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Generation of a Schrodinger cat state in a hybrid ferromagnet-superconductor system
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The hybrid system between the transmon and the magnon plays an important role in quantum information
science. Additionally, the cat states of the magnon are a valuable quantum resource and represent macroscopic
quantum superpositions of large numbers of spins. In this paper, we propose an approach to generate magnonic
Schrodinger cat states (SCSs) in a hybrid ferromagnet-superconductor system. Moreover, high-fidelity magnonic
SCSs can be generated when the dissipation of the system is considered. The coherent amplitude and the fidelities
of the cat states can be adjusted by controlling the parameters of the system.
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I. INTRODUCTION

Hybrid systems incorporate advantages from various phys-
ical systems, causing them to play a crucial role in quantum
information processing [1-3]. With the rapid development of
quantum technologies, a lot of attention has been focused on
hybrid quantum systems consisting of magnons and super-
conducting qubits. Both magnons and superconducting qubits
have their unique characteristics. For example, superconduct-
ing qubits can easily be expanded and manipulated [4-8].
Superconducting qubits are “artificial atoms” based on meso-
scopic circuits with multiple discrete energy levels. They
are characterized by controllability, scalability, and interface
capabilities [4,5,9—-14]. Anharmonicity of the superconduct-
ing qubit allows quantification into an effective two-level
model. On the other hand, ferromagnetic material samples of
spin collective excitation, such as yttrium iron garnet (YIG)
spheres, can be called magnons. These magnons have a high
spin density, long lifetimes, and low dissipation [15-20], and
they can interact coherently with optical photons, microwaves,
and phonons [21] through magneto-optical [22-30], mag-
netic dipole [15-17,20,31-39], and magnetostrictive interac-
tions [29,40], respectively. Magnons are ideal candidates for
the study of macroscopic quantum effects. In addition, the Kit-
tel mode is the most basic mode of the magnon. An ensemble
of spins in a uniformly saturated and magnetized YIG sphere
can be considered a macroscopic spin [20].

In a ferromagnetic superconducting qubit hybrid system,
the magnon mode and the superconducting qubit can be
strongly coupled to the microwave cavity field when they are
resonant with it. In contrast, the direct interaction between
the magnon and superconducting qubit is so weak as to be
negligible. With the development of a hybrid system, coher-
ent coupling between a YIG sphere and a transmon-type [7]
superconducting qubit has been experimentally demonstrated
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recently [13]. A YIG sphere in the Kittel mode and a
two-level superconducting qubit are mounted in a copper
microwave cavity. The YIG sphere is excited by an exter-
nal local static magnetic field By,sis along the z axis, which
can be employed to modulate the frequency of the magnon.
Both the superconducting qubit and the magnon frequencies
are tuned to far-detuned frequencies compared to the cavity
frequency in a static coupling scheme between the supercon-
ducting qubit and the magnon. Coherent coupling between
the magnon and the superconducting qubit is achieved un-
der a near-resonant condition. The virtual-photon excitation
in the cavity mode mediates the coherent exchange between
the superconducting qubit and the magnon [13]. Therefore,
quantum states can convey coherently from the supercon-
ducting qubit to the magnon. Hybrid quantum systems with
magnons have become a suitable platform for new quantum
technologies in recent years. For example, such a system
has been implemented in the quantum control of a single
magnon [41], entangled-state generation [42], and magnon
blockades [43,44].

Schrodinger initially introduced a superposition of dead
and alive cat states, which is known as the Schrodinger
cat state (SCS) [45]. A living cat is macroscopically distin-
guishable from a dead cat. A coherent state is considered a
quasiclassical state with minimal uncertainties and therefore
SCSs are defined as the quantum superposition of separate
quasiclassical states [46-50]. SCSs have a normal form as
N(la) &£ | — o)), where N is the normalization coefficient;
|o) denotes a coherent state; |«) + | — «) and |a) — | — @)
are respectively the Schrodinger even cat state (SECS) with
even number distributions and the Schrodinger odd cat state
(SOCS) with odd number distributions. SCSs not only serve
as fundamental tests of quantum theory [51-54] but also are
applied as a tool for research in understanding the transition
between the microscopic and macroscopic worlds in quantum
measurement theory [55,56]. Schemes for the generation of
SCSs have been proposed in various systems [57-73]. Re-
cently, the generation of magnonic SCSs via magnon-photon
entanglement [73] has been proposed. A pulsed optomagnonic
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FIG. 1. Schematic of a

driven
superconductor quantum model. The magnon is driven by a
Floquet drive (red wavy arrow), while the superconducting qubit is
driven by a classical microwave drive (blue straight arrow).

hybrid  ferromagnet-

coupling scheme is employed to prepare the entanglement be-
tween the photon and the magnon. Single-photon operations
are performed and a projective measurement is applied on
the optical mode, and the magnon collapses to the SOCS or
SECS.

Based on the above work, we propose an approach for
generating adjustable magnonic SCSs in hybrid ferromagnet-
superconductor systems. The frequency detuning between the
cavity and the magnon is modulated by a low-frequency Flo-
quet drive strength. As a result, not only can the cat state size
|a|? be adjusted by the Floquet drive strength, but also the
fidelities of the cat states are affected by the Floquet drive
strength when we consider the dissipations of the supercon-
ducting qubit and the magnon. Consequently, the generated
SCSs can have a high fidelity and a large enough cat state
size to be used for quantum computing. The advantages of our
method are that only a cosusoidal driving on the magnon and
a classical microwave drive on the qubit are used, which can
significantly improve the fidelity of SECS, and the parameters
chosen in our scheme are all accessible in the state-of-the-art
experimental techniques.

II. MODEL AND HAMILTONIAN

The system is shown in Fig. 1. A YIG sphere and a su-
perconducting qubit are placed in a microwave cavity with
a Floquet drive and a classical microwave drive. The total
Hamiltonian of the driven hybrid ferromagnet-superconductor
system reads

Hy = w.c'e + %wqoz + wp()m'm + gq(coy + o)
+ gm(em’ +c'm) + Qp(cr+e_i“’f” +o_eh), (1)
with
wp(t) = wy + Evcos(vt), 2)

where o, = |e){e| — |g)(g| is the Pauli operator with the
ground and excited state of the superconducting qubit |g) and
le); ¢ (¢), m" (m), and o (0_) are the creation (annihilation)
operators of the cavity, the magnon, and the superconducting
qubit with the respective transition frequencies ., ®,,, and
wg; wecte, tw,0,, and w,m'm are the free Hamiltonians
of the cavity, the superconducting qubit, and the magnon,
respectively; the fourth (fifth) term in Eq. (1) is the interac-

tion Hamiltonian between the cavity and the superconducting
qubit (magnon) with coupling strength g, (g,,); the last term
in Eq. (1) is the interaction yielded by a classical microwave
field with strength 2, and frequency w,. A Floquet periodic
drive with a Floquet drive strength £v and frequency v applied
to the magnon and the Floquet term of the Hamiltonian is
gvmimcos(vt). The classical microwave drive is resonant
with the superconducting qubit.

We define e(¢) = £ sin(vt) as a dynamical phase. Un-
der the unitary operating U; = exp{iw.c'ct + iwgo;t/2 +
i[wpt + €(t)]m'm}, the Hamiltonian H,; becomes

H, = gq(cTa,e_iA' +cope™) + plo4 +0-)
+ gn(cTme 8 7€ L ot gi gi®) 3)

where A = w, — w, is the frequency detuning between the su-
perconducting qubit and the cavity. Under the low-frequency
Floquet drive modulation regime v/A < 1, one can obtain
sin(vt) &~ vt when we consider a time period vt < 1. We
define the detuning modulated by the Floquet driving strength
as A" = A + £v. When the large detuning condition A > g,
is satisfied, we obtain A’ > g,,. For a weak damping rate
cavity y./g, < 0.01 where y. is the dissipation coefficient of
the cavity mode, we can therefore adiabatically eliminate the
cavity mode. Under the large detuning condition, the effective
Hamiltonian of Eq. (3) reads

H, = geff(m0+€7isvt + mTO’,eiEUZ) + QP(U+ + 0'7), (4)

where geir = g48m(A + A")/AA' is the effective coupling be-
tween the superconducting qubit and the magnon.

In the rotating frame U, = ¢/*»°, the Hamiltonian in
Eq. (4) can be written as

Oy 1 . ;
H; = geff{ I:? + 5(—% + l(Ty)e2 Qpt

1 . )
+5 iy + oz)e—zl‘?v’}me—lé”’ + Hc} (5)

where oy = |e)(g| + 1g)(e| and o, = —i(|e)(g| — |g)(e|) are
the Pauli matrices. In the strong-drive case 22, > gett/2, £ v,
the rapidly oscillating terms of Eq. (5) can be neglected by the
rotating-wave approximation (RWA), so that the Hamiltonian
Hj can be written in the form as

Hieip = gefrox(me™ +m' ™) /2. (6)

The Hamiltonian describes the coherent coupling between the
magnon and a superconducting qubit in our system.

III. GENERATION OF THE CAT STATES

By using the Magnus expansion [74], we can express the
unitary evolution operator associated with Hsg as

n@)ymly, (7

where 6(t) = (g/&v)?*[Evt — sin(Evt)] is the global phase
factor and n(t) = (g/&v)(1 — ") is the displacement am-
plitude of the magnon. In the original representation, the state
writes as | (¢)). The state in the rotating framework repre-
sentation is defined by |¢(¢)). We have [y (r)) = V(t)|o(t))

U(t) = exp[if(t)] exp{o[n(t)m" —
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FIG. 2. Plots of the Wigner distributions of ideal (a) odd and (b)
even magnonic cat states. The coherent amplitude |«| is 1.589. Other
parameters are t = 70 ns, £v/27r = 0.01 MHz, v/27 = 10 MHz.

with V(t) = U;r U; . When =0, one can obtain that
1¥(0)) = |#(0)).

When the superconducting qubit is in the eigenstates
[1) and |]) of the o, operator where |1) = (|e) + |g))/\/§
and |}) = (le) — |g))/+/2, we have o,|1) = |1) and o,||) =
—|{) and the corresponding displacement operators of the
magnon are in opposite directions. Therefore, the initial state
of the whole system can be considered as |¢(0)) = |0) ® |g)
where |0) is the ground state of the magnon. Therefore, the
system’s state at time ¢ is obtained under the unitary evolution
operator U (t) as

1 1
lp(1) = —=(lo) — | —a))le) + —=(la) + | —a))lg). (8)

=7 2 §
where |«) is the coherent state of the magnon with the com-
plex variable

a = (g/Ev)(1 — ™). )

The coherent amplitude || is zero when t = 2nm /§v for
the natural numbers n. The entanglement disappears as the
superconducting qubit and the magnon decouple.

IV. FIDELITIES AND WIGNER FUNCTION

The Wigner function represents a phase-space quasiprob-
ability distribution. We will calculate the Wigner function
to observe the quantum features of the generated SCSs. For
the determined magnon density matrix p,,, the corresponding
Wigner function is defined as

1 R
W(a, a*) = —2/6” @y (), (10)
T

with the characteristic function x(n) = Tr{p,e" ~7}.
Figure 2 shows that the symcenter of the SOCS is negative, in
contrast to the positive symcenter of the SECS. The Floquet
driving strength £v/2m = 0.01 MHz and the measurement
time ¢+ = 70 ns. The coherent amplitude |«| is 1.589. The
superposition of two coherent states with opposite phases
results in the interference phenomena and a negative value of
the Wigner function performs the quantum characteristics of
the magnon.

We will examine the effect of how the dissipation acts on
the fidelity and the Wigner function. After taking into account
the damping caused by the system-bath coupling, the driven
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FIG. 3. Wigner functions of transient magnonic cat states with
damping rate y, = g,/500 and «,, = g,,/500. Floquet periodic drive
strength £v/27 = 0.01 MHz [(a), (b)] and 5.65 MHz [(c), (d)]. The
coherent amplitude || = 1.589 [(a), (b)] and 1.205 [(c), (d)]. Other
parameters are the same as in Fig. 2.

hybrid ferromagnet-superconductor system is governed by the
Lindblad quantum master equation

8,0 . Km
— = — i[Hzeqr, p] + — (i + 1) L[ 0]
ot 2
Km Y.
+ 5L (o1 + S Lo (o), (11)
where p is the density matrix of the system; L, [po] =
2mpm’ —mtmp — pm'm and L, [p] =20_poy —

o40_p — poso-_ are the Lindblad superoperators for operator
m and o_; ng = [e¢“»/KT —1]7! is the average number of
the magnon at temperature 7 with Boltzmann constant Kp;
kn and y, are the damping rates of the magnon and the
superconducting qubit. A pure state |¢(0)) is transformed into
a mixed state p as it evolves over time. By taking a partial
trace of the density operator of a subsystem of a composite
quantum system, one can obtain the density operator of the
subsystem as well. The mixed state of the magnon is the
reduced density matrix p,, = Try(p). In addition, the master
equation (11) can be solved numerically by QUTIP [75,76].
Fidelity represents the difference between two states, which
is defined as

F = Tr(pmp0), (12)

where g = Try|¢(2))(¢(¢)| is the density matrix of the
magnon without the dissipations.

We consider the superconducting qubit and the magnon
damping rate y, = g,/500 and «; = g,,/500. When the Flo-
quet periodic drive strengths £v/2m = 0.01 MHz are taken
into account, we plot the Wigner distribution of odd [Fig. 3(a)]
and even [Fig. 3(b)] cat states. The coherent amplitude
|| = 1.589 is obtained. In addition, the fidelities of SOCS
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FIG. 4. Fidelities of (a) odd and (b) even SCSs are plotted with
dimensionless parameters y,/gqn and k,,/gq,m. The parameters used
aret =70 ns, £v/2r = 0.01 MHz, and v/27 = 10 MHz.

and SECS are Fyqq = 0.985 and Fy., = 0.956. Then we set
&v/2m = 5.65 MHz, and in this case, |a| = 1.200, Fygq =
0.981, and Fiyen = 0.967. Because « is time dependent, there-
fore the SCSs we generate are also correlated with the
measurement time ¢. Additionally, if only the measurement
time for the superconducting qubit is changed, the size of |«|
can reach to 2.043 with r = 90 ns and £v/27 = 0.01 MHz.
The fidelities F,qq and Fuyen are 0.966 and 0.931 with corre-
sponding damping rates y, = g,/500 and «, = g,,/500. As
the coherent amplitude |«| increases, the two coherent states
become more distant and are more easily distinguishable in
phase space. A large enough || means our scheme can be uti-
lized in continuous-variable quantum computing or resources
for quantum error correction coding [77-82]. By adjusting the
Floquet drive strength £v/2x = 5.90 MHz, Foqq is 0.960 and
Feven 18 0.954 with |a| = 1.207. Based on the above results, as
&v/2m increases gradually, the cat state rotates clockwise in
phase space and |o| decreases. As the damping rates y, and
K, increase, the Wigner functions decrease gradually, which
means that the interference phenomena become weaker and
the SCSs eventually become two completely separated coher-
ent states. The transition from quantum to classical is marked
by the disappearance of the magnon interference phenomena.

We plot the fidelity in Fig. 4 to observe the effects of
dissipation with + =70 ns and £v/27 = 0.01 MHz. When

the damping rates are y, = g,/100, «,, = g,/100, it can be
found that Foqqg = 0.929 and Fiye, is 0.828. The impacts of
dissipation on odd and even SCSs are different. Foqq decreases
slower than F,., under the affect of «,,. It is in contrast to a
little faster under dissipation of the superconducting qubit y,.
With the increase of the damping rates y, and «,,, the fidelities
and the Wigner functions attenuate gradually, which means
that the macroscopic quantum coherence will be hurt by the
dissipations of the superconducting qubit and the magnon.

V. DISCUSSIONS AND CONCLUSIONS

Due to the interaction between a superconducting qubit
and the cavity mode TE;y,, the frequency of a supercon-
ducting qubit w, /27 is shifted by —71 MHz (Lamb shift)
from wg pare /27 and the frequency of the cavity mode w, /27
is subject to a +68 MHz shift [13]. The renormalized fre-
quencies of the superconducting qubit w, /27 and the cavity
w./2m are 8.136 and 8.488 GHz and the frequency of the
magnon w,, is 8.136 GHz [13]. The cavity-magnon (cavity-
qubit) coupling strength g, (g,) is 21 MHz (121 MHz) [13].
On the other hand, with the application of a rotating-wave
approximation (RWA), the rapidly oscillating anti-Jaynes-
Cummings terms gq,(cTaJr +co_) and g,,(c'Tm™ 4+ cm) have
be neglected. In the derivation of Eq. (6), we apply the RWA
to neglect the rapidly oscillating terms §(—o. + ioy)e?¥" +
1(ioy + 0.)e %" [83]. Therefore, the validity of the effective
Hamiltonian can be ensured when the classical microwave
drive strength ,/2m ~ 10gcs is around 70 MHz. In our
scheme, the time required to generate the cat states is roughly
70 ns. As a result, when the frequency of the Floquet
drive is within 10 MHz, we can get sin(vt) &~ vt. When the

0985y | 0.92[(B) T
> 0.975
2
= 0.88
°
* 0.965
0.84
0.955
0 2 4 0 2 4
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t(1077s) &v/2n(MHz)

FIG. 5. The fidelities of SOCS (red circle curve) and SECS
(blue square curve) vs v for different cases: (a) y,/g, = 1/500,
Km/gm = 1/500, and (b) y,/g, = 1/100, «,,/g» = 1/100. Other pa-
rameters are t = 70 ns and v/27 = 10 MHz. (c) The fidelities vs ¢
with parameters £v /27 = 0.01 and 5.65 MHz with y, /g, = 1/100,
Km/gm = 1/100, and v/2r = 10 MHz. (d) Coherent amplitude ||
vs Floquet drive strength £v/2.
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temperature 7 is around 10 mK [13], k3T < w,,, w, can be
satisfied. Therefore, the initial states of the superconducting
qubit and the magnon are nearly in their ground states |g)
and |0), respectively. As a result, the transition from the state
le) to |g) indicates the transition from the ground state of
the magnon to a single-magnon state. In experiments, the
Floquet driving in the magnon-cavity system is realized by
the frequency modulation of the magnon through a small coil
looped around the YIG sphere [84,85]. The coil is aligned
along the bias field direction.

Furthermore, we plot the variation of fidelity with dif-
ferent parameters in Fig. 5. In Figs. 5(a) and 5(b), we plot
the fidelities as functions of the Floquet drive strength £v.
When the time is 70 ns, the fidelity of the SOCS improves
significantly as the drive strength increases. We plot the vari-
ation of fidelities over time with a different Floquet drive
strength in Fig. 5(c) with the dissipation y,/g, = 1/100 and
Km/gm = 1/100. The red circle curve intersects the green
triangle curve at 84 ns and this indicates that the fidelity of
the odd cat state with a strong Floquet will be stronger than a
weak drive after 84 ns. Therefore, both Fyqq and Fiye, can be
enhanced by the Floquet drive strength. Furthermore, we find
the coherent amplitude decreases as the Floquet drive strength
increases in Fig. 5(d). Therefore, we always need to keep the

coherent amplitude |«| > 1.2 when we enhance the Floquet
drive strength.

In conclusion, we propose a scheme to generate adjustable
SCSs in the hybrid ferromagnet-superconductor system. The
scheme is based on the coherent coupling between the magnon
and the superconducting qubit by the virtual excitation of
the cavity. Meanwhile, we present a detailed analysis of the
Wigner functions and the fidelities in an open system. The
fidelities of the prepared SCSs can be adjusted by the strength
of the Floquet drive and the timing of the measurement for
the superconducting qubit. A larger cat state can be obtained
when the Floquet drive strength is decreased. On the other
hand, the cat state size |«|? increases while the fidelities de-
crease. Therefore, when an appropriate Floquet drive strength
and measurement time for the superconducting qubit are se-
lected, adjustable SCSs with a high fidelity and large size can
be obtained.
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