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Coherent and dissipative interactions between different quantum systems are essential for the
construction of hybrid quantum systems and the investigation of novel quantum phenomena. Here, we
propose and analyze a magnon-skyrmion hybrid quantum system, consisting of a micromagnet and nearby
magnetic skyrmions. We predict a strong-coupling mechanism between the magnonic mode of the
micromagnet and the quantized helicity degree of freedom of the skyrmion. We show that with this hybrid
setup it is possible to induce magnon-mediated nonreciprocal interactions and responses between distant
skyrmion qubits or between skyrmion qubits and other quantum systems like superconducting qubits.
This work provides a quantum platform for the investigation of diverse quantum effects and quantum
information processing with magnetic microstructures.

DOI: 10.1103/PhysRevLett.132.193601

Introduction.—Coherent and dissipative couplings
between degrees of freedom of completely different nature
are the fundamental issue of quantum science and tech-
nology. These diverse types of interactions are the founda-
tion for quantum information processing with hybrid
quantum systems [1–7] and have been widely used to
explore new quantum phenomena like nonreciprocal trans-
port [8,9] and non-Hermitian physics [10,11]. Quantum
magnonics [12–20], with the use of magnons (spin-wave
quanta), provides a promising platform to study different
types of quantum interactions. In particular, the magnon
mode in the ferromagnetic material yttrium iron garnet
(YIG) with the advantage of high spin density and low
damping rate has attracted much attention [21–30].
Magnons, similar to phonons and photons [31–38], can
strongly couple to various quantum systems [39–64].
Magnon-based hybrid quantum systems (such as magnon-
photon [51–57], magnon-phonon [58–64], magnon-solid-
state spin [41–50], and magnon-superconducting qubit
(SQ) hybrid setups [40,65]) have been proposed and
investigated. A plethora of interesting quantum effects
have been investigated in such magnon-based quantum
setups, which include the generation of nonclassical
states [40,66], ground state cooling [60,62], quantum
transducers [43], multibody entanglement [43,59], and
quantum state conversion [41,47]. All these make quantum
magnons particularly attractive for quantum technologies,
and it is highly appealing to explore novel systems and

novel ways of manipulating and coupling the magnetiza-
tion to different degrees of freedom.
Recently, magnetic nanostructures such as skyrmions

[67–72] have attracted great interest in the field of quantum
science and technology [73–85]. In frustrated magnets, the
skyrmion has an internal degree of freedom associated with
the rotation of the helicity [86–91], and by quantizing the
collective helicity coordinate, two categories of qubits can
be established [92], providing a promising platform for
carrying out quantum computation. However, the coupling
of this quantized helicity degree of freedom in skyrmions to
other quantum systems like magnons remains largely
unexplored. The investigation of coupling skyrmion qubits
to other quantum degrees of freedom has its own signifi-
cance and interest. First, this could enable the scalability of
skyrmion qubits, since long-range coherent interactions
between distant skyrmions could be implemented by using
the coupled quantum system as an intermediary. Second,
this may allow us to study novel quantum effects such as
nonreciprocal quantum phenomena through the use of other
useful methods like quantum reservoir engineering.
In this Letter, we propose and analyze a hybrid quantum

system composed of a YIG micromagnet and a skyrmion,
predicting that strong coupling between the magnon
mode of the micromagnet and the quantized helicity degree
of freedom of the skyrmion is feasible. Here, the micro-
magnet acts as a microwave nanomagnonic cavity to
concentrate the magnonic excitations, while the skyrmion
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qubit behaves very similar to a superconducting charge
qubit. We find that the coherent coupling between the
magnonic excitation and the skyrmion qubit is well
described by the Jaynes-Cummings (JC) model [93,94].
To further enhance the coupling strength, we take into
account the anisotropy of the YIG micromagnet, which
results in the magnon-Kerr effect and allows the magnons
to be squeezed [44,95–97] in analogy to squeezed phonons
[98–101] and photons [102–106]. Therefore, the coupling
strength can be increased exponentially. By employing
the magnons as an intermediary, it is possible to create
tunable coherent couplings as well as dissipative couplings
between distant skyrmion qubits or between skyrmion
qubits and superconducting qubits. This allows for nonre-
ciprocal interactions and responses between distant qubits
via using the magnon-mediated dissipative coupling. For
YIG micromagnets, the geometry is unspecified, which can
be spherical, thin film, or even bulk. The hybrid quantum
systems proposed in this work give an all-magnetic plat-
form and greatly broaden the avenue for quantum infor-
mation processing.
Setup.—As illustrated in Fig. 1(a), we consider a hybrid

quantum system consisting of a micromagnet and a sky-
rmion, where the skyrmion is located beneath the micro-
magnet. The micromagnet can adopt various shapes such
as spheres, square or circular dots [107–111], and other
configurations. Our primary focus here is on a hybrid
system that integrates a YIG sphere with a skyrmion [the
left half of Fig. 1(a)]. The vertical distances from the
skyrmion to the YIG sphere’s surface and center are dK and
hK , respectively. In the YIG sphere, long-lived spin wave
modes can be excited by applying a uniform bias magnetic
field BK [112,113]. Here, we solely take into account the
Kittel mode, all spins in the micromagnet precessing in
phase and with the same amplitude. The Kittel mode’s free
Hamiltonian can then be expressed as ĤK ¼ ωKŝ

†
KŝK ,

where ŝK (ŝ†K) represents the annihilation (creation) oper-
ator and ωK ¼ γeBK denotes the resonance frequency
(setting ℏ ¼ 1) [114]. The multilayer structure [138,139],
which includes square or circular dots and skyrmions as
illustrated in the right half of Fig. 1(a), is discussed in detail
in Ref. [114].
A skyrmion is a noncollinear spin texture with a

centrosymmetric spiraling structure, as shown in Fig. S1(a)
of Supplemental Material [114]. The skyrmion is located at
the center of the coordinate, and its spin at position r̃ ¼
ðx̃; ỹÞ ¼ ðρ̃;ϕÞ is S, corresponding to the magnetic moment
μs ¼ −gμBS with Landé factor g and Bohr magneton μB,
where ðx̃; ỹÞ and ðρ̃;ϕÞ denote Cartesian and polar coor-
dinates, respectively. For a typical skyrmion, the spin
direction is given by the normalized spin s ¼ S=jSj ¼
ðsx; sy; szÞ ¼ ½sin Θðρ̃Þ cos Φ; sin Θðρ̃Þ sin Φ; cos Θðρ̃Þ�,
with Φ ¼ ϕþ φ0 and helicity φ0. The helicity φ0 is the
internal degree of freedom of skyrmions in frustrated
magnets. The z component sz of the normalized spin s is
depicted in Fig. S1(d) [114], with the central spin oriented
downward and the edge spin oriented upward. Skyrmion-
based Sz qubits can be constructed by quantizing the
helicity φ0. Utilizing the collective coordinate quantization
technique [78,92,114,140–142], the Hamiltonian of Sz

qubits can be represented as ĤSz
¼ ¯̄κzŜ

2
z − ¯̄hzŜz−

¯̄εz cos φ̂0, with the collective coordinate φ̂0 and its con-
jugate momentum Ŝz, where the parameters ¯̄κz,

¯̄hz, and ¯̄εz
are defined in detail in Ref. [114]. As shown in Fig. 1(b),
the energy levels (fj0i; j1i; j2i;…g) of Sz qubits are
anharmonic [92,142], the nonharmonicity of which is
generally larger than 20%. Hence, the Hamiltonian ĤSz

in the subspace fj0i; j1ig is given by Ĥsky ¼ A0=2σ̂subz −
B0=2σ̂subx , where A0 ≡ ¯̄κz − ¯̄hz, B0 ≡ ¯̄εz, and Pauli oper-
ators σ̂subz ≡ j1ih1j − j0ih0j and σ̂subx ≡ j1ih0j þ j0ih1j.
Interactions between the magnon and the skyrmion.—

Magnons and skyrmion qubits are coupled via magnetic
fields [Fig. 1(c)]. At position r, a YIG sphere with magnetic
moment μ ¼ M4πR3

K=3, radius RK , and magnetization
M produces a magnetic field that is described by B ¼
ðμ0=4πÞf½3rðμ · rÞ=r5� − ðμ=r3Þg [143], where μ0 is the
vacuum permeability and r ¼ ðρ cosϕ; ρ sinϕ;−hKÞ is the
position vector from the magnetic sphere’s center to any
point on the skyrmion plane. By introducing the quantized
magnetization operator M̂ ¼ MK½m̃KŝK þ m̃�

Kŝ
†
K�, with the

Kittel mode function m̃K ¼ êz þ iêx [42,112,113], the
quantized magnetic field generated by the YIG sphere
can be expressed as B̂ ¼ ðB̂x; B̂y; B̂zÞ (the detailed defi-
nition can be found in Ref. [114]). The skyrmion-magnon
interaction is described by ĤKS ¼ −gμBS̄=a2

R
dr̃ B̂ ·s

[92,114], with S̄ the effective spin. By utilizing the
collective operators φ̂0 and Ŝz and expanding ĤKS in
the subspace fj0i; j1ig, the interaction Hamiltonian is
reduced to

(a)

(b) (c)

FIG. 1. (a) Hybrid quantum system consisting of a YIG sphere
(a YIG square or circular dot) and a skyrmion. (b) Energy level
structure of skyrmion qubits. (c) Coupling mechanisms of
magnons and skyrmion qubits.
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ĤKS ¼
λxyKS
2

�
ŝK þ ŝ†K

�
σ̂subx þ λKS

2

�
ŝK þ ŝ†K

�
σ̂subz ; ð1Þ

where the skyrmion-magnon coupling strength is given
by [114]

λKS ¼
2πgμBS̄μ0R3

KMK

3a3Λ
F ðρÞ; ð2Þ

with zero-point magnetization MK ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏγeMs=ð2VKÞ

p
,

gyromagnetic ratio γe, saturation magnetization Ms,
volume of the YIG sphere VK , and Λ¼R

drð1−cosΘ0Þ.
F ðρÞ is a dimensionless integral [114]. The transverse
coupling strength λxyKS is presented in detail in Ref. [114].
The total Hamiltonian of the skyrmion-magnon

hybrid quantum system is ĤTKS ¼ ĤK þ Ĥsky þ ĤKS.
The eigenvectors of the Sz qubit Hamiltonian Ĥsky are
given by jψþi ¼ cos θj1i − sin θj0i and jψ−i ¼ sin θj1i þ
cos θj0i, with their corresponding eigenenergies E� ¼
�1=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2

0 þ B2
0

p
and tanð2θÞ ¼ B0=A0 [Fig. 1(b)]. In

the subspace fjψþi; jψ−ig, the interaction Hamiltonian
ĤKS can be expanded as ĤKS ¼ λxyKS=2ðŝK þ ŝ†KÞ×
½− sinð2θÞσ̂z þ cosð2θÞσ̂x� þ λKS=2ðŝK þ ŝ†KÞ ½cosð2θÞσ̂z þ
sinð2θÞσ̂x�, with Pauli operators σ̂z ¼ jψþihψþj − jψ−i×
hψ−j, σ̂þ ¼ jψþihψ−j and σ̂− ¼ jψ−ihψþj. When the Sz
qubit works in the vicinity of the degeneracy point,
sinð2θÞ ∼ 1 and cosð2θÞ ∼ 0 can be obtained [114].
Then, using the rotating-wave approximation the hybrid
quantum system Hamiltonian becomes

ĤTKS ¼
ωq

2
σ̂z þ ωKŝ

†
KŝK þ λ̄KS

�
ŝK σ̂þ þ ŝ†K σ̂−

�
; ð3Þ

where ωq ¼ Eþ − E− denotes the resonant frequency of
the qubit, and the coupling strength is written as λ̄KS ¼
λKS sinð2θÞ=2. Note that the term λxyKS sinð2θÞ=2ðŝK þ
ŝ†KÞσ̂z has been neglected under the rotating-wave approxi-
mation, which is discussed in detail in Ref. [114].
As shown in Figs. 2(a) and 2(b), the coupling strength

λKS is plotted as a function of the radius RK and distance
dK . According to contour maps [Fig. 2(a)], the coupling
strength can reach 20 MHz if the YIG sphere’s radius can
be reduced to under 100 nm. In Fig. 2(b), taking different
dK , the coupling strength λKS decreases with increasing RK ,
and the shaded region depicts the strong-coupling region.
Here, we have assumed dK ¼ 10 nm. λKS=2π can reach
12.7 and 5.2 MHz, corresponding to RK ¼ 100 nm and
RK ¼ 200 nm, respectively. To quantitatively analyze the
system’s quantum effects, we introduce the cooperativity
C ¼ 4λ2KS=ðγKγskyÞ [33], where γK and γsky represent the
dissipation of the magnon and the skyrmion, respectively.
Figure 2(c) indicates that the system can reach the strong-
coupling regime (C > 1) in a broad range of dK and RK .

Exponentially enhanced coupling strength.—As shown
in Fig. 2(b), the radius of the YIG sphere that achieves
strong coupling is 0.6 μm. To ensure that the large-size
YIG sphere still achieves strong coupling, we utilize the
parametric amplification technique to enhance the coupling
strength exponentially. Here, we take into account the YIG
sphere’s anisotropic energy, which results in the magnon-
Kerr effect [95,96]. A microwave drive is used to enhance
the Kerr effect of the YIG sphere, which is described by
Ĥd ¼ Ωdðŝ†Ke−iωdt þ ŝKeiωdtÞ, with drive strength Ωd [44].
Under the strong microwave driving condition, the hybrid
system can be described by the Hamiltonian ĤNKS ¼
Δq=2σ̂zþ Δ̃Kŝ

†
KŝK þ λ̄KSðŝK σ̂þþ ŝ†K σ̂−Þ−Kd=2ðŝ†2K þ ŝ2KÞ,

where Δq ¼ ωq − ωd, Δ̃K ¼ ΔK − 4KhŝKi2, with ΔK ¼
ωK − K − ωd, and the enhanced Kerr coefficient is deter-
mined by Kd¼2KhŝKi2. Utilizing the Bogoliubov trans-
formation m̂¼ ŝK coshr− ŝ†K sinhr, with tanhð2rÞ¼Kd=Δ̃K

[35,98,101,144], the Hamiltonian ĤNKS can be expressed
as ĤSq

NKS ¼ Δq=2σ̂z þ Δeff
K m̂†m̂ þ λeffKSðm̂σ̂þ þ m̂†σ̂−Þ,

where Δeff
K ¼ Δ̃K= coshð2rÞ and λeffKS ¼ λ̄KS cosh r. Here we

ignore the antirotation term λ̄KS sinh rðm̂σ̂− þ m̂†σ̂þÞ when
condition Δq;Δeff

K ≫ λ̄KS sinh r is satisfied. The coupling
strength of the YIG sphere and the skyrmion qubit is
enhanced exponentially with the squeezing parameter r.
The parametric amplification technique can enable strong
coupling of skyrmion qubits to much larger YIG spheres
with dimensions of tens of micrometers, as illustrated
in Fig. 2(d).
Nonreciprocal interactions between skyrmion qubits.—

We now consider a nonreciprocal coupling, mediated by
magnons, between two skyrmion qubits. Two qubits are

(a)

(b)

(c)

(d)

FIG. 2. Contour maps of the coupling strength λKS versus RK
and dK are visualized in (a). (b) Coupling strength λKS as a
function of RK . (c) Contour maps of the cooperativity C. The
dissipation used to calculate the cooperativity is γK=2π ¼
γsky=2π ¼ 1 MHz. (d) The enhanced coupling strength by the
two-magnon drive (dK ¼ 10 nm).
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coupled to the same YIG sphere, one of which is driven by
microwaves Ĥqd¼−Ω1ðeiω1tσ̂1−þe−iω1tσ̂1þÞ−Ω2ðeiω2tσ̂1−þ
e−iω2tσ̂1þÞ, where Ω1=2 and ω1=2 are the driving strength
and frequency, respectively. The system’s Hamiltonian,
when transformed to the interaction picture of drive Ω1,
is represented by [114] ĤSKSD ¼ Ω2=2σ̂1z þ Δq;1=2 bσz2 þ
ΔK;1ŝ

†
KŝK þ λKS=2ðŝK þ ŝ†KÞσ̂1x þ λ̄KSðŝK σ̂2þ þ ŝ†K σ̂

2
−Þ, with

Δq;1 ¼ ωq − ω1 and ΔK;1 ¼ ωK − ω1. In other words, the
JC model and the effective Rabi model are combined in a
single setup. By taking into account the large dissipation of
magnons (γK ≫ λ̄KS) and eliminating the magnon mode
adiabatically, the effective master equation is given by ˙̂ρ ¼
−i½Ĥcoh; ρ̂� þ ΓD½Σ̂−�ρ̂ including the coherent coupling of
Ĥcoh ¼ 1=2W1σ̂

1
z þ 1=2W2σ̂

2
z − Gσ̂1xσ̂2x and the dissipative

coupling of Σ̂− ¼ 1=2σ̂1x þ σ̂2−. The parametersW1,W2, G,
and Γ are defined in detail in Ref. [114]. The system’s
quantum Langevin equations (QLEs) can be expressed as

˙̂σ1− ¼ −
Γ
4
σ̂1− þ Γ

4
σ̂1þ −

�
−
Γ
4
σ̂2− þ Γ

4
σ̂2þ

�
σ̂1z ;

˙̂σ2− ¼ −
Γ
4
σ̂2− −

�
−
Γ
4
σ̂1− −

Γ
4
σ̂1þ

�
σ̂2z ; ð4Þ

where we have chosen the parameters as W1 ¼ W2 ¼
G ¼ 0. The entire QLEs are provided in Ref. [114]. The
nonlocal damping Γ couples the raising and lowering
operators of the two qubits; in other words, the nonlocal
damping induced by the engineered reservoir mediates a
nonlocal damping force on each qubit. Furthermore, the
dissipative coupling is asymmetric, allowing for nonrecip-
rocal population conversion. Figures 3(a) and 3(b) depict
the dynamics of the system’s population conversion when
qubits 1 and 2 are excited, respectively. When qubit 1 is
excited, it is difficult for qubit 2 to receive the excitation
converted by qubit 1, but conversely qubit 1 can easily get
the excitation converted by qubit 2.
Nonreciprocal interactions between skyrmion qubits and

SQs.—We consider a YIG sphere that is coupled to both a
skyrmion qubit and a SQ, as described by the Hamiltonian

ĤSKT ¼ ωq=2σ̂z þ ωTr=2σ̂Sz þ ωKŝ
†
KŝK þ λ̄KSðŝK σ̂þ þ

ŝ†Kσ̂−Þ þ J KTðŝK σ̂Sþ þ ŝ†Kσ̂
S
−Þ [114]. ωTr is the SQ’s

resonance frequency, and J KT ¼ J 0
KT cosðωactþ ϕeÞ is

the coupling strength between the magnon and the SQ,
which can be achieved by tuning the external fluxes [40]. In
the interaction picture, the Hamiltonian ĤSKT is reduced to
ĤSKT ¼ λ̄KSðŝKL̂þ þ ŝ†KL̂−Þ, where L̂− ≡ σ̂− þ ησ̂S−eiϕe ¼
L̂†
þ and η ¼ J 0

KT=ð2λ̄KSÞ. The modulation frequency and
phase are represented by ωac and ϕe, respectively. In the
large dissipation limit γK ≫ λ̄KS;J 0

KT, the magnon modes
can be adiabatically eliminated, and the reduced system
can be described by the master equation ˙̂ρ ¼ −i½ĤSS; ρ̂� þ
ΓSSD½L̂−�ρ̂, where ĤSS ¼ GSSðσ̂þσ̂S− þ σ̂−σ̂

SþÞ is the coher-
ent coupling between the skyrmion qubit and the SQ, which
can be achieved by an auxiliary cavity. The coherent and
dissipative coupling strengths are denoted by GSS and ΓSS,
respectively. The system’s QLEs can be expressed as

˙̂σ− ¼ −
ΓSS

2
σ̂− þ

�
iGSS þ

ΓSS

2
ηeiϕe

�
σ̂S−σ̂z;

˙̂σS− ¼ −
ΓSS

2
η2σ̂S− þ

�
iGSS þ

ΓSS

2
ηe−iϕe

�
σ̂−σ̂

S
z : ð5Þ

It is worth noting that the presence of phase ϕe allows for a
mutual balance of coherent and dissipative coupling. This
can be used to achieve a nonreciprocal population con-
version between two qubits. Figures 4(a) and 4(b) depict
the nonreciprocal conversion of population between two
qubits in the case of the skyrmion qubit and SQ excitation,
respectively. In particular, with ϕe ¼ π=2 and GSS ¼
−ηΓSS=2, we get ˙̂σ− ¼ −ΓSS=2σ̂− and ˙̂σS− ¼ −ΓSS=2η2σ̂S−−
iΓSSησ̂−σ̂

S
z , indicating that the SQ is influenced by the

skyrmion qubit, but conversely the skyrmion qubit is
unaffected, implying that complete isolation from the SQ
to the skyrmion qubit is achieved [114].
Experimental feasibility.—Utilizing the topological Hall

effect, the Bloch skyrmions in frustrated magnets have been
observed experimentally in triangular-lattice Gd2PdSi3 [88]
and breathing-kagomé lattice Gd3Ru4Al12 [145]. Addi-
tionally, it is expected theoretically that several candidate
frustrated magnets will have skyrmions: for instance,
frustrated triangular-lattice magnets with the transition-
metal ions NiGa2S4 [146,147], FexNi1−xBr2 (dihalides)
[148–150], and α-NaFeO2 [151,152], where chemical
substitutions can alter the anisotropy of dihalides. Further-
more, frustrated van der Waals ferromagnets [153] are
predicted to also have skyrmions. Here the parameters of
skyrmions are taken as the effective spin S̄ ¼ 20, the lattice
spacing a ¼ 0.5 nm, the interaction strength J 1 ¼ 1 meV,
and the electric polarization PE ¼ 0.2 C=m [92,142]. The
anisotropy energy is set to 0.13 meV, and the applied
external magnetic field is given as 30 mT [92,142]. Then
we can obtain the radius of the skyrmion ∼6 nm [91].

(a) (b)

FIG. 3. Population conversion dynamics. (a) Only qubit 1 in the
excited state and (b) Only qubit 2 in the excited state. S1 and S2
correspond to the population of the first skyrmion and second
skyrmion, respectively. The parameters used are ΔK;1 ¼ Δq;1 ¼
Ω2 ¼ λ̄KS and γK ¼ 10λ̄KS.
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In addition, we suppose that the applied electric field
gradient is 570 V=m, which is utilized to control the
skyrmion-qubit energy level spacing [90,92]. The resonant
frequency of the skyrmion qubit constructed in our model
is ωq=2π ≈ 14 GHz.
We assume that the radius of the YIG sphere is RK ¼

100 nm, the saturation magnetization is Ms ¼ 587 kA=m,
and the distance from the sphere’s surface to the skyrmion
is dK ¼ 10 nm [41–43,112,113,154]. The Kittel mode in
the YIG sphere can be excited by an applied bias magnetic
field BK ¼ 500 mT [155,156], which ensures that the YIG
sphere is in saturation magnetization and is significantly
lager than the magnetic field used to stabilize the skyrmion.
Additionally, since homogeneous BK contributes zero
energy to skyrmions, the biased magnetic field BK has
no effect on skyrmions’ stabilization [87,92]. Then, the
resonant frequency of the magnon is ωK=2π ≈ 14 GHz and
the coupling strength of the skyrmion and the magnon is
λKS=2π ¼ 12.7 MHz, which is much smaller than the
nonharmonicity of the skyrmion qubit. Assuming that
the dissipation of both the magnon and skyrmion qubits
is 1 MHz [42,43], the hybrid quantum system’s coopera-
tivity is C ≈ 51 ≫ 1. Even though the dissipation of the
skyrmion qubit is taken to be 10 MHz, the cooperativity
C ≈ 5 is still greater than one; i.e., the system can still reach
the strong-coupling regime. For a finite temperature
T ¼ 100 mK, the equilibrium thermal magnon occupancy
numbers are n̄ ≈ 0.0012 ≪ 1, and the skyrmion quits are
also not thermally excited [91]. In Ref. [114], the feasibility
of the proposed scheme here is further analyzed in Sec. VIII
utilizing micromagnetic simulations. In addition, the cal-
culation of the coupling strength in a multilayer structured
hybrid system, composed of square or circular dots and
skyrmions, is calculated in detail in Sec. IX of Ref. [114].
Conclusion.—We have proposed a hybrid quantum

system composed of YIG micromagnets and skyrmions,
and show that it can achieve the strong-coupling regime
described by the JC model. We incorporate a microwave
drive to make the magnons enter the nonlinear region and
then employ parametric amplification techniques to achieve
an exponential increase in the coupling strength. The
magnon is then used as an intermediary to induce coherent

and dissipative couplings between skyrmions or between
skyrmions and other quantum systems. Magnon-mediated
coherent couplings are utilized to improve the scalability of
qubits; together with dissipative couplings, it is possible to
achieve a nonreciprocal interaction and response between
different qubits.
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