF voltage
source. When the upper Bragg mirrors are vibrated as a BAR,
the thickness of the DBR cavity L is changed accordingly.

In our system, the driving power of the RF transmitted by
the IDTs is represented as P,r. Referring to the relevant study
in Ref. [4], we also assume that the SAW energy is uniformly
distributed between the surface and one wavelength deep;
then, the cross-section area through which the SAW travels
is determined as A = liprsAs = s ”Z;W 27, where Iiprs is the
length of the IDTs’ fingers, and vsaw is the velocity of the
SAW. According to the relevant research [4], the vibration
amplitude of the BAR is given as

P
qo = + 3)
477 hpTs Vg Ay P60

where pj, is the average density of the BAR. Based on a recent
experiment [14], the amplitude of the BAR in our system can
exceed 1 pm.

For the BAR whose vibration amplitude is go, referring to
the relevant study in Ref. [4], the total energy of it is given
as £, = Zmbwhzqoz. Taking the derivative of energy E; with
respect to position, we can obtain the amplitude of driving
force induced by the RF voltage source, which is

Frf = 4mba)b2q0. (4)

Since the frequency of the RF voltage source is also wy,
according to the relevant research [4], the Hamiltonian of the

|n,+1n,+1)
|na+1,n>
() (b) ——5
o,
|n,+1) [n,+1,n, -1} o, a e
a, @10, @,
@y} |n,.n, +1)
X - ’
S o} |n.ny)

|na> ‘na,nb —1>

FIG. 2. (a) Energy-level structure of the hybrid optomechanical
system (a) without and (b) with the SAW mode, where |n,) and
|np) are the number states of photons and phonons, respectively. The
energy difference between |n,) and |n, + 1) is the frequency of the
DBR cavity, w,, and the energy difference between |n,,) and |n;, + 1)
is the frequency of the BAR, w,. Here, w,, is equal to w,, with the
relation w,, — w,, = § = wy.

system can be written as

Hp = ( 1— %)wazﬁa + ifig (@' et — aetemt

o)

+ ifie (@t — ey + 2 4 a2
2mb 2

— Frqosin(wyt). &)

Here, we assume that the phase difference between RF and
optical fields is zero, and the phase difference is locked.
Now, we introduce the creation and annihilation operators

for the BAR, which are
. oo .. hopmy & A
q= b+b"), p=i b-0", (6)
Zwbmb 2

where b’ and b are the creation and annihilation operators of
the BAR, respectively. Then the Hamiltonian is rewritten as

Ho = hw,a'a + haopb'b — higonata(b + b")
+ ihep (G e M — ae'rt)tiliep (0T — aer)

— ihg, p(b" + by(eT ! — ent), )

w h
where gy = ¢ o

is the single-photon coupling strength,

and &5 = Fr Wlbm,, is the amplitude of the RF voltage
source. As a result, the initial two-level energy cavity sys-
tem becomes a standard three-level energy optomechanical
system, as shown in Fig. 2. In the frame that rotates at the
frequency of the pump field, with respect to H' = fiw,,a'a —
fiwyb'h and neglecting the fast oscillating terms at the fre-
quencies +2w,, £2wp, the Hamiltonian of the system is
rewritten as

Hp = hiAa'a + hwopb'h — hgoma'a(b’ + b)
+ ihep (@' —a) + ihep (@' e —ae™ )+ ihe, (BT —b),
®)

where A, = w, — wp, is the frequency detuning of the op-
tical cavity from the pump field, and § = w,, — wp, is the
frequency detuning of the optical probe field from the pump
field.
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By combining the amplitude gg of the BAR with the
creation and annihilation operators, the mean values of the
creation and annihilation operators of the BAR are (b) =
(b*y = by [4], and we can obtain

= =,/ , €))
Zwbmb Za)bmb 0

wbmb

where by = qo is the average amplitude of the BAR
phonon operator, and ng is the initial mean phonon number
of the BAR produced by the SAW. Moreover, we can obtain
the relation of the average BAR phonon amplitude and RF

voltage source amplitude, which is shown as by = ;—w’b

II1I. DYNAMICS OF THE SYSTEM

In our system, we consider the situation where the inten-
sities of the optical pump field and the probe field satisfy
the condition ¢, < &p,. The system is operated in a resolved
sideband regime, which satisfies the condition w, ~ «, [40].
Now, we adopt the quantum Langevin equations (QLEs) for
the operators, where the damping and noise terms are supple-
mented [10,42]. Then, the Heisenberg-Langevin equations of
the cavity mode and BAR mode can be obtained as

A Ka\ . . oy A i ~
a= —(iAa + 7)a +igom(b" + b) + £, + £pre”™ +
b= —(iwy+ )b +igamd'a + e,y +E. (10)

Here, f and £ are the quantum and thermal noise operators,
respectively [10]. y is the intrinsic damping rate of the BAR.

Then, we linearize the dynamical equations of the opera-
tors by assuming a = ay; + da, b = by + 6b, which are both
composed of an average amplitude and a fluctuation term.
Here, a; and by are the steady-state values of the operators
when only the strong driving field is applied to the system. By
assuming &,, — 0 and setting all time derivatives to zero, we
obtain

. 2
Epu _ lgom|as| +£rf

as 5 .
i, + %’ o + 2

; 1D
where Al = A, — gom (b} + bs) denotes the effective fre-
quency detuning of the optical pump field from the optical
cavity, including the frequency shift caused by the mechanical
motion. In our system, to ensure a strong-strength coupling
between the optical pump field and the BAR, we consider the
situation where the cavity is driven near the red sideband with
Al ~ wy [39].

Next, by substituting the assumptions @& = a; 4+ da and
b = by + 8b into the nonlinear QLEs and dropping the small
nonlinear terms, we can obtain the linearized QLEs, which are

54 = (;A +5 )8a + iGon (8D + 8b) + £, + f,

>
@'Y

(zw,, +2 )Sb +i(Glda + Goda®) + &, (12)

where G,,, = gomdas is the total coupling strength between the
optical mode and BAR mode.

Furthermore, the fluctuation terms can be rewritten as

—idt 86 — Bl;_’_efizst + Sg_eust

Sa = Sa e +sa_e,

13)

3f=5f+e_i6t+5f_ei&, (Sé :8§+e—i5l+3§_ei5t,

where § 0+ and §0_ (with O =a, b) correspond to the
components at the original frequencies of w,, and 2w,, —
w,r, respectively [46,47]. Next we substitute Egs. (13) into
Eqgs. (12) and ignore the second-order small terms by equating
coefficients of terms with the same frequency, and the compo-

nents at the frequencies w,, can be obtained as

Say = (ma . K-;)am + iGondby + £ + 51,
. (14)
5bhy = (ixb - %)8&, +iGEsa, + 68,
where A, =8 — A/, A, = 8 — wy,.
Next, we take the expectation values of the operators in

our system. The noise terms obey the following fluctuations
in correlation:

O F ) = IN(@o) + 118 — 1),

(FEOF @) = IN@)18@ — 1),

R o (15)
EnE, (1)) = [N(w.) + 118(t — 1),

ELE, (1) = IN(@)18G —1'),

where N(w,) = [exp(hw,/kgT) — 117! is the equilibrium
mean thermal photon numbers of the optical fields and
N(wp) = [exp(hiwy/kpT ) — 11~ 'is the equilibrium mean ther-
mal phonon number of the BAR.

We can safely assume that the optical field satisfies the con-
dition fiw, /kgT > 1 at room temperature. For the BAR driven
by the SAW, whose frequency is in the gigahertz regime, the
environment temperature in the millidegrees Kelvin regime,
which can be reached inside a dilution refrigerator, is suffi-
cient to ensure that fiw,/kpT > 1 [26,48]. We assume that
our system is operated in the millidegrees Kelvin temperature
regime, and the quantum and thermal noise terms can be
ignored.

Under the mean-field steady-state condition (8a) = (8b) =
0, we can get the solution of (6a. ), which is

(% —irp)ep .
(%a - l)\a)(% - l)‘-b) + Gz)1112

Based on the input-output relation, the output field at the
probe frequency w), can be expressed as [39,47]

(8ay) = (16)

Eowr = Ka{dly) — Epr- (17)
Then the transmission coefficient f,, of the probe field is given
by [27,42]

OUi (18A
tpr=81=K(a+>—1- (18)

Epr Epr
altd)

By defining 7 = , we can obtain the quadrature 7 of

the output field at frequency w,r, Which is
Ka(— — lkb)

= , 19
T = % Zing) (2 = iky) + Gon? 1)
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which has the standard form for the OMIT [39]. The real part
Re[er] and imaginary part Im[er] describe the absorptive and
dispersive behaviors of the system, respectively. Correspond-
ingly, the power transmission coefficient is further defined as

Tpr =] Lpr |2- (20)
Moreover, the phase ¢ of the output field can be given

as [49]

¢r = argler] = %Im(e—I) @1
l ST

In the red sideband region, the rapid phase dispersion can
cause the group delay 7 of the probe field, which can be

expressed as
1
o= 290 _ Im|:— der } (22)

0w, &1 0wy

IV. SAW-CONTROLLED OMIT AND PHYSICAL
MECHANISM OF THE SYSTEM

We present below a discussion of the feasibility of the
tunable OMIT in the hybrid piezo-optomechanical cavity
system. In our system, the parameters that we used are
described above, all of which are based on realistic sys-
tems. For the high-Q DBR cavity, the thicknesses of the
GaAs and AlAs layers are A/4nguas ~ 64.8 nm (refractive
index ngaas = 3.57) and A/4najas ~ 77.6 nm (refractive in-
dex najas = 2.98), respectively. Correspondingly, the GaAs
spacer optical thickness of the DBR cavity is A = 925 nm,
the corresponding frequency is w, = 324 THz, and the actual
thickness is L = A /ngaas = 259.1 nm. To improve the quality
of the DBR cavity, referring to the same structure proposed
by Ding et al., the shape of the defect is defined by the
Gaussian function G(x) = ALe=*"/>" where AL and W are
the thickness and half width, respectively, as shown in Fig. 1.
In our system, we assume that AL = L/10 = 25.9 nm and
W = L = 259.1 nm. We can estimate that the quality factor of
our system is increased to 10°, and the corresponding cavity
linewidth is approximately 3.5 GHz, so our system satisfies
the condition of the sideband-resolved regime w;, ~ k, [40].

The BAR is driven by the SAW, which is generated by the
IDTs, and the length of the IDTs’ fingers is /iprs = 400 pm.
The thickness of the upper ten pairs of Bragg mirrors is ap-
proximately 1.42 pm; as a result, it is within the wavelength
scope of the SAW, whose wavelength is A; =2.9 um. In
our system, the selected frequency of the BAR is w;/2m =
1.05 GHz, which was used in the recent experiment. Based
on the related studies, the quality factor of the BAR ex-
hibits the order of 10°. Accordingly, we can estimate that
the intrinsic damping rate of the BAR is y,, /2w = 10.5 kHz,
which satisfies the OMIT occurring condition «, > y;, [39].
Moreover, their material densities are pgaas = 5.37 g/cm3
and pajas = 3.72 g/cm?, and we can estimate that the average
density p, ~ 4.47g/cm? and the effective motional mass of
the BAR is m;, = 0.33 pg. Then, based on the parameters that
we use, the single-photon coupling strength can be estimated
as gom/2m = 1.54 x 107 Hz.

Furthermore, to ensure that OMIT can be generated, the
total optomechanical coupling strength should satisfy the con-

0.04 0.06

0.04 0.06

-0.005 0 0.005 0.01 0.015 0.02
(8-mb)lmb

.
So

.02 -0.015 -0.01

FIG. 3. (a) Real part Re[er], (b) imaginary part Im[er], and
(c) power transmission coefficient T, of the optical probe field
as functions of (6 — wp)/wy,. The solid blue line and dotted black
line represent the situations with and without the SAW mode, re-
spectively. The other parameters that we used are w,/2m = 324
THz, k,/2mw = 3.5 GHz, w,/2n = 1.05 GHz, y,/27 = 10.5 kHz,
8om/27 = 1.54 x 107 Hz, P,, = 0.015 W, and P,; = 0.005 W.

dition Gy > /KaVb/2, where a typical transmission window
can be obtained [42]. Combining this condition with Egs. (3)
and (11) and dropping the small terms, we obtain the max-
imum power of the RF voltage source, which satisfies the
relationship

2
8K hpTsv3 1 A,

P, < < 14 IDTsUSAW:Ob> £ n . (23)
mp KaVb 28om

where the relevant parameters are discussed and provided
above. To ensure by > 1, by combining Egs. (3) and (9), we
obtain the minimum power of the RF voltage source, which
satisfies the relationship

2
87 Iiprs Usaw Pb
my '

> 24)

Next, we discuss the tunable OMIT behaviors of our sys-
tem. First, based on the selected parameters, Re[er], Im[e7]
and the power transmission coefficient of the optical probe
field as a function of (§ — wp)/w; are plotted in Fig. 3, and
the solid blue line and dotted black line represent the situ-
ations with and without the SAW mode, respectively. When
the SAW mode is absent, no transparency window can be
obtained in the transmission spectrum curve. However, when
the SAW mode is present, a transparency window is obtained
in the transmission spectrum curve, whose center position is
determined by the frequency point § — w, = 0. As a result,
our system can be applied in the fields of optical switches,
high-resolution spectroscopy, and quantum information pro-
cessing, which have been extensively studied [36,38].

The phenomenon in Fig. 3 arises as follows: when the SAW
is absent, the initial system is a two-level cavity system, as
shown in Fig. 2(a). It also corresponds to the situation where
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0.02

-0.02

FIG. 4. Power transmission coefficient T}, of the optical probe
field as functions of (6 — wy,)/w;, and pump field power strength P,,.
P, is 1 x 1078 to 3 x 1078 W, and the other parameters are identical
to those in Fig. 3.

gom = 0, referring to Eq. (1). As a result, the quantum interfer-
ence between the energy levels cannot induce the occurrence
of OMIT, and no transparency window appears. However,
when the system is driven by the SAW, the upper Bragg mir-
rors vibrate as a BAR. Then, the initial two-level cavity system
becomes a standard three-level optomechanical system, which
is formed by the energy levels of the DBR cavity and BAR,
as shown in Fig. 2(b). Under the effect of the optical radiation
pressure, the destructive quantum interference between differ-
ent energy-level pathways can be generated. Then, the OMIT
phenomenon occurs, and a transparency window is obtained
in the transmission spectrum curve. The relevant mechanism
has been extensively studied [36,38,39].

Figure 4 presents the power transmission coefficient 7},
with respect to (§ — wj)/wy, for different strengths P, of the
optical pump field. In the presence of the SAW, when P,,
increases, the transmission window at the frequency position
& = wy, widens. The reason is that in the OMIT situation, the
width I" of the transmission window is proportional to the op-
tical pump field power with the relations I' = y;, + 4G .2 /Ka
and G, = gomas, and the relevant mechanisms have been
extensively studied [26]. As a result, this phenomenon can be
applied in the fields of optical switches and optical quantum
information process.

Figure 5 presents the power transmission coefficient 7},
with respect to (8 — wp)/w, for different powers P,y of the

0.8
0.6
0.4
10 1.5880.2
P(W) 05 07 4
.5 -1 ) x10
10° -15 (S-mb)/mb

FIG. 5. Power transmission coefficient T}, of the optical probe
field as functions of (6 — wy)/w;, and RF voltage source power P, ;.
P,.;is 107 to 107® W, and the other parameters are identical to those
in Fig. 3.

. J
-

5 0
(S-mb)lmb

2
02 0415 04 -00 005 04 015 02

() x10°
i"'_ 1 \\‘
0 T
10" 10° 10°
P_ (W)
pu

FIG. 6. (a) Phase ¢ of the optical probe field as a function of
(6 — wp)/wyp. (b) Group delay t7 as a function of pump field power
strength P,,. The other parameters are identical to those in Fig. 3.

RF voltage source. When the SAW is generated by the IDTs,
which is driven by the RF voltage source, with the increase in
P, s, the power transmission coefficient at frequency position
8 = wyp, decreases. The reason is that in the OMIT situation,
the power transmission coefficient 7). is proportional to the
total coupling strength G,,, = g.,mas. Based on Egs. (3), (9),
and (11), the average phonon number a; of the pump field
can be determined by P,.y. With the increase in P,f, the total
coupling strength is diminished; hence, the power transmis-
sion coefficient at frequency position § = w;, decreases. The
minimum and maximum values of the RF voltage source
power approximately correspond to transmission coefficients
of 1 and 0, respectively, as presented in Egs. (23) and (24). The
relevant mechanisms have also been extensively studied [26].
This phenomenon can also be applied in the field of optical
quantum information processing.

To further explore the characteristics of our system, when
OMIT occurs, the phase ¢ as functions of (§ — wp)/wp and
group delay 77 as functions of pump field power strength
Py, are plotted in Fig. 6. Figure 6(a) shows that when OMIT
occurs, the phase at frequency position § = wj, is excessively
modulated, which indicates that the group velocity of the
probe field is altered. This situation generates a slow-light ef-
fect. Figure 6(b) shows that with increasing pump field power,
the group delay of the probe field decreases. When the power
of the pump field is sufficiently weak, the maximal time of the
group delay can reach 0.03 ms. As a result, our system can be
applied in the field of optical quantum information memory in
solid-state systems.

V. CONCLUSION

In conclusion, we propose a scheme to generate tunable
OMIT in a hybrid piezo-optomechanical cavity system. The
system is composed of a high-quality planar DBR cavity
modified with an embedded Gaussian-shaped defect. More-
over, IDTs are fabricated on the surface of the cavity and can
generate the SAW under RF driving. We show that when a
strong pump optical field and a weak probe optical field are
applied to the hybrid optomechanical cavity system, in the
presence of the SAW, a transmission window can be obtained
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in the weak output probe field. In the presence of the SAW, the
upper Bragg mirrors vibrate as a BAR, and the DBR cavity
becomes a A-type three-level optomechanical system. As a
result, the destructive quantum interference between differ-
ent energy-level pathways generates OMIT, which makes a
transmission window appear in the weak output probe field.
Conversely, without the SAW, the transmission window in
the weak output probe field disappears. Our scheme can be
applied in the fields of optical switches, quantum information
memory, high-resolution spectroscopy, and quantum informa-
tion processing in solid-state systems.
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