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Phonon blockade (PB) has attracted extensive attention due to its potential application in the development of phonon-
based quantum information processing, single-phonon sources, and other single-phonon quantum devices. In this paper,
we investigate the generation of nonreciprocal PB in a spinning optomechanical system that consists.of a single mechani-
cal oscillator and two rotating optical resonators. The nonreciprocal behavior is induced by the Sagnac effect and the PB
originates from the strong anharmonicity of the eigenstates. We find that the frequency detuning region where the nonre-
ciprocal PB occurs can be broadened as the angular velocities of the two optical resonators increase. The nonreciprocal PB
can be modulated by the optomechanical coupling strength and the frequency detuning between the mechanical mode and
the pump field. We find that the nonreciprocal PB can still exist even when the mechanical thermal phonon numbers are
considered. This work provides a new way to manipulate quantum nonreciprocal devices, which are crucial elements in

acoustic signal processing and precision measurement.
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1. Introduction

The mechanical resonator is an impertant macroscopic
object in the field of quantum optics. Its tunable coupling
to various physical systems, including the superconducting
qubit,!'3! the nitrogen-vacancy centerin diamond,*! and the
optomechanical system,~19"is of great interest. Quantum
effects of mechanical resonators demonstrate significant po-
tential in quantum information processing and ultrasensitive
measurements. Phonon blockade (PB), a phenomenon where
the second phonon is blockaded when the first one is ab-
sorbed, is one of the important quantum effects of the mechan-
ical oscillator. This concept comes from the photon blockade
in cavity QED systems,!!!! A PB enables the realization of
an ideal single-phonon source, which has been observed in

[12,13]

a qubit-coupled nanomechanical resonator, a two-level

[15.16] Optomechan-

defect,!'* 'and an optomechanical system,
ical systems, [!”-18] where a mechanical oscillator is coupled to
a cavity field via the radiation-pressure force, serve as a power-
ful tool to control the mechanical freedom and can be regarded
as an ideal platform for investigating the PB. To date, the in-
vestigation of the PB based on an optomechanical system has
made great achievements. (923!

Nonreciprocal devices that permit signal transmission in

one direction while blocking it in the opposite direction are
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essential for quantum technologies including noise-resistant
quantum processors, sensors, and chiral quantum networks.
Nonreciprocal devices have been realized through various
effects, for example, the magneto-optical Faraday rotation

t,12427] the modulation of the refractive index,[28-30]

effec
and the Hall effect.*!! Phononic nonreciprocal devices have
emerged as indispensable resources for the construction of
phonon-based quantum networks and sensitive measurements.
Many different phononic nonreciprocal devices have been im-
plemented in optomechanical systems, 338 such as nonre-

ciprocal mechanical squeezing,3>-3%

nonreciprocal phonon
lasers, 3361 and nonreciprocal ground-state cooling of phonon
modes. 3738

However, existing phononic nonreciprocal devices pri-
marily focus on manipulating macroscopic phonon flows —

such as transmission direction, 3! amplification (lasing), 3>-3%]

or cooling efficiency, 373!

— while the nonreciprocal control
of intrinsic phonon quantum statistics remains a less explored
yet vital frontier for advanced quantum phononics. Achieving
directional control over quantum-statistical phenomena like
PB would enable novel devices such as chiral single-phonon
sources and phonon routers. Compared to mature nonrecipro-
cal photon blockade schemes that often rely on strong mag-

netic fields or complex optical nonlinearities, ***?! imple-
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menting a compact, tunable, and integrated nonreciprocal PB
platform is highly desirable.

A recent scheme using atomic-cavity coupling demon-
strated nonreciprocal PB,[?%! but its reliance on precise atomic
control and cryogenic conditions complicates integration. In
contrast, our dual-spinning-cavity scheme eliminates atomic
systems entirely, working purely within an optomechanical
framework. This simplifies the structure and enhances inte-
grability with photonic platforms. Furthermore, compared to
the solid-state color center scheme, where phonon nonlinearity
is engineered via spin—phonon coupling combined with mi-
crowave control and phononic spin—orbit interaction, 3! our
approach represents a fundamentally distinct optomechani-
cal pathway. Our scheme’s nonlinearity stems from an all-
optically tunable quadratic optomechanical interaction. While
the spin-based scheme inherently operates without optical cav-
ity noise, our scheme operates in an all-optical domain, lever-
aging the tunability of quadratic optomechanical coupling
which can be controlled in situ via laser power, offering a di-
rect route to photonic integration without requiring cryogenic
atomic or spin systems.

Here we propose how to realize the nonreciprocal PB in a
spinning device composed of two spinning optical resonators
and a mechanical oscillator. The nonlinear interaction between
phonons, which is induced by the optomechanical .coupling
via the radiation-pressure force and the tunneling coupling be-
tween two optical resonators, results in the emergence of the
anharmonic energy level of the system, and the PB can be ob-
tained. The rotation-induced Sagnac effect is the origin of the
nonreciprocity. We discuss the'second-order correlation func-
tion of the mechanical mode which is used to characterize the
phonon statistical properties and the results show that the fre-
quency detuning range where nonreciprocal PB exists can be
broadened greatly, and the PB can be modulated by the driv-
ing field of the optical resonator and the tunneling coupling
strength. «We. also investigate the effect of photon states on
the nonreciprocal phonon blockade, and it is found that the
rotation-induced Sagnac frequency shift leads to the difference
of the phonon statistical properties of the mechanical mode
in n-photon states. The nonreciprocal PB will not disappear
when the mechanical thermal phonon numbers are present.

2. Optomechanical system

As shown in Fig. 1, we consider a spinning optomechan-

ical device, 4

where two spinning whispering-gallery mode
(WGM) microresonators both couple to a mechanical oscil-
lator, and there is a tunneling coupling between these two
WGM oscillators. When a driving field transports from port 1
to port 2, the optical resonators 1 and 2 support counter-
clockwise (CCW) and clockwise (CW) WGMs, respectively.

Conversely, the CW and CCW WGMs appear in the optical

resonators 1 and 2, respectively, for a driving field transport-
ing from port 2 to port 1. Two WGM resonators both spin
CCW at the same angular velocities 2. The optical mode in
the WGM resonators experiences a Fizeau shift,[*! due to the

Sagnac effect, i.e., @y — ®y + Ap, with

AF:'mmlb(l_l_)“dnl)’ (D

Cc

where @y = 27mc/A is the optical resonance frequency of the
WGM resonator without spinning, ¢ (1) is the speed (wave-
length) of light in vacuum, n; and r are the refractive index
and the radius of the WGM resonators, respectively. The dis-
persion term dn;/dA which characterizes the relativistic ori-
gin of the Sagnac effect is relatively small in typical materials
(~ 1%).*34%1 We consider the CCW rotation of two WGM
resonators. Ap < 0 (Ap > 0) represents the case where the
driving field is transmitted from port 1 (2), where the driv-
ing light propagates along (against) the spinning direction of
the WGM resonators. The resonance frequency of the optical

mode is @y — |Ap|(@y + | Ap|) for Ap < 0 (Ap > 0).

Port 2 —=——— Output

Input > === Port 1

Port 2
=7 «—Input

Output «—— == Port 1

Fig. 1. Schematic of the system where two tunnel-coupled spinning
whispering-gallery mode (WGM) microresonators simultaneously cou-
ple to a mechanical oscillator. Here the mechanical oscillator is placed
between two WGM microresonators.

The Hamiltonian of the system can be given as

HO = ((J)() - |AF|)(aI,ccwa1-,CCW + a;cwazvcw)

+ (@0 + |AF|)(ail-vcwa1.cw + a;CCWQZ,CCW)

1
+§wm(qz+p2)

+ Y Y (—1)gqa] a5k
j=1,2k=cw,ccw
""J(al,ccwa;(;w + al,cwaz,ccw + H.C.), ()

where a; i (j = 1,2, k = cw, ccw) is the annihilation operator
of the optical mode. ¢ and p are the displacement and mo-
mentum operators of the mechanical oscillator with frequency
wy,, respectively. go is the single-photon coupling strength be-
tween the mechanical mode and any one of the two WGM
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optical modes. J is the tunneling coupling strength between
the two WGM optical modes.
The Hamiltonian in Eq. (2) can be diagonalized as

Hy = o4 (q)al ar i+ (q)a] _ar -

+ (‘I)a;+aR7+ + W (q)alzﬁaR_

1
+ = 0u(g* + p?), 3)

2

where the normal mode basis

1
aL+ = Fi[jal,ccw + (goq+ \/ J2+ (gOQ)Z)QZ,CW]a
1
aR+ = Fi[lal,cw +(g0g+ /> + (809)?)az.ccw],  (4)

with

D = J*+ (g0g = \/J*+ (809)%), (5)

and the eigenfrequencies

0j=(q) = 0o+ (—1)7|Ap| £ 1 /T2 + (309)*- (6)

We assume |J| > gog and, using the approach in
Refs. [47-49], a Taylor expansion of the eigenfrequencies can
be used as
804"

w;y + 20
Y]

0j+(q) = (@)

where we have denoted @;+ = @y + (—1)|Ag| £ J. We define

g=2g5/(2)), (8)

the Hamiltonian in Eq. (3) can be written as

(4 +gq )aR +aR +

+ (- —gq )aR a;;

Hy ~ (@1++g8q )aL+aL+
+(o1——gq)al _af _

1
+§wm(q2+p ), ©)

where quasi-static normal optical modes

ap+ ~ (ay,cew iaz,cw)/\@,
ar .+ ~ (al,cw iaZ,ccw)/\/i (10)

At-present, numerous schemes!!>?13%311 have been pro-
posed to show that quadratic optomechanical coupling is a vi-
tal resource to generate PB, so we choose any pair of degener-
ate quasi-static normal optical modes (ar4 and agr 4, or ar. —
and agr ) to generate the strong direction-dependent quadratic
optomechanical interaction. In the following, a1, and agr are
used to denote two optical modes with frequency @, = w;+
or @;_, which describes the case that the driving field prop-
agates from port 1 and port 2, respectively. For instance,
when a strong driving field with amplitude €&, and frequency
o, ~ @:; — 20, is input from port 1 to port 2 to excite the

optical mode ar,, the nonlinear quadratic optomechanical in-
teraction between ar. and the mechanical mode is enhanced.
The Hamiltonian of the system in a frame rotating at the driv-
ing frequency @ can be expressed as

Hy, = (Aq— |AF| +847)aj av
+(Acy + |AF| + 84%)agar
1
+§wfn(q2+P2)+8p(a£+aL)7 (11)
where A, = wp +J — @L.

In the strong-driving regime, we performthe standard lin-
earization procedure, and both optical modes and mechanical
modes are split into an average coherent amplitude and a fluc-
tuation term: ap, — @, +04 ,arR —> ar + OR,q — gs+¢q,p —
Ds+Dp.

The average coherent values ¢, ORr, g5, and py can be
obtained as

—2igp
K +2i(A, — |4r])’
OR = g5 =ps = 0. (12)

o =

Introducing the creation and annihilation operators for the
mechanical mode with ¢ = (b+b")/v/2,p = i(b" —b)/V/2,
the linearized Hamiltonian becomes

H,, = (Acy — A6])af ar + (Aq, + | AR|)ahar

+ ) bTb+T(aL+aL)(b +b)?

+SJanP(6?+57), (13)
where the effective mechanical frequency is @], = ®, +
glonf.
Under the near resonance condition |A., — |AfF|| < ,

and making the rotating-wave approximation in the case of
G < o),, the Hamiltonian is described as

Hyy = (A — | AR])a] a + (A, + |AR|)afar
+0lb'b+G(a) +aL)(b'h+1/2), (14)

with the effective optomechanical coupling G = goy..
Applying the polaron transformation

U =exp[G/(Acy — |AF|)(af —aL)(b'b+1/2)]  (15)

to the Hamiltonian H,,, a new Hamiltonian H,; = UH,,U" can
be calculated as

Hpy = (Acy — | AR])a] aL + (A, + |AR|)agar
+ (), — A, )b'b— Ag, (b'b)?, (16)

where Ag, = The polaron transformation U is an

GZ
. ACOi‘AF‘ . . . .
exact unitary transformation, mathematically valid for any
nonzero detuning A., — |Ag| # 0, and it completely eliminates

the linear coupling term. The validity of this transformation
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relies on the rotating-wave approximation (requiring G < @),
and the linearization procedure made earlier.

Similarly, when the driving field transports in the opposite
direction, the linearized Hamiltonian of the system is

Hsz = (ACO - |AF|)aIT_aL + (Aco + ‘AFDa}T{aR
+@,b'h+G(af, +ar)(b'b+1/2). (17)

After the polaron transformation, we obtain

He, = (Acy — |A¢])af a + (Ac, + | AF|)agar
+ (@), — Ag, )b'b — Ag, (b'b)?, (18)
GZ
where Ag, = g

It is clear that the Hamiltonian H,, satisfies
He3|n7m> :Eiz,zn‘n7m>> (19)

where |n,m) represents the eigenstates of the system with n-
photon and m-phonon, and E, ,, are the corresponding eigen-
values with

Enm = (Acy — |Ap)n+ (@), — Ag))m — Agym*.  (20)
We apply H = UH,,U T into Eq. (19), and one can obtain
H(ii,m) = E, n|fi,m), (1)

the phonon-dependent displaced number state |7i(m)) is given
as

|ii,m) = exp (m+1/2)(a—a")||n). (22

G
ACo - ‘AFl

To investigate the phonon statistical properties of the me-
chanical mode, the mechanical mode is driven by a weak
pumping field (frequency ®, and amplitude &,). The realiza-
tion of the pumping for the mechanical mode has been im-
plemented by a dc voltage source,>?! or piezoelectric radio

[53]

signal; with the corresponding Hamiltonian

Hy = &,(be' ™ +p e ™), (23)

It can be seen from Eq. (20) that the Kerr-type interaction
between phonons with strength A, results in the anharmonic
energy levels of the system in the few-phonon subspace. When
the single-phonon resonant condition Ap = @}, — @, = 24,, is
satisfied, the nonresonance results in the suppression of two-
phonon transition, that is, the second phonon is blockaded, so
the PB is achievable.

Including the decay rate ki, (kr) of the cavity mode ar,
(ar) and the dissipation 7;, of the mechanical mode, the dy-
namics of the system can be described by the master equation
KL

2 (2aLpa} —aj aLp —pajar)

Kj
+ TR(ZaRpa]Tz — alzaRp - palzaR)
+ %mnm(Zprb —bbp — pbb')
+ %(nm +1)(2bpbt —bibp — pb'h), 24)

where the effective Hamiltonian H; in the rotating frame at @,
is given by

H, = (A — |AR])a] ar + (Ac, + |Ag|)agar
+ AL b+ Gla] +ap)(bThHT/2)
+&,(b+b") (25)

for a driving field of the WGM resonator transporting from
port 1 to port 2, and

Hy = (Agy —|A¢|)af ar + (A, + | A8 )afar
+ApbTh 4 G(aj, +ar) (bTh +1/2)
+&(b+b") (26)

for a driving field of the WGM resonator transporting from
port 2 to port1, respectively.

The equal-time second-order correlation function g(?) (0)
characterizing the phonon statistical properties of the mechan-
ical mode can be calculated as

_ Tr(b"2b%p) _ (b"2b?)

@
¢ O = TTp) ~ B @7

Here g(?) (0) < 1 characterizes PB via sub-Poisson statistics of
the phonons, and the limit g(z) (0) — 0 indicates the emergence
of strong PB.

3. The realization of the nonreciprocal phonon
blockade

Next, we use Ap < 0 and Ap > 0O to denote the driving
field of the WGM resonator propagating along and against the
direction of the spinning optical resonator, respectively, i.e.,
the driving light travelling from port 1 to port 2 and from port
2 to port 1, respectively. We assume ki, = kr and use ex-
perimentally feasible parameters,>*-%!1 that is, A = 1550 nm,
QL =3x 107, r=0.25 mm, n; = ].44, K, = (D()/Q]_, G= 3KL,
Ym = 0.1k, & = 0.1k, A, = 10Ky, and = 70 kHz.

The optical quality factor Qr = 3 x 107 corresponds to
experimentally achieved values for high-quality whispering-
gallery microcavities,>*! which determines the optical mode
decay rate ki, = 27 x 6.45 MHz, providing a low-dissipation
environment for quantum optomechanical interactions. The
effective optomechanical coupling strength G = 3k sat-
isfies the strong coupling condition G > ki, and can be
achieved with moderate pump power in existing experimental
systems.!3] The mechanical dissipation rate ¥, = 0.1 sat-
isfies the resolved-sideband condition ¥, < ki, ensuring that
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the mechanical mode has sufficient coherence time to observe

36571 The choice of optical pump in-

phonon blockade effects. |
tensity & = 0.1k and A., = 10k aims to achieve stable in-
tracavity field enhancement while maintaining the validity of
the linearized treatment of the system. The selection of the
rotation angular velocity 2 = 70 kHz is based on the follow-
ing considerations: according to the Sagnac frequency shift in
Eq. (1), this angular velocity corresponds to A on the order
of MHz, which is sufficient to introduce a significant nonre-
ciprocal frequency shift in the optical mode, thereby breaking
the time-reversal symmetry of the system. This rotation speed
falls within the experimentally achievable range of 1 kHz to

GHz for microcavity rotation,#>61]

ensuring significant physi-
cal effects while maintaining experimental feasibility. £2 mod-
ulates the nonlinear strength A, through Ag, thereby influ-
encing the resonance condition of PB and enabling direction-
dependent quantum control.

The second-order correlation function g(?)(0) is shown in
Fig. 2 as a function of Ap/Ag with Ay = G? /A, . Itis clear that
the nonreciprocal phonon antibunching and phonon bunching
can be achieved when the WGM resonator is spinning. For
a stationary WGM resonator, this nonreciprocity vanishes re-
gardless of the direction of the driving light. The physical
mechanism for the emergence of several peaks and dips in
Fig. 2 can be explained as follows. The dips Dy and D; corre-
spond to the PB in the ny(ny; = 0, 1)-photon sidebands, which
arise from the single-phonon transitions between the vacuum
state |0(0))|0) and the single-phonon state |ri2(1))|1). Under
this condition, the driving condition of the weak mechanical

pump field satisfies @, = E,, 1 — Ep 0. For a driving field of the
WGM resonator transporting from port 1 to port 2, this driv-
ing condition can be written as Ap /A, =2 — ng(m%‘m)z,
. A, 7|AF| 2 A, G2

ie, Ay/Ag = [2 — m(=5—) ]AUO*TAF" where A, = A
The peaks P,, (n3 = 0,1,2) correspond to the two-phonon

transition between the vacuum state |0(0))|0) and the two-
phonon state |7i3(2))|2), where the driving condition satisfies

. n3(Acy—|AF|)  Aq
2(1)p = En3’2 —E()’(), 1.€., Ap/Ag = [3 -5 (2)G2 F ]ArQ*TAFr

In addition, as shown in Fig. 2, selecting' 2 = 70 kHz yields

a clear nonreciprocal peak shift in the'g(?) (0) spectrum while
remaining within the stable operational range of current exper-
imental techniques. Therefore, we have chosen this value as
the primary parameter.

10? T T T T T T T T T

P

101k Py J
/ _h

10()_ i

92(0)

Ap<0
— Ap=0

101 D, Ap>0 7

Dy

-10 -8 —6-4-20 2 4 6 8 10
AP/A?;

Fig. 2. The second-order correlation function g(z)(O) versus the fre-
quency detuning Ap, /A, for different driving directions. The other pa-
rameters are A = 1550 nm, Qp = 3 x 107, r = 0.25 mm, nyp = 1.44,
K, = @:/0L, G=3K, n = 0.1k1, & = 0.1%1, A, = 10K, n,, =0,
and Q = 70 kHz. Here we denote A, = G /Ay, .

102 102F— 1027
(a) (b) ()
101} /\ 10! /\ 1013
@ / N = / = !
2100 S 100 & 10
_ ﬁiioo ﬁF<O §F<O
10! S0l 107 —Ar=04 0-1 —ar=4d
Ap>0 Ap>0 Ap>0
-8 -4 0 4 8 8 -4 0 4 8 -8 -4 0 4 8
AP/A?; Ap/Ag AP/Ag

Fig. 3. The second-order correlation function g(®) (0) versus the frequency detuning A,/ A for different driving directions at various angular

velocities 2: (a) 2 =50 kHz, (b) 2 =70 kHz and (c) £ = 90 kHz. All other parameters are the same as those in Fig. 2.

Similarly, when the driving field of the WGM resonator
transports from port 2 to port 1, the driving conditions for
single-phonon and two-phonon transitions are

Ao + AN A
Ap/Ag:[z—m( "G‘ F)] 0

ACO+|AF"
}’l3 (ACQ + |AF|)2 ACU
Ap /Ay = |3 — .
p/ 4 [ 2G2 Ay + |Ag|

The reason for the generation of nonreciprocal PB is that
the Sagnac effect induced by the rotation of WGM resonator

breaks the time-reversal symmetry of the optomechanical sys-
tem. The irreversible resonance wavelength subsequently af-
fects the resonance conditions under which PB occurs. The
differences in values of the peaks and dips in the curves of
g(z) (0) for different driving directions primarily originate from
the other photon-assisted phonon transitions which can also
happen at the same detuning Ap /A, and ratio A, /G.

It can be seen from Fig. 2 that the rotation of the WGM
resonator is necessary for the generation of the nonreciprocal

PB. Next we further investigate the dependence of the second-
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order correlation function g(®)(0) on the angular velocity Q
of the rotation of the WGM resonator. As shown in Fig. 3,
we plot the second-order correlation function g(?) (0) versus
the frequency detuning A, /A, for different driving directions
at various angular velocities . It is found that the frequency
detuning region of the mechanical pump field where the non-
reciprocal PB emerges can be broadened effectively with the
increase of Q. g(?)(0) shifts linearly with ; an obvious blue
shift and red shift exist for Ap < 0 and A > 0, respectively.
The result shows that the nonreciprocal PB can be effectively
modulated by Q.

Environmental temperature is a crucial physical quantity
in the investigation of quantum effects. We now plot g(®)(0)
versus the frequency detuning A,/A, with different thermal
phonon numbers n,, for different driving directions in Fig. 4.
Obviously, the nonreciprocal PB can still exist when the ther-
mal phonon noises are considered. The thermal phonon num-
bers have a negative impact on g% (0), and the nonreciprocal
PB will be destroyed with the increasing n,,. A low tempera-
ture environment is beneficial for the preparation of nonrecip-
rocal PB.

102 T T T T T T T T T
10t F 1
—
o
=
Q)
> 100 4
nm =0, Ap<0
— n,=0, Ap=0
— Ny, =0, Ap>0
10-1F Ny = 0.005, Ap<0 3
- = n,=0.005, Ap=0
N —0 005 Ap>0
L L L L L

—10 8—6—4—20 2 4 6 8 10
Ap/Ag

Fig. 4. The second-order correlation function g(?)(0) versus the frequency
detuning A,/Ag with different thermal phonon numbers n,, for different
driving directions. All other parameters are the same as those in Fig. 2.

In this scheme, the anharmonic energy level of the sys-
tem is the physical origin of the generation of the PB, and
the effective optomechanical coupling G is a key factor used
to generate the nonlinear interaction between phonons which
leads to the emergence of the anharmonic energy level. There-
fore, we show the contour plots of (%) (0) in logarithmic scale
li.e., log;og® (0)] as a function of G/, and A,/A, when the
WGM resonator is stationary. From Fig. 5, it can be found
that the optimal PB occurs exactly at the point A, = 4.02k,
G = 4.48x;,, which corresponds to the dip Dy where the driv-
ing condition A, = 2A, of O-photon-assisted single-phonon
transition is satisfied. G can be altered by the driving field
of the optical mode ar, (ar) and the tunneling coupling J when
Ap < 0 (Ap > 0) according to Eqs. (8) and (12) when the WGM
resonators are spinning. Our result also shows that the driv-

ing on cavity mode and the tunneling coupling between cavity
modes are useful tools to control the nonreciprocal PB.

108109(2)(0
2.400
1.895
1.390
0.8850
E“
< 5 0.3800
@)
—0.1250
—0.6300
~1.135
—1.640
— —-15 —-10 -5
Ap/rr,

Fig. 5. The second-order correlation function log, g(z)(O) versus the
frequency detuning A, /K and the effective optomechanical coupling
strength G/«xi. Here we set Ap =0, all other parameters are the same
as those in Fig. 2.

Next, we will demonstrate the experimental feasibility of
this scheme. The nonreciprocal PB mechanism proposed in
this study possesses a solid foundation for future experimen-
tal validation. The core platform of rotating optical micro-
cavities has already been experimentally demonstrated. For
example, an air-bearing technique was utilized to realize sta-
ble kHz-range rotation of a millimeter-scale silica sphere,
with an optical nonreciprocal effect successfully observed
in the process.!*®! The underlying Sagnac effect and inte-
grated whispering-gallery microcavity platform relied upon
by this technical scheme have been conceptually extended
and validated in other nonreciprocal devices, such as optical
circulators.[©2] Concurrently, our proposal is grounded in fea-
sibility at the more complex level of hybrid optomechanical
systems. On one hand, the high-quality-factor (Q > 10%) silica
whispering-gallery microcavities required to construct the sys-
tem represent a mature experimental platform.[®3] More im-
portantly, the central concept of applying nonreciprocal effects
to a tri-mode hybrid system that couples two optical modes
with one mechanical mode has received clear support in rel-
evant theoretical research. For instance, within the frame-
work of rotating microcavities, nonreciprocity has been suc-
cessfully theoretically extended to phononic quantum devices
like phonon lasers. 3331

Furthermore, in static on-chip optomechanical systems,
the core configuration, where two optical cavities are cou-
pled via a shared nanomechanical oscillator, has been detailed
in terms of numerical verification and principle design. It
serves as a fundamental building block for scalable optome-
chanical arrays on platforms such as photonic crystals.[%* This
directly supports the theoretical extension in this work com-
bining rotation-induced nonreciprocity with complex coupled
optomechanical models. Regarding measurement and char-
acterization, the key signature of PB, which is strong sub-
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Poissonian phonon statistics, can be detected via measure-
ments of the second-order correlation function of mechanical
motion. Therefore, despite challenges in system integration
and precise control, the physical mechanisms, critical compo-
nents, and technical pathways involved in this scheme have
all received principle-level validation in related experiments
or theories, laying a solid groundwork for future experimental
realization.

4. Conclusion

In summary, we propose a scheme for realizing the non-
reciprocal PB in a spinning optomechanical system composed
of one mechanical resonator optomechanically coupled to two
optical resonators, i.e., PB can be generated when the system
is driven from one direction but not from the other. The non-
reciprocal PB originates from the anharmonic energy level of
the system and the Sagnac effect induced by the rotation of
two optical resonators. The direction-dependent mechanical
frequency detuning region where the nonreciprocal PB occurs
can be broadened with the increase of the angular velocities of
two optical resonators. The strong PB can be obtained when
a proper optomechanical coupling strength and frequency de-
tuning between the mechanical mode and the pump field are
adjusted. Moreover, the nonreciprocal PB can still exist when
the mechanical thermal phonon numbers are considered. Our
proposal provides a feasible method to control'the quantum
properties of the mechanical oscillators. The realization of
the nonreciprocal PB device presented in our scheme opens
new possibilities for quantum_information processing based
on phonons and sensitive measurements.
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