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Enhanced tripartite interaction in a magnon-Andreev-superconducting qubit hybrid system:
Collapse-revival phenomena and entanglement redistribution
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Tripartite interactions are fundamental for realizing quantum phenomena beyond pairwise physics, yet their
native implementation—particularly among distinct quantum systems—remains challenging. Here, we propose
a hybrid quantum architecture comprising a magnonic mode [in a yttrium iron garnet (YIG) sphere], an Andreev
spin qubit, and a superconducting qubit, to realize a native and strong interaction rather than relying on synthesis
from two-body processes, leveraging the coupling between the spin-dependent supercurrent and the magnetic
field of YIG sphere. Through analytical and numerical studies, we demonstrate that this interaction induces
synchronized collapse and revival in qubit populations when the magnon is initially prepared in a coherent state.
Notably, during the collapse region—where populations remain static—the entanglement structure undergoes a
dramatic and continuous reorganization. We show that the genuine tripartite entanglement is redistributed into
bipartite entanglement between the two qubits, and vice versa, with the total entanglement conserved. These
phenomena, unattainable via bipartite couplings, underscore the potential of tripartite interactions for exploring
intrinsically new quantum effects and advancing hybrid quantum information platforms.
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I. INTRODUCTION

Coherent interactions between different degrees of free-
dom in hybrid quantum systems are essential for quantum
science and technology [1]. While most interactions imple-
mented to date are pairwise in nature [2], tripartite interactions
[3] play a pivotal role in various physical contexts: the physics
of nuclei [4], quantum simulation [5,6], quantum block-
ade [7], quantum error correction [8,9], and quantum gates
[10,11]. Importantly, tripartite interactions can give rise to
physical phenomena that are inaccessible with only two-body
interactions. However, achieving strong tripartite coupling
remains a challenge. Existing approaches largely engineer
effective tripartite interactions from underlying two-body cou-
plings via Floquet engineering [12–14] or nonlinear couplers
[15], which introduce additional hardware complexity, require
precise waveform driving or additional two-local couplers
to suppress unwanted two-body terms, and are typically re-
stricted to a single physical platform. So, it is of importance
to direct realize a native tripartite interaction without precise
driving, extra couplers, and unwanted two-body terms in hy-
brid quantum architectures.

Recently, Andreev spin qubits (ASQs) have emerged as
a promising platform for quantum information processing,
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combining the benefits of both superconducting qubit (SCQ)
and spin qubit to encode information in the spin of a quasi-
particle localized in a semiconductor quantum dot junction
[16–21]. Its long lifetimes and small footprint [19,20] make
it attractive for large-scale quantum devices [22]. Recent ex-
periments have demonstrated the coherent manipulation of a
single ASQ [18,19], the supercurrent-mediated coupling be-
tween two distant ASQs [21]. Due to spin-orbit coupling, the
quantum dot junction has a spin-dependent supercurrent that
depends intrinsically on both spin and phase [17,19], allow-
ing the ASQs to be integrated into superconducting circuits
and coherently coupled to SCQs [20]. So, through this spin-
dependent supercurrent, it is possible and appealing to realize
native tripartite interactions in a hybrid quantum architecture.

Quantum magnonics [23–41] is also a rapidly developing
field, which provides a promising platform for studying funda-
mental quantum phenomena and their applications. Magnon
is the quanta of collective spin excitations of magnetic ma-
terials [like yttrium iron garnet (YIG)] [42–46]. Owing to
their widely tunable frequency and strong coupling to various
quantum systems, magnons also serve as a promising carrier
for quantum information. Magnon-photon coupling [47–51],
magnon-phonon coupling [46,52–55], magnon-solid-state
spin coupling [56–64], and magnon-SCQ coupling [65,66]
have been proposed and analyzed. This makes magnons a
natural building block for hybrid quantum system, which
integrate the complementary strengths of distinct physical
platforms to overcome the limitations of any single sys-
tem and hold significant promise for advancing quantum
information processing. However, previous studies mostly
focus on coherent pairwise interactions between magnons
and other completely different physical systems; it seems
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to us that a genuine tripartite interaction among magnons,
ASQs, and SCQs to construct hybrid quantum setups remains
unexplored.

In this work, we propose and investigate native tripartite
interactions in a hybrid quantum system consisting of a YIG
sphere, an ASQ, and an SCQ. The ASQ possesses spin-
supercurrent coupling that enables it to easily couple with
the SCQ, giving rise to a spin-dependent supercurrent in the
superconducting circuit that depends on both the spin and
the phase. Utilizing the coupling between this spin-dependent
supercurrent and the stray magnetic field of the YIG sphere,
a native and strong tripartite interaction is obtained directly
among the magnon, the SCQ, and the ASQ without relying
on synthesis from two-body processes. This kind of tripartite
interaction, which involves a bosonic mode and two solid-
state qubits, has no counterpart in previous studies. It enables
the joint excitations of magnons and SCQs upon ASQ de-
excitation (or excites two solid-state qubits upon magnon
annihilation), allowing for simultaneous manipulation of two
solid-state qubits via magnons.

Furthermore, by preparing the magnon in a coherent state,
with this tripartite interaction, we show that the population
oscillations of the two qubits exhibit synchronized collapse
and revival. Most notably, during the collapse region—where
the populations remain stationary—the entanglement con-
tinues to evolve dynamically. Specifically, we confirm that
the entanglement between the magnon and the rest of the
system consists solely of residual entanglement, which first
increases and then decreases, with no bipartite entanglement
ever forming between the magnon and each qubit. More-
over, the entanglement between each qubit and the rest of
the system also displays collapse-revival behavior, remaining
constant during the collapse region. This composite entangle-
ment comprises both bipartite qubit-qubit entanglement and
the minimal residual entanglement. These two components
exhibit a trade-off in the collapse region: An increase in one
necessarily leads to a decrease in the other. This leads to a
remarkable conclusion: During the collapse region, although
the energy remains constant, the genuine tripartite entangle-
ment is dynamically redistributed into bipartite entanglement
between the two qubits, and vice versa, with the total en-
tanglement conserved. These phenomena have never been
uncovered before and cannot be achieved through two-body
interactions, highlighting the unique potential of tripartite in-
teractions in revealing genuinely novel quantum effects.

II. THE MODEL

We investigate a hybrid quantum system consisting of a
YIG sphere and a superconducting circuit constructed with a
quantum dot junction, a conventional Josephson junction, and
a capacitor, as depicted in Fig. 1. The ASQ is implemented
via the quantum dot junction. The Hamiltonian of ASQ
includes the spin-dependent energy ESO due to spin-orbit
coupling and the Zeeman energy arising from the interaction
between spin and an external magnetic field BZ applied to the
junction [17,19–21], which is given by

HASQ = −ESOσ · n sin ϕ1 + 1
2 EZ · σ, (1)

FIG. 1. The hybrid quantum system consisting of the magnon,
ASQ from the quantum dot junction, and the SCQ from the SQUID
and capacitor.

where σ is the spin operator, n is the unit vector along the
spin-polarization direction set by the spin-orbit interaction, ϕ1

is the phase difference across the quantum dot junction, and
EZ is the Zeeman field. In the limit of |EZ| � ESO, the free
Hamiltonian of the ASQ is mainly dominated by the second
term, while the first term gives rise to interactions with other
subsystems. The free Hamiltonian of ASQ can be simplified
to ĤASQ = h̄ωaσ̂

z
a/2, where ωa � |EZ|/h̄ is the frequency of

ASQ [20,22,67] and σ z
a = |↑〉〈↑| − |↓〉〈↓| is the Pauli z oper-

ator with the eigenstates of ASQ {〈↓|, |↑〉}.
Furthermore, the quantum dot junction and conventional

Josephson junction, with Josephson energies E0 and EJ , re-
spectively, form a superconducting quantum interference de-
vice (SQUID) with an external flux �ext through it. The SCQ
is obtained by connecting the SQUID loop in parallel with the
capacitor that has charging energy EC . Its Hamiltonian reads
ĤSCQ = 4ECN̂2 − E sum

J S(φext ) cos (ϕ̂ − ϕ0) with charge num-
ber N̂ and average phase difference ϕ̂, where E sum

J = EJ +
E0, S(φext ) =

√
cos2 φext + a2 sin2 φext with junction asym-

metry a = (EJ − E0)/E sum
J and phase φext = π�ext/�0, and

ϕ0 = arctan(a tan φext ). In the two-level subspace {|g〉, |e〉} of
the SCQ, the Hamiltonian of SCQ is rewritten as ĤSCQ =
h̄ωs
2 σ̂ z

s in the transmon regime [67,85,86]. Here, h̄ωs =√
8ECE sum

J S(φext ) − EC is the qubit excitation energy.
The YIG sphere with radius RK is placed at a distance of

d from the circuit in the z direction and RK in the x direction.
Applying a uniform bias magnetic field BK to the sphere, long-
lived spin wave mode can be excited. In the system, only the
Kittel mode is considered, where all spins precess in phase and
have the identical amplitude [24]. The free Hamiltonian of the
Kittel mode is expressed as ĤM = h̄ωmm̂†m̂, where m̂ (m̂†)
represents the annihilation (creation) operator of magnon and
ωm = γ0BK is the resonance frequency with the gyromagnetic
ratio γ0 [87].

The magnetic moment μ of the YIG sphere emits a stray
field described by B(μ) = μ0/(4πr3)[3r(μ · r)/r2 − μ] [88],
where μ0 is the permeability of the free space and r is the
position vector from the center of the YIG sphere to any
location on the SQUID loop. By the quantized magnetic mo-
ment μ̂x = h̄γ0

√
NS/2(m̂† + m̂), μ̂y = ih̄γ0

√
NS/2(m̂ − m̂†),

and μ̂z = h̄γ0m̂†m̂, with the total number of spins NS , the mag-
netic field can be quantized as B̂ = (B̂x, B̂y, B̂z ). The magnetic
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field B̂ induces a flux through the SQUID loop, which reads

�(μ̂) =
∫∫

B(μ̂) · dS = �YIG(m̂ + m̂†), (2)

where �YIG is related to the relative positions and relative
sizes of the YIG sphere and the SQUID loop [67]. The tri-
partite interaction originates from the influence of magnetic
flux induced by the YIG sphere on the spin-dependent energy
of ASQ. Based on the phase relationship ϕ̂1 = ϕ̂ + π�ext/�0

[67], the first term in Eq. (1) can be expressed as −ESOσ ·
n sin (ϕ̂ + φext ). In the subspace {|↑〉, |↓〉}, the spin along the
polarization direction reads σ · n = cos θσ̂ z

a + sin θσ̂ x
a , where

θ is the angle between the direction of the external Zeeman
field and the polarization of the spin [22,67]. Assuming the
angle θ = π/2 and considering the influence of the magnetic
flux induced by the YIG sphere φext → φext + φ(μ̂), the inter-
action term can be rewritten as Ĥint = −ESOσ̂ x

a sin(φext + ϕ̂ +
φ(μ̂)), where φ(μ̂) = π�(μ̂)/�0. Expanding the trigono-
metric function with φ(μ̂) 
 1 for typical parameters, the
Hamiltonian becomes

Ĥint = −ESOφ(μ̂) cos(φext + ϕ̂)σ̂ x
a − ESO sin(φext + ϕ̂)σ̂ x

a .

(3)
The first term in Eq. (3) obtained from the influence of the
magnetic flux from the YIG sphere on the spin-dependent
energy is fully equivalent to the interaction between the
spin-dependent supercurrent in the circuit and the magnetic
field of the YIG sphere (see the Supplemental Material
[67]). In terms of the transmon phase operator ˆ̃ϕ = ϕ̂ −
ϕ0, it Ĥint1 = ESOφ(μ̂)σ̂ x

a /S(φext )[(1 + a) sin 2φext sin ˆ̃ϕ/2 +
(cos2 φext − a sin2 φext ) cos ˆ̃ϕ]. Expanding to order ˆ̃ϕ2 and
substituting the quantized flux �(μ̂) and the phase operator
ˆ̃ϕ with the corresponding magnon bosonic operator m̂ (m̂†)
and the SCQ Pauli operator σ̂+

s (σ̂−
s ), the tripartite interaction

is obtained and can be expressed as

Ĥthr/h̄ = G(σ̂+
s + σ̂−

s )(m̂ + m̂†)σ̂ x
a + Jσ̂+

s σ̂−
s (m̂ + m̂†)σ̂ x

a .

(4)
There are also two-body interactions Ĥtwo from the second
term in Eq. (3) [67]. The total Hamiltonian of the hybrid
quantum system is Ĥtot = ĤM + ĤASQ + ĤSCQ + Ĥthr + Ĥtwo.
Under the resonance condition ωa = ωm + ωs (or ωm = ωa +
ωs), the two-body interaction Ĥtwo and the second term of the
tripartite interaction in Eq. (4) are far off resonance and can
be neglected [67]. Applying the rotating wave approximation,
the effective Hamiltonian thus is reduced to

Ĥeff = ĤM + ĤASQ + ĤSCQ + h̄G(m̂†σ̂+
s σ̂−

a + m̂σ̂−
s σ̂+

a ),
(5)

with ωa = ωm + ωs. For the resonance condition ωm = ωa +
ωs, the interaction becomes G(m̂σ̂+

s σ̂+
a + m̂†σ̂−

s σ̂−
a ).

In this work, we primarily focus on the tripartite in-
teraction that describes the coherent exchange between the
magnon, ASQ, and SCQ. For example, when the reso-
nance condition ωa = ωm + ωs (ωm = ωa + ωs) is selected,
the interaction m̂†σ̂+

s σ̂−
a + m̂σ̂−

s σ̂+
a (m̂σ̂+

s σ̂+
a + m̂†σ̂−

s σ̂−
a ) re-

sults in the transmission between |n,↑, g〉 and |n + 1,↓, e〉
(|n + 1,↓, g〉 and |n,↑, e〉). This describes magnon and
SCQ excitations upon ASQ deexcitation (two qubits exci-
tations upon magnon annihilation) and the inverse process.

Its coupling strength reads

G = ESO sin 2φext(1 + a)π�YIG

2h̄�0S(φext )5/4

(
2EC

E sum
J

)1/4

. (6)

In the following, we investigate the influence of rele-
vant parameters on the coupling strength G. As shown in
Fig. 2(a), the coupling strength G is plotted as functions of
the external flux �ext with different asymmetry a. Here, we
consider spin-dependent energy ESO/h = 600 MHz [18–20],
typical transmon parameter E sum

J /EC = 50 [86], and radius of
YIG sphere RK = 30 µm. The optimal point of the coupling
strength G depends on a and its maximum value increases as
a decreases. G varies periodically with �ext/�0, and when
�ext/�0 = 0.5, G is equal to zero. According to the con-
tour maps shown in Fig. 2(b), the coupling strength G is
proportional to ESO and decreases with increasing E sum

J /EC .
However, the coupling strength G is less sensitive to the ratio
E sum

J /EC due to G ∝ (EC/E sum
J )1/4.

Strong coupling is a prerequisite for conducting quan-
tum manipulation. We adopt the decay rates of magnons,
ASQs, and SCQs as κm/2π = 0.5 MHz [41,51], κa/2π =
0.01 MHz [20], and κs/2π = 0.05 MHz [89]. The dephas-
ing rates of ASQs and SCQs are taken as γa/2π = 1 MHz
[20] and γs/2π = 0.05 MHz [89]. When choosing a = 0.3
and �ext/�0 = 0.35, we have G/2π � 1.5 MHz. So the cou-
pling strength G can reach the strong coupling regime, i.e.,
G > κm, κ (γ )a, κ (γ )s. Furthermore, the coupling strength can
be enhanced exponentially by the parametric amplification
technique [67]. The dephasing rate γa of ASQs is expected to
decrease by selecting better material for quantum dot junction
to reduce the influence of the nuclear environment [20]. The
decay rate of magnons κm = ωmαG can be reduced to 0.1 MHz
with the Gilbert-damping parameter αG = 10−5 [90]. There-
fore, the tripartite coupling strength G holds promise for being
much greater than the dissipations in this hybrid quantum
system.

We now show that the quantum dynamics of the hy-
brid quantum system is governed by the tripartite interaction
G(m̂†σ̂+

s σ̂−
a + m̂σ̂−

s σ̂+
a ) under the resonance condition ωa =

ωm + ωs, through numerically solving the quantum master
equation. To verify the validity of neglecting the far off-
resonant interactions, both the effective Hamiltonian Ĥeff and
the total Hamiltonian Ĥtot are used to simulate the population
evolution of the magnon, ASQ, and SCQ with the initial
state |0,↑, g〉. Figure 2(c) shows almost-perfect joint excita-
tion of the magnon mode and SCQ by the ASQ; i.e., if the
magnon mode gets excited, the SCQ is also in the excited
state. When the dissipation rates of ASQs and magnons are
reduced, the populations of the SCQ and the magnon mode
approach one after a half Rabi period. We also observe the
excellent agreement between the dynamics generated by Ĥeff

and Ĥtot, confirming that these far off-resonant interactions
can be safely neglected. Furthermore, the population evolution
under the interaction G(m̂σ̂+

s σ̂+
a + m̂†σ̂−

s σ̂−
a ) shows almost-

perfect joint excitation of two qubits by magnons; i.e., if
one qubit gets excited, the other one is also in the excited
state [67].
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FIG. 2. (a) Variation of the coupling strengths G with the external flux �ext for different asymmetry a. (b) Contour maps of the coupling
strengths G vs the ratio E sum

J /EC and spin-dependent energy ESO with a = 0.1. (c) The tripartite interaction induces dynamical evolution under
the resonance condition ωm = ωa + ωs. In the upper panel, the dissipation rates are chosen as those in the main text. In the lower panel, the
dissipation rates are reduced as κm/2π = 0.1 MHz and γa/2π = 0.1 MHz.

III. COLLAPSE-REVIVAL PHENOMENA
AND ENTANGLEMENT REDISTRIBUTION

Collapse and revival [91–95] is a well-known phenomenon
based on the Jaynes-Cummings (JC) interaction, involving
the disappearance of oscillations from quantum phase dis-
order (collapse) and their recovery via phase reordering
(revival), which has been observed experimentally [96–98].
In the model of tripartite interaction, the collapse and re-
vival still exist, yet more interesting phenomena have been
observed in the dynamic process. We consider the tripartite
interaction G(m̂†σ̂+

s σ̂−
a + m̂σ̂−

s σ̂+
a ) when ωa = ωm + ωs. The

magnon is prepared in the coherent state |α〉 with α = 4,
the ASQ and SCQ are prepared in the excited state |↑〉 and
ground state |g〉, respectively. The populations of the ASQ
|↑〉 state and the SCQ |e〉 state are analytically calculated
to study the collapse-revival phenomena. The results are as
follows: P|↑〉 = 0.5 + 0.5X, P|e〉 = 0.5 − 0.5X, where X =∑∞

n=0 Cn × cos(2�nt ) with Rabi frequency �n = G
√

n + 1
and Cn = e−|α|2 α2n

n! . As shown in Fig. 3(a), when these

FIG. 3. (a) Simulated evolution of populations without decoher-
ence. The shaded region denotes the collapse region. Panels (b) and
(c) show the evolution of the bipartite entanglement and the residual
entanglements with time. (d) Schematic diagram of entanglement
redistribution.

components cancel each other out due to random phases,
the series summation X = 0, the oscillations of P|↑〉 and P|e〉
disappear and the populations remain at 0.5. When these com-
ponents achieve phase synchronization, their superposition
reaches a maximum, manifesting as the revival of oscillations.

Beyond the collapse and revival of populations, an intrigu-
ing evolution of entanglement emerges from the dynamics
of the tripartite interaction. We now show that during the
collapse region, where the populations remain stationary, the
entanglement structure undergoes a dramatic and continuous
reorganization. For the tripartite quantum system, the entan-
glement quantified by the logarithmic negativity satisfies the
CKW monogamy inequality [99]: E2

i| jk � E2
i| j + E2

i|k (i, j, k =
M, S, A), where the logarithmic negativity Ei| j (Ei| jk) mea-
sures the bipartite entanglement between i and j (i and the
single object jk). Herein, M, A, and S represent the magnon,
ASQ, and SCQ, respectively. The difference between the two
sides of the above inequality is the residual entanglement

Ri| jk = E2
i| jk − E2

i| j − E2
i|k, (7)

which serves to quantify tripartite entanglement that cannot
be accounted for by any bipartite divisions [100–103]. First,
we investigate the residual entanglement for the bipartition
between the magnon (M) and the remaining two-qubit par-
tition (AS). As shown in Fig. 3(b), EM|A and EM|S remain zero
at all times, meaning that there is no bipartite entanglement
between the magnon and each qubit, while such bipartite
entanglement between the magnon and qubit is present in the
JC model [67]. So the residual entanglement for the bipartition
M|AS becomes

RM|AS = E2
M|AS, (8)

which means that the entanglement between the magnon and
the rest of the system contains only residual entanglement.
The variation of residual entanglement RM|AS mirrors that of
EM|AS, which gradually decreases to a minimum and then
increases, as depicted in Fig. 3(b). Since EM|A (EM|S = 0), we
can also obtain the relation for the bipartition A|MS (S|MA)
as

RA|MS (RS|MA) + E2
A|S = E2

A|MS

(
E2

S|MA

)
, (9)

which indicates that the entanglement between any qubit and
the rest of the system includes the bipartite entanglement
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between two qubits as well as the residual entanglement.
Surprisingly, the entanglement between any qubit and the
rest of the system exhibits collapse and revival. As shown
in Fig. 3(c), in the collapse region, EA|MS (ES|MA) is con-
served and equal to 1, meaning the entanglement remains
maximized. So Eq. (9) becomes E2

A|S + RA|MS (RS|MA) = 1 in
the collapse region. The conservation of total entanglement
forces a dynamic balance: The growth of residual entangle-
ment must be compensated by the consumption of bipartite
entanglement between two qubits. As shown in Fig. 3(c),
the residual entanglement RA|MS (RS|MA) decreases as EA|C
increases and vice versa. In particular, RA|MS (RS|MA) co-
incides with the minimum residual entanglement Rmin =
min[RM|AS, RA|MS, RS|MA] [104,105], since RA|MS(RS|MA) �
RM|AS always holds in Fig. 3(c). The nonzero minimum
residual entanglement Rmin signifies the existence of genuine
tripartite entanglement within the system. Therefore, a con-
clusion can be drawn regarding the entanglement dynamics in
the collapse region: The total entanglement between any qubit
and the rest of the system is conserved, yet its form is dynam-
ically transformed from genuine tripartite entanglement into
bipartite entanglement between the two qubits and back, as
illustrated in Fig. 3(d).

This finding provides unequivocal evidence that energy
and entanglement dynamics can become independent. In the
collapse region, the energy remains constant, while the en-
tanglement is redistributed from the tripartite form to the
bipartite form and vice versa. This highlights the potential of
tripartite interaction for exploring complex entanglement dy-
namics beyond the reach of simple JC interaction, where such
entanglement redistribution does not exist [67]. We have also
analytically calculated the bipartite entanglement measured
by von Neumann entropy or concurrence, and demonstrated

that the redistribution of entanglement still exists even in the
presence of dissipation in the Supplemental Material [67].

IV. CONCLUSION

We propose a scheme to achieve native and strong tripartite
interaction in a hybrid quantum system consisting of a YIG
sphere, an Andreev spin qubit, and a superconducting qubit.
This intrinsic interaction emerges directly from the coupling
between the spin-dependent supercurrent and the magnetic
field of YIG sphere, requiring no external drives or couplers.
Moreover, by preparing the magnon in a coherent state, we in-
vestigate the collapse and revival of the two-qubit populations.
Notably, in the collapse region where the populations remain
stationary, we find continuous entanglement redistribution
from tripartite to bipartite forms and back with the total entan-
glement conserved. Our work not only provides a mechanism
for realizing native tripartite interactions in hybrid quantum
architectures that integrate the complementary strengths of
distinct physical systems, but also demonstrates the potential
of tripartite coupling to generate quantum phenomena—thus
holding fundamental significance and offering promising im-
plications for quantum information processing.
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