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Cavity optomagnomechanics provides a versatile platform to explore macroscopic quantum correlations,
particularly nonreciprocal entanglement. In this work we propose a theoretical scheme to generate switchable
bipartite and tripartite entanglement in an optomagnomechanical ring cavity by exploiting phase-controlled
magnon squeezing. Indeed, two spatially separated ferrimagnetic yttrium iron garnet microbridges become
entangled through their magnetostriction-mediated coupling to mechanical motion and a common cavity field
via radiation-pressure interaction. The squeezing process introduces two phase-dependent contributions to the
magnon response, namely, an effective detuning shift Ay, and a quadrature-damping contribution «g;, both of
which reverse sign upon a 7w phase shift, providing an in situ control to switch the entanglement response.
The nonreciprocal entanglement is defined operationally through the asymmetric entanglement response under
the phase reversal 6; — 6; + 7, quantified by normalized contrast ratios Cx and Cr, which measure the
relative difference between the entanglement obtained at 6; and at the phase-reversed configuration 6; + .
The resulting phase-tuning method provides a flexible and robust route to achieve high-contrast bipartite and
tripartite entanglement within stable parameter regions, establishing magnon squeezing as a practical quantum

resource for switchable quantum correlations in hybrid platforms.

DOI: 10.1103/rcw1-3wh7

I. INTRODUCTION

Recently, the control and the manipulation of macroscopic
quantum states have become a central theme in physics, bridg-
ing fundamental science and emerging quantum technologies
[1]. In this context, cavity optomechanics (OM) has been
established as a leading platform, enabling phenomena such
as ground-state cooling, squeezing, and multipartite entangle-
ment via radiation-pressure interactions between optical and
mechanical modes [2-5]. Moreover, cavity magnomechanics
(MM) has emerged as a complementary and equally promis-
ing framework [6-8]. For these hybrid systems, magnons,
which are collective spin excitations in ferrimagnetic crystals
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such as yttrium iron garnet Y3 FesO1, (YIG), can be coupled to
mechanical vibrations through magnetostrictive forces. This
interaction has enabled a wide range of nonclassical ef-
fects, including nonreciprocal magnon-induced entanglement
[9], magnon-photon-phonon entanglement [10], and magnon
blockade [11].

The continued development of OM and MM platforms
has naturally led to optomagnomechanical (OMM) cavi-
ties, which combine radiation-pressure and magnetostrictive
interactions in a single hybrid setting [6]. These systems
offer tunable couplings and nonlinear dynamics, providing
a versatile way to control light, motion, and collective spin
excitations. More generally, cavity magnonics has enabled
interfaces between magnons and other quantum platforms, in-
cluding Bose-Einstein condensates [12], and quantum sensing
applications such as cavity-based magnetometry [13], opening
additional opportunities for hybrid quantum networks [14].

The magnon squeezing process provides a powerful re-
source for enhancing the performance of magnonic platforms,
enabling improvements in ground-state cooling, amplification
of nonlinear responses, and the generation of strong quan-
tum correlations [15,16]. Indeed, several mechanisms have
been proposed to generate squeezed magnon states, includ-
ing intrinsic magnetostrictive nonlinearities [17], reservoir-
engineered cavity magnomechanics [18], two-tone microwave

Published by the American Physical Society
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driving [19], and other related approaches [20-22]. Fan et al.
proposed an alternative route to squeeze magnons in optomag-
nomechanical systems [23], and a recent study has explored
entanglement generation via microwave-field squeezing in
such systems [24], further illustrating the flexibility of photon-
magnon-phonon hybridization.

Nonreciprocal entanglement, characterized by an asym-
metric entanglement response when a control parameter of
the system is reversed [25,26], has been realized by break-
ing time-reversal symmetry through several mechanisms.
The concept was first introduced in rotating optomechanical
resonators, where mechanical rotation induces opposite fre-
quency shifts for clockwise and counterclockwise propagating
modes. For example, Jiao et al. demonstrated controllable
directionality of photon-phonon entanglement by inducing
mode-dependent refractive indices [25,27]. Analogous effects
have since been explored in MM systems. Chen et al. [26]
exploited the Kerr nonlinearity, which induces a magnon fre-
quency shift and an additional two-magnon effect. Lu et al.
[28] demonstrated nonreciprocity via the Barnett effect, where
the induced frequency shift can be controlled to be positive
or negative by adjusting the magnetic-field direction. Other
approaches include chiral couplings [29], and spinning the
magnomechanical cavity [30], among others [31-36]. Many
previous approaches rely primarily on effective frequency
shifts, for example, rotation-, Kerr-, or Barnett-induced shifts,
whereas chiral-coupling schemes exploit coupling asymme-
try. Magnon squeezing provides a complementary control
mechanism because its phase modifies both an effective fre-
quency contribution and a quadrature-damping contribution
of the magnon mode. Recently, magnon squeezing has been
proposed as a distinct mechanism for nonreciprocal entangle-
ment in cavity magnomechanics [33], introducing dual control
where the squeezing phase simultaneously manipulates both
the frequency shift and the dissipation rate.

In this paper we employ this magnon-squeezing mecha-
nism within an OMM ring cavity, where radiation-pressure
and magnetostrictive interactions coexist. In our scheme, re-
versing the squeezing phase under 6 — 6 + m reverses both
the effective frequency shift and the damping rate, produc-
ing two experimentally distinct configurations analogous to
magnetic axis reversal in the Kerr effect [26] and rotation
reversal in the Barnett effect [28]. Here 6 represents the phase
of the parametric drive that generates the magnon squeezing,
following the standard formalism of parametric interactions
established by Agarwal and Huang [37]. While Ref. [33]
demonstrated this dual control in standard cavity magnome-
chanics with magnetostrictive coupling alone, our ring-cavity
OMM architecture incorporates two spatially separated YIG
microbridges coupled to a common optical cavity mode
through both radiation-pressure and magnetostrictive inter-
actions, enabling switchable nonreciprocal entanglement by
selecting which magnon is squeezed. This channel-selection
operation is not available in the single-magnon configuration
considered in Ref. [33], where the nonreciprocal response is
controlled by the squeezing phase of one magnon mode only.
It therefore provides an additional degree of reconfigurabil-
ity for distributing entanglement among spatially separated
optomagnonic channels, rather than merely increasing the
absolute value of the entanglement. The coexistence of both

FIG. 1. (a) Schematic of the optomagnomechanical ring cav-
ity. (b) Sketch of optomagnonic bipartite entanglement for the two
magnon-squeezing scenarios considered in this work, labeled (I)
and (II). Green modes indicate the squeezed magnon modes with
amplitude I"; and phase 6;. (c) Simplified schematic illustrating how
changing the squeezing-phase sign modifies the effective magnon
detuning and damping rate, enabling phase-controlled dissipation
engineering.

interactions offers greater tunability through the interplay
between OM and MM couplings. This in situ phase con-
trol provides high-contrast nonreciprocal response in selected
stable regions without requiring structural modification or
mechanical rotation. We show how the squeezing amplitude,
squeezing phase, bath temperature, and MM coupling en-
able robust nonreciprocal entanglement across these stable
windows, and we verify the presence of genuine magnon
squeezing for all configurations used in the study.

The paper is organized as follows. Section II presents
the optomagnomechanical ring-cavity Hamiltonian and de-
rives the linearized quantum Langevin equations. Section III
investigates bipartite and tripartite entanglement under two
squeezing scenarios, i.e., squeezing either the first or second
magnon, demonstrating switchable entanglement with exper-
imentally accessible parameters. Section IV summarizes our
main results and discusses our conclusions.

II. THEORETICAL MODEL

Let us consider ring-cavity optomagnomechanics [38], as
illustrated in Fig. 1. The system consists of an optical cav-
ity mode coupled to a magnonic (Kittel) mode [39] hosted
in a YIG resonator. The mechanical vibrations of the YIG
microbridge interact with the magnons via magnetostrictive

012460-2



PHASE-SWITCHABLE NONRECIPROCAL ...

PHYSICAL REVIEW A 114, 012460 (2026)

deformation of the micron-size YIG structure [40]. On the
optomechanical side, the cavity is formed by a fixed mirror
and a highly reflective micron-size movable mirror attached
to the YIG microbridge [41]. Owing to its small mass and
dimensions, the movable mirror preserves the intrinsic me-
chanical properties of the YIG resonator.

For modeling purposes, we assume a uniform deforma-
tion mode perpendicular to the fixed surfaces and we neglect
bending-related displacements. This geometry enables tight
integration of the YIG microbridges with the optical ele-
ments [42,43]. A static bias magnetic field is applied to each
YIG bridge to generate the magnetostrictive interaction. The
magnon mode is coherently driven by a microwave field at
frequency wy, e.g., via a loop antenna, while the optical cavity
mode is driven by an external laser at frequency w; and
coupled to the mechanical motion through radiation pressure.
Hence, the Hamiltonian of this system in the rotating frame at
wp and wy, frequencies (setting i = 1) reads

wb./

H=Aclc+ ) Apmim; + =

j=12

+ Z go_,'CTCCIj + gn1jm;m,iQ.i
j=1.2

r; .
+ i[(jele/m;fz + Qﬂnj) — H.C.:|

+(Yc' —He). (1)

(4 +P))

Here ¢ (¢") and m j (m;) are the annihilation (creation) opera-
tors of the optical cavity and the jth magnon mode, satisfying
[c,c'] = 1and [m}, mz] = 8x. Moreover, A. = o, — w;, and
Ay, = wp; — wg. For the mechanical modes, g; and p; are the
dimensionless position and momentum quadratures of the jth
phonon mode, satisfying [q;, px] = id;;. The parameters w,
and wj; denote the optical and jth mechanical-mode frequen-
cies, respectively. Moreover, each YIG microbridge is biased
by a uniform magnetic field Hy;, which sets the magnon
frequency w,;, = y Hyj, with y /27 = 28 GHz/T [10]. A mi-
crowave drive of amplitude H,, is applied perpendicular
to Hy;, which excites the magnon mode with (Rabi) drive
strength Q; = +/5/4y /NoHy,, where Ny = pV is the num-
ber of spins, p = 4.22 x 10>’ m™3 is the spin density, and
V =5 x 2 x 1 um? is the bridge volume, assuming the low-
excitation regime (m;fmj) <K 2Nps, with s = % for Fe*t in
YIG. The term (r‘]-/2)e""f'n1;2 — H.c.in Eq. (1) denotes the jth
magnon squeezing, characterized by the squeezing strength
I'; and phase 6;, where 6; represents the phase of the paramet-
ric drive generating the jth magnon squeezing [37]. Moreover,
several experimental routes have been proposed to realize
this magnon squeezing [16], including two-tone microwave
driving [19], nonlinear magnetostrictive interactions [15], or
intrinsic magnetic anisotropy [44,45].

The optical cavity supports a single optical mode that cou-
ples two YIG microbridges through the mirrors attached to
their surfaces. The jth optomechanical coupling strength is
given by

8o = —(=1) gy cos*(¥/2), 2)

where W is the angle between the incident and reflected light
at the surface of the YIG-microbridge mirror [38]. The param-
eter g, denotes the jth magnomechanical coupling strength.
The cavity-laser drive amplitude is Y = /2« P /hwy,, where
k. is the optical cavity decay rate and P, is the input laser
power.

By taking into account the dissipation and the correspond-
ing input noise for each mode, one can obtain the quantum
Langevin equations (QLEs)

¢ =—iA.c—K.c— i Z Zojcqi + T+ 2k,
j=12

mj = —iAmjm_/' — Km;mj — l'gmjqu]' + Q;
+ F_,m;feigf + Zijmij",
Pj = —wyp,q; — gmmim; — Zojc'c — i, p; + ;.
QI = wb,’pjs (3)

where k,,; defines the intrinsic decay rate of the magnon;
mode and y;; is the damping rate of the phonon; mode. The
corresponding zero-mean input noise operators @™ obey the
correlation functions [46]

(" (" (1) e ()™ (1) = (i Fie + DB 1) ()

Moreover, &; denotes the zero-mean Brownian noise operator
of the jth mechanical mode. Under the Markovian approx-
imation for a mechanical mode with a high-quality factor
Q; = wp; [V, > 1, it can be expressed as

(E5(OE) + E5NED) = 295, (2715, +1)8 48 — 1), (5)

In addition, 71, = [exp(fiwe/kgT ) — 11! corresponds to the
average thermal occupancy of the ¢ mode (¢ =c,m;, b;)
at bath temperature 7', where kp is the Boltzmann constant
[47,48].

The use of strong coherent excitation fields for the optical
cavity and the magnon modes generates large steady-state
amplitudes |ol, |mjs| 3> 1. Under this condition, we can lin-
earize the QLEs reported in Eq. (3) around the steady-state
values O,. We write each operator as O = O, + O, with
O =c,mj, q;j, pj, and we neglect the second-order fluctua-
tion terms. After linearization, the QLEs can be expressed in
terms of quadrature fluctuations, which are defined as

A, =@E+8H/V2, B.=iE" -8)/v2, (6)

where € = ¢, m;. Hence, the dynamics takes the matrix form
F(@t)=xF@®)+N@), @)

where F (¢) is the vector of quadrature fluctuation operators,
which we choose as

F(t) = (6.6 ®[G1. 1] 6y ® (32, 52]) . (8)
and the noise vector A/ (¢) is given by
N@) =[V2k5", 2km 50 10,8 ],
V2,60 @ [0, £117, 9)
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with &, = [A,, B;] and 1" = [AI", B"] for ¢ = ¢, m;. The
matrix y is the drift matrix, which takes the compact form

Xe g _g_
x=19 xm Osa]. (10)
_g 04,4 Xmy
where
_ [ ke Ac
Yo = <—AC _Kc), (11)
—Km; + Ko, Am/ + Ao, —Guy, 0
| —An, Ao —km, — ke, 0 0
Xlﬂj - O 0 a)bl £
0 G, —Wp; TV,
(12)
g7 — 0 0 0 Gy G= 0 0 -Gy O
—\0 0 0 oO0) —\0 O 0 0/
(13)

The matrix 0;. in Eq. (10) denotes the zero matrix of [
rows and ¢ columns. Here A = Ac + ", 5 80qjs» Am; =
Am; + gm;qjs is the effective magnon detuning including
the frequency shift due to magnomechanical interaction,
and Ay =T;sind; is the frequency shift induced by the
magnon squeezing. Typically, these frequency shifts are small,
ie., [15]

|Am, = Ay| < A (14)

In addition, ky, = I'jcos®; defines the effective magnon
decay rate due to the magnon squeezing effect. Addition-
ally, Go = iv/2goe;cos’>(W/2) and G, = iv/2g,,mj; are
the effective optomechanical and magnomechanical coupling
forces, respectively, where

1
qjs = —w—h(§0j|0ls|2 + g, Imjsl?), (15)

J

with oy and mj; given as

Y s+ T e o (16)
=T m's = T 7 1 j o
T PR

Ay
where s = Ky, — iA,,.

_The drift matrix is derived under the condition
[Acl, | A, | = wp, > K¢, ko [10], which  corresponds  to
an optimal regime for generating entanglement in the system.
Hence, Eq. (16) can be simplified as
Y Q; 1+iT;e /A,

oy = —l=—, Mjz=—i—— — .37

A TR (A,
Note that the unsqueezed case is recovered by setting
I'; = 0 [38]. Owing to the linearized dynamics and the Gaus-
sian nature of the quantum noise, the steady state of the system
is fully determined by its second-order moments. These are
conveniently characterized by the covariance matrix V such
that its elements are defined as

Vijt) = 5{F(OF ;@) + F i) (18)

Then the steady-state covariance matrix ) is obtained by
solving the Lyapunov equation

xV+Vx' =-0, (19)
where O is the diffusion matrix defined by
®i8(t" — 1) = S(ni()n;(t") + nj (e ni(0)). (20)
Additionally, it can be rewritten as
O=0,00,, ®0O,,, (21)

where ©. = diag[k., k] and
1), Ky (27, + 1), 0., 271y, + D],

®m/ = diag[Km,- (Zﬁmj +

III. RESULTS AND DISCUSSION

To quantify quantum entanglement among the opto-
magnonic modes in the proposed system, we evaluate the
logarithmic negativity Ey [49,50] and the residual contangle
Ry [51,52], both calculated from the covariance matrix )
obtained from Eq. (19).

The bipartite entanglement between subsystems « and 8
(where «, B € {c, m;,my} and «a # B) is quantified by the
logarithmic negativity [49,50]

EZ¥ = max[0, — In(257)], (22)

where ¥~ = min|eig[i®,V;]| (with the symplectic matrix
Q = @i:l ioy and the Pauli y matrix oy) is the smallest
symplectic eigenvalue of the partially transposed covariance
matrix Vs = PyVsP,. Here Vs is the 4 x 4 submatrix ob-
tained by tracing out the remaining mode from V), and Py =
diag(1, —1, 1, 1) realizes the partial transposition.

To characterize genuine tripartite entanglement, we use the
minimum residual contangle [53]

RY™ = min [R""™, RY1™ R™M], (23)

where Rﬁﬁ b = «1ps — Cajp — Cuys 1s the residual contangle,
with Cypp = [E;“s 1? the contangle defined as the squared
logarithmic negativity [51,52]. This satisfies the monogamy
inequality C;jjx > Cyjj + Ciix, and a nonzero Rﬁi“ > 0 con-
firms genuine tripartite entanglement. For bipartitions where
B contains two modes, the symplectic eigenvalue is Ty gs =

minleig[iR;Vs]], with €3 = @,_, io, and Vs = PVP. The
partial transposition matrices for the three bipartitions are
Pepmm, = diag(1, —1,1,1,1, 1),
Puijem, = diag(1,1,1, =1, 1, 1),
Plem, = diag(1,1,1,1,1, —1). (24)
Furthermore, to quantify the nonreciprocal of entangle-

ment [26], we introduce the bidirectional contrast ratio for
both bipartite and tripartite correlations

_|EN(®) — EN(6 + 7))
ET EN@O) +Ex(O + )
Cr = Ry (0) — Ry(0 +7t)|.

RN(9)+RN(9 +7T)

Here 6 and 6 4 7 correspond to opposite squeezing phases,
which induce opposite signs for both the frequency shift

(25)
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(Ag, = T'jsin6;) and the damping shift (ky, = I'; cos 6;) of
the magnon mode. Analogous to the contrast ratios defined in
Refs. [26,28], here 6 € (0, ) corresponds to Ay, > 0, while
6 € (7, 2m) corresponds to Ay, < 0 [cf. Fig. 1(c)]. The value
Cr (Cr)= 1 represents ideal nonreciprocity, while Cg (Cr)=
0 indicates complete absence of nonreciprocity for bipartite
(tripartite) entanglement. When both entanglement values in
the denominator vanish, the corresponding contrast ratio is
mathematically undefined. In the density plots below, these
zero-denominator points are left blank or white and are not
interpreted as ideal nonreciprocal entanglement.

Our ring-cavity configuration combines two ferrimag-
netic YIG microbridges with a single optical mode, creating
a system where magnons, phonons, and photons interact
through radiation pressure and magnetostriction. The me-
chanical modes, operating at megahertz frequencies, remain
highly thermally populated even in a dilution refrigerator.
Therefore, they must be cooled to a temperature close to the
ground state to allow the preparation of quantum states of
the system. To achieve this, we drive the optical cavity with
a red-detuned laser field at w. — wp, which is resonant with
the optomechanical anti-Stokes sideband. In the absence of
magnon squeezing, one can prepare optomagnonic entangled
states following the protocol reported in Ref. [23].

Here we introduce a squeezing process to achieve switch-
able control through two experimental scenarios. In scenario
I, the first YIG microbridge is driven with a red-detuned
microwave field at frequency w,, — @ to achieve magnon
squeezing. Meanwhile, the second magnon remains un-
squeezed and is driven with a blue-detuned microwave field
at wy,, + wp. This creates a striking asymmetry: The squeezed
magnon exhibits phase-dependent changes in frequency shift
and damping, while the unsqueezed magnon generates entan-
glement through parametric down-conversion. In scenario II,
we reverse the roles such that the second magnon is squeezed
and the first one is not. Note that this swap (scenario I vs
scenario II) is independent of the squeezing phase reversal
6 — 6 + m that produces the entanglement nonreciprocity. It
demonstrates an additional switchability between the entan-
glement channels E{"™ and E5™ by selecting which magnon
is squeezed.

The squeezing process shifts the effective magnon fre-
quency by Ay, =I';sin6; and modifies its decay rate by
kg, = I'jcos0;. When the squeezing phase is reversed from
0 to 6 4+ m, both quantities reverse their signs, analogous to
reversing the Kerr coefficient sign [26] or flipping the Barnett-
induced frequency shift via magnetic-field direction [28].
However, conventional approaches require either mechanical
rotation, magnetic-field engineering, or intrinsic nonlineari-
ties. Our method only requires adjusting the squeezing phase.
The considered simulation parameters are consistent with the
values reported in Refs. [1,38,40] (see Table I).

The effective optomechanical coupling Go/2n = 8 MHz
is achieved with laser power P = 17.80 mW for go/2m =
1 kHz at detuning A, = w, and W = 7 /3. The angle W
controls the optomechanical coupling strength via gg;
cos>(¥/2) [see Eq. (2)]. For ¥ = 7/3, cos*>(¥/2) = 3/4,
which is a typical value in ring-cavity setups [38]. In
the regime where |Am/‘| X wp, 3> K, and T'; = kw, with

TABLE 1. Parameters used in our simulation (taken from recent
reported experiments).

Parameter Value
Optical cavity

Optical wavelength A = 1064 nm
Cavity decay rate k./2m =3 MHz
Angle V=m/3
Effective OM coupling Gy/2m = § MHz

YIG microbridge of volume 5 x 2 x 1 ym?

Magnon frequency
Mechanical frequency
Magnon 1 decay rate
Magnon 2 decay rate
Mechanical damping
Bath temperature

wn/2m =10 GHz

wp/2m = 40 MHz

Km, /2 =1 MHz
Ky = Ky /27

vp/27 = 10> Hz
T =10mK

2From Ref. [54].

0 < k < 1, the effective magnomechanical coupling becomes
Gn;, = ﬁngj/wh(l + ike')/(1 — k*) [see Eq. (17)]. In-
deed, for magnomechanical parameters I';/w, = 0.4 (k =
0.4) and g, /27 >~ 20 Hz [56], achieving G, /2w ~ 5 MHz
requires driving magnetic fields Hy; = 3.07 x 1073 T at6; =
7 /2 (corresponding to microwave power P, = 11.31 mW)
and Hy; =1.32 x 1073 T at 0; =3m /2 (corresponding to
Ppu; =2.08 mW) [57]. In the unsqueezed case, achiev-
ing Gy, /2 ~ 1 MHz requires Hy; = 3.96 x 10~* T (corre-
sponding to P, = 0.19 mW) at detuning A, = —0.9w,.
These drive powers lie well within the range from milliwatts
to 100 mW accessible in current cavity magnomechanics ex-
periments using loop antennas. All key parameters used in
this work are grounded in current experimental platforms;
the OM coupling go/27 = 1 kHz for the micron-size mir-
ror [41] and the MM coupling g,,/2mw =~ 20 Hz for the YIG
microbridge geometry [40,56] are both realized within the
ring-cavity optomagnomechanical architecture [38]. Note that
radiation-pressure and magnetostrictive couplings depend on
drive powers [57], explicitly

an)L AC 2 )
PL = ————— | Gg.
ke \2gpcos (V/2)
LWc ( 2Am,- >2 G%@
puoV «/ggmjy |42

where L, = (1 +iT;e /A,,)/[1 — (T';/A,,)*]. This sepa-
rate tunability of Gy via the laser power P, and G,,; via the
microwave drive P, is a distinctive feature of the ring-cavity
OMM architecture, unavailable in standard cavity magnome-
chanics where the absence of an optical mode prevents
independent control of the OM and MM coupling channels.
All results are obtained in stable regimes verified using the
so-called Routh-Hurwitz criterion (see Appendix B) [58].

To identify optimal operating regimes, we plot the amount
of entanglement in Fig. 2. Figures 2(a) and 2(b) show scenario
I, where magnon 1 is squeezed. Figure 2(a) exhibits a broad
plateau centered at A. ~ wy, arising from the optomechanical

Pm,- = (26)
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0.8 1.0 1.2 1.4

Ac/wb

FIG. 2. Density plots of cavity-magnon entanglement (a) and
(b) EJ™ for scenario I and (c) and (d) Ef™ for scenario II ver-
sus (a) and (¢) (A, A,,,) and (b) and (d) (A, A,,), where A, is
the effective cavity detuning and A,,; is the intrinsic detuning of
magnon j. The red boundary indicates stability. For scenario I we
set G, /2w = 5 MHz and G,,,/2n = 1 MHz, while in scenario II
we set G, /27 = 1 MHz and G,,, /2m = 5 MHz. See Table I for the
other parameters.

anti-Stokes resonance that cools the mechanical mode and for
A, =~ 11wy, sustains cavity—-magnon 2 correlations over a
wide detuning range. Figure 2(b) displays a much narrower
resonance near A, ~ 1.1wp, Ay, 2 —0.9wy, originating from
the simultaneous resonance of anti-Stokes optomechanical
and Stokes magnomechanical parametric down-conversion,
which restricts entanglement to a sharp double-resonance
region. Figures 2(c) and 2(d) examine scenario I with re-
versed detunings A,,, =~ wp, demonstrating the role of the
squeezed magnon selection. All entanglement regions lie
within stability boundaries (red contours), ensuring experi-
mental accessibility and validity of the proposed model.

To ensure the system’s stability, we set Go > G, allowing
the optomechanical anti-Stokes process (phonon absorption)
to dominate magnomechanical Stokes emission. Addition-
ally, the unsqueezed magnon requires stronger coupling
than the squeezed one to preserve stability, as illustrated in
Figs. 3(a) and 3(b), which display magnon-magnon entan-
glement EZ‘"”’Z versus coupling strengths, revealing broad
stable regions with optimal values at moderate asymmetry
Gy, /27 >~ 4-7 MHz. Figures 3(c) and 3(d) examine the tem-
perature dependence at opposite phases. In Fig. 3(c) (scenario
I), at 6; = /2, cavity-magnon entanglement E,f,'mz survives
up to 7 ~218 mK while E,f,‘m‘ vanishes, demonstrating
phase-dependent suppression. This asymmetric thermal tol-
erance reflects the phase-controlled modification of both
the effective magnon frequency shift Ay =1I";sinf and
the dissipation ks = I'; cos 8, which selectively protects one
cavity-magnon channel while degrading the other. Magnon-
magnon entanglement E" b2 persists up to 7 ~ 149 mK and
tripartite entanglement R¥™ up to 7 =~ 152 mK. Flipping

to 6; = 37w /2 reverses the pattern, with E,f,'mz surviving up

to T ~ 207 mK, E;,""mz up to T =~ 166 mK, and RY™ up

(b)

3.0

©
n

G, /27 (MH2)

n

4.5 5.0 5.5 6.0 6.5 K 1.5 2.0 25 3.0 35 »
Gy, /27 (MHz) Gy, /27 (MHz)
(©) (d)

0.0010

0000000
°
°

v 11o.0008 0.0008

0.0006

0.0006

min

-

0.0004

R

0.0004

0.0002 0.0002

0.0000
0.0 0.1 0.2 0.3 0.0 0.

"

0.0000

2 0.3

.1 T(K)O

FIG. 3. Density plots of magnon-magnon entanglement E;V""mz
versus (G, , Gn,) for (a) scenario I and (b) scenario II and
temperature dependence for (c) scenario I and (d) scenario II show-
ing cavity-magnon entanglements Eg™' (red) and Ey™ (orange),
magnon-magnon entanglement Ey'" (blue), and tripartite entan-
glement RY" (purple) versus bath temperature 7. Moreover, we set
0 = /2 and 37 /2 for solid lines and circles, respectively. The other
parameters are the same as in Fig. 2.

to T ~ 176 mK. The enhanced thermal robustness of cavity-
magnon entanglement compared to magnon-magnon and
tripartite entanglement reflects the dominant role of phonon
thermal occupation 7, >~ kT /hiwp,; at megahertz frequen-
cies, which primarily degrades phonon-mediated correlations.
Figure 3(d) mirrors this behavior in scenario II. At 6, =
/2, E,f,'m‘ survives up to T =~ 211 mK, while EK,'"'Z vanishes.
Magnon-magnon entanglement persists up to 7 ~ 112 mK
and R‘,:}i“ up to 7 =~ 119 mK. At 6, =37 /2, these values
shift to T ~ 197, 154, and 155 mK, respectively. Magnon
squeezing does not eliminate the need for cryogenic oper-
ation. The mechanical modes are in the megahertz range,
so their thermal occupation remains large even at subkelvin
temperatures; cryogenic precooling and sideband cooling are
therefore still required for phonon-mediated correlations. The
advantage of the squeezing-induced control is that several
calculated correlations remain nonzero up to temperatures of
order 0.1-0.2 K, with the most robust cavity-magnon case
reaching about 218 mK. The temperature intervals where en-
tanglement appears in one phase and disappears in the other
define ideal zones of nonreciprocal entanglement, confirming
phase-controlled switching within dilution refrigerator reach.

Figure 4 extends this analysis to multiple squeezing phases
0 =mn/4, w/3, m/2, and 37 /4. In scenario I [Figs. 4(a)
and 4(c)], ideal nonreciprocity (Cg"“m, CRim ~ 1) is achieved
for all phases. At 8 = /3, both shifts |Ay| = «/gl"j/Z and
|kg| = I'j/2 contribute simultaneously, highlighting the ad-
vantage of dual-parameter control over single-frequency-shift
methods. The scans suggest that broad high-contrast re-
gions occur when the frequency-shift and quadrature-damping
contributions have comparable magnitudes |Ag| ~ |kg], i.e.,
tan6 ~ 1, as occurs near 6 = 7 /4 and 37 /4. This should be
understood as a physical guideline rather than a closed-form
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FIG. 4. Nonreciprocal contrasts Cp'" and Cmin for (a) and (c)
scenario I and (b) and (d) scenario II versus I'; , /w;. Nonreciprocity
is revealed by comparing 6 and 6 + w, with 0 = /4, n/3, 7 /2,
and 37 /4. (e) Density plots of C;""™ as a function of (6, I';/w,) for
scenario I and scenario II. The other parameters are the same as in
Fig. 2.

optimality condition, since the exact stability and entangle-
ment windows are determined by the full drift matrix. In
scenario II [Figs. 4(b) and 4(d)], ideal nonreciprocity is
reached at I'; < 0.5w,. At 6 = /2, the dissipation shift
vanishes (ky = 0) and the squeezing Hamiltonian reduces to
Hyy = £(I" /2)(m;2 +m?), where only the frequency shift
drives nonreciprocity. Phases with 8 % m /2 activate both
channels, extending ideal nonreciprocity over broader sta-
ble regions (see Appendix B). Remarkably, squeezing the
second magnon (scenario II) yields the largest stability region
and the most extensive zone of ideal nonreciprocity, making
it the optimal configuration for robust switchable entangle-
ment in this platform. Figure 4(e) extends this analysis to
the full (,T';) space, showing that scenario II maintains
high contrast (Cg ~~ 1) over a finite range 6 € [ /4,37 /4] at
I’ /wp =~ 0.3-0.5. These finite high-contrast regions indicate
tolerance to moderate phase deviations, coupling variations,
and thermal fluctuations within the tested parameter ranges.
A complete device-specific error budget would require speci-
fying the concrete implementation of the squeezing pump and
is beyond the scope of the present theoretical model.

Figure 5 quantifies nonreciprocal strength via contrast
ratios. Figures 5(a) and 5(b) show cavity-magnon contrast
C™ in scenario 11 and CJ™ in scenario I versus coupling
and squeezing. Strong entanglement nonreciprocity emerges
at G, /27w >~ 5-6 MHz for I'y/w, 2~ 0.3-0.6 in scenario II
and I'; /w, =~ 0.2-0.4 in scenario 1. These coupling strengths
can be achieved with microwave powers P,,;, = 11.31-16.29

Iy /wy

I‘1/%

2 4 6 ' 4 6
G, /27 (MHz Gy, /27 (MHz
FIG. 5. Nonreciprocal contrast versus coupling
and squeezing: bidirectional ~contrast ratios (a) Co™

(scenario II), (b) Cg""z (scenario I), (c) CE”“"’Z (scenario I), and
(d) C7"§“ (scenario I) versus magnomechanical coupling G, and
squeezing strength I';, where j = 1,2 denotes which magnon is
squeezed. The red boundary indicates stability. The other parameters
are the same as in Fig. 2.

mW at 0 =z /2 and P, =2.08-2.99 mW at 6 = 37/2,
for I'j /wy, = 0.4. Figure 5(c) displays magnon-magnon con-
trast Cg' b reaching ideal nonreciprocity in a narrower band
around I'j/wp >~ 0.4. Figure 5(d) shows tripartite contrast
C;gi“, lower in magnitude due to monogamy but follow-
ing similar trends as in Fig. 5(c). In Figs. 5(c) and 5(d)
the white regions within the stable zone indicate parame-
ter regimes where entanglement disappears at both 6 and
0 + m. At these points, the denominators in Eq. (25) vanish;
accordingly, the regions are left white and are not counted as
ideal nonreciprocity. Moderate coupling asymmetry around
Gy, /2 ~3-7 MHz combined with squeezing I'i/w, =
0.2-0.6 yields an ideal switchable entanglement, correspond-
ing to microwave powers P, = 4.07-22.18 mW at 6 = /2
and P, =0.75-4.07 mW at 6 =37 /2, for I';/w, = 0.4.
Compared with frequency-shift-based Kerr and Barnett mech-
anisms [26,28] and with chiral-coupling schemes based on
coupling asymmetry [29], the present scheme uses the squeez-
ing phase to control both Ay and ky while preserving the same
device geometry. Table II summarizes these distinctions and
reports whether the compared schemes require rotation, chiral
coupling, or other platform-specific control mechanisms.

To verify the magnon squeezing mechanism underlying
our nonreciprocal entanglement protocol, we reconstruct the
Wigner function for the magnon modes. For a Gaussian state,
it takes the form [23,33]

W(o) = ; exp (—lofflaT) 27
w2y det V 2 7
where o = (A, B,y,;) is the magnon quadrature vector and
V is the corresponding 2 x 2 covariance submatrix ex-
tracted from the full system covariance matrix ). Figure 6

displays reconstructed Wigner functions at opposite squeez-
ing phases. In Figs. 6(a) and 6(c), where 6 = /2, the
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FIG. 6. Reconstructed Wigner functions for (a) and (b) scenario I
(first magnon squeezed) and (c) and (d) scenario II (second magnon
squeezed) at (a) and (c) 6 = /2 and (b) and (d) 6 = 37 /2. Blue
solid contours indicate the 1/e of the maximum value of W(o).
Moreover, for scenario I we set A, /w;, = 1.1, A, Jwp, = —0.9, and
'y /wp, = 0.4, while for scenario 11 A, /w, = —0.9, A, /o), = 1,
and Fz/a)b =0.6.

distributions exhibit pronounced elliptical compression along
one quadrature, a clear signature of strong squeezing. Re-
versing to 6 = 37 /2 in Figs. 6(b) and 6(d) yields similar
squeezing strength but with perpendicular orientation. This
7 rotation of the squeezing axis directly visualizes how flip-
ping 0 reverses Ay, = I'; sin 0, confirming genuine magnon
squeezing as the physical resource underlying the nonrecipro-
cal entanglement demonstrated in Figs. 2-5.

Finally, the above results are valid when the low-excitation
assumption (m;m i) K 2Nops = 5Ny is  satisfied, with
s = % for Fe** in YIG. For our YIG microbridge
(V =5 x 2 x 1 um®), the number of spins Ny = 4.22 x 10'°,
and Gy;/2xr =5MHz with I';/w, = 0.4 corresponds to
|(m;)| =~ 1.77 x 105 for Q; ~6.22 x 10"* Hz at §; = 7 /2
and for ; >~ 2.67 x 1013 Hz at 0; =3m/2, which leads
to (mj.mj) ~3.13 x 10" « 5Ny =2.1 x 10", and the
assumption is thus well satisfied for both squeezing phases.
More precisely, in the linearized Gaussian treatment the total
magnon population includes both the coherent steady-state
amplitude and the fluctuation contribution extracted from the
covariance matrix,

(mim;) = |mjsl* + 3 (A3, ) +(By, ) = 1) (28)

For the plotted working points, this fluctuation correction re-
mains negligible compared with the spin-number bound 5N,
so the low-excitation approximation is not affected.

IV. CONCLUSION

In this work we have theoretically studied phase-
switchable nonreciprocal entanglement in an optomagnome-
chanical ring cavity using phase-controlled magnon squeez-
ing. Reversing the squeezing phase by m changes the
signs of both the effective frequency contribution Ay, =
[;sin0; and the quadrature-damping contribution kg, =
I'j cos 8}, thereby producing two dynamically inequivalent
configurations without mechanical rotation or magnetic-field
reorientation. Squeezing one of the two magnon modes pro-
duces a high-contrast nonreciprocal response (Cg, Cr >~ 1)
in selected stable windows, while choosing whether m; or
my is squeezed changes the dominant optomagnonic entan-
glement channel. The results show that the contrast depends
on the squeezing strength, squeezing phase, magnomechan-
ical coupling, and bath temperature, with phonon-mediated
correlations limited by the thermal occupation of the mega-
hertz mechanical modes. Moreover, the genuine quantum
nature of the squeezing is confirmed by Wigner function
reconstructions at opposite phases. Within the assumptions
of the linearized Gaussian treatment and for experimentally
motivated parameters, these results establish a feasible the-
oretical route toward phase-switchable entanglement in an
optomagnomechanical ring cavity, with practical implemen-
tation requiring cryogenic precooling, sideband cooling of
the mechanical modes, and accurate control of the squeezing
phase, all within reach of current experimental platforms. This
positions magnon squeezing as a versatile resource for chiral
quantum networks and on-demand entanglement routing in
hybrid magnonic architectures.
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APPENDIX A: DERIVATION OF THE ROTATING-
FRAME HAMILTONIAN

In this appendix we provide the detailed derivation of the
rotating-frame Hamiltonian used in the main text. For sim-
plicity, we set i = 1 throughout the following calculations.
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The total Hamiltonian is given by

r;
H=owc'c+ Z wm,m mj + —J(CIJ —I—p]) + Z |:gOJC cqj + gm,m mjq; + l( 21 e e—szotm’rZ + Q; mJr _lwot) - H.C.]
j=12 j=12

+ (Ycfe ™! —H.e)). (A1)

By applying the unitary transformation U = exp[i (wrcte + > =12 wom;m j)t] to the total Hamiltonian in Eq. (A1), the system
operators transform as

¢ — ce it T cTelont (A2)
—iwot T T iwot

mj — mje"", m; —> me”, (A3)

m? N n,l?e—iZwol7 m;‘Z - mTZelzwot (A4)

and we obtain the interaction-picture Hamiltonian

H=uaU — iU U’

Wp . _ . r; . )
= (0. — o) ¢+ Z (wm; — wo)m;mj + 7’(q§ + p?) + Z I:goj-cchj + gmjm;quj + l(;’e’"fm;2 — Hc)]
j=12 j=1,2

+il | T+ Y @mi | —He. |. (A5)
j=12

However, the quantum Langevin equations including dissipation and noise turn out to be

¢ =—iA.c—kKkee— i Z Zojeqi + Y+ k.,

j=12
ity = i A — Ky — g, m;q; + 2+ e m 4 2, m
qj = Wp;Dj»
pj=—wpq; — g,,,jm;mj — gojc’c — Vo, Pj + &) (A6)
[
where A, = w, — w and A,,, = w,,, — wp. The next step is g = wy, Pjs

to linearize the above differential system around steady-state =

g ~ . G G,
values by writing each operator as O = O; + O, where O; pj=—wy,q;+ .—0(5’r — &) — - " (rh; m;)
is the steady-state value and O represents small quantum iv2 iv2
fluctuations. In fact, neglecting second-order terms yields — Vo, Pj + &), (A7)
. - _ . A — A _ 1V 2 , A —
b= —iA G —kuE — i Z God; + v/ 2eE™, where A, __AC Zj=},2( 1) gocos™(W/2)qjs,  Ap, =
j=12 A, + &m,qjs» Go = (=1)/Go, and Gy = igov/2 cos> (W /2)a.
. o o - " Introducing quadrature operators A, = (& +&)/+/2 and
mj = —ilyj — Kmij —iGp,G; + Tje™m; 4 )26 i}, B, = (8 — &")/(iv/2) for & = ¢, m; gives rise to the linearized
quantum Langevin equations
A, = AB, — kA + Gsgj + 2ch§“,
15 1 Ec -A A KCB + ‘/Zlcc
& & Amj = A B — Km; Am, + AG,BmI + Ke/Am/
= =
< > — G, qj + 2Km]Am
0.5 0.5, - 5 "
By, = _AmfAmj - ijBm/ + Ag;Am; — Ko, B,
0 02 04 06 08 10 0 02 04 06 08 10 .
1n
Ty /wp Ty/wy + 2Kmem/"
FIG. 7. Stability functions versus 6; and I'; in both (a) scenario g i = wp,Pj,
I and (b) scenario II. Green (red) regions indicate stable (unstable) B o I - B
parameter regimes. Pj = —wp,4j — GoBe + G, B, — vi,Pj +§j. (A3)
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where Gy =) (=1)/Gy, kg, =Tjcos6;, and Ay =
I';jsin@;. These equations can be written compactly as
[ (t) = xF (t) +N(t), where [ (t) contains all quadrature
fluctuations, N (¢) is the noise vector, and x is the drift matrix
given in Eq. (7).

APPENDIX B: STABILITY ANALYSIS

The stability of the proposed ring-cavity optomagnome-
chanical system is verified using the Routh-Hurwitz criterion
[58]. The linearized dynamics is governed by the drift matrix
x given in Eq. (7). Note that the stability of our system
requires that all eigenvalues A of x should have negative
real parts, which are determined by the characteristic equa-
tion det(x — Al) = 0. This yields a tenth-order polynomial
equation

aoh® +ai2® + - + aoh + ajg = 0. (BD)

Rather than solving this polynomial equation directly, we
apply the Routh-Hurwitz criterion, which provides algebraic

stability conditions based solely on the polynomial coeffi-
cients a;. We construct a sequence of Hurwitz matrices 7

of dimension k x k for k=1, 2,...,10, with elements #;,
defined by
_p for0<2l—n<10, 1<, n<k
l[n — [25)] or . n n (B2)
0 otherwise.

Therefore, the system is stable if and only if all Hurwitz deter-
minants are positive, i.e., det(7;) > O forallk =1,2,..., 10
[58]. We evaluate these stability conditions numerically across
the full parameter space. Throughout all results, unstable
regions are excluded and marked by red boundaries, ensur-
ing that all reported entanglement lies within experimentally
accessible stable regimes. As shown in Fig. 7, 8 = 7 /2 cor-
responds to the narrowest stability window, while phases with
both Ay, and ky, active yield broader stable regions.
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