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Abstract

Magnonic systems present a compelling platform for quantum technology, owing to their
strong capacity to form hybrid quantum systems via diverse couplings. To unlock the full
potential of these systems, the engineering of flexible coupling between multiple magnon
modes is essential. Here, we propose a method to realize switchable dissipative Ising
coupling in magnon systems, leveraging the three-body coupling among photon, phonon,
and magnon. This type of dissipative coupling is a critical component for constructing Ising
machines designed to solve complex combinatorial optimization problems. By dynamically
tuning the phase of a nonlinear mechanical pump, we demonstrate the realization of both
ferromagnetic and antiferromagnetic dissipative interactions. The validity of the scheme is
confirmed by numerical simulations, which also demonstrate its robustness against a strong
uncontrollable part of dissipation. Our work provides a versatile tool that can facilitate the
implementation of magnon-based quantum computing and the exploration of many-body
magnon physics.
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1. Introduction
Magnons, the quanta of spin-wave excitations in magnetically ordered materials [1–4],

have recently emerged as a versatile platform for quantum optics, owing to their intrinsic
nonlinear characteristics [5–7], tunable scattering behavior [8–10], and potential applica-
tions in spintronics [11–13]. These characteristics enable strong hybrid coupling between
magnons and other subsystems, leading to a wide range of applications in hybrid quantum
architectures [14–17]. Notably, the intrinsic Kerr nonlinearity [18] of magnons provides a
powerful resource for generating nonclassical states, such as Schrodinger cat states [19–22]
and squeezed states [23–25]. Among various magnonic systems, yttrium iron garnet (YIG)
microspheres are distinguished by their exceptionally high quality factors and strong Kerr
nonlinearity [25–27], making them ideal platforms for cavity quantum electrodynamics ex-
periments [28,29]. An intriguing phenomenon in magnonic systems is bistability [21,30–34],
which can serve as an analog for simulating Ising spins [35].

Ising spins can be used to solve combinatorial optimization problems [36–38], which
can describe many practical problems [39,40] and are known to be NP-hard. To efficiently
tackle such combinatorial optimization problems, coherent Ising machines (CIMs) [41–45]
have been developed, which exploit optical bistability to represent and manipulate Ising
spins. CIMs have demonstrated excellent scalability and robustness against noise in both
theoretical analyses and experimental implementations [46–48]. In addition to their original
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implementation based on optical parametric oscillators and fiber networks, CIMs have
also been realized on various alternative platforms [42,49,50]. Recent studies indicate that
bistable states in magnon systems can potentially be utilized to construct CIMs [35]. In ad-
dition to the implementation of effective Ising spins, the realization of effective couplings is
essential for CIMs. Moreover, these couplings should be reconfigurable to simulate arbitrary
Ising models. In fiber-based CIMs, the switching of coupling terms is usually achieved
by electro-optic modulators [51] or field-programmable gate arrays [38,52]. The design of
switchable Ising couplings in magnon systems, however, remains an open challenge.

Three-body couplings in magnon systems [53,54] provide a potential mechanism for
realizing switchable Ising couplings in magnon-based CIMs. In particular, magnon systems,
which couple photons, phonons, and magnons, provide an ideal platform for exploring
three-body interactions [55–59]. These hybrid magnon systems have attracted considerable
attention in recent years owing to their ability to enhance both coherent couplings [27,60,61]
and dissipative couplings [62,63]. The interactions in these systems can be tuned via either
squeezing [64–68] or coherent feedback control [69,70]. In addition, the manipulation of
steady states [71–74] through dissipation has been extensively studied in these systems,
providing guidance for the design of Ising couplings in magnon-based CIMs.

In this paper, we propose constructing switchable dissipative couplings in magnon-
based CIMs via three-body interactions among phonons, photons, and magnons. The pho-
ton mode induces loss in the magnon mode, while the phonon mode modulates the loss
intensity. We further show that the same mechanism can be applied to dissipative couplings,
enabling a transition from ferromagnetic to antiferromagnetic interactions. The perfor-
mance of the scheme is subsequently evaluated through numerical simulations. Our
numerical results demonstrate that, in a two-magnon system with switchable dissipative
coupling, the steady states can exhibit either in-phase or anti-phase behavior depending
on the mechanical state. Moreover, the switchable coupling can also modify the relative
phases of the transient states. In addition to the ideal case, the effect of unwanted losses is
also evaluated to demonstrate the robustness of the method.

This paper is organized as follows. In Section 2, we present the basic concept of
designing a switchable loss channel and verify it numerically. In Section 3, we extend this
concept to dissipative coupling and demonstrate that channel switching enables rapid state
transitions. We characterize these transitions using expectation values and dual-mode
Wigner functions. Section 4 is the conclusion.

2. Basic Concepts for Switchable Loss
We consider the following magnon system [27,31,75]:

Hm = −
∫

Vm
M · B0 dτ − µ0

2

∫
Vm

M · Han dτ, (1)

where µ0 is the magnetic permeability of free space, B0 = B0ez is the static magnetic field
applied in the z direction, M is the magnetization of the YIG sphere, the anisotropic field is
Han = −(2Kan/M2)Mz, caused by the magnetocrystalline anisotropy in YIG [76], where
only the dominant first-order anisotropy constant Kan is taken into account and M is the
saturation magnetization. Then, the Hamiltonian in Equation (1) becomes

Hm = −B0MzVm +
µ0Kan

M2 M2
zVm. (2)

The YIG sphere can act as a macrospin S = MVm/γ ≡ (Sx, Sy, Sz), where γ = gµB/h̄ is
the gyromagnetic ratio [77], with g being the g-factor and µB the Bohr magneton. With the
macrospin operator introduced, the Hamiltonian Hm reads
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Hm = −γB0Sz +
µ0Kanγ2

M2Vm
S2

z . (3)

The macrospin operators are related to the bosonic magnon operators via the Holstein–
Primakoff transformation [78]:

S+ = (
√

2S − a†a)a,

S− = a†(
√

2S − a†a),

Sz = S − a†a,

(4)

where S is the total spin number of the macrospin operator and a†(a) is the creation
(annihilation) operator of the magnon with frequency ωa. For the low-lying excitations
with ⟨a†a⟩/2S ≪ 1, one has S+ ≈ a

√
2S, and S− ≈ a†

√
2S. Then, the Hamiltonian can

be decomposed into two parts: the free Hamiltonian of the Kittel magnon mode and the
effective Kerr nonlinearity term:

Hm =Hf + Hself-Kerr

=ωaa†a + Ka†a†aa,
(5)

where ωa = γB0 − 2µ0Kanγ2S/(M2Vm) is the frequency of the magnon mode,
K = µ0Kanγ2/(M2Vm) is a coefficient characterizing the strength of the nonlinear magnon
effect. In implementations relevant to magnon-based coupling systems, the magnon fre-
quency typically lies in the MHz-GHz range [57,79,80]. Note that the quartic magnon
interaction directly inherits the sign of the anisotropy constant Kan. As shown in Ref. [81],
when B0 is along the hard-axis, the Kerr coefficient is positive (K > 0). When B0 is along
the easy-axis anisotropy, the Kerr coefficient is negative (K < 0). In this work, we focus
on the case of the self-Kerr coefficient K > 0. Such a Kerr coefficient is weak but can be
enhanced to the order of MHz with a qubit [82].

A parametric pumping of the magnon mode is then introduced as (see also
Appendix E)

Hd(t) =
G∗

2
a†a†eiωdt +

G
2

aae−iωdt. (6)

Such nonlinear terms can be introduced by either a parametric microwave pump [34] or an
anisotropic YIG sample [24,83,84]. Here, we focus on the parametric pump cases.

Transforming into a rotating frame defined by U = exp
(
iωda†a t/2

)
, we obtain the

effective Hamiltonian.

HmI = ∆aa†a + Ka†a†aa,

HdI =
G∗

2
a†a† +

G
2

aa, (7)

where ∆a = ωa − ωd/2. At resonance (∆a = 0), the harmonic term is eliminated, leaving
a purely parametric squeezing interaction. Identifying sa = G/2, the effective squeezing
Hamiltonian can be written as

Hs = s∗a a†a† + saaa. (8)

Here, sa characterizes the nonlinear pump intensity of the magnon mode and will be
used as the unit of other parameters. This classical pump intensity |sa| can be several
orders of magnitude larger than the loss in magnon [85,86], e.g., at the order of 100 MHz
in our case. Such RWA-induced magnon-squeezing mechanisms have been widely stud-
ied in cavity-magnonics and hybrid magnonic systems under experimentally accessible
conditions [87,88].
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To generate bistable states of the magnon mode, a nonlinear interaction is required.
This fourth-order nonlinearity (5) induces a shift in the magnon frequency and facilitates
the emergence of bistability, as detailed in Ref. [89]. Furthermore, single-magnon loss also
plays a crucial role. Although magnon suffers both local loss and collective loss in the
general case [81], we consider a small sa/ωa ratio. Consequently, the single-magnon loss
term is dominant. Such a dissipative effect is typically modeled by a Lindblad term in the
master equation:

∂

∂t
ρ = i[HmI + Hs, ρ] +

γs

2
L(ρ, a),

L(ρ, L) ≡ (2LρL† − L†Lρ − ρL†L), (9)

with the loss rate γs, the magnon Hamiltonian in the interaction picture HmI = Ka†a†aa,
and the Lindblad operator L = a. Such intrinsic loss is similar to the engineered loss in
effect, but weaker. Therefore, we do not consider this term separately.

The emergence of bistable magnon states is contingent upon the nonlinear pump
intensity of magnon mode sa, the loss rate γs, and the Kerr coefficient K residing within
appropriate regimes. The interplay between the self-Kerr nonlinearity and the mechanical
mode squeezing governs the system’s steady-state behavior, where these states can be stable
or unstable contingent upon the magnitude of the nonlinearity and squeezing, as noted
in Ref. [35]. With a strong enough nonlinear pump |sa| > γs/4, the system described by
Equations (8) (master-equation) can have two steady states:

|ψsteady⟩ = | ± α⟩, (10)

which are a pair of coherent states with opposite phases but the same amplitude |α|.
To clarify how the bistable magnon states can emulate Ising spins, we briefly introduce

the Ising Hamiltonian commonly considered in Ising machine architectures [37,90]:

H = −∑
i,j

Ji,jσiσj, (11)

where σi = {−1, 1} and Ji,j denote the value of the ith spin and a coupling coefficient
between the ith and jth spins, respectively. Following the approach outlined in Ref. [35],
the effective spins can be constructed from the bistable states of the parametrically driven
magnon mode in Equation (10). Specifically, the two stable coherent states |α⟩ and | − α⟩
correspond to the effective Ising spin-up and spin-down states:

|α⟩ ↔ | ↑⟩,
| − α⟩ ↔ | ↓⟩. (12)

Distinct Ising coupling terms are realized through varying collective dissipation terms [91].
The coupling term between the ith spin and the jth spin Ji,jσ

i
zσ

j
z corresponds to a collective

loss term between the ith and the jth magnon mode. For Jn,m > 0, the Ising Hamiltonian (11)
contributes a positive energy if the two spins are aligned, and negative energy if they are
antialigned. The dissipative version of such coupling has the following form (see also
Appendix D) [19]:

Γc

2
L(ρ, ai + aj), (13)

The Lindblad term causes loss if the two optical modes have the same phase α, while two
optical modes with opposite phases describe a dark state of the loss term. In this case,
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the out-of-phase configuration forms a dark state with minimal dissipation. Conversely,
a negative Ising coupling Jij corresponds to a distinct Lindblad term (see also Appendix D),

Γc

2
L(ρ, ai − aj), (14)

favoring in-phase bistable states. By switching between these collective dissipation chan-
nels, both ferromagnetic and antiferromagnetic Ising couplings can be engineered. The map-
ping from an Ising coupling to a dissipative coupling can be summarized in the Table 1.

Table 1. The mapping of ferromagnetic and antiferromagnetic Ising couplings.

Effect States Signs

|α⟩n|α⟩m +sign(Jm,n)

Collective loss Loss |α⟩n| − α⟩m −sign(Jm,n)

am + sign(Jm,n)an change | − α⟩n| − α⟩m +sign(Jm,n)

| − α⟩n|α⟩m −sign(Jm,n)

| ↑⟩n| ↑⟩m +sign(Jm,n)

Ising interaction Energy | ↑⟩n| ↓⟩m −sign(Jm,n)

Jm,nσmσn shift | ↓⟩n| ↓⟩m +sign(Jm,n)

| ↓⟩n| ↑⟩m −sign(Jm,n)

Consequently, the collective dissipation terms must be switchable to ensure the conve-
nient handling of diverse Ising problems by the machine.

A viable approach for achieving switchable dissipation channels is to manipulate
dissipation via three-body coupling in magnon systems, as demonstrated in Ref. [53].
In that work, a tripartite magnon-spin-phonon coupling originates from the magnetic
dipole interaction between a localized spin and the quantized magnetic field generated by
the Kittel mode of a YIG sphere. For the Kittel mode, all spins in the magnetic microsphere
precess uniformly and in phase, and its free Hamiltonian is given by HK = ωKa†a, where
ωK = |γ|Bz is determined by the external bias magnetic field. The quantized magnetic field
associated with the Kittel mode couples to a nearby spin through the Zeeman interaction,
Hint = −(geµB/h̄) B̂ · Ŝ. Under the rotating-wave approximation, this interaction reduces to
a magnon-spin exchange form, Hint = g(r)

(
a†σ− + aσ+

)
, where the coupling strength g(r)

depends explicitly on the distance r between the spin and the magnetic sphere. When the
relative position between the spin and the magnet is mechanically modulated, the distance
can be expressed as r = r0 + ẑ. By quantizing the mechanical displacement ẑ = zzpf(b + b†)

and expanding the coupling strength g(r) to first order in ẑ, the interaction Hamiltonian
naturally acquires a tripartite form involving magnon, spin, and phonon operators. As a
result, an effective three-body coupling term emerges, whose strength is proportional to the
mechanical zero-point fluctuation and the spatial gradient of the magnon-spin coupling.

Motivated by this established mechanism, we adopt an analogous approach in a
magnon-photon-phonon system to engineer the desired three-body interaction and thereby
enable controllable dissipation channels. As illustrated in Figure 1, we consider a system
comprising a magnon mode (a YIG microsphere), a photon mode (a transmission line),
and a phonon mode (a cantilever). The interaction Hamiltonian is given by:

Hint = λ(b + b†)(ac† + a†c), (15)

where a, b, and c denote the annihilation operators for the magnon, phonon, and photon
modes, respectively. When the cavity photon mode is strongly lossy, i.e., with a decay
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rate much larger than the coupling strengths, the nonlinear pump intensity or the Kerr
coefficient of the magnon mode (Γcav ≫ λ, sa, K), the pump field keeps in the steady state
and adiabatically changes during the evolution. Therefore, this interaction Hamiltonian is
capable of inducing a dissipation channel following the procedure of adiabatic elimination:

L = −(b + b†)a, (16)

with a dissipation rate Γcontrol = λ2/Γcav (see also Appendix A). By manipulating the
quantum state of the phonon mode, the effective loss rate in the magnon mode can be
precisely tuned. Note that such loss is artificially induced loss, which is different from the
intrinsic loss in Equation (9).

squeezed

phonon

photon

(b)

(c)

magnon

(a)

(a) (b)

𝐻int = 𝜆 𝑏 + 𝑏† 𝑎𝑐† + 𝑎†𝑐

Figure 1. (a) Schematic diagram of the three-body system. The system involves three distinct modes:
the magnon mode a, the phonon mode b, and the photon mode c. The operators a†, b†, and c† denote
the creation operators for the magnon, phonon, and photon modes, respectively. λ represents the
coupling strength among the three modes. (b) Physical realization of the hybrid system. The system
is composed of a magnon mode (a YIG microsphere), a phonon mode (a mechanical cantilever), and a
photon mode (a transmission line). The YIG sphere is placed below the cantilever. The transmission
line (indicated by the purple line) is positioned above the cantilever, illustrating the geometry of the
coupling elements.

Reference [53] demonstrated that the coupling strength between the magnon, spin,
and phonon modes can be enhanced by applying squeezing to the mechanical mode:

U(r) = exp
(

r(b2 − b†2)

2

)
, (17)

where r is the squeezing parameter. This method further allows for the potential tun-
ing of the loss rate of the dissipation channel induced by the three-body interaction in
Equation (16). Given that the Lindblad operator in Equation (16) is proportional to the
dimensionless position operator of the mechanical mode, x ≡ (b + b†)/

√
2, the squeezing

or anti-squeezing of the position may modulate the decay rate.
It is noteworthy that the objective of this section is to modulate the overall system’s

net dissipation rate using the squeezing effect. We will first introduce the theoretical model
for mechanical mode squeezing incorporating loss and nonlinear pump. Subsequently,
the control effects of mechanical-mode squeezing on magnon-mode dissipation will be
elucidated. The detailed design for switchable collective loss will be presented in the
subsequent section.
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2.1. Effects of Mechanical-Mode Squeezing

To elucidate how phonon squeezing in the dissipation channel characterized by
Equation (16) influences the loss of the magnon mode, we first introduce squeezing terms
for the mechanical mode [53], which is at frequency ωb, following the same derivation
mechanism as that employed for the magnon squeezing Hamiltonian in Equation (8).

Hb = s∗b b†b† + sbbb, (18)

where b is the phonon annihilation operator, and sb is the nonlinear pump intensity of
the phonon mode, which governs the degree of squeezing in either the displacement
or momentum quadrature. Such a nonlinear pump can be comparable to the loss, e.g.,
|sb| ≈ 50 kHz for an oscillator with γm ≈ 100 kHz [92], so that the control of mechanical
squeezing is possible. It should be noted that we employ the displacement and momentum
operators of the phonon mode here:

x =
b + b†
√

2
, p = i

b† − b√
2

. (19)

The squeezed quadrature is determined by the phase of sb, namely, the phase of the pump
field. A positive sb induces position squeezing (⟨(x − ⟨x⟩)2⟩ < 1

2 ), whereas a negative sb

yields momentum squeezing (⟨(p − ⟨p⟩)2⟩ < 1
2 ) [93].

To maintain the mechanical mode in its steady state, we introduce a strong dissipation
term described by the Lindblad operator:

Lb = b, (20)

with a dissipation rate Γb = 10sa. Such a strong dissipation manifests a two-fold effect:
Firstly, it suppresses the mechanical mode from entering the parametric instability regime.
Secondly, this dissipation term suppresses the back-action of the magnon mode on the me-
chanical mode during the process of controlling the magnon mode via the mechanical mode.

We perform numerical simulations of the mechanical system’s evolution using the
Qutip package (v5.1.1), and the resultant Wigner function after a sufficiently long evolution
time is illustrated in Figure 2. Corresponding to different pump phases, squeezing is
observed in the position quadrature and the momentum quadrature, respectively. It is
straightforward to anticipate that such squeezing can influence the dissipation described in
Equation (16).

2.2. Switchable Loss in Single-Magnon System

This section investigates the influence of squeezing in the mechanical mode b on
the magnon mode a and presents the foundational concept of switchable dissipation.
The magnon mode under investigation is subject to a nonlinear pump (8), a nonlinear Kerr
term (5), and controllable dissipation (16). Under the strong dissipation regime, the magnon
steady state is characterized as a squeezed state, whereas bifurcation occurs in the weak
dissipation limit [94]. In order to modulate the dissipation strength of the magnon mode,
we introduce a two-phonon pump term (18) and a dissipation term (20) for the mechanical
mode. As demonstrated in Figure 2, the squeezed quadrature can be selected via the pump
phase, so that the loss term shown in Equation (16) can be adjusted.

The Hamiltonian of the system studied in the rotating frame is

Htotal = s∗a a†a† + saaa + Ka†a†aa + s∗b b†b† + sbbb, (21)
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where sa and K are, respectively, the nonlinear pump coefficient and the Kerr strength of
the magnon mode. The nonlinear pump coefficient of the mechanical mode is described by
sb. The system’s overall dissipation is described by two loss channels:

Lcontrol = −(b + b†)a,

Lb = b. (22)

Consistent with the preceding sections, we designate the loss rate of the mechanical mode
as Γb and that of the controllable channel as Γcontrol.

� � � � � � 0 2 4 6� �

� �

� �

0

2

4

6

x

p

� � � � � � � � � � � � � � � 0 . 0 2 0 . 0 6 0 . 1 0
( a ) ( b )

� � � � � � 0 2 4 6� �

� �

� �

0

2

4

6

x

p

Figure 2. Wigner function of the squeezed phonon mode in the phase space. The Fock-space
truncation is N = 25. The evolution time is set to 20 (in units of sb). (a) The state is squeezed in the
displacement quadrature, corresponding to the effective squeezing parameter sb = 2.4i. (b) The state
is squeezed in the momentum quadrature, corresponding to sb = −2.4i.

We prepare the initial state of the system in the vacuum state and perform numerical
simulations of its dynamical evolution. Figure 3 illustrates the long-time-limit Wigner func-
tions of the system under various parameter settings. The magnon squeezing coefficient is
set to sa = 1, and is employed as the common unit for all other parameters. The truncation
dimension of the Hilbert space is set to N = 20. The remaining parameters are specified as
Γb = 10, Γcontrol = 0.64, and K = 0.75. In Figure 3a,b, we adopt a strong nonlinear pump
|sb| = 2.4, a value close to the parametric stability threshold. In Figure 3a, the phonon
squeezing coefficient is set to the position quadrature sb = 2.4i, and the Wigner function
exhibits two separated components, unequivocally revealing the emergence of a bistable
state. This bistable characteristic is indicative of weak dissipation in the magnon mode.
In Figure 3b, the mechanical mode squeezing is switched to the momentum quadrature,
with sb = −2.4i. The corresponding Wigner function transforms into a single-component
squeezed state, which indicates the presence of strong dissipation in the magnon mode.
In Figure 3c,d, we consider a weaker squeezing intensity for the mechanical mode |sb| = 1.5,
and demonstrate the performance of the switchable dissipation. In Figure 3c, the squeezing
is in the position quadrature, consequently leading to a clear separation of the two compo-
nents in the Wigner function. In Figure 3d, the squeezing is switched to the momentum
quadrature; however, the Wigner function still exhibits two less-separated components.
Therefore, even though the adjustable range is smaller, weak squeezing can still realize a
tunable dissipation channel.
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Figure 3. The Wigner function of the magnon mode under the effects of phonon squeezing and
intrinsic magnon dissipation. The Fock-space truncation is N = 20. The loss rate is Γcontrol = 0.64,
the Kerr nonlinearity is K = 0.75, and the driving amplitude is sa = 1. The evolution time is set to
t = 20 (in units of sa). The subfigures illustrate the magnon Wigner function under different nonlinear
pump intensity of the phonon mode(sb): (a) Strong squeezing in the displacement quadrature,
sb = 2.4i. (b) Strong squeezing in the momentum quadrature, sb = −2.4i. (c) Moderate squeezing
in the displacement quadrature, sb = 1.5i. (d) Moderate squeezing in the momentum quadrature,
sb = −1.5i.

3. Switchable Collective Loss with Three-Body Coupling
In Section 2, we introduced the fundamental concept of controlling the loss in a

magnon mode via three-body coupling and squeezing. We now extend this idea to collective
loss and achieve switchable dissipative coupling. As illustrated in Figure 4, the system
under consideration comprises two YIG microspheres, two transmission lines, and a single
cantilever. Two conducting wires introduce distinct forms of collective dissipation to these
two magnon modes, which are defined in Equations (13) and (14). In addition, these two
collective loss channels can be adjusted by the motion of the cantilever so that the dominant
collective loss between the two magnon modes can be switched.

Figure 4. Schematic illustration of an extended hybrid system module. This system incorporates
two YIG microspheres placed below the mechanical cantilever. Two transmission lines (indicated in
purple) are positioned above the cantilever.
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In this system, the squeezing of the mechanical mode plays a pivotal role in regulating
the collective dissipation. The Hamiltonian and the dissipation of this part remain identical
to those presented in Equations (18) and (20). Concurrently, nonlinear pump and Kerr
terms are present in both YIG microspheres, which can be described by,

Hs =Hs,1 + Hs,2

=s∗a a1
†a†

1 + saa1a1 + s∗a a†
2a†

2 + saa2a2,
(23)

and,
Hself-kerr = Hself-kerr,1 + Hself-kerr,2

= Ka†
1a†

1a1a1 + Ka†
2a†

2a2a2.
(24)

Such a system is commonly considered in studies for Kerr cat states [94–96], which has a
steady state with the form of a two-mode separable cat state,

|ψ⟩ = 1
Ntsc

(|α⟩+ | − α⟩)(|α⟩+ | − α⟩), (25)

with the normalization factor Ntsc. With the presence of coupling, this steady state can be
turned into states with different correlations, e.g., the even cat state (|α⟩|α⟩+ | − α⟩| − α⟩)/Nec

or the odd cat state (|α⟩| − α⟩+ | − α⟩|α⟩)/Noc.
Next, we introduce the switchable coupling part to modulate the steady states of

the system. Two conducting wires can be modeled as two cavity modes with strong
loss [97–100]:

Hc =ωcc1
†c1 + ωcc2

†c2,

L1 = c1, L2 = c2,
(26)

with cavity frequency ωc and cavity mode loss rate Γcav. Following the form of the tripartite
coupling Hamiltonian used in Ref. [53], the three-body interactions among photon, phonon,
and magnon modes are described by:

Hint,1 =λc(b + b†)[(a1 + a2)c1
† + (a1 + a2)

†c1],

Hint,2 =λci(b − b†)[(a1 − a2)c2
† + (a1 − a2)

†c2].
(27)

Here, λc represents the coupling strength among the different components, which can reach
the order of MHz [53]. These two cavity modes exhibit different coupling mechanisms
to the magnon and mechanical modes, with the interactions defined by Hint,2 and Hint,1,
respectively. Regarding the cavity-magnon coupling, one cavity mode couples in-phase
to the two magnon modes, while the other cavity mode couples out-of-phase to the same
two magnon modes. Such distinct collective couplings can induce the different collective
dissipations presented in Equations (13) and (14). To enable switching between the different
dissipation channels, the two cavity modes also exhibit distinct coupling forms to the
mechanical mode. These differing coupling forms can be adjusted by varying the phases.

The cavity modes can be adiabatically eliminated if the loss rate in the cavities is much
larger than the nonlinear coupling Γcav ≫ λc. After the adiabatic elimination of the two
cavity modes, the interaction terms in Equation (27) turn into two distinct loss channels
described by the Lindblad operators (see also Appendix B):

L1 = (b + b†)(a1 + a2),

L2 = i(b† − b)(a1 − a2),
(28)
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with the loss rate Γcc = λ2
c/Γcav. According to the previous estimation of λc, this loss rate

is about Γcc ≈ 0.1 MHz. Although the loss rate of these nonlinear Lindblad operators is
given by the nonlinear coupling strength λc and the cavity mode loss, the dissipation in
the magnon modes can still be influenced by the state of the mechanical mode. Given
that these two dissipation channels are related to the position and momentum quadra-
tures, respectively, we can utilize squeezing in different quadratures to control the active
dissipation channel.

3.1. Numerical Verification of the Switchable Dissipative Coupling

In this section, we show that the nonlinear Lindblad operators in Equation (28) can
realize the switching between two distinct dissipative couplings. The system under con-
sideration is composed of three distinct parts: the magnon part, the collective dissipation
part, and the mechanical part. The magnon part comprises two magnon modes, whose
nonlinear pump and Kerr nonlinearity are described by Equations (23) and (24), respec-
tively. The dissipative coupling is achieved via the dissipation channels presented in
Equation (28). The mechanical mode is described by the Hamiltonian (18) and the local
loss (20), which together can generate switchable squeezing. Note that a more rigorous
check of the three-mode dissipative model is provided in Appendix C. As demonstrated
in the previous section and other related works [35,94], without the dissipative coupling,
these two magnon modes will evolve into a separable two-mode cat state. However, un-
der the influence of the dissipative coupling, the system evolves into an entangled cat state.
Moreover, the type of dissipative coupling dictates the relative phase between these two
magnon modes, which can be verified using the joint Wigner function [101].

We set the initial state to the vacuum state and numerically simulate the system’s
evolution using the Qutip package [102–104]. After a sufficiently long time evolution
(t = 20s−1

a ), we perform a partial trace over the mechanical mode and calculate the two-
mode joint Wigner function [101] of the two remaining magnon modes. It should be noted
that the joint Wigner function is a function in four-dimensional space; consequently, only
two important cross-sections of this Wigner function are presented in Figure 5. Owing to
the phase effect of the nonlinear pump in the magnon modes, the position cross-section of
the joint Wigner function corresponds to the interference pattern, whereas the momentum
cross-section corresponds to the two steady states of the magnon mode. In Figure 5a,b,
we set the squeezing parameter of the mechanical mode to sb = 2.4i, so that the position
quadrature is squeezed. Such position squeezing can suppress the loss channel L2 in
Equation (28) while enhancing L1.

Although the joint Wigner function provides an intuitive visualization of the system, it
is not suitable for characterizing its dynamical evolution. As a result, we use the correlation
function of the magnon modes to illustrate the effect of the switchable dissipative coupling.
Since the two components of the magnon mode reside in the momentum quadrature, as il-
lustrated in Figure 3, we use the momentum correlation function to characterize the relative
phase between the two magnon modes. The time evolution of the correlation function of
the dimensionless momentum ⟨p1 p2⟩ defined in Equation (19) is shown in Figure 6.

Figure 6a displays the time evolution of the momentum correlation function for
different Hilbert space truncation dimensions. Specifically, the black curve corresponds
to truncation N = 12, and the red curve corresponds to N = 15. The results obtained for
N = 12 are in complete agreement with those for N = 15, indicating that a truncation
dimension of N = 12 is sufficient. In addition, under the influence of a ferromagnetic
dissipative coupling Im(sb) > 0, the time evolution of the correlation function is clearly
observed to transition from its initial value of 0 to a steady-state value of approximately 0.7.
Figure 6b presents a comparison between the position correlation function (black curve)
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and the momentum correlation function (red curve). The position correlation function is
negligible compared to the momentum correlation function, which validates our previous
picture of effective spins being encoded in the momentum quadrature.
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Figure 5. The joint Wigner function for the two magnon modes. The numerical simulation parameters
are N = 15 (Fock-space truncation), the magnon mode nonlinear pump intensity sa = 1, loss
rate Γcc = 0.64, and Kerr nonlinearity K = 0.75. The evolution time is set to t = 20 (in units of
sa). The subfigures display two-dimensional projections of the four-dimensional Wigner function:
(a,b) projections onto the displacement and momentum quadratures when the phonon squeezing
parameter is sb = 2.4i; (c,d) projections onto the displacement and momentum quadratures when the
phonon squeezing parameter is sb = −2.4i.
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Figure 6. Magnon mode quadrature evolution ⟨p1 p2⟩ vs. time. Fixed parameters: sa = 0.6, sb = 1i,
Γcc = 0.64, and K = 0.75. Time t is in units of sa. (a) ⟨p1 p2⟩ comparison for N = 12 and N = 15.
(b) Comparison of ⟨x1x2⟩ and ⟨p1 p2⟩ for N = 15. (c) Im(sb) switches from 1i to −1i at t = 20 (Top),
showing the ⟨p1 p2⟩ phase transition response (Bottom).
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To illustrate the dynamical switching of the dissipative coupling, we consider a time-
dependent nonlinear pump applied to the mechanical mode. This pump is initially set
to Im(sb) > 0 and is subsequently switched to Im(sb) < 0, as depicted in the upper part
of Figure 6c. The lower part of Figure 6c displays the time evolution of the momentum
correlation function. The evolution prior to the switching of sb is consistent with the
results presented in Figure 6a,b, i.e., the correlation function gradually approaches a steady
positive value. Following the sign reversal of sb, the correlation function begins to evolve
toward a negative value, which corresponds to an antiferromagnetic alignment of the two
optical spins. Therefore, our proposal enables the dynamical switching between different
types of dissipative coupling.

3.2. Robustness of the Switchable Loss Channels

In the preceding section, we demonstrated the effects of switchable collective loss
using the two-mode joint Wigner function and the momentum correlation function. We now
consider the robustness of our proposal against other unwanted dissipation mechanisms.
Note that the three-body coupling [53] is the first-order perturbation of the magnon-cavity
coupling with respect to the mechanical mode. As a result, the zeroth order terms, which
remain unmodified by the mechanical mode, can also contribute to the magnon loss. To
investigate the influence of these zeroth-order contributions, we incorporate the following
two loss channels,

L3 = a1 + a2,

L4 = a1 − a2,
(29)

with a significantly stronger loss rate Γncc = 4sa compared to the switchable part
Γcc = 0.64sa. The uncontrollable loss rate Γncc is usually less than 10% of the magnon cavity
coupling. For a typical coupling of 100 MHz [31], we can have Γncc ≈ 10 MHz. To compen-
sate for the additional loss, we introduce enhanced pumps into the magnon modes:

H̃s =s̃∗a a1
†a†

1 + s̃aa1a1 + s̃∗a a†
2a†

2 + s̃aa2a2, (30)

with s̃a = 4.2sa. All other parameters remain consistent with those used in Figures 5 and 6.
We first provide an intuitive picture by utilizing the joint Wigner function of the

reduced magnon state, as illustrated in Figure 7. Figure 7 shows typical joint Wigner
functions of catlike two-mode states, which can represent two correlated effective spins.
In Figure 7a,b, the position quadrature of the mechanical mode is squeezed, consequently,
the coupling assumes a ferromagnetic form. The two nonzero components in Figure 7b
exhibit positive momentum correlations, which agree with the expected effects of a ferro-
magnetic dissipative coupling. In Figure 7c,d, the coupling is set to the antiferromagnetic
form, and the two nonzero components in Figure 7d exhibit negative momentum correla-
tions. These results demonstrate that the switchable dissipative coupling is still effective
even under the influence of strong dissipation mechanisms that cannot be modified by the
mechanical mode.

Following the approach of the preceding section, we employ the momentum cor-
relation function to demonstrate the dynamical switching of the coupling. In Figure 8,
the imaginary part of sb is first set to a negative value and is subsequently switched to
a positive value after a period of time (10s−1

a ). The evolution of the momentum correla-
tion function is consistent with the switching of the coupling. Therefore, the dynamical
switching can also be achieved even under the influence of strong constant dissipation.
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Figure 7. The joint Wigner function projections of the magnon mode under loss and squeezing. Fixed
parameters are N = 12, K = 0.75, sa = 4.2, collective loss rate Γcc = 0.64 and uncontrollable loss
rate Γncc = 4. Evolution time t = 20 (in units of sa). (a) Displacement projection and (b) momentum
projection for sb = 2.4i. (c) Displacement projection and (d) momentum projection for sb = −2.4i.
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Figure 8. Evolution of the magnon momentum quadrature expectation value with switchable
parameter Im(sb) from −2.4i to 2.4i when N = 12, K = 0.75, sa = 4.2, collective loss rate Γcc = 0.64
and uncontrollable loss rate Γncc = 4.

4. Results
We proposed a scheme to realize switchable dissipative coupling in magnon systems,

based on three-body coupling, which is crucial for applying these systems in solving combi-
natorial optimization problems. The switchable dissipative coupling consists of two distinct
collective dissipation channels induced by two open conducting wires, where the coupling
to the magnon modes is modulated by a mechanical mode (i.e., three-body coupling).
By modulating the phase of the nonlinear pump in the mechanical mode, the squeezed
quadrature can be tuned to control the active dissipation channel. We numerically verified
the effects of our proposal using two magnon modes coupled by the switchable dissi-
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pative coupling. The numerical results demonstrate that different control parameters in
the mechanical mode lead to distinct relative phases between the two magnon modes,
consistent with the design of the switchable coupling. Furthermore, switching during the
dynamical evolution is also feasible. In addition, we investigated the influence of unwanted
dissipation arising from the constant term of the magnon-wire coupling, which can be
effectively compensated by incorporating stronger dissipation in the magnon modes.

Our work provides a potential pathway for the application of magnon systems in Ising
machines for solving complex combinatorial optimization problems. These switchable
couplings may also improve the performance of magnon systems in quantum computing
and quantum communications.
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Appendix A. Single-Mode Loss of the Three-Body System
In this research, we aim to use loss channels to manipulate the quantum state of

magnon mode. We achieve differential dissipation strengths through the coupling within
the tripartite system. The interaction Hamiltonian of the three-body system is given by:

Hint = λ(b + b†)(ac† + a†c)

= λ(b + b†)ac† + λ(b + b†)a†c.
(A1)

To address the squeezing control terms, we first consider eliminating this interactive Hamil-
tonian. In this system, c is the only operator with dissipation. Consequently, the Langevin
equation for each operator is expressed as:

ȧ = i[Hint, a] = −iλ(b + b†)c,

ḃ = i[Hint, b] = −iλ(a†c + ac†),

ċ = i[Hint, c] = −iλ(b + b†)a − Γcavc +
√

2ΓcavCin.

(A2)

We suppose the total system reaches equilibrium (ċ = 0) and zero-mean noise input
(Cin = 0).

ċ = i[Hint, c]

= −iλ(b + b†)a − Γcavc +
√

2ΓcavCin = 0,
(A3)

so we get:

c =
−iλ(b + b†)a

Γcav
. (A4)

https://doi.org/10.3390/photonics13070665

https://github.com/douna00/triple-coupling.git
https://doi.org/10.3390/photonics13070665


Photonics 2026, 13, 665 16 of 24

Meanwhile,
ȧ = −iλ(b + b†)c

= −iλ(b + b†)
−iλ(b + b†)a

Γcav

=
−λ2(b + b†)2a

Γcav
,

(A5)

we obtain the equation of motion for a and subsequently compare to the Master Equation
formalism to obtain the Liouvillian operator L̂ and the loss rate Γcontrol of the controllable
collective coupling.

ρ̇ = i[H, ρ]− Γcontrol
2

(2LρL† − L†Lρ − ρL†L),

< ȧ >= < ρ̇a >

=i < [H, ρ]a > −Γcontrol
2

[< 2LρL†a >

− < L†Lρa > − < ρL†La >]

=i < [H, ρ]a >

− Γcontrol
2

[< ρL[L†, a] > + < ρL†[a, L] >].

(A6)

Comparing the master equation to the Langevin equation, we obtain the relation
ΓcontrolL[L†, a] = − λ2

Γcav
(b + b†)2a. The form of the corresponding Lindblad operator can

be obtained,
L = −λs(b + b†)a, (A7)

with the induced loss rate Γcontrol = λ2/Γcav, which can be manipulated.

Appendix B. Collective Dissipation of the Three-Body System
In this appendix, we briefly discuss the collective loss channels within the tripartite

coupling system. The interaction Hamiltonian for the system is given by:

Hint,1 =λc(b + b†)(a1c† + a1
†c)

+ λc(b + b†)(a2c† + a2
†c)

=λc(b + b†)[(a1 + a2)c† + (a1 + a2)
†c].

(A8)

Analogous to the single-mode treatment, the Langevin equations for each operator can be
described as

ȧ1 = i[Hint,1, a1] = −iλc(b + b†)c,

ȧ2 = i[Hint,1, a2] = −iλc(b + b†)c,

ḃ = i[Hint,1, b] = −iλc[(a1 + a2)c† + (a1 + a2)
†c],

ċ = i[Hint,1, c]

= −iλc(b + b†)(a1 + a2)− Γcavc +
√

2ΓcavCin.

(A9)

We assume that the coupled system is in thermal equilibrium.

ċ = i[Hint,1, c]

= −iλc(b + b†)(a1 + a2)− Γcavc +
√

2ΓcavCin

= 0,

(A10)

So, we get:

c =
−iλc(b + b†)(a1 + a2)

Γcav
. (A11)
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Take this result back into the Langevin equation of a1 + a2:

ȧ1 + ȧ2 = −2iλc(b + b†)c

= −2
λc

2(b + b†)2(a1 + a2)

Γcav
.

(A12)

By employing the Master Equation formalism and calculating the expectation value of
a1 + a2, we derive the effective Lindblad operator corresponding to Hint,1.

< ȧ1 + ȧ2 >= < ρ̇(a1 + a2) >

=i < [H, ρ](a1 + a2) >

− Γcc

2
[< 2LρL†(a1 + a2) >

− < L†Lρ(a1 + a2) > − < ρL†L(a1 + a2) >]

=i < [H, ρ](a1 + a2) >

− Γcc

2
[< ρL[L†, (a1 + a2)] >

+ < ρL†[(a1 + a2), L] >].

(A13)

Through ΓccL[L†, a1 + a2] = − λc
2

Γcav
(b + b†)2(a1 + a2), we can calculate:

L1 = −(b + b†)(a1 + a2), (A14)

with the controllable collective loss rate Γcc = λ2
c/Γcav.

Note that the type of coupling can be adjusted by controlling the relative position of
the YIG sphere and the conducting line. The bosonic modes in a 1-D conducting line or in a
semi-1-D cantilever can be expressed as:

A(r, t) = C(eikr−iωta + H.c.). (A15)

Here, a is the annihilation operator of the bosonic mode; k is the wave vector; ω is the
frequency; r is the position; and C is the normalization factor for the Fourier transformation.
By introducing another conducting line at a different position, it is possible to introduce a
different three-body coupling term:

Hint,2 =iλc(b − b†)(a1c† + a1
†c)

− iλc(b − b†)(a2
†c + a2c†)

=iλc(b − b†)[(a1 − a2)c† + (a1 − a2)
†c].

(A16)

For this part, the Lindblad operator after elimination can be described as

L2 = −iλd(b − b†)(a1 − a2), (A17)

so we can get the desired state by controlling the two Lindblad operators (L1, L2).

Appendix C. Validation of the Three-Mode Dissipative Model
In this appendix, we validate the approximation employed in the main text, where

the photon mode is adiabatically eliminated. To this end, we consider the full three-
mode open quantum system explicitly, retaining the photon mode and its dissipation
channel, and compare the resulting dynamics with those obtained from the reduced single-
mode description.
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Specifically, we study the complete three-body interaction Hamiltonian introduced in
Equation (15):

Hint = λ(b + b†)(ac† + a†c), (A18)

where modes a, b, and c denote the magnon, phonon, and photon modes, respectively.
In contrast to the main text, where the photon mode is adiabatically eliminated, here we
explicitly include photon dissipation by introducing the Lindblad operator

Lc = c, (A19)

with a photon loss rate Γcav = 10.
All remaining system parameters are chosen to be identical to those used in the single-

mode bistable model discussed in Section 2, with the only difference being the enlarged
Hilbert-space dimension required by the explicit inclusion of the photon mode. Despite
this increased system complexity, the system still exhibits clear bistable behavior.

Figure A1 shows the Wigner function of the magnon mode obtained from the full three-
mode dynamics. The result is in excellent agreement with that obtained from the effective
single-mode model based on adiabatic elimination. This consistency demonstrates that the
photon elimination procedure adopted in the main text provides a reliable description of
the system dynamics in the relevant parameter regime, thereby justifying the use of the
reduced model for the open quantum many-body system under consideration.
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Figure A1. The Wigner function of the magnon mode obtained from the full three-mode open system,
including phonon squeezing, photon loss, and magnon dissipation. The Fock-space truncation
is N = 15. The parameters are K = 0.75, Γcav = 10sa, Γcontrol = 0.64, sa = 1, and sb = 1.5i.
The evolution time is t = 20 (in units of sa).

Appendix D. Dissipative Coupling Channel
In this appendix, we present the derivation of the dissipative coupling terms given in

Equations (13) and (14). When the two optical modes share the same phase, the interaction
Hamiltonian describing the coupling between the cavity mode and the two YIG spheres
can be written as

Hint,3 = gc(ai + aj)c† + gcc(ai + aj)
†. (A20)

In this system, the cavity mode c is the only operator with dissipation. We therefore write
the Langevin equations for ai, aj, and c in the interaction picture as

ȧi = i[Hint,3, ai] = −igcc,

ȧj = i[Hint,3, aj] = −igcc,

ċ = i[Hint,3, c]− Γcavc +
√

2Γcav Cin

= −igc(ai + aj)− Γcavc +
√

2Γcav Cin.

(A21)
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When the total system reaches the steady state (ċ = 0) and zero-mean noise input (Cin = 0),
we obtain

c = −
igc(ai + aj)

Γcav
. (A22)

So, we get:

ȧi = − gc
2

Γcav
(ai + aj),

ȧj = − gc
2

Γcav
(ai + aj).

(A23)

Therefore, the collective dissipation can be described by a Lindblad operator

√
γ (ai + aj), (A24)

where γ = gc
2

Γcav
. While the two optical modes have opposite phases, we can obtain

Hint,4 = gc(ai − aj)c† + gcc(ai − aj)
†. (A25)

We can get the Lindblad operator:

√
γ (ai − aj). (A26)

Appendix E. Nonlinear Pump of the Magnon Mode
In this appendix, we show the derivation of the nonlinear pump of the magnon mode.

We first consider a nonlinear pump on the cavity mode through χ(3) media:

Hnl = ωbb†b + 2ωbc†c + χ(3)E2
b Ec, (A27)

with
Eb = Eb(b + b†),

Ec = Ec(c + c†). (A28)

The Hamiltonian can be simplified to

Hnl = ωbb†b + 2ωbc†c + g(b + b†)2(c + c†), (A29)

where g = χ(3)E2
b Ec. The cavity mode b is further coupled to a magnon mode

Hd = ωma†a + gm(a + a†)(b + b†). (A30)

We introduce a linear pump,

Hp =Ω(c + c†) cos(ωdt), (A31)

and a strong loss on the pump mode c so that we can obtain the Langevin equation for the
pump mode c in the interaction picture with H0 = ωd/2b†b + ωdc†c + ωd/2a†a:

ċ = −ig(b + eiωdtb†)2 − ieiωdtΩ cos(ωdt)

−i(2ωb − ωd)c − γpc +
√

2γpCloss. (A32)

When γp is large enough, we can assume that ċ = 0 and zero-mean noise input Closs = 0.
Therefore, we have
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cI =
−ig(b + eiωdtb†)2

i2ωb − iωd + γp
− i

eiωdtΩ cos(ωdt)
i2ωb − iωd + γp

.

We only keep the leading time-independent term:

c ≈ −i
Ω

2(i2ωb − iωd + γp)
. (A33)

The Hamiltonian after eliminating the c mode in the interaction picture is

HnlI = (ωb −
ωd
2
)b†b

− gΩ(2ωb − ωd)

2(2ωb − ωd)2 + 2γp2 (e
−i ωd

2 tb + ei ωd
2 tb†)2 cos(ωdt),

HdI = (ωm − ωd
2
)a†a

+gm(e−i ωd
2 ta + ei ωd

2 ta†)(e−i ωd
2 tb + ei ωd

2 tb†). (A34)

We can also obtain the Langevin equation for mode b analogously:

ḃ = −i(ωb −
ωd
2
)b +

igΩ(2ωb − ωd)

(2ωb − ωd)2 + γp2 (b + eiωdtb†) cos(ωdt)

−igm(e−iωd/2ta + eiωd/2ta†)eiωd/2t. (A35)

Assuming a large detunning for mode b, ωd = 2(ωb − ∆b), we can obtain the time-
independent steady solution by keeping the time-independent terms:

i∆bb = i
gΩ∆b

4∆2
b + γp2

b† − igma,

−i∆bb† = −i
gΩ∆b

4∆2
b + γp2

b + igma†. (A36)

We can further obtain that

b† = −
(4∆2

b + γp
2)2

(4∆2
b + γp2)2 − g2Ω2

gmgΩ
∆b(4∆2

b + γp2)
a

−
(4∆2

b + γp
2)2

(4∆2
b + γp2)2 − g2Ω2

gm

∆b
a†. (A37)

Substituting the solution to Hd, we obtain the nonlinear pump Hamiltonian for the magnon
in the interaction picture:

HdI = (ωm − ωd/2)a†a

+gm(e−iωd/2ta + eiωd/2ta†)(e−iωd/2tb + eiωd/2tb†).

≈ (ωm − ωd/2)a†a + gm(ab† + a†b),

= (ωm − ωd/2 − 2
g2

m(4∆2
b + γp

2)2

∆b(4∆2
b + γp2)2 − ∆bg2Ω2

)a†a

−[
(4∆2

b + γp
2)2

(4∆2
b + γp2)2 − g2Ω2

g2
mgΩ

∆b(4∆2
b + γp2)

a2

+
(4∆2

b + γp
2)2

(4∆2
b + γp2)2 − g2Ω2

g2
mgΩ

∆b(4∆2
b + γp2)

a†2
]. (A38)

If we choose a proper pump frequency ωd, the detuning term can be zero, so that

HdI =
G
2

a2 +
G∗

2
a†2

. (A39)
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The magnon Hamiltonian in the Schrödinger picture is

Hd =
ωd
2

a†a − (
G
2

e−iωdta2 +
G∗

2
eiωdta†2

).

(A40)
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92. Marti, S.; von L üpke, U.; Joshi, O.; Yang, Y.; Bild, M.; Omahen, A.; Chu, Y.; Fadel, M. Quantum squeezing in a nonlinear
mechanical oscillator. Nat. Phys. 2024, 20, 1448–1453. [CrossRef]

93. Fan, X.H.; Zhang, Y.N.; Yu, J.P.; Liu, M.Y.; He, W.D.; Li, H.C.; Xiong, W. Nonreciprocal Unconventional Photon Blockade with
Kerr Magnons. Adv. Quantum Technol. 2024, 7, 2400043. [CrossRef]

94. Ameye, O.; Eichler, A.; Zilberberg, O. Parametric instability landscape of coupled Kerr parametric oscillators. Phys. Rev. Res.
2025, 7, 033204. [CrossRef]

95. Cochrane, P.T.; Milburn, G.J.; Munro, W.J. Macroscopically distinct quantum-superposition states as a bosonic code for amplitude
damping. Phys. Rev. A 1999, 59, 2631–2634. [CrossRef]

96. Sun, F.X.; He, Q.; Gong, Q.; Teh, R.Y.; Reid, M.D.; Drummond, P.D. Schrodinger cat states and steady states in subharmonic
generation with Kerr nonlinearities. Phys. Rev. A 2019, 100, 033827. [CrossRef]

97. Dong, X.L.; Li, P.B.; Gong, Z.; Nori, F. Waveguide QED with dissipative light-matter couplings. Phys. Rev. Res. 2025, 7, L012036.
[CrossRef]

98. Galve, F.; Mandarino, A.; Paris, M.G.A.; Benedetti, C.; Zambrini, R. Microscopic description for the emergence of collective
dissipation in extended quantum systems. Sci. Rep. 2017, 7, 42050. [CrossRef] [PubMed]

99. Sheremet, A.S.; Petrov, M.I.; Iorsh, I.V.; Poshakinskiy, A.V.; Poddubny, A.N. Waveguide quantum electrodynamics: Collective
radiance and photon-photon correlations. Rev. Mod. Phys. 2023, 95, 015002. [CrossRef]

100. Guha, S.; Bar, I.; Agarwalla, B.K.; Venkatesh, B.P. Collective dissipation of oscillator dipoles strongly coupled to one-dimensional
electromagnetic reservoirs. Phys. Rev. A 2025, 112, 043709. [CrossRef]

101. Wang, C.; Gao, Y.Y.; Reinhold, P.; Heeres, R.W.; Ofek, N.; Chou, K.; Axline, C.; Reagor, M.; Blumoff, J.; Sliwa, K.M.; et al. A
Schrödinger cat living in two boxes. Science 2016, 352, 1087–1091. [CrossRef] [PubMed]

102. Johansson, J.; Nation, P.; Nori, F. QuTiP: An open-source Python framework for the dynamics of open quantum systems. Comput.
Phys. Commun. 2012, 183, 1760–1772. [CrossRef]

103. Johansson, J.; Nation, P.; Nori, F. QuTiP 2: A Python framework for the dynamics of open quantum systems. Comput. Phys.
Commun. 2013, 184, 1234–1240. [CrossRef]

104. Lambert, N.; Giguère, E.; Menczel, P.; Li, B.; Hopf, P.; Suárez, G.; Gali, M.; Lishman, J.; Gadhvi, R.; Agarwal, R.; et al. QuTiP 5:
The Quantum Toolbox in Python. Phys. Rep. 2026, 1153, 1–62. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/photonics13070665

http://dx.doi.org/10.1103/PhysRevB.106.224422
http://dx.doi.org/10.1038/s41467-026-69312-4
http://www.ncbi.nlm.nih.gov/pubmed/41680150
http://dx.doi.org/10.1103/PhysRevLett.116.146601
http://www.ncbi.nlm.nih.gov/pubmed/27104720
http://dx.doi.org/10.1103/PhysRevB.103.L100403
http://dx.doi.org/10.1103/PhysRevLett.106.216601
http://www.ncbi.nlm.nih.gov/pubmed/21699324
http://dx.doi.org/10.1109/ACCESS.2020.3040711
http://dx.doi.org/10.1103/PhysRevA.108.063703
http://dx.doi.org/10.1103/PhysRevA.99.021801
http://dx.doi.org/10.1103/PhysRevLett.129.123601
http://www.ncbi.nlm.nih.gov/pubmed/36179162
http://dx.doi.org/10.1103/PhysRevResearch.7.013150
http://dx.doi.org/10.1103/PhysRevLett.134.090401
http://www.ncbi.nlm.nih.gov/pubmed/40131059
http://dx.doi.org/10.1038/s41567-024-02545-6
http://dx.doi.org/10.1002/qute.202400043
http://dx.doi.org/10.1103/c91r-8t3h
http://dx.doi.org/10.1103/PhysRevA.59.2631
http://dx.doi.org/10.1103/PhysRevA.100.033827
http://dx.doi.org/10.1103/PhysRevResearch.7.L012036
http://dx.doi.org/10.1038/srep42050
http://www.ncbi.nlm.nih.gov/pubmed/28176835
http://dx.doi.org/10.1103/RevModPhys.95.015002
http://dx.doi.org/10.1103/dnnn-5b5p
http://dx.doi.org/10.1126/science.aaf2941
http://www.ncbi.nlm.nih.gov/pubmed/27230374
http://dx.doi.org/https://doi.org/10.1016/j.cpc.2012.02.021
http://dx.doi.org/https://doi.org/10.1016/j.cpc.2012.11.019
http://dx.doi.org/https://doi.org/10.1016/j.physrep.2025.10.001
https://doi.org/10.3390/photonics13070665

	Introduction
	Basic Concepts for Switchable Loss
	Effects of Mechanical-Mode Squeezing
	Switchable Loss in Single-Magnon System

	Switchable Collective Loss with Three-Body Coupling
	Numerical Verification of the Switchable Dissipative Coupling
	Robustness of the Switchable Loss Channels

	Results
	Single-Mode Loss of the Three-Body System
	Collective Dissipation of the Three-Body System
	Validation of the Three-Mode Dissipative Model
	Dissipative Coupling Channel
	Nonlinear Pump of the Magnon Mode
	References

