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Cat state, is not only interesting for testing the fundamentals of quantum mechanics, but also for wide
applications ranging from fault-tolerant quantum computation to quantum metrology. Here, we propose a
scheme to generate the magnon cat state by the indirect magnon nonlinearity. We show that the effective
two-magnon loss process can be induced by the photon parametric coupling, steering the magnon into the
cat-state manifold. In our work, the size of the magnon cat state can be easily adjusted, and the large-
size cat state can be generated with high fidelity. At the same time, the speed of cat-state generation can
be greatly improved by enhancing the photon-magnon interaction with maintaining a larger size of cat
state. Further, we find that the effective two-magnon loss process can strongly suppress the decoherence
of the environment under appropriate parameter conditions. The lifetime of the magnon cat state can be
expected to be # ~ 3 ws under the current experimental techniques. This work provides a proposal for the
preparation of nonclassical states of magnons without the direct magnon nonlinearity, which is meaningful
for the development of quantum technology in the future.
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L. INTRODUCTION

Cat state, as a pure quantum effect, was proposed by
Schrodinger [1], which describes the quantum superposi-
tion of macroscopic objects. In quantum optics, the coher-
ent state, with the minimum uncertainty, is regarded as a
quasiclassical state. Therefore, the superposition of two
coherent states N (|ar) + e/?| — o)) is defined as the cat
state [2—6], where A/ is the normalization coefficient and «
is the coherent amplitude. It will be divided into the even
and odd cat state when ¢ = 0 and ¢ = 7, respectively
[6,7]. The cat states not only reveal the essence of quan-
tum theory [8—13], but also play a role in understanding the
transition between macroscopic and microscopic worlds in
quantum theory [14,15]. Meanwhile, they also have wide
applications in various fields, such as fault-tolerant quan-
tum computation [16—19] and metrology [20,21]. In the
past few decades, a number of methods have been used
to prepare cat states [22—44]. Through Rabi [42] or radia-
tion pressure interaction [34], the transient entangled state
can be prepared by unitary time evolution, then one can
obtain the cat state by selective quantum measurements.
On the other hand, by engineering a nonlinear loss [45,46],
the stable cat state can be decisively generated, which can
effectively suppress the dephase. However, the prepara-
tion and stability of cat states still remain a challenge due
to the inevitable decoherence of the environment. So far,
the cat state has been observed experimentally in various
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physical systems [47], i.e., electronic [48—50], photonic
[14,51], and atomic or molecular systems [15,52].

Hybrid quantum systems play a role in the exploration
of various quantum effects [53,54]. A cavity magnon sys-
tem, as an alternative type of hybrid system, has attracted
tremendous experimental [55—59] and theoretical attention
[60—64]. Magnons, similar to phonons, are a kind of quasi-
particle of the collective spin excitations in ordered mag-
nets. In ferromagnetic materials and microwave ferrites,
yttrium iron garnet (YIG) is favored by researchers due to
its unique advantages, such as long lifetimes, low dissi-
pation rate [55,65—69], tunable frequency, and convenient
operation. On the other hand, through magneto-optical
[70-73], magnetostriction effects [73,74] and magnetic
dipoles [75—78], magnons can interact directly with optical
photons, phonons and microwaves, in which the coupling
between photons and magnons can reach the strong cou-
pling regime [67—69] benefiting from the high spin density
of YIG. At the same time, the indirect coupling between
the magnon and superconducting qubit can be achieved
through the virtual photon process that has also been exper-
imentally reported [79], and the scheme of direct coupling
between the magnon and superconducting qubit has also
been proposed theoretically [80]. Similar to photonic sys-
tems, many phenomena have been reported in magnonic
systems, such as bistability [75], magnon laser [81-83],
antibunching [84], squeezed state [85-87], and cat state
[88-90].

Recently, the schemes of preparing the cat state relying
on the anisotropy of the magnet in ferromagnetic insulators
[88] and projecting measurement the optical (qubit) mode
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via magnon-photon entanglement [89] or magnon-qubit
entanglement [80] have been proposed. However, these
schemes directly require the nonlinearity of the magnons,
i.e., the squeezed terms induced by anisotropy shape and
the terms analogous to the radiation pressure in optome-
chanics. A natural question is whether the indirect magnon
nonlinearity can induce the generation of magnon cat
states.

Here, we propose another scheme to generate the
magnon cat state by the indirect magnon nonlinearity. In
our scheme, the photon parametric down-conversion pro-
cess is transferred to the magnon, thus forming an effective
two-magnon process. The odd and even cat state can be
generated with high fidelity and large size by the two-
magnon loss. We discuss the influence of the driving phase
on the fidelity of the odd and even cat state and find
that the fidelity will have an evident perturbation by the
phase. At the same time, the speed of cat-state generation
can be greatly improved by enhancing the photon-magnon
interaction with maintaining a larger size of the cat state.
Further, we find that the single-magnon dissipation can
be strongly suppressed by the two-magnon loss when the
single-magnon dissipation is much smaller than the effec-
tive two-magnon loss. It ensures that the even and odd
magnon cat states can be generated with high fidelity.
Finally, thanks to the low dissipation of the magnon, the
lifetime of the cat state is expect to be ¢ ~ 3 us. Compared
with the previous scheme that requires a direct magnon
nonlinearity, our scheme transfers the requirement of the
magnon mode to the microwave photon mode, which to
some extent improves the feasibility of the experiment and
provides an alternative solution for the generation of the
magnon cat state.

II. MODEL AND ANALYSIS

A schematic diagram of our proposed system is depicted
in Fig. 1. It consists of a pump cavity (left) and a sig-
nal cavity (right) with parametric interaction, while a YIG
sphere is placed in the signal cavity. Simultaneously, an
external magnetic field H is applied in the z direction, and
a uniform magnon mode appears in the sphere at the res-
onance frequency w,, = yH, where y = 27 x 28 GHz/T
is the gyromagnetic ratio. The total Hamiltonian of the
system is written as (h = 1)

H = a)sajas + a)pa;ap + wmme + g(ame—l-a;m)

+a (ajaf, + asa;z) + Qy(a,e % gf gmiwattit),
(1)

where a,(a,) is the annihilation operator in the pump
(signal) cavity and m is the annihilation operator of the
magnon mode. g is the parametric coupling strength [91—
93] between the two cavities originated from the three-
wave mixing process [6], and g is the photon-magnon
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FIG. 1. Schematic diagram of magnon cat-state preparation
consisting of a pump cavity (left) and signal cavity (right) with
parametric interaction g;. The YIG sphere is placed in the sig-
nal cavity, which supports the Kittel mode interacting with
microwave photon modes. A uniform bias magnetic field H is
applied in the z direction. The pump cavity is driven by a coher-
ent laser with driving strength €, frequency wy, and initial
phase ¢.

interaction strength. The pump mode is driven by a coher-
ent laser with driving strength €2, frequency w,, and initial
phase ¢. We rewrite the Hamiltonian in the interaction
picture by assuming that w; ~ w; & 2wy,

H = g(ameeiAt + a]‘};me—iAt) +g (al'alz,eizm

+ asa;zefizm) + Q(ae™ + ale'?), ()

where A = w,, — w, is the detuning of the magnon to
the signal mode. When A > {g1, g}, there is an effective
parametric interaction between the pump mode a, and the
magnon mode m. The signal mode a, becomes a dark
mode and is always in the vacuum state under the large
detuning. After time averaging and adiabaticly eliminating
the signal cavity mode a, [94,95], the effective third-order
Hamiltonian is written as

H® — g1g2

e = "l 4 am™) + Quae ™ + ale?), (3)

2
where the second-order Hamiltonian H;@ = —‘%ajas —

%me can be eliminated by shifting the eigenfrequencies
of the pump mode a; and the magnon mode m. Meanwhile,
we use the rotating-wave approximation (RWA) to omit
the rapidly varying interaction terms under the condition
A% > 3ggy.

The dissipative dynamic evolution of the system is
determined by the master equation

p = —i[HS), 0]+ (ce/2) Llaslp + (cn/2)LImlp,  (4)

where k; and «k, are the single-photon dissipation
and single-magnon dissipation rates, respectively, and
L[o]p = 20p0" —ofop — poTo. When «,, < «,, we can
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adiabatically eliminate the pump cavity mode a; to gener-
ate an effective master equation

6 = —ilHe, p] + (kewr/2) LIm*1p, 5

where Hoy = J (e ®m? — m™?e®) is the effective Hamil-
tonian with effective coupling J = i2Q,g1g%/k,A* and
Ker = 4g3g* /k,A* is the two-magnon loss rate. The
squeezed Hamiltonian and two-magnon process steer
magnon into the cat-state manifold. Equation (5) has
a steady-state solution for mode m that is analytically
proved, while, its steady state depends only on its ini-
tial parity [45,46]. In particular, when the magnon mode
m is initially in an even Fock state, its steady state is an
even Schrodinger cat state with an even photon number
distribution, i.e., (see Appendix A)

1
[¥m) = Ne * (o) + | — a)), (6)

with a normalization coefficient N, = 2[1 + exp(—2|a|?)]
and the amplitude o = /—Q;A2/g;g%. When the magnon
mode m is initially in an odd Fock state, its steady state is
an odd Schrodinger cat state with an odd photon-number
distribution, i.e.,

[¥m) = No 2 (Ja) — | = a)), (7

with a normalization coefficient NV, = 2[1 — exp(—2|«|?)].
For a generic initial state of mode m, its steady state will
be a mixture of the even and odd Schrddinger cat state.

II1. FIDELITY AND WIGNER FUNCTION

We can observe the quantum properties of the system
by investigating the Wigner function. For a deterministic
density matrix p, the Wigner function associated with it is
written as

1 * *
W(a,a*) = Ffe" ey (nd*, 3

where x (n) = Tr(,oe”’”T‘"*’”) is the characteristic function.
When considering the magnon cat state, p is the reduced
density matrix of the magnon from the whole system. The
Wigner function of the steady-state solution of Eq. (5) is
plotted in Figs. 2(a) and 2(b). We can see the two peaks
with coherence amplitude || = 1.58 and very obvious
interference fringes (the positive and negative values of
the Wigner function), showing the nonclassical nature of
the magnon Schrédinger cat state.

To confirm the effectiveness of our system, we can
numerically solve the master equation using the original
Hamiltonian in Eq. (1) to simulate the time evolution of
F as shown in Fig. 2(c). Here F is the fidelity between
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FIG. 2. (a),(b) The Wigner function of the even and odd cat

state. (c) The time evolution of fidelity of even (red curve) and
odd (blue curve) cat state using the original Hamiltonian. (d) The
fidelity of the even cat state and odd cat state versus initial phase
¢. The parameters are chosen as A = 10k, g1 = ks, & = 2k,
Qs = 0.1k, Ky = 0, || = 1.58, (a),(b),(c) ¢ = 0.

the ideal Schrodinger cat state and the actual state, i.e.,
F = Tr(p,p0), where pg is the ideal Schrodinger cat state
and p, is the actual reduced density matrix of the magnon
coming from Eq. (1). From Fig. 2(c), we find that F' grad-
ually increases and eventually stabilizes at F' = 0.96 (F' =
0.94) for even (odd) cat state after reaching the steady state,
showing that the scheme of parametric coupling transfer
to produce the magnon cat state is sufficiently effective.
It is worth noting that the time evolution of fidelity F
exhibits fast oscillation [the blue curve in Fig. 2(c)] when
the magnon m is initially in the nonzero Fock state. We
speculate the reason is that g2 /(A)m'm in the second-order
Hamiltonian has a strong influence on the system evolu-
tion at nonzero Fock states, i.e., g2/(A)m'm|0) = 0 and
g%/ (Mmtm|1) = g2/ A1), resulting in the fidelity of the
cat state oscillating rapidly.

The initial phase ¢ of the driving field has an effect on
the cat-state evolution of the system. We plot the fidelity F
versus ¢ by solving the master equation using the original
Hamiltonian in Eq. (1), as shown in Fig. 2(d). The magnon
state is close to the ideal cat state, i.e., F' = 0.96 when
the initial phase is an even multiple of 7, i.e., ¢ = *nm,
n € (0,2,4---) for both odd and even cat states. However,
the fidelity is lowest, i.e., F/ = 0.1 when the initial phase
is an odd multiple of =, i.e., ¢ = +nmw, n € (1,3,5---),
implying that the generation of the magnon cat state is
phase sensitive. Therefore, in practical experiments, we
need to tune the phase of the driving field to an even mul-
tiple of 7 or its vicinity to obtain a high-fidelity magnon
cat state. Considering the above facts, in the subsequent
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FIG. 3. The Wigner function of magnon even (a),(c) and odd

(b),(d) cat state with different sizes. The parameters are chosen as
(a),(b) g1 = k5, g = 1.5k, 25 = 0.1k, || = 2.108, (¢),(d) g1 =
0.5«,, g = 2Ky, Q25 = 0.2«;, || = 3.3. Other parameters are the
same as in Fig. 2.

sections, we set ¢ = 0 and do not discuss the effect of the
initial phase on the system anymore.

IV. THE SIZE OF MAGNON CAT STATE AND THE
SPEED OF ITS GENERATION

The square distance between two coherent states in
phase space characterizes the size of the cat states. From
the coherent amplitude o = /—Q;A2/g g2, we can find
that the size of the cat state is affected by many degrees
of freedom of the system, which means that the size of
the magnon cat state can be easily adjusted by chang-
ing the parameters in our scheme. In Figs. 3(a) and 3(b),
we plot the Wigner function of the magnon cat state with
coherent amplitude |a| = 2.108 by setting g = 1.5« and
g1 = k;. Compared to Figs. 2(a) and 2(b), the two peaks
of the superposition state are shifted farther in the phase
space and more interference fringes appear, suggesting
that a larger size cat state has been generated. It is worth
noting that the parametric coupling strength g; is more
challenging compared to the implementation of the cou-
pling strength g. However, the parametric coupling g; can
be compensated by the coupling strength g in our scheme.
For example, a large size cat state with coherent ampli-
tude || =2.23 can also be generated by reducing the
parametric coupling strength g1, i.e., g = 0.5«; and set-
ting g = 2k,. Due to the negative relationship between g
(g1) and the size of cat state, their contribution to the cat
state size is limited. In our scheme, the driving strength g
can effectively increase the size of the magnon cat state.
By increasing the driving strength Q; = 0.2«;, the size of
the magnon cat state can reach ||> = 10 when g = 2«;,
g1 = 0.5k, and A = 10k, as shown in Figs. 3(c) and 3(d).
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FIG. 4. (a),(b) The fidelity of the even and odd cat state ver-

sus k¢ under different coupling strengths. (c),(d) The fidelity
of the even and odd cat state versus k¢ with the simultaneous
single-magnon dissipation and two-magnon loss under different
coupling strengths. The parameters are chosen as g; = «;, (a),(b)
km = 0, (¢),(d) k,, = 0.001k,. Other parameters are the same as
in Fig. 2.

This indicates that the cat state with super-large size has
been generated. The above analysis shows that our scheme
can easily adjust the size of the cat state, and the large size
of the cat state can also be generated.

The speed of cat-state generation is useful in practical
applications and is affected by the effective two-magnon
loss rate. From Eq. (5) we know that two-magnon loss
rate induced by the photon parametric coupling is kg =
4g2g* /i, A%, Tt is easy to see that it is proportional to the
parametric coupling strength g; and the photon-magnon
interaction strength g. So the effective two-magnon loss
rate kg can be enhanced by adjusting g and g; to make the
magnon reach the Schrodinger cat state more quickly [44].
We plot the time evolution of the fidelity 7 with different
photon-magnon interaction strengths in Figs. 4(a) and 4(b)
using the original Hamiltonian Eq. (1). It is not difficult to
find that the system takes a longer time to reach the cat
state when the coupling strength g is smaller. The speed
of cat-state generation gradually increases as g increases
(seeing the curves in three different colors). In Fig. 4(b),
the oscillation of fidelity F' becomes more intense as g
increases when the magnon m is initially in the nonzero
Fock state. This reason is that the offset of the magnon
frequency g2/ A also increases as g increases. Meanwhile,
we notice that the even (odd) cat state with high fidelity
Frax = 0.95 (Fax = 0.97) can be obtained under strong
coupling strength, i.e., g = 3k, implying that the increase
of coupling strength will contribute to the fidelity. We
note that the competition between the size and fidelity
of the generated cat state limits the choice of coupling
strength g. However, in our scheme, the driving strength
Q, can compensate for the cost of improving the speed
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FIG. 5. (a),(b) The Wigner function of the even and odd cat state with the simultaneous single-magnon dissipation and two-magnon

loss at different instants. The parameters are chosen as g = kg, g = 2k, A = 10k, and «,, = 0.001«;,. Other parameters are the same

as in Fig. 2.

of cat-state generation to some extent. For example, we
can increase driving strength Q; from 0.1k, to 0.25«; to
maintain the coherent amplitude o unchanged when cou-
pling strength g increases from 2«; to 3«;. Therefore, our
scheme allows us to select the stronger coupling strength
g to improve the speed of cat-state generation with high
fidelity and ensure the size of cat state in the actual cat-state
preparation.

V. INFLUENCE OF SINGLE-MAGNON
DISSIPATION

Single-magnon dissipation «,, is inevitable in real phys-
ical systems, which is the main factor limiting the size and
lifetime of magnon cat state. In this section we will analyze
the dynamical evolution of the magnon under consider-
ing the single-magnon dissipation «,,. The master equation
including single-magnon dissipation is written as

Pm = —i[Hetr, p] + (cerr/2) L[m*] pm
+ (Kn/2) L[] oo, (9)

where L[m]p = 2mpm" —m'mp — pm™m is the single-
magnon dissipation term. As shown in Figs. 4(c) and
4(d) (the orange curve), we plot the time evolution of
the fidelity F'(Tr(pm,00)) of the magnon density matrix py,
under the parameter g = 2k, using the effective Hamilto-
nian. The fidelity F' of the even (odd) magnon cat state
reaches its maximum F = 0.9 (F = 0.93) at r ~ 150/«
(t ~ 70/k;), and then decreases gradually until it stabilizes

at F/ = 0.7. This shows that the single-magnon dissipa-
tion greatly destroys the generation of cat states, and
steers the magnon to evolve to a mixture of two coherent
states. This can also be confirmed by the Wigner func-
tion of the magnon density matrix p, as shown in Fig. 5.
At t ~ 150/, (t ~ 70/k;), the distance between the two
peaks of the coherent state reaches the maximum, and the
interference fringes are also the most obvious, meaning
that the magnon enters the cat-state manifold. However,
at t ~ 480/k;, the interference fringes gradually disappear
and magnon finally evolves into a mixture of two coherent
states, implying that the coherence is destroyed under the
influence of single-magnon dissipation. The results above
show that the single-magnon dissipation is detrimental to
the production of the magnon cat state.

Next, let us study the effect of single-magnon dissipation
on the speed of the cat state generation. We have known
that the strong coupling strength g can rapidly bring the
magnon to the cat state with high fidelity without con-
sidering the single-magnon dissipation. Likewise, similar
conclusion is still established under the influence of single-
magnon dissipation. The time evolution of the fidelity F is
plotted in Figs. 4(c) and 4(d) using Eq. (9). From the figure
we find that the stronger coupling strength g, the faster
speed of the even (odd) cat-state generation. For exam-
ple, when g = 3k, the fidelity F undergoes a sharp rise
to reach the maximum F = 0.98 (F = 0.98) at ¢t = 50/«
(t = 15/k;). This shows that the cat state with high fidelity
is rapidly prepared. It is worth noting that the speed of the
odd cat-state generation is much faster than that of the even
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FIG. 6. (a),(b) The Wigner function of the even and odd cat state with only the single-magnon dissipation at different instants. The

parameters are chosen as g, = ks, g = 2k, A = 10k, and «,, = 0.001«;. Other parameters are the same as in Fig. 2.

cat state under the same parameter conditions. Therefore,
the odd cat state can be a good choice in applications that
require rapid preparation of cat states. However, the cost
of speedup is the rapid decline on fidelity. For example,
the fidelity of the odd cat state F = 0.75 at t = 500/«
when g = 3k, far less than the fidelity F = 0.85 of the
even cat state at = 500/«,. These results indicate that the
single-magnon dissipation has different effects on the even
and odd cat states. Meanwhile, we also note that when
the coupling strength is small, i.e., g = «;, the fidelity of
the system is low as shown in the blue curve in Figs.
4(c) and 4(d), implying that the magnon mode m does
not evolve to the cat state. The reason is as follows. The
generation of the magnon cat state depends essentially on
the effective two-magnon loss rate «ey. When ke >> &,
the two-magnon loss can strongly suppress the single-
magnon dissipation, steering the magnon into the cat state
manifold. When kg < &, the effective two-magnon loss
process is suppressed by the single-magnon dissipation,
making the cat-state manifold be destroyed and the cat
state be not generated. Specifically, the single-magnon dis-
sipation rate «,, = 0.001«; is much larger than the effective
two-magnon loss rate k. = 0.0004k; when the coupling
strength g is small, i.e., g = k;, which leads to a severe
suppression of the two-magnon loss process and destroys
the generation of the cat states, i.e., Fiyax = 0.7. There-
fore, synthesizing the above discussion, in order to obtain
magnon cat states more quickly with high fidelity, we
need to choose suitable parameters to enhance the effective
two-magnon loss rate.

We are also interested in the lifetime of the magnon
cat state. After the magnon evolved to the cat state with

high fidelity, the two-photon loss channel is turned off (set-
ting g = 0 so that the magnon does not interact with the
cavity). At this time the magnon m is only subjected to
single-magnon dissipation. The coherence of the magnon
superposition state and the energy of the magnon disap-
pear under the effect of single-magnon dissipation. In order
to see more clearly, we plot the Wigner function of the
magnon as shown in Fig. 6. The initial two peaks and inter-
ference fringes gradually disappear and the magnon finally
stabilizes in the vacuum state. Meanwhile, the time evolu-
tion of fidelity F is also plotted in Fig. 7. We can see that
the fidelity of the even (odd) cat state is negatively cor-
related with k¢, implying the decay of the coherence and
energy of magnon. In Fig. 7(a), the fidelity of the cat state
F = 0.77 is relatively higher in the steady state due to the
smaller coherence amplitude o ~ 1.1 when the coupling
strength is g = 3k,. Meanwhile, the smaller coherence
amplitude, i.e., o ~ 1.1, also brings its advantages, such
as prolonging the lifetime of the cat state (seeing the blue
curve in Fig. 7). We note that there is a large difference on
fidelity between the even and odd cat states in the steady
state, i.e., FF ~ 0.4 (F ~ 0.75) in Fig. 7(a) and F ~ 0 in
Fig. 7(b) when g = 2« (g = 3k;). The reason is that the
ideal even cat state is more similar to the vacuum state
when the size of the cat state is not large. The lifetime of
the cat state is evaluated by T = 1/2|a|?«,, [96], which is
inversely proportional to the magnitude of the coherence
amplitude o and the single-magnon dissipation «,,. When
the coherent amplitude || > 1, the two coherent states
are approximately distinguishable [34]. So when || > 1
is guaranteed, the single-magnon dissipation rate must be
reduced as much as possible in order to prolong the lifetime
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FIG. 7. (a),(b) The fidelity of the even and odd cat state

versus k¢ with only the single-magnon dissipation. The param-
eters are chosen as g; = k;, A = 10k, and «,, = 0.001«;. Other
parameters are the same as in Fig. 2.

of the magnon cat state. Due to the low dissipation rate of
the magnon, one can expect a lifetime gain. For a modest
decay rate of the magnon mode «,, ~ 1 MHz, the life-
time of the state will be the order of microsecond. Under
the state-of-the-art experimental conditions, the magnon
linewidth of «, ~ 0.1 MHz is promising to be realized.
When the size of cat state |a|?> ~ 1.58, the lifetime of cat
state can reach approximately 3 ws.

VI. DISCUSSION AND CONCLUSION

The cat state not only plays a role in the discussion of the
classical and quantum boundary, but also is an indispens-
able resource for many applications. For example, the cat
state can be used to emulate Schrédinger’s thought exper-
iment and characterize quantum decoherence in the open
system [15]. Also, the cat state, as a nonclassical resource
with Wigner negativity, has been proposed to enhance the
fidelity of continuous-variable teleportation and implement
a loophole-free Bell test [27]. Finally, the cat state can also
be used to encode deterministically quantum information,
which could enable applications in metrology and quantum
information processing [30].

A range of different approaches can be used for exper-
imental setup of our scheme. On the one hand, the super-
conducting quantum circuits [97] provide a feasible exper-
imental scheme. The pump cavity and the signal cavity can
be obtained by the LC oscillators. The parametric coupling
between the two cavities can be induced by the Joseph-
son junction with coupling energy E; and capacitance C,
[92,93]. Experimentally, the magnons can couple with the
coplanar waveguide cavity (CPW) and reach the strong
coupling regime [98,99]. Therefore, our proposed scheme
can be implemented by coupling the CPW with a YIG
sphere (placing on top of a CPW or levitation [100]) to
a LC oscillator through Josephson junction. On the other
hand, the pump cavity and the signal cavity can also be
obtained by using two three-dimensional (3D) cavities,
and the parametric coupling between them can be realized
by the Josephson junction [91,92]. The coherent coupling
magnon-photon scheme has been reported experimentally
[68]. Thus, by placing a YIG sphere in the signal cavity,

the other feasible experimental setup of our scheme can
also be established.

Meanwhile, the parameters we selected are feasible
under the current experimental conditions. The size, life-
time, and fidelity of the magnon cat state are affected
by the photon-magnon interaction strength. The photon-
magnon interaction strength with g > 20 MHz has been
experimentally reported [98,99]. Benefiting from the small
microcavity volume and the large YIG sphere volume, g
can reach approximately GHz and enter the ultrastrong
coupling regime [68]. The parametric coupling strength
can reach g, = 50 MHz (we choose g; = «; ~ 20 MHz).
Furthermore, using the RWA is effective in the g < 8«
regime (e.g., to discard the nonresonant term in the initial
Hamiltonian) and has been experimentally confirmed [79].

In summary, we propose an alternative scheme to gen-
erate the magnon cat state. The effective two-magnon loss
process can be induced by the photon parametric coupling,
and then the magnon mode enters the cat-state manifold.
The size of generated cat state can be easily adjusted, and
we can produce large size cat state with high fidelity. At the
same time, the photon-magnon interaction strength directly
affects the speed of the cat state generation. The stronger
photon-magnon coupling strength, the faster speed of the
cat-state generation. We also investigate the influence of
environmental decoherence on cat-state preparation and
find that the two-magnon loss process induced by photon
parametric coupling can strongly suppress the decoher-
ence of the environment when the two-magnon loss is
much larger than the single-magnon dissipation. Further,
we analyze the lifetime of cat states, which is expected to
be t ~ 3 us under the state-of-the-art experimental tech-
niques. Meanwhile, our scheme does not require the direct
magnon nonlinearity, which to some extent improves the
feasibility of experimental preparation of magnon cat state
and provides a solution for the generation of the cat state.
It is meaningful for the preparation of fragile quantum
states and provides a theoretical solution for observing
macroscopic quantum coherence.
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APPENDIX: DERIVATION OF STEADY MAGNON
CAT STATE

An effective master equation [Eq. (5)] is

p = —i[Her, p] + (kerr/2) L[m*]p. (A1)
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By setting p = 0, we can obtain
—i[Her, p] + (keir/2) L[m*] = 0. (A2)

Substituting the effective Hamiltonian H.g and the two-
magnon loss k., the steady-state equation can be written
as

DIy) (wrim™ — m™D|yr) (¢ + Hee =0, (A3)

where D = (keir/ (2)m?* — iJ) and we have set p = |V) (V|
and ¢ = 0. This indicates that the steady state |i) satisfies

(%"fmz - iJ) ) = 0. (A4)
Because o® = i2J /k.q, we can rewrite the equation as
(m* — o®)|yr) = 0. (AS)

We express |1/), in terms of the Fock-state |n), as

W) =Y caln).

n

Here, n refers to the number of excited magnons in the YIG
sphere and ¢, is the probability amplitude. The condition
in Eq. (AS5) gives a recursion relation as follows:

ChaVn+2vn+1= o’ep, (A6)

where n > 0. The recursion relation in Eq. (A6) reveals
that, when the magnon is initially in a Fock state |n) with
an even n, i.e., in the ground state |0), the steady state |y)
can be expressed as

2 o’
) = m Z ﬁVl)- (A7)

n=even

Similarly, when the magnon is initially in the Fock state
|n) with an odd n, i.e., in the single-excitation state |1), the
steady state |1{) becomes

2 o”
= [——MM— —|n). A
W= L 09

From Egs. (A7) and (AS), it is not difficult to find that they
are the expressions of cat states.
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