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Quantum computing and simulation based on superconducting qubits have achieved significant progress and
entered the noisy intermediate-scale quantum (NISQ) era recently. Using a third qubit or object as a tunable
coupler between qubits is an important step in this process. In this article, we propose a hybrid system made of
superconducting qubit and a yttrium iron garnet (YIG) system as an alternative way to realize this. YIG thin films
have spin wave (magnon) modes with low dissipation and reliable control for quantum information processing.
Here, we propose a scheme to achieve strong coherent coupling between superconducting (SC) flux qubits and
magnon modes in YIG thin film. Unlike the direct

√
N enhancement factor in coupling to the Kittel mode and

other spin ensembles, with N the total number of spins, an additional spatial-dependent phase factor needs to
be considered when the qubits are magnetically coupled with the magnon modes of finite wavelength. To avoid
undesirable cancellation of coupling caused by the symmetrical boundary condition, a CoFeB thin layer is added
to one side of the YIG thin film to break the symmetry. Our numerical simulation demonstrates avoided crossing
and coherent transfer of quantum information between the flux qubit and the standing spin waves in YIG thin
films. We show that the YIG thin film can be used as a tunable coupler between two flux qubits, which have a
modified shape with small direct inductive coupling between them. Our results manifest that by cancellation of
direct inductive coupling and indirect spin-wave couple of flux qubits we can turn on and off the net coupling
between qubits. This bring magnonic YIG thin film into the field of quantum information processing.

DOI: 10.1103/PhysRevA.107.012434

I. INTRODUCTION

Quantum computing and simulation based on supercon-
ducting qubits have achieved significant progress and entered
the noisy intermediate-scale quantum (NISQ) era in recent
years [1–7]. Introduction of the tunable coupler is a break-
through in this process [8–11]. It uses a central component
as a coupler, which frequency tunes the virtual exchange in-
teraction between two qubits and offsets the direct qubit-qubit
coupling. This resolves many issues such as parasitic coupling
between adjacent qubits and enables fast, high-fidelity two-
qubit gates [8–11]. A tunable coupler based on a microwave
scheme between flux qubits has been discussed [12,13]. In this
work, we propose a schema using a hybrid quantum system
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made of superconducting qubits and a magnetic system as an
alternative way to achieve this.

Many efforts have been devoted to hybridizing qubits with
other physical systems, such as mechanical or magnetic sys-
tems [14–19]. For instance, the Kittel mode of a macroscopic
yttrium iron garnet (YIG) sphere was coherently coupled to
a transmon qubit in a three-dimensional (3D) cavity with
the microwave photons manipulated inside the cavity [18].
Besides, the superconducting flux qubit was successfully hy-
bridized with spin ensembles, i.e., nitrogen-vacancy (NV)
centers in diamond via magnetic interaction [14–16]. On the
other hand, because of the zero Joule heating, the wave na-
ture with microwave working frequency, the spin wave (whose
quanta is called magnon) has become a promising candidate
for conventional information transmission and processing and
has acquired the potential to establish a spin-wave-based com-
puting technology, far beyond its complementary metal-oxide
semiconductor (CMOS) counterpart [20–26]. Due to its favor-
ably low damping, ferrimagnetic insulator YIG is particularly
promising for these applications [27–29].

In this work, we propose a hybrid system consisting of
superconducting flux qubits and the standing spin waves
[30] in ferrimagnetic YIG thin film. The latter system has
been widely used in spintronics and magnonics [27–29],
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while its magnetic coupling to superconducting qubits and the
corresponding application in quantum information processing
has been rarely explored. As shown in the following, unlike
the coupling to spin ensembles or the Kittel mode of spin
waves [14,15,17], the enhancement factor for the coupling
strength does not follow the

√
N law, but carries a modula-

tion associated with the finite spin-wave wavelength. In our
proposal, an additional thin pinning layer of ferromagnetic
CoFeB is deposited on one side of the YIG thin film to break
the symmetry at the boundary conditions [31–39]. Avoided
crossing of the energy spectrum can be numerically simulated
by solving the Heisenberg equation based on the full Hamilto-
nian of the flux qubit, the spin waves in the YIG thin film, and
their coupling. We find that it is possible to transfer quantum
information coherently between the flux qubit and the spin
wave mode in the YIG thin film. Moreover, we propose an
experimentally feasible design to switch on and off the cou-
pling between two shape-modified flux qubits or to entangle
them via the perpendicular standing spin waves (PSSWs) of
the YIG thin film. In this way, the interaction between flux
qubits can be controlled via the spin wave modes and can
be completely turned off without tuning to extremely large
off resonance. .Hybridizing one flux qubit with and further
“tuning” the net coupling between multiple flux qubits or
entangling them through PSSWs highlights the application of
a spin wave bus in quantum computing, further expanding
the application of spin-wave-based computation technology
[24,40–42].

II. HYBRID SYSTEM COUPLING SUPERCONDUCTING
QUBITS AND SPIN WAVE

A superconducting (SC) loop with three Josephson junc-
tions composes a flux qubit with the superposition of the
clockwise and counterclockwise persistent current state as the
qubit ground state |g〉 = | �〉 + | �〉 and first excited state
|e〉 = | �〉 − | �〉 [43–45], respectively. The net currents and
the resulting magnetic field threading the loop for the |g〉
and |e〉 states are distinct. Consequently, the Rabi oscilla-
tion between the two states of the flux qubit generates an

FIG. 1. Hybrid structure coupling a flux qubit and a YIG thin
film (spin wave, or a magnon). (a) A YIG thin film with the dimen-
sion of 3×0.08×3 µm3 is placed in the center of the 5×5 µm2 flux
qubit loop separated by a distance d . An external field of 10 Gauss
(H0) is applied along the x axis. The thickness of the YIG thin film
is δYIG = 80 nm and of the CoFeB capping layer is tCoFeB = 10 nm.
The direction of the spins in both YIG and CoFeB for the ground
state are along H0 since the anisotropy fields for both materials are
small and spin waves are perturbations of the spins from the ground
state direction. (b) The PSSW of mode number n = 0, 1, 2, 3 with
unsymmetrical boundary condition is depicted. The amplitude of
PSSWs is zero at the interface since the spins are pinned. In our
proposal, n = 1 mode is selected with wavelength λ = 4δ/3 being
excited. (c) Magnitude of total magnetic field on the flux qubit
created by the YIG thin film and CoFeB thin layer.

alternating magnetic field perpendicular to the SC loop, which
can be used to excite spin waves in the YIG system. The
basic setup of the hybrid system is shown schematically in
Fig. 1, which consists of a 5×5 µm2 superconducting loop
and a 3×0.08×3 µm3 YIG thin film above. A much thinner
ferromagnetic CoFeB capping layer ∼10 nm in thickness is
deposited on the top side of the YIG thin film to pin the
magnetization in YIG at the interface. The magnetization
follows the Dirichlet boundary condition at the pinned surface
and the Neumann boundary condition at the other free surface
[31–37]. The resonant frequencies of PSSW modes are [30]

fPSSW = γμ0

2π

√[
Hext + 2Aex

μ0Ms

(
nπ

δ

)2][
Hext + 2Aex

μ0Ms

(
nπ

δ

)2

+ Ms

]
(1)

with gyromagnetic ratio γ /2π = 28 GHz/T, vacuum per-
meability μ0 = 1.256×10−6 N/A2, saturation magnetization
Ms = 192 kA/m for YIG, thickness δ = 80 nm, exchange
constant Aex = 3.1pJ/m, external field Hext, and mode number
n = 1, 2, 3, . . .. The experiment has measured the resonance
value for the PSSW mode of 80-nm YIG thin film at near
zero external field to be 4.57 GHz, which is different from
the theoretical prediction of 3.39 GHz. The discrepancy may
be due to choosing the order parameter to be the integer
for unsymmetrical pinning in the fitting process, as actually
there is 3/4 wavelength in the thickness direction for n = 1
as illustrated in Fig. 1(b). For our quantum control schemes,
we will use the experimental resonance values and design a

flux qubit with transition frequency close to f (n=1)
PSSW and suffi-

ciently detuned from the CoFeB resonance. Using geometric
confinement, the proper boundary conditions, and a suitable
coupling strength [see Eq. (4) with discussion)], the PSSW of
wavelength of λ = 4δ/3 = (4×80)/3 nm can be excited. An
external field of 10 Gauss is applied to align spins in YIG,
and the total field created by YIG thin film and the CoFeB
capping layer on the flux qubit is calculated and shown in
Fig. 1(c), assuming the spin density nCoFeB = 1.61×1029 m3

for CoFeB and nYIG = 2.14×1028 m3 for YIG. The distance
between the flux qubit and the YIG thin film is chosen to
be around 1-1.5 µm for later simulation in Fig. 3. At these
distances, the total magnetic field on the qubit is between
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21.5 and 37 Gauss, which is less than the critical field of the
aluminum superconductor (around 100 Gauss) and guarantees
superconductivity of the flux qubit. In addition, other super-
conducting material such as Niobium can be used to fabricate
the flux qubit, which has a much higher critical magnetic field
for superconductivity, i.e., above 1000 Gauss.

From Ref. [30], the decay rates for YIG thin film and
the CoFeB pinning layer are estimated as �YIG,n=2 ∼ 40 MHz
and �CoFeB ∼ 300 MHz, where n is the PSSW mode number.
Since the decay rate is proportional to the frequency and the
frequency is approximately proportional to the square of the
mode number, the intrinsic decay rate for the n = 1 PSSW
mode is ∼10 MHz. The resonance frequency for the n = 1
PSSW mode in YIG thin film and the CoFeB pinning layer
are fYIG ∼ 4.6 GHz and fCoFeB ∼ 1.35 GHz and the exchange
coupling strength is gCoFeB,YIG ∼ 500 MHz, obtained by the
avoided crossing between the CoFeB Ferromagnetic reso-
nance (FMR) and YIG PSSW in Ref. [30], which makes the
converted decay rate of CoFeB on the n = 1 PSSW mode
�CoFeB→YIG,n=1 = ( gCoFeB,YIG

fYIG− fCoFeB
)2×300 ∼ 7 MHz and the total

decay rate for the n = 1 PSSW mode 17—20 MHz. In our
proposal, we replace the microwave antenna in Ref. [30] with
a flux qubit loop, which has a lower decay rate and a much
smaller inductive coupling with the sample, and we expect the
magnon decay rates will be further reduced. Therefore, it is
reasonable to assume that the decay rate for the n = 1 PSSW
mode is about 20 MHz.

In the following, we consider the coupling strength be-
tween the flux qubit and YIG thin film. The Hamiltonian for
a ferromagnetic or ferrimagnetic material in a magnetic field
takes the following general form [46]:

Ĥ = −
∑
m,n

JmnŜm · Ŝn +
∑

m

Ŝm · B. (2)

Here, Ŝn is the spin operator on each site, which is along the
x direction for the ground state in YIG thin film, and Jmn

is the coupling matrix between spins. With the assumption
that deviations from the group state are small, performing the
Holstein–Primakoff approximation and transforming into the
momentum space, we obtain

Ĥ = −JNS2 + NSμBBz +
B.Z.∑

k

3∑
i=1

(h̄ωki + μBBz )a†
kak

+
B.Z.∑

k

[
a†

k

∑
m

(
2S

N

)1/2

eik·m Bx + iBy

2
+ H.c.

]
, (3)

where i = 1, 2, 3; ak is the bosonic operator for spin
waves in the momentum space; h̄ωki = 2JS(1 − cos ki ) =
4JS sin2 ki/2; S is the total spin at each lattice site; k is the
wave vector of the spin wave which is inversely proportional
to the wavelength; and N is the number of lattice sites. In
YIG thin film, different modes are spin waves with different
wavelengths, and thus different wave vectors and resonance
frequencies. From Eq. (3), by replacing the summation over
each site with integration over space and inserting the spin
density, the integral form of the coupling strength between
the flux qubit and one mode of spin wave in YIG thin film

is obtained as follows:

gk
eff

2π
∼

√
2S

∫
ρμBeik·r Bx+iBy

2 d3r∫
ρd3r

, (4)

where Bx,y,z is the microwave excitation field created by the
flux qubit and ρ is the spin density in YIG. Unlike the simple√

N enhancement associated with coupling to the Kittel mode,
there is an extra spatial-dependent phase factor eik·r in Eq. (4).
For long wavelength spin wave, |k| � 1 m−1 and eik·r ∼ 1,
and if Bx or By only vary slowly compared to 1/|k| in real
space, gk

eff will be proportional to
√

N . However, for the short
wavelength spin wave, gk

eff is not necessarily proportional to√
N and can even be zero if the integration region covers

exactly integer times of the wavelength along the wave vector
direction. This is also the reason why, to excite the PSSW
mode in YIG thin film by an almost homogenous field, an
asymmetric boundary condition is required to avoid zero cou-
pling strength caused by the phase factor. In our proposal, we
mainly used the n = 1 PSSW mode of the YIG thin film.
In-plane spin wave modes are also important in YIG thin
films [47,48]. However, the in-plane magnetostatic surface
wave-backward volume (MSSW-BV) modes will not interfere
with our coupling scheme. The resonance frequency for the
n = 1 PSSW mode in YIG thin film is 4.6 GHz. For the MSSW
mode, the wavelength would be around 150 nm at the same
frequency according to the dispersion, which is one order
of magnitude smaller than the dimension of the micrometer-
sized superconducting flux qubits. In this case, k would be
large, and it would be very inefficient to directly excite spin
waves with nanoscale wavelengths using flux qubits since
there is a wavelength-scale phase factor in coupling strength
formula in Eq. (4).

Given the dimension of the flux qubit square loop 5×5 µm2

and the persistent current I ∼ 500 nA [49,50], the magnetic
field produced by the flux qubit can be evaluated using Am-
pere’s law B(r) = μ0

4π

∮
I dl×r′

|r′|3 , and By dominates while Bx,
Bz is close to zero in Fig. 1. Given a net spin density ρ =
2.14×1028 m−3 in YIG, we obtain |gk

eff | as a function of
the separation distance d between the flux qubits and n = 1
PSSW mode in the YIG thin film as in Fig. 2. Dash lines in
Fig. 2 show the total decay rate of the flux qubit and n = 1
PSSW mode in YIG thin film containing both the intrinsic part
and that influenced by the CoFeB thin layer. Decay rate for
CoFeB is �CoFeB ∼ 300 MHz, and the converted influence on
the flux qubit from its electrons would be �CoFeB×(g/	)2 ∼
1.2 MHz, where g is the coupling strength and 	 is the
off resonance between the flux qubit and CoFeB. Coupling
strength between the flux qubit and CoFeB thin layer g is
obtained using Eq. (4), with long wavelength approximation
(k ∼ 0) and spin density of CoFeB being 1.61×1029 m−3

(Co). Here Fig. 2 is obtained based on theoretical calculations.
In the future real experiment, flux qubits will be made on
sapphire or silicon substrate, while YIG will be grown on
gadolinium gallium garnet (GGG) substrate. A flip chip tech-
nique [51] can be used to assemble the two chips together. As
indicated in Ref. [52], standoff distance between two chips of
2 − 20μm has been achieved. We believe that by shortening
the height of indium bump between the chips or even without
using them, a smaller distance (e.g., 0.5μm) can be obtained.
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FIG. 2. Coupling strength |gk
eff | and decay rate of the flux qubit

and n = 1 PSSW in YIG, �flux qubit , and �YIG as a function of the sepa-
rating spacing d . For small distance (d < 2 µm), |gk

eff | for ky = 2π/λ,
where y is the direction in Fig. 1, decreases slowly with distance and
is above 30 MHz, which is larger than the decay rate of magnon in
YIG thin film. For large d , |gk

eff | decreases as d−3, indicated by the
red curve. Two dash curves show decay rates for the YIG and flux
qubit, �YIG and �flux qubit , as a function of separating spacing if YIG
is deposited with CoFeB.

With the coupling strength estimated above, the full Hamil-
tonian with the flux qubit and YIG thin film can be written as

Ĥ = −JNS2 + NSμBBz +
B.Z.∑

k

3∑
i=1

(h̄ωki + μBBz )a†
kak

+ h̄

2
(	σx + εσz ) − h

[
gk

eff a
†
k +

(
gk

eff

)∗
ak

]
σz

+ hλ cos ωtσz (5)

where the first and second terms are the ferromagnetic and
Zeeman terms, which can be neglected in the simulation
for the reason that spin wave energy is a small perturbation
compared to them; the third term describes the spin wave
excitation; the fourth term is the flux qubit with 	 as the tun-
neling energy splitting and ε as the energy bias [53]; the fifth
term characterizes the interaction between the two devices;
and the last term is the external driving of the flux qubit.
Here, σx,z are the Pauli matrices. By changing the basis of
the flux qubit, neglecting the Zeeman splitting and performing
the rotating wave approximation, and then approximating the
flux qubit as a harmonic oscillator, employing the Heisen-
berg relation, solving in Fourier space and transforming back
to the lab frame (6), we obtain a simulation of the energy
spectrum,

σ̃−,ω ∼
[
ω −

√
	2 + ε2 + i� f q −

∣∣∣∣ 	gk
eff√

	2 + ε2

∣∣∣∣
2

(ω − ωsw + i�sw )−1

]−1

, (6)

where ω is the driving pulse frequency and ωsw is the res-
onance frequency of the standing spin wave of the YIG
thin film. The expression of Eq. (6) describes the spectro-
scopic measurement of the flux qubit hybridized with one
mode of spin waves in YIG thin film. Choosing param-
eters as 	/2π = 4.52 GHz, � f q/2π = 2 MHz, ωsw/2π =
4.57 GHz, and �sw/2π = 20 MHz, and letting |gk

eff |/2π = 0
and 30 MHz, we obtain a simulated spectrum for a bare
qubit and a hybridized qubit-spin wave system, as shown
in Fig. 3. Here, �sw/2π = 20 MHz is a reasonable num-
ber since the decay rate for Kittel spin wave in a perfect

FIG. 3. Simulation of the energy spectrum of a flux qubit coupled
to standing spin waves in the YIG thin film. (a) Spectrum of a bare
flux qubit with 	 = 4.52 GHz, � f q = 2 MHz, and gk

eff = 0 in Eq. (7).
(b) Spectrum of a flux qubit coupled to the standing spin wave of
the flux qubit with |gk

eff |/2π = 30 MHz, ωsw/2π = 4.57 GHz, and
�sw/2π = 20 MHz.

sphere is around 1 MHz [17] and for finite wavelength spin
wave in the YIG thin film is 6.8 MHz at 20 mK with GGG
substrate and 1.4 MHz without substrate [54].The avoided
crossing shows the strong coupling between the flux qubit
and the n = 1 standing spin wave of YIG thin film with
vacuum Rabi splitting 2g = 60 MHz, which supports coher-
ent energy or information exchange between them. Before
preceding further, let us have a brief discussion about the
capping CoFeB layer. We may introduce the damping constant
α = �/ f , where α is the decay rate and f is the resonance
frequency. For YIG, where α is on the order of 10−5–10−4, a
low ferromagnetic alloy Co25Fe75 with damping constant as
low as 5×10−4 is reported [55]. This material could substitute
the CoFeB capping layer, which would have the decay rate
�CoFeB < 1 MHz instead of �CoFeB ∼ 300 MHz and decrease
the total decay rate of the YIG-pinning layer to about 5 MHz.
These further ensure the possibilities to implement thickness
mode of YIG thin film in quantum information processing. It
should be clarified that among the many k modes, only the
n = 1 PSSW mode whose frequency matches the flux qubit
will have anticrossing splitting with the qubit as in Fig. 3.
Other modes also have coupling strength with the flux qubit
according to Eq. (4). Since their frequencies are detuned from
the flux qubit (0.435 GHz for n = 0 mode and 9.8 GHz for
n = 2 mode), they will not have splitting with the flux qubit
unless the frequency of the flux qubit is designed close to
them. However, besides n = 1 mode, other modes will have
effects for the tunable coupler, as will be discussed in the
following section.
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FIG. 4. Proposed setup for a tunable switch between two shape-
modified flux qubits utilizing (with) YIG thin film. (a) Two shape-
modified flux qubits are placed at a distance d above the 80-nm-
thick YIG thin film, which is capped with a 10-nm CoFeB layer on
one side. The special geometry of flux qubits is to decrease mutual
inductance, and detailed dimensions of both flux qubits and YIG thin
film are given in the context. (a) is top view and (b) is side view. (c) A
special designed squid loop used for reading out the state of the flux
qubit. (d) The absolute value of effective coupling strength (left axis)
between one flux qubit and n = 1 PSSW mode in YIG thin film and
the total magnetic field (right axis) at point p as in (a) created by the
thin film as a distance of d . Coupling strength between the flux qubit
and other modes can also be calculated according to Eq. (4). For
a certain distance, coupling strength decreases as the mode number
increases.

III. MAGNONIC TUNABLE COUPLER

In this section, we propose a scheme to entangle and further
switch the coupling on and off between two shape-modified
flux qubits through PSSW modes in YIG thin film. Figure 4
shows the schematic: two modified flux qubits with a center-
to-center distance of 20

√
2 µm are placed on top of a YIG

thin film with a vertical separation d . The left/right arc of
a flux qubit is a quarter of a 10-µm-radius circle and the
top/down arc is a quarter of a 13.20-µm-radius circle. Mutual
inductance of the two loops is given by the Neumann formula
Lmn = μ0

4π

∮ ∮ dXmdXn
|Xm−Xn| . The designed orientations of those arcs

are to decrease the mutual inductance between the two flux
qubit loops from several tens of megahertz for comparable
size square loops to 3.97 MHz for the current design with
circulating current as much as 500 nA. YIG thin film is ∼80
nm in thickness with left/right sides being a quarter of a 10-µm
circle and top/down sides having the length of 10

√
2 µm,

which is also deposited with 10 nm of CoFeB on one side.
As oscillation occurs between the two states of a flux qubit,
alternating magnetic fields are created outside the loop, and
Fig. 4(d) shows the coupling strength between each flux qubit
and the YIG thin film as a function of the distance d in
between. As shown in Fig. 4, the stray magnetic field created
by the YIG-CoFeB thin film is below the superconducting
critical field of material of niobium, i.e., 1000 Gauss, that is
used to fabricate the flux qubit. Here, the stray field is larger
than that in Fig. 2 because the thin film is larger and closer

to the flux qubits. As plotted in the graph, the external field is
perpendicular to the direction of the three elements, and the
ferromagnetic element (YIG) creates equal, static, and small
flux for both flux qubits.

Readout of a flux qubit can be realized via another
shape-modified squid loop as in Fig. 4(c). Mutual inductance
between the squid loop and flux qubit is 3.8×10−11 H, while
the one between the squid loop and the neighboring flux
qubit is 5.6×10−14 H. This guarantees that the reading-out
flux qubit will not be influenced much by the state of the
neighboring qubit, even operating simultaneously. The mi-
crowave line, which is not shown, can quickly tune flux quit
resonance frequency. At distance d = 0.5 µm, |gk

eff |/2π are
about 50 MHz for the n = 1 mode, 145 MHz for the n = 0
mode, and 23 MHz for the n = 2 mode by using Eq. (4)
with different k substituted in. In our setup, the resonance
frequencies are 0.435 GHz for the n = 0 mode, 4.57 GHz for
the n = 1 mode, and 9.8 GHz for the n = 2 mode. If both
flux qubits are detuned simultaneously to 4.32 GHz, effective
coupling strength J between the two flux qubits can be

J ∼ 1

2
g1,0g2,0

(
1

	1,0
+ 1

	2,0

)
+ 1

2
g1,1g2,1

(
1

	1,1
+ 1

	2,1

)

+ 1

2
g1,2g2,2

(
1

	1,2
+ 1

	2,2

)
. (7)

Here, g1,i, g2,i, 	1,i, and 	2,i are the coupling strength and
detuning between flux qubits and each mode. This will can-
cel the mutual inductive coupling between (+3.97 MHz) the
two flux qubit loops, thus switching off the coupling. On the
other hand, if detuning both flux qubits to 400 MHz above
4.57 GHz, J would be 10.94 MHz, plus additional mutual
inductive 3.97 MHz, so the total coupling strength would be
about 15 MHz. Since the intrinsic lifetime for a flux qubit can
be about 1 µs, a coupling strength of 15 MHz is strong enough
to entangle the two qubits. In this way the coupling between
two flux qubits is switched on and off. In addition, the intrinsic
decay rate of n = 1 thickness mode spin wave in YIG thin film
is about �YIG = 10 MHz, which will introduce an extra broad-
ening of 10×(50/250)2 = 0.4 MHz on the flux qubit. Decay
influence from other modes on the flux qubits will be much
smaller, since they are far detuned. Similarly, the CoFeB thin
layer gives rise to another 300×(20/3300)2 ∼ 1 MHz broad-
ening on flux qubits, and if using Co25Fe75 this number could
be as small as 0.02 MHz. It is possible to directly interact two
flux qubits via mutual inductance and decrease inductive cou-
pling between them by tuning them to off resonance, which
is determined by geff = g2

mut/	, where gmut is the mutual in-
ductive coupling strength and 	 is the off resonance between
them. For instance, for gmut = 10 MHz, geff = 1 MHz, 	 is
required to be 100 MHz; For geff = 0.1 MHz, 	 is required to
be 1 GHz. In order to tune geff to an extremely small value, the
off resonance 	 has to be extremely large and there is always
a small reminiscent for geff . If utilizing YIG thin film as an
adjustable coupler, inductive coupling can be directly tuned
to approximately zero and there is no requirement for a large
off resonance between qubits, but keeping the frequencies the
same. In addition, for both entangling and tuning off coupling
processes, YIG thin film is working in a dispersive regime.
This suppresses the noise influence from the YIG thin film to
flux qubits. Modes above n = 2 also have coupling strengths
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with flux qubits. However, their frequencies will be much
higher (above 9.8 GHz) according to Eq. (1) and the coupling
strengths will be much smaller by using Eq. (4) due to smaller
wavelengths and larger k. Thus, effective coupling between
flux qubits through these modes will be one or two orders
smaller than the main contributions from n = 0, 1, 2 modes,
especially as n increases, and we did not consider them in
Eq. (7). An external in-plane field of 10 Gauss is used to align
the spins in YIG along one direction. The extra field used to
tune the flux qubit is approximately 10 Gauss out of plane in
the y direction in the tunable coupler scheme in Fig. 4, which
will only slightly shift the resonance frequency of the PSSW
mode. The hard axis of the magnetic YIG thin film is also out
of plane in the y direction. Thus, this extra tuning field will
not move the direction of spins out of plane much and they
will mainly remain in the plane. This small external field will
only slightly shift the resonance frequencies. For example, the
gyromagnetic ratio is 28 GHz/T, and for a 10-Gauss field it
created a shift of the resonance of 28 MHz. In addition, in
the future real experiment, two flux qubits can be fabricated
on the same silicon or sapphire substrate and YIG thin film
will be on the GGG substrate on a different chip. They can be
assembled together with the flip chip technique.

As demonstrated above, different from coupling to spin
ensembles or the Kittel mode of spin waves, the coupling of
the flux qubit with finite-wavelength (fundamental) spin wave
mode has an extra phase term, which enables us to obtain
the coupling strength and propose a scheme to hybridize flux
qubit with a perpendicular standing spin wave in the YIG
thin film. We further show that the PSSW spin wave mode
in an YIG thin film can switch on and off the coupling be-
tween two flux qubits and generate entanglement. In short, by
constructive and destructive interferences of direct inductive
coupling and indirect coupling by spin waves, we can turn on
and off the coupling between two flux qubits. This realizes the
function of a tunable coupler.

IV. DISCUSSION AND CONCLUSION

A YIG sphere with low loss rate has been reported to
couple with a transmon qubit via a microwave cavity. Our
scheme is robust and different from them. First, YIG thin film
is more widely used by the spin wave community. Second,
a YIG sphere is usually millimeters in size in its coupling
scheme, which is much larger than the micrometer-size flux
qubit and is not suitable for the planar structure. In order to
make the frequency of the Kittel mode of sphere match the
transmon qubit, a large magnetic field has to be applied, and

thus the sphere is usually several centimeters away from the
transmon. This magnetic field will be large enough to destroy
the superconductivity of the flux qubit if the YIG sphere and
flux qubit are too close to each other. With the development
of the film growth technique, the decay rate of the YIG thin
film can approach 1 MHz for the substrate-free sample and
6 MHz for the sample with GGG substrate. When serving as
a coupler, both the YIG thin film and CoFeB are working in a
dispersive regime. This will cause less influence on the decay
rate of the flux qubits. In addition, the CoFeB layer can be sub-
stituted with Co25Fe75, which has a much lower damping rate.

Our scheme used a third object to turn on and off the
coupling between qubits, which is similar to other methods.
It provides an alternative and useful option as a tunable cou-
pler and combines fields of superconducting qubits and spin
waves. More unique applications and strengths would be ex-
plored by using this hybrid system. In addition, fabrication
of YIG thin film on the flux qubit could be a challenge in
real experiment. A first attempt of experimental work that
uses plasma focused ion beam (PFIB) technology to integrate
YIG thin film with a superconducting microwave resonator
has been reported [56]. The PFIB and flip chip techniques can
also be implemented in a future experiment that transfers and
integrates YIG thin film on the chip of the flux qubit.

In summary, we demonstrate two SC qubits coupled by
spin waves through a hybrid system consisting of SC qubits
and a magnetic system. We also manage to turn on and off
the coupling between two flux qubits by constructive and
destructive interferences of direct inductive coupling and in-
direct coupling induced by spin waves. This method provides
an alternative way to achieve a tunable coupler and bridge a
gap between magnonic YIG thin film and the field of quantum
computation.
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