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Abstract: We present a scheme for realizing phase-controlled entanglement in a microwave optome-
chanical system comprising two microwave cavities and two mechanical oscillators. Under specific
driving conditions, we show that this optomechanical interface can be exploited to generate simul-
taneously the stationary cavity—cavity entanglement, mechanical-mechanical entanglement, and
cavity-mechanical entanglement. Due to the closed loop interaction, we find that the entanglement
can be controlled flexibly by tuning the phase difference between the optomechanical coupling
strengths. The dependence of the entanglement on the amplitudes of the optomechanical coupling
strengths is also explored in detail. Moreover, the bipartite entanglements are robust against tempera-
ture, and it is shown that the mechanical oscillators are cooled to the ground state in the parameter
regimes for observing entanglement.
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1. Introduction

Entanglement, one essential feature of quantum mechanics, is an indispensable re-
source for quantum information processing. This phenomenon has been demonstrated in
various systems, such as superconducting qubits [1], atomic ensembles [2,3], individual
atoms [4] and ions [5], and electron spins [6]. In the past few decades, mechanical oscillators
with high resonance frequencies and quality factors have been extensively explored. They
can be coupled to a variety of quantum systems, including superconducting qubits [7],
quantum dots [8], a single-spin qubit [9], Bose-Einstein condensate [10], and to photons
at nearly arbitrary wavelength. Recently, entanglement between mechanical oscillator
and atomic spin ensemble [11] as well as the phonon-mediated entanglement between
two superconducting qubits [12] have been demonstrated. Therefore, hybrid mechanical
systems provide a promising platform for building quantum networks [13].

Cavity optomechanical systems, where the mechanical oscillator interacts with the
electromagnetic cavity via radiation pressure, can also serve as an excellent candidate for
the interface that connects different components in quantum networks [14-22]. Recent
milestones in this field include cooling of the mechanical oscillator to the quantum ground
state [23-25] and observation of quantum effects such as optomechanical squeezing of light
and mechanical motion [26-29]. Moreover, a myriad of schemes have been proposed to gen-
erate the entanglement based on optomechanical systems [30-48]. Recent optomechanical
experiments have successfully demonstrated the entanglement between photons and a me-
chanical oscillator [49], between two mechanical oscillators [50-53], and between photons
at both optical [54] and microwave [55] frequencies. Very recently, significant attention has
been paid to the nonreciprocal transmission in multimode optomechanical systems with
closed loop interaction [56-70], where the phase difference between the optomechanical
coupling strengths can be exploited to control the direction of light propagation. In addition,
it has been shown that the light-vibration entanglement can be controlled by the phase
difference in three-mode optomechanical systems [71,72].
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Here, we study the phase-controlled entanglement in a four-mode optomechanical
system, which consists of two cavity modes coupled via two mechanical oscillators [64—68].
To generate the entanglement quantified by logarithmic negativity, the cavities are driven by
four tones, including two blue tones and two red tones. By tuning the phase difference and
the optomechanical coupling strengths, we show that this hybrid system provides a plat-
form to generate simultaneously the cavity—cavity entanglement, mechanical-mechanical
entanglement, and cavity—mechanical entanglement. Furthermore, we find that the station-
ary entanglement is robust against the environmental temperature and both the mechanical
oscillators can be cooled to the ground state. Our scheme could be realized based on the
current experiments [64—67].

2. Model and Theory

We consider the optomechanical system schematically shown in Figure 1a, where two
cavity modes are, respectively, coupled to two mechanical oscillators via radiation pressure.
The Hamiltonian of the system is given by

2 2 2 2
H/h = Z cu,-afai + Z Qib;rbi + Z Zgo,ija;.[‘gi(b]f + b].)
i=1 i=1 i=1j=1

2 2 , .
LT el ¢ et o
i=1j=1

where the first term describes the energy of the cavity modes with creation (annihilation)
operators a (a') and resonance frequency w;; the second term represents the mechanical
modes with creation (annihilation) operators b (b') and resonance frequency Q;; the
third term denotes the optomechanical coupling between the cavity modes 4; and the
mechanical modes b; with g ;; being the vacuum optomechanical coupling strength; and
the last term corresponds to the interaction between the cavity modes and the driving
fields with amplitude ¢;;, frequency wy;;, and phase ¢;;. We linearize the Hamiltonian
by expanding cavity modes as the sum of their steady-state field amplitudes and the
small fluctuations, i.e., a; — a; + 2]2:1 ocijefi“"’/"f f, where a;; is the coherent state amplitude
produced in cavity i due to the drive with detuning A;; = w; — w;;;. Here, we choose
A1 =146, Ap = —(Qa+ ), Ay = —(O + 1), and Ay = Oy + 6, with §; being
the extra detuning from the exact red (blue) sidebands to study the entanglement in this
system, as shown in Figure 1b. Moving into the rotating frame with respect to Hy/f =
212:1 wia;ra,' +(O; + 5,-)bzrbi and neglecting the counter-rotating and off-resonant terms
under the condition of Q;, |Q1 — Q| > {x;, G11, G2, J12, J21}, the linearized Hamiltonian
can be derived as (see details in Appendix A)

2 . . . .
H/h=— Z 5,b:fbl + (Gllel(f’ll ﬂ{bl + ]126’14)12&.{1?; + ]21€l¢21 a;b{ + G22€l¢22ﬂ;b2 + H.C), (2)
i=1

where G = goa1lai|, Gn = goxlaxn|, Jiz = goz2|a12|, and Jn1 = gop1laz| are the
field-enhanced optomechanical coupling strengths. Here, we denote G;j(J;j) as the red
(blue) sidebands of cavity 4; on the mechanical mode b;. Due to the loop interaction
in this optomechanical system, only the phase difference between the optomechanical
coupling strengths has physical effects. By redefining the operators a; — aje'®11,b, —
boe!#12=¢11) gy — g,¢'921, the Hamiltonian Equation (2) becomes

H/h = —81biby — 8,b3by + Giq(alby + a1bl) + J12(albd + a1bo) + Jo1 (adbl + agby)
+Gop (a3 bre™ 4 ayble'?), (3)

with ¢ = ¢11 + P21 — P12 — P22 being the phase difference.
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Figure 1. (a) Schematic of the optomechanical system. Two cavity modes a; and a; are, respectively,
coupled to two mechanical modes b and b, with the effective optomechanical coupling strengths
G11, J12, J21, and Gpy. (b) Frequency domain schematic of the four-tone driving scheme. Cavity mode
a1 with resonance frequency wy is driven by two tones at frequencies w11 = wq — ({4 + 1) and
wy1p2 = w1+ (O + 8,). Cavity mode a, with resonance frequency wj is driven by two tones at
frequencies w1 = wy + (N +01) and wyp = wp — (D + 67).

According to the linearized Hamiltonian (3) and Heisenberg equation of motion, the
quantum Langevin equations (QLEs) can be derived by adding the damping and input
noise terms phenomenologically [64,65,67,68], which yields

_ K . ,
a; = f%al — 1G11b1 - 1]12b§ + \/ﬂal,mr
. K2 / —i
dp = —?112 i]n b1 iGooboe 9 + \/@az,in/
by = — (Zl 151> by —iGi1a1 — 12185 + /Y1b1in,

by = — (% - i5z> by — iJ1pad — iGpaze™ + \/12bain, 4)

where «k; (i = 1,2) is the decay rate of cavity mode a; with zero-mean noise operator
a;in, and v; is the damping rate of mechanical mode b; with zero-mean operator b; ;j,.
Defining the quadratures U; = (a; +al)/V2, V; = (a; —al)/iv2, X; = (b; +b])/V2,
P; = (b; — b]) /i\/2, and the corresponding input noise operators U; i = (a;in + afm) /V2,
Vi,in = (ai,in - a:'r,jn)/i\@/ Xi,in = ( iin T bjm)/\[ Pz in = ( zm)/l\/7 2, the linearized
QLEs can be written in the following compact matrix form:

jut) = Au(t) +n(t), ©)

where pu(t) = (Up(t),
tuation operators, n(t

\/7P1,1n( ) \/7X21n

coefficient matrix

t), Ua(t), Va(t), X1 (t), Py(t), Xa(t), Po(t))T is the vector of the fluc-
(\/>u1m(§ /\/>V11n< ) \/>u21n( ) \/>V21n( ) \/>X1m( )

t), v/72P2in(t))T is the vector of the corresponding noises, and the



Photonics 2022, 9, 818

4 of 14

0 0 0 0 Guy 0 A
—K1/2 0 0 —Gq 0 —J12 0
0 —x2/2 0 0 —Jnn  —Gypsing  Gycos¢
0 0 —%p/2 =) 0 —Gpcosdp —Gpsing ©)
Gn 0 =] —m/2 =& 0 0
0 =z 0 1 —71/2 0 0
—J12 Gpp sin ¢ Gpp cos ¢ 0 0 -T2 /2 —dp
0 —Gypcos¢p  Gysing 0 0 0> —72/2
The formal solution of Equation (5) is
t
p(E) = MORO) + [ dsM(s)n(t —s), @)
where
M(t) = exp{At}. 8)

The system is stable when all of the eigenvalues of A have negative real parts, which
can be derived from the Routh-Hurwitz criterion [73]. When the stability conditions are
fulfilled, one can obtain M(c0) = 0 in the steady state.

The steady state of the system is a zero-mean Gaussian state due to the linearized
dynamics and the Gaussian nature of the input quantum noises, which is fully characterized
by an 8 x 8 correlation matrix (CM) V, with its components

Vij = [{ni(e0)pj(00) + pj(c0)i(e0))] /2. ©)

When the system is stable, by substituting Equation (7) into Equation (9), we can obtain
Vi= X [ ds [ ds My ()M ()b (s — <), (10)
k170 0

where @y (s —s') = ((ng(s)ng(s") + ny(s")nk(s)))/2 = Dyd(s —s’). According to the
correlation functions that the noise operators satisfy,

(@iin(5)a) i (s)) = 6(s — '), (a1 () aiin(s)) =0,
(biin(8)b1n (")) = (i +1)8(s —5"), (b]3n (5 )bijin(5)) = nyid(s —'),  (11)

where 1, ; = {exp[iQ;/ (kgT)] — 1} ! denotes the thermal phonon number of the mechani-
cal mode b; with kg being the Boltzmann constant and T being the environment temperature,
we can obtain D = Diag[k1/2,%1/2,%2/2,%2/2, 211+ 1)71/2, Qi1 +1)71/2, 1o +
1)72/2, (202 + 1)72/2], and Equation (10) becomes V = [;° dsM(s)DM(s)T. The time
evolution of the correlation matrix V satisfies V(t) = AV(t) + V(t)AT + D [36]. In the
steady state, the correlation matrix V fulfills the Lyapunov equation [30]:

AV + VAT = —D, (12)

which is a linear equation for V and can be straightforwardly solved for given parameters
in matrix A and matrix D; but the general analytical expression is too cumbersome to be
reported here. The bipartite entanglement between different modes can be quantified by
the logarithmic negativity [30,31,74]

En = max[0, —In2y ], (13)

where y~ = 2_1/2{Z(pr) — [2(Vpp)? — 4 det pr]l/z}l/z, with X(Vpp) = det B + det B’ —
2det C. The reduced CM Vj,, contains the entries of V, and it can be obtained by selecting
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the rows and columns of the interesting mode in V. By writing the reduced CM V;,;, in a
2 x 2 block form, we have

Vip = < K~ ) (14)

Note that matrix A in Equation (6) contains the phase difference ¢; hence, the correla-
tion matrix V and the logarithmic negativity Ex depend on ¢. We will study how to control
the entanglement quantified by Equation (13) in this optomechanical system by tuning the
phase difference ¢.

Furthermore, based on the correlation matrix V, the final average phonon numbers in
the mechanical modes b; and b, can be calculated by

Vs + Voo — 1
t 5,5 6,6

(bfbr) = nf = 20—,

(bby) = ngc - w, (15)

which affect the quantum entanglement in the hybrid system.

3. Results and Discussion

In this section, we choose the parameters from a recent experiment to demonstrate the
numerical results about the phase-controlled entanglement in this system. The parameters
are [65] () /27t = 4.34 MHz, () /27m = 5.64 MHz, x1 /27t = 2.42 MHz, x5 /27t = 1.98 MHz,
v1/2m = 40 Hz, 7,/2n = 80 Hz, and T = 20 mK. The system works in the resolved
sideband regime and the rotating-wave approximation is valid.

In Figure 2, we plot the logarithmic negativity Ex between (a) the two cavity modes as
well as (b) the two mechanical modes versus the optomechanical coupling strength Gy, /27t
and the phase difference ¢ /7. At Gy = 0, the optomechanical interactions cannot form
a closed loop and the phase-dependent effect is absent. With the increase in the coupling
strength Gyy, it is evident that the quantum entanglement depends on the phase difference
¢. Note that cavity mode 4; is driven on the blue (red) sideband of the mechanical mode
by (b1), while cavity mode 4y is driven on the blue (red) sideband of the mechanical mode
b1 (D). Therefore, the parametric-amplifier interaction ]12((1’1Lb§L + a1b,) entangles a7 and
by, and the interaction Jp; (a‘szI + apby) entangles a; and by. Moreover, the beam-splitter
interaction Gyq(alby + a1b}) swaps a1 and by, and the interaction Gy (a5bre ™ + ayble?)
swaps ap and bp. Consequently, the two cavity modes can be entangled via the routes
a1 <> by &> ap and a1 < by <> ap, and the two mechanical modes can also be entangled
via the routes by <+ a; <> by and by < ay <+ by, where the phase difference ¢ plays a
vital role. At ¢ = 71, we can see that both the cavity—cavity and mechanical-mechanical
entanglement firstly decrease from an initial value to zero when Gy, increases. With further
increasing Gy above a critical value, it is shown that the quantum entanglement starts to
increase again. This phenomenon is closely related to the quantum interference between
the eigenmodes of the system [34].

We proceed to study the effect of the entangling-interaction strength 1, on the en-
tanglement in Figure 3, assuming J»; = ]2 for simplicity. Figure 3a and Figure 3c plot,
respectively, the dynamics of the cavity—cavity entanglement and mechanical-mechanical
entanglement for ¢ = 0,77/2, and 7. It is shown that stationary entanglement can be
achieved after t ~ 2 us, which depends on the phase difference ¢. Moreover, Figure 3b
and Figure 3d plot the stationary cavity—cavity entanglement and mechanical-mechanical
entanglement as functions of the entangling-interaction strength J;, /27 for different values
of phase difference ¢. At ¢ = 0, both the cavity—cavity entanglement and the mechanical-
mechanical entanglement are enhanced monotonically with the increase in the coupling
strength [1, in the parameter regimes. When the phase difference ¢ is tuned to be /2
or 7, the stationary logarithmic negativity Ey becomes larger and reaches the maximum
with the increase of Ji,. With further increasing /15, the entanglement will decrease and be
zero above a critical value of J1;. On one hand, it is straightforward that the entanglement
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can be enhanced by increasing the coupling strengths J1, (J1), which are strengthened
by the blue-detuned driving fields. On the other hand, increasing J15 (J21) can suppress
the cavity-cooling effect for given Gy, (Gp1) and increase the effective temperature of the
cavity and mechanical modes, which will reduce the entanglement. In addition, when the
coupling strengths [ and J»1 are too strong, the system will become unstable. Therefore,
the maximum entanglement is achieved by balancing these two competing effects [35].
Throughout this work, we have checked numerically that the chosen parameters satisfy the
stability condition.

(a) 2
0.03
1.5
£ 9 0.02
S
0.5 0.01
0 0
0 0.2 0.4 0.6 0.8 1
G,,/2r (MHz)
(b) 2 : 0.6
1.5
0.4
=
= 1
0.2
0.5
0 : : 0
0 0.2 0.4 0.6 0.8 1
G,, /2 (MHz)

Figure 2. Contour plots of the logarithmic negativity Ex between (a) the two cavity modes and (b) the
two mechanical modes as functions of the coupling strength Gy, /27t and the phase difference ¢/ 7.
Parameters are ()1 /27t = 4.34 MHz, (), /27 = 5.64 MHz, k1 /271 = 2.42 MHz, x; /27 = 1.98 MHz,
Y1/2m =40Hz, v, /2m =80 Hz, 61 = 5, =0, G11/2m = 0.5 MHz, J,1 = J1» = 27 x 0.15 MHz, and
T =20 mK.

Furthermore, we study the phase dependence of the optomechanical entanglement in
Figure 4. The logarithmic negativity Ex between the two cavity modes is plotted as a func-
tion of the phase difference ¢ for different values of ], in Figure 4a. At J1,/(27) = 0.1 MHz,
the maximum cavity—cavity entanglement is achieved around ¢ = 77 and the minimum
value locates at ¢ = 0 (271). However, when the value of J; is increased to be 0.2 MHz and
0.25 MHz, the peak around ¢ = 7 turns into a dip. Especially, the cavity—cavity entangle-
ment in the vicinity of ¢ = 7 is absent for J;; = 0.25 MHz. Therefore, the phase difference
¢ can be exploited as a switch of the cavity—cavity entanglement between zero and nonzero
value. Similarly, Figure 4b plots the logarithmic negativity Ey between the two mechanical
modes versus the phase difference ¢. It is shown that the mechanical-mechanical entangle-
ment reaches the minimum at ¢ = 7 and the maximum at ¢ = 0 (277) for J1,/27 = 0.1,0.2,
and 0.25 MHz. Moreover, the entanglement can be strengthened monotonically by increas-
ing the coupling strength J1, at ¢ = 0 (277). Consequently, the quantum entanglement can
be controlled by the phase difference in this optomechanical system.
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Figure 3. Logarithmic negativity Ey affected by the phase difference ¢. (a) Time evolution of the

logarithmic negativity Ey between the cavity modes a1 and ap with J15 /271 = 0.2 MHz for ¢ =0, 7/2,

and 7t. (b) Stationary logarithmic negativity Ey between the cavity modes a; and a, as a function

of J1o/2m for ¢ = 0, /2, and 7. (c) Time evolution of the logarithmic negativity Ey between the
mechanical modes by and b, with [1,/27m = 02 MHz for ¢ =0, ¢ = 71/2, and ¢ = 7. (d) Stationary
logarithmic negativity Ey between the mechanical modes b; and b; as a function of 1, /27 for ¢ =0,
nt/2, and 7. Here, ¢ = 0,71/2, 7w correspond to the solid line, dashed line, and dash-dotted line,
respectively. Other parameters are the same as Figure 2, except G /27m = 1 MHz. Here, we keep

J1 = J12-
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0.04' ,—-\‘ —-\‘
LuZ

\‘\ ‘/. -
04 = - - ‘\‘ /./ -
W ) \\;\ 27
\'\ Vid
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Figure 4. Plots of the logarithmic negativity Ey between (a) the two cavity modes and (b) the two
mechanical modes versus the phase difference ¢/ for J1,/2m = 0.1 MHz (solid lines), 0.2 MHz
(dashed lines), and 0.25 MHz (dash-dotted lines). The other parameters are the same as those

in Figure 3.
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As mentioned above, the entanglement between the two cavity (mechanical) modes
is realized via the entanglement transfer between the cavity and mechanical modes. In
Figure 5, we study the optomechanical entanglement between the cavity mode a; (a;) and
mechanical mode b (by). Figure 5a plots the time evolution of the logarithmic negativity
En between the cavity mode 2; and mechanical mode bp with [1,/27r = 0.15 MHz for
different values of phase difference ¢. It is shown that stationary entanglement can be
achieved after t ~ 2 us and it is strengthened when the the phase difference ¢ is increased
from 0 to 7t. The logarithmic negativity Ex between a; and b, versus the entangling-
interaction strength [, is plotted in Figure 5b, which shows that stationary entanglement
can be enhanced by increasing the strength J1, and reaches the maximum at some critical
value for ¢ = 0 and 77/2. In the chosen parameter regime, the stationary entanglement
increases monotonically with the increase in J1, for ¢ = 7. In addition, Figure 5c plots the
time evolution of the logarithmic negativity Ey between a, and b for ¢ =0, 71/2, and 7,
where stationary entanglement can also be obtained. The stationary entanglement between
ay and by versus [, is plotted in Figure 5d, where the maximum entanglement is achieved
around J1,/27 = 0.15 MHz for various phase differences. Figure 5 also shows that the
stationary entanglement between a, and b; is weaker than the entanglement between a4
and by, which is mainly due to Gy > Gy; under consideration.

) 0.6 ®)

0.20

4
015} [ o === === — = = 1 20
] / w - = =4

0.10 ‘/\ 0.2 P
0.05{ 2

0.005—55 70 75 20 °80 01 02 03 02 05

t(us) Jio/27 (MHZ)
0.20 0.05
(c) (d)
0.15 0.04
0.03 R
uF 0.10 7 P
0.02} /7 \
| / \
005 ------ - 001 / \
1 / —— ] I \ " -
0.08, 70 15 20 °%o 07T 02 03 04 o5
t(us) Jypl21 (MHZ)

Figure 5. Logarithmic negativity Ey between the cavity and mechanical modes affected by the phase
difference ¢. (a) Time evolution of the logarithmic negativity Ey between the cavity mode a; and
mechanical mode b, with Ji5/27m = 0.15 MHz for ¢ = 0, /2, and 7. (b) Stationary logarithmic
negativity En between the cavity mode 41 and mechanical mode b, as a function of [1, /27t for various
phase differences. (c) Time evolution of the logarithmic negativity Ey between the cavity mode a;
and mechanical mode b; with J1/27 = 0.15 MHz for ¢ = 0, 77/2, and 7. (d) Stationary logarithmic
negativity Ex between the cavity mode 2, and mechanical mode by versus the [1, /27 for various
phase differences. Here, the solid line, dashed line, and dash-dotted line represent ¢ = 0, 7r/2, and 7,
respectively. The other parameters are the same as those in Figure 3.

The robustness of the quantum entanglement with respect to the environmental tem-
perature is shown in Figure 6. The value of Ey decreases with the increasing temperature
for various phase differences. Figure 6a plots the logarithmic negativity Ey between the
cavity modes a; and a; versus the temperature T. At ¢ = 0, the cavity—cavity entanglement
persists up to 150 mK. The entanglement vanishes at higher temperature for ¢ = /2
and ¢ = 1. The entanglement between the two mechanical modes shown in Figure 6b
is stronger than the cavity—cavity entanglement and survives at higher temperature. In
addition, the entanglement between the cavity mode a; and mechanical mode b, versus the
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temperature is plotted in Figure 6¢, where Ey ~ 0.11 can be obtained for T = 400 mK and
¢ = 7. The logarithmic negativity Ey between the cavity mode a; and mechanical mode by
is much smaller than the value in Figure 6¢ and survives at much lower temperature, which
results from Gy, > Gi1. The value of Ey between a; and by can be increased by reducing
Go, but the entanglement between the two cavity (mechanical) modes will be absent in

some parameter regimes shown in Figure 2.

0.04 \(a) 4yt 0.3 ® by-b,
0.03 0.2
= =z 0.
Y 0.02 I
0.01 0.1
0.
0'08.0 0.1 0.2 0.3 0.4 8
T (K)
LC.) a,-b, 0.06(d) ayb,
0.2 - :
- RN 0.04} \
LLIZ ~ o - - _ LLIZ \'
0.1 T~<_ 1 o002t
\ o \.
008 AN _— —

0'8_0 01 0.2 03 0.4 .0 0.1 0.2 0.3 0.4
T (K) T (K)

Figure 6. Plots of logarithmic negativity Ex as functions of the environment temperature T for ¢ = 0
(solid lines), 7r/2 (dashed lines), and 7 (dash-dotted lines). Panel (a) represents the entanglement
between the two cavity modes, panel (b) represents the entanglement between the two mechanical
modes, panel (c) corresponds to the entanglement between the cavity mode a; and mechanical mode
by, and panel (d) corresponds to the entanglement between the cavity mode a; and mechanical mode
bi1. The other parameters are the same as those in Figure 3, except J12 /27 = J51/27m = 0.15 MHz.

Finally, the entanglement usually survives at low final phonon numbers. The beam-
splitter interaction such as Gy4 (a{bl + aq b{) can not only result in state transfer between

a1 and by but also cool the mechanical mode b;. In Figure 7, we numerically study the
f f

final average phonon numbers n; and n; by choosing the parameters for observing the

f f

entanglement mentioned above. Figure 7a plots the phonon numbers n; and n; as a

function of the optomechanical coupling strength J15 /27 with ¢ = 0, which shows that both
f f

np and 1, increase monotonically with the enhancement of J;,. The parametric-amplifier
interaction ]12(111%; + a1by) is caused by driving the cavity mode a; on the blue sideband
of mechanical mode by, where a drive photon is scattered into a photon at frequency w;
and a phonon at frequency (), resulting in the monotonic increase in phonon number at
larger J1. It is noted that quantum phase transition in the two-mode Rabi model has been
recently investigated by analyzing the eigenenergy of the system [75], but quantum phase
transition of the phonon number of the mechanical mode in optomechanical systems has

seldom been reported. In addition, here, we show that both n{ and n£ are smaller than 1 in

the chosen parameter regime. Therefore, simultaneous cooling of the mechanical modes
and quantum entanglement can be realized in this optomechanical system. In addition, the
phase dependence of phonon numbers is plotted in Figure 7b. The final average phonon
numbers of the two mechanical modes reach the maximum at ¢ = 7t and the minimum
at ¢ = 0 (271), which is contrary to the entanglement between the two mechanical modes
shown in Figure 4b.
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Figure 7. The final average phonon numbers n{ (solid line) and né (dashed line) versus (a) the
optomechanical coupling strength J1, /27t with ¢ = 0 and (b) the phase difference ¢/ with J15 /27 =
J»1/2m = 0.2 MHz. The other parameters are the same as those in Figure 3.

4. Conclusions

In conclusion, we have explored the phase-controlled entanglement in a multimode
optomechanical system, where two cavity modes are, respectively, coupled to two mechan-
ical modes via radiation pressure. Four tones are applied to the cavity modes to generate
the entanglement, where each cavity is driven on the red sideband and blue sideband
of the two mechanical modes, respectively. The dynamics of the bipartite entanglement
is studied, which shows that the stationary entanglement can be generated. We have
shown that the entanglement can be effectively modulated by the phase difference between
the optomechanical coupling strengths that form a loop interaction. By tuning the op-
tomechanical coupling strengths and phase difference in some parameter regimes, we can
realize simultaneously the entanglement between the two cavity mode, between the two
mechanical modes, and between the cavity and mechanical modes. We also find that the
entanglement is robust against temperature and the mechanical resonators can be cooled to
the ground state when the entanglement is generated.

Author Contributions: Conceptualization and model, C.J.; numerical simulation, HL. and Z.Z,;
writing—original draft preparation, C.J.; writing—review and editing, G.C. and C.J. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by National Natural Science Foundation of China (No: 11874170),
Qinglan Project of Jiangsu Province of China, and Natural Science Research of Jiangsu Higher
Education Institutions of China (19KJA150011).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Photonics 2022, 9, 818 11 of 14

H/h

References

1.

Appendix A. Derivation of the Linearized Hamiltonian

We can linearize the Hamiltonian Equation (1) by the following two steps:

(1) Expanding the cavity modes as the sum of their steady-state field amplitudes
and the small fluctuations [64,65,67,68], i.e., a; — a; + 212':1 Dci]-e_i“’d'i/t, where w;; is the
coherent state amplitude produced in cavity i due to the drive. Then, we can obtain
the following approximation:
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where Hrwa describes the rapidly oscillating terms at frequencies ££2[(); ) + Jy(»)] and £(y +
01 + Oy + 62), and Hyg denotes the off-resonant terms oscillating at +(Q; + & — Qp — 7).
Here, Ajj = w; — wy;j is the detuning of the drive tone with respect to cavity 4;, and we
consider the situation where

A1 =401, 010 = = (D +62), 801 = — (O +61), Axp = Oy + 55 (A4)

Under the condition Q);, |0 — Q| > {x;, G11, Gz, J12, J21}, the rotation wave ap-
proximation (RWA) can be applied and the off-resonant terms can be ignored. Defining
8011011 = G111, g2ty = Gne'¥2, goiotn = J120'%2, and goo101 = 2162 as the
field-enhanced optomechanical coupling strengths, the linearized Hamiltonian can be
written as
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which is Equation (2) in the main text.
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