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Tunable strong coupling between a transmon and a magnon
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Coherent coupling between a ferromagnetic magnon and a superconducting qubit demonstrates a special
fascination in the quantum information field. Here, we construct a hybrid system to realize tunable strong
coupling between a transmon and a magnon. In a hybrid system, the transmon couples to a cavity while the
magnon couples to the other cavity. Meanwhile, the two cavities are coupled via a hopping interaction. In
addition, we demonstrate some applications of this system to quantum information. Specifically, a high-fidelity
iSWAP† gate and a maximally entangled state between the transmon and the magnon with this coupling system
can be realized even if the dissipation is considered. Moreover, by employing more cavities and magnons, the
W -type entangled state can be created with multiple transmons. This hybrid system provides an alternative
platform for scalable quantum information processing.
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I. INTRODUCTION

Hybrid quantum systems provide an elegant platform for
quantum information processing, because they combine the
advantages of each subelement [1–3]. Typical hybrid sys-
tems include atoms coupled to photons [4], optomechanical
systems [5], cavity magnonics systems [6], superconducting
qubits coupled to spins [3], and so on. Among them, a hybrid
quantum system involving the coherent coupling between a
transmon qubit and a magnon has received widespread at-
tention and been considered as a promising architecture for
quantum information processing [7]. Specifically, in such a
hybrid system, the transmon qubit serves as a quantum in-
formation processor [8], while the magnon functions as a
quantum memory due to its long coherence time [6]. Re-
cently, based on the entanglement between the transmon qubit
and the magnon, the detection of a single magnon with a
quantum efficiency of up to 0.71 has been demonstrated by
using a transmon qubit as a quantum sensor [9]. The magnon
blockade in a hybrid ferromagnet-superconductor quantum
system has been studied [10]. The generation of nonclassical
quantum states in a transmon-magnon system has also been
reported [11–13].

The magnon has a high spin density, which exceeds previ-
ous spin ensembles by several orders of magnitude [14–16].
It can be ultrastrongly coupled to a cavity, which forms the
setup of the cavity magnonics systems [6] and plays an impor-
tant role in exploring quantum information science [17,18].
Non-Hermitian physics [19,20], the magnon Kerr effect [21],
quantum entanglement generation [22–30], the bistability
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phenomenon [31], quantum phase transitions [32,33], nonre-
ciprocity [34,35], magnon blockades [36,37], and magnon-
assisted photon-phonon conversion [38] have been demon-
strated in cavity magnonics systems.

On the other hand, among various types of superconduct-
ing qubits, a transmon qubit is considered as one of the most
promising candidates for building up quantum processors due
to its small wiring overhead [39]. The transmon qubit con-
sists of two main parts: One is the Josephson junction and
the other is the shunt capacitor [39]. The Josephson junc-
tion is a nonlinear circuit element, which plays a crucial
role in the realization of quantum information processing and
quantum computing [40,41]. The transmon is an artificial
system, with advantages in controllability, compatibility, and
integrability [39]. It can strongly and controllably interact
with microwave photons [41]. The anharmonicity of the en-
ergy spectrum of the transmon is robust against charge-type
1/ f noises. Based on the transmon platform, the quantum
supremacy of a 53-qubit system [42] and a two-dimensional
programmable quantum processor (Zuchongzhi) [8] have been
demonstrated.

In this paper, we describe a method that enables a tunable
and strong coupling between a magnon and a transmon. Dif-
ferent from the coupling of a magnon and a transmon via
the virtual photon excitation of a microwave cavity [7,11],
the transmon in this work is coupled to cavity c1 and the
magnon is coupled to cavity c2. The two cavities c1 and c2

are coupled via a hopping interaction. The coupling strength
between the transmon and the cavity c1 can be adjusted by
an external magnetic flux [39]. The coupling strength be-
tween the magnon and the cavity c2 can be controlled by
changing the position of the magnon in the cavity [19]. The
high-fidelity quantum information transfer from the transmon
to the magnon, the maximally entangled state between the
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FIG. 1. Schematic of the coherent coupling system. A transmon
is capacitively coupled to microwave cavity c1, while a magnon is
coupled to microwave cavity c2 via the magnetic dipole interaction.
The two microwave cavities c1 and c2 are coupled via a hopping in-
teraction. Each cavity can be a one-dimensional or three-dimensional
cavity.

transmon and the magnon, and the W -type state of trans-
mons are demonstrated. The transmon is considered as an
information processor, while the magnon acts as an infor-
mation memorizer. Therefore, we can construct a quantum
information processor, which has integrated the advantages
in easy controllability and long coherence time. This model
has potential applications in realizing a hybrid solid quantum
information processor module.

II. MODEL AND HAMILTONIAN

The model is shown in Fig. 1. A transmon is capacitively
coupled to microwave cavity c1, while a magnon is coupled to
microwave cavity c2 via the magnetic dipole interaction. The
two microwave cavities c1 and c2 are coupled via a hopping
interaction. Each cavity can be a one-dimensional or three-
dimensional cavity.

The transmon is considered as one kind of superconducting
qubits. The Hamiltonian of the transmon can be quantized
by introducing the canonical variables. The canonical vari-
ables in the transmon are the charge number operator n̂ and
the phase operator ϕ̂, which satisfy the commutation rela-
tionship [ϕ̂, n̂] = i. The Hamiltonian of the transmon can be
written as Hq = 4ECn̂2 + 1

2 EJ ϕ̂
2 with the charge energy EC

and the Josephson energy EJ [39,41]. The transmon can be
equivalent to an ideal two-level system. Then, the Hamil-
tonian of the transmon is mapped to a spin-1/2 fermionic
system (setting h̄ = 1) Hq = ωq

2 σz, where ωq = √
8ECEJ −

EC is the transition frequency between the ground and first
excited states, and σz = |e〉〈e| − |g〉〈g| is the Pauli z opera-
tor [39,41]. Here, |g〉 and |e〉 are the ground and excited states
of the transmon, respectively. The transmon can naturally be
capacitively coupled to a microwave cavity. The combined
system can be described by a well-known Jaynes-Cummings
Hamiltonian. Under the rotating-wave approximation, the in-
teraction Hamiltonian between the microwave cavity c1 and
the transmon is HI,q = gq(c1σ+ + c†

1σ−), where c1 (c†
1) is the

annihilation (creation) operator of the microwave cavity c1,
σ+ = |e〉〈g| (σ− = |g〉〈e|) is the rising (lowering) operator of

the transmon, and gq = ωa
Cg

C�
( EJ

2EC
)1/4

√
πZr
Rk

is the coupling

strength. Here, the parameter ωa is the frequency of mi-
crowave cavity c1, Cg is the gate capacitance, C� = CS + CJ

is the total capacitance with the shunt capacitance CS and the
junction capacitance CJ , Zr is the characteristic impedance of
the cavity mode, and Rk is the resistance quantum.

The magnon is the collective excitation of a large num-
ber of spins [14,15]. The collective spin can be described
by a bosonic creation operator m† and an annihilation

operator m [21,43]. Thus, the free Hamiltonian of the magnon
is given by Hm = ωmm†m. Here, ωm = γ̄ H0 is the frequency
of the magnon mode which can be adjusted by varying the
bias magnetic field H0, and γ̄ /2π = 28 GHz/T is the gy-
romagnetic ratio for the yttrium iron garnet (YIG). Under
the rotating-wave approximation, the interaction Hamiltonian
between the magnon and the microwave cavity c2 is HI,m =
gm(mc†

2 + m†c2) [44], where c†
2 (c2) is the creation (annihila-

tion) operator of the cavity c2, and gm = ηγ
√

ωbμ0 N s/2V
is the coupling strength. Here, η describes the spatial overlap
and polarization matching conditions between the microwave
field and the magnon, ωb is the cavity frequency, V is the
mode volume of the microwave cavity, N is the total number
of spins, and s is the spin number of the ground state.

The full Hamiltonian of the total system is

H = Hq + Hm + Hc + HI,q + HI,m, (1)

where Hq = ωq

2 σz is the free Hamiltonian of the transmon,
Hm = ωmm†m is the free Hamiltonian of the magnon, HI,q =
gq(c1σ+ + c†

1σ−) is the interaction Hamiltonian between the
microwave cavity c1 and the transmon, HI,m = gm(mc†

2 +
m†c2) is the interaction Hamiltonian between the magnon
and the microwave cavity c2, and Hc = ωac†

1c1 + ωbc†
2c2 +

λ(c†
1c2 + c†

2c1) is the Hamiltonian of the coupled cavities
with coupling strength λ. Coupled cavities have the advan-
tage of easily addressing individual sites with a control field.
This structure can be applied to realize a data bus between
the two subsystems. By introducing the normal coordinates
a = 1√

2
(c1 − c2) and b = 1√

2
(c1 + c2), the Hamiltonian of the

coupled cavities can be diagonalized as Hc = λ1a†a + λ2b†b
(setting ωa = ωb = ωc) with λ1 = ωc − λ and λ2 = ωc + λ.

In the interaction picture, the Hamiltonian of the coherent
coupling between the magnon and the transmon is given by

HI = 1√
2

[gqσ+ae−iδ1t + gqσ−a†eiδ1t

+ gqσ+be−iδ2t + gqσ−b†eiδ2t

− gmm†ae−iν1t − gmma†eiν1t

+ gmm†be−iν2t + gmmb†eiν2t ], (2)

where δk = λk − ωq and νk = λk − ωm with k = {1, 2}. Un-
der the large detuning conditions gq � δk and gm � νk , and
assuming that the normal modes are in the vacuum state, we
can obtain the following effective Hamiltonian [45,46]:

He = 1

2

[
−g2

q

(
1

δ1
+ 1

δ2

)
σ+σ− − g2

m

(
1

ν1
+ 1

ν2

)
m†m

+ gqgm

(
1

ν1
e−i(δ1−ν1 )t − 1

ν2
e−i(δ2−ν2 )t

)
σ+m

+ gqgm

(
1

δ1
ei(δ1−ν1 )t − 1

δ2
ei(δ2−ν2 )t

)
m†σ−

]
. (3)

By performing an unitary transformation U = exp(−iH0t )
with H0 = 1

2 [−g2
q( 1

δ1
+ 1

δ2
)σ+σ− − g2

m( 1
ν1

+ 1
ν2

)m†m] and ap-
plying the conditions δ1 = ν1, δ2 = ν2, and gq = gm = g, the
effective Hamiltonian (3) becomes

He = J (σ−m† + mσ+), (4)
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FIG. 2. The synchronization between the full Hamiltonian and
the effective Hamiltonian vs the parameters g/δ1 and g/δ2.

where the parameter J = g2

2 ( 1
δ1

− 1
δ2

) is the effective cou-
pling strength between the magnon and the transmon. The
effective coupling strength J depends on the parameters g,
δ1, and δ2. Therefore, the transmon-magnon effective cou-
pling strength can be adjusted by changing the parameters
g, δ1, and δ2. Figure 2 shows the synchronization between
the complete Hamiltonian and the effective Hamiltonian with
the parameters g/δ1 and g/δ2. The detunings δ1 and δ2 can
be changed by adjusting the frequencies ωq and ωm. The
magnon’s frequency ωm can be tuned by adjusting the bias
magnetic field. The transmon’s frequency ωq can be con-
trolled by the external parameters. Considering the feasibility
of the current experimental conditions, the parameter values
of the coplanar cavity are used to simulate the results. To
evaluate the transmon-magnon coupling strength J , we choose
experimentally feasible parameters as follows: The hopping
coupled strength λ/2π = 90 MHz for the two neighboring
coplanar cavities c1 and c2 [47], the transmon’s bare frequency
ωq/2π = 8.204 GHz [7], the damping rate of the transmon
κq/2π = 0.13 MHz [7] (0.38 MHz [48]), the frequency of the
coplanar cavity ωc/2π = 9.3 GHz [49], the damping rate of
the coplanar cavity κc/2π = 0.1 MHz [50], and the damping
rate of the magnon κm/2π = 1 MHz [17] (0.775 MHz [51]).
Here, we choose the frequency of the coplanar cavity
ωc/2π = 8.420 GHz. The frequency of the magnon ranges
from several hundreds of MHz to 28 GHz [21]. Thus, we
choose the frequency of the magnon ωm/2π = 8.204 GHz.
The coupling strength between the magnon and the coplanar
cavity can reach up to gm/2π = 450 MHz [49]. The coupling
strength between the coplanar cavity and the transmon can
reach up to gq/2π = 897 MHz [52]. Here, we choose the
coupling strength gq/2π = gm/2π = 47 MHz. Based on the
above parameter values, the effective coupling strength be-
tween the transmon and the magnon is J/2π = 5.16 MHz.
We choose the damping rate of the magnon κm/2π = 1 MHz
and the damping rate of the transmon κq/2π = 1 MHz. A
dimensionless measure of the coupling strength of a hybrid
system is the cooperativity [53,54] C = J2/κmκq ≈ 26.6. The
cooperativity value representing this system is in the strong-
coupling regime [50].

FIG. 3. The occupation numbers of the system vs the evolution:
(a) and (c) correspond to the full Hamiltonian; (b) and (d) correspond
to the effective Hamiltonian. In (a) and (b) the parameter values are
κm = κq = κci = 0. In (c) and (d) the parameter values are κq/2π =
0.13 MHz, κm/2π = 0.775 MHz, and κci /2π = 0.1 MHz. The other
parameter values can be found in the main text.

When the dissipation of the system is considered, the full
dynamics of the system is described by the master equation

ρ̇ = −i[H, ρ] + κmD[m]ρ + κqD[σ−]ρ

+ κc1D[c1]ρ + κc2D[c2]ρ, (5)

where H is the full Hamiltonian (1); ρ is the density matrix
of the system; the standard Lindblad superoperator D[o]ρ =
oρo† − 1

2 o†oρ − 1
2ρo†o represents the decoherence term for a

given operator o; κc1 and κc2 are the damping rates of the cavity
modes c1 and c2, respectively. In Fig. 3, we show the time evo-
lutions of the system through solving the master equation (5).
The population can be transferred from the transmon to the
magnon even if the dissipation of the system is considered,
and vice versa. Meanwhile, we have verified that the large
detuning conditions are satisfied. The full Hamiltonian and
the effective Hamiltonian approximately lead to the same
dynamical evolution.

III. APPLICATIONS IN THE QUANTUM
INFORMATION PROCESSOR

We only consider the single excitation of the system. The
excited subspaces of the transmon and the magnon are formed
by {|0〉q, |1〉q} and {|0〉m, |1〉m}, respectively. Here, |0〉m(|0〉q)
and |1〉m(|1〉q) are the ground and excited states of the magnon
(transmon). The corresponding time evolution operator for the
Hamiltonian (4) reads

U (t ) =

⎛
⎜⎜⎝

1 0 0 0
0 cos(Jt ) −i sin(Jt ) 0
0 −i sin(Jt ) cos(Jt ) 0
0 0 0 1

⎞
⎟⎟⎠. (6)

For Jt = π/2, the unitary operator U (t ) leads to the fol-
lowing state transformation,

U (t )|0〉q|0〉m → |0〉q|0〉m, U (t )|0〉q|1〉m → −i|1〉q|0〉m,

U (t )|1〉q|0〉m → −i|0〉q|1〉m, U (t )|1〉q|1〉m → |1〉q|1〉m, (7)
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FIG. 4. (a) The circuit used in the randomized benchmarking of
the iSWAP† gate. (b) The average fidelity obtained in the randomized
benchmarking as a function of the number of gates.

which shows a two-qubit iSWAP† gate. When the evolution
time takes t = π/2J ≈ 0.048 µs, the information transfer
from the transmon to the magnon can be realized.

How to characterize the fidelity of logic gates is very im-
portant. The standard method for characterizing a logic gate
is quantum process tomography [55]. This method has two
disadvantages: (i) It is unscalable; and (ii) the errors caused
by measurement and state preparation will affect the charac-
terization of the logic gate [56]. Here, we use the randomized
benchmarking (RB) method to estimate the average fidelity
of the iSWAP† gate. The general thought of RB is as follows:
We apply a random sequence of quantum gates that compose
to the identity operation, and measure the fidelity of each
sequence [57,58]. The RB method has been used to character-
ize the gate fidelity [57–62]. Figure 4(a) presents the circuit
diagram of the RB is consisting of m iSWAP† gates and 2m
local single-qubit gates [62]. The random local single-qubit
gate is written as [62]

Lj (μ j, ν j, λ j ) =
(

cos(μ j/2), −eiλ j sin(μ j/2)
eiν j sin(μ j/2), ei(λ j+ν j ) cos(μ j/2)

)
,

(8)

with μ j ⊆ [0, 2π ] and ν j (λ j ) ⊆ [0, π ]. For pure states, the
fidelity of a single realization is F = |〈�ideal|�error〉|2, where
|�ideal〉 is the ideal state while |�error〉 is the simulation state
with dissipation. Through averaging the circuit over 1000
realizations, Fig. 4(b) shows the result with up to 100 iSWAP†

gates plus 100 pairs of local qubit gates. According to the
fit F (m) = F̄ m, one gets the average fidelity F̄ = 0.9993 by
fitting the set of data.

For the initial state |�i〉 = (cos θ |0〉q + sin θ |1〉q)|0〉m,
the fidelity of the iSWAP† gate is defined as F1 =

1
2π

∫ 2π

0 〈� f |�|� f 〉dθ , where |� f 〉 = U (π/2J )|�i〉 is the ideal

FIG. 5. The fidelity vs the dimensionless parameters κm/gm and
κq/gq.

final state and � is a reduced density matrix. In Fig. 5, we
present the fidelity through numerical simulations when the
dissipation of the system is considered.

In addition, this system can be used to generate the en-
tanglement between the transmon and the magnon. Initially,
we assume that the transmon is prepared in the excited state
|1〉q, and the magnon is prepared in the ground state |0〉m.
So, the initial state of the system is |�(0)〉 = |1〉q|0〉m. Un-
der the Hamiltonian (4), the initial state evolves to |�(τ )〉 =
(|1〉q|0〉m − i|0〉q|1〉m)/

√
2 with an evolution time τ = π/4J .

Thus, the maximally entangled state is generated between the
transmon and the magnon. We can evaluate the time of gen-
erating the maximally entangled state τ = π/4J ≈ 0.024 µs,
which is much smaller than the relaxation time of the trans-
mon (0.5 ms [63]) and the memory time of the magnon (5.11 s
[64]). When the dissipation of the system is considered, the
fidelity is F2 = 〈�(τ )|�|�(τ )〉. From Fig. 6, we can see that
the high-fidelity entangled state is obtained even if the decay
of the system is taken into account.

Our proposal can be extended to a magnon coupled to
multiple transmons, as shown in Fig. 7. For a magnon coupled
to multiple transmons, we can control the interaction between
any selected transmon and the magnon. So, the information

FIG. 6. The fidelity vs the dimensionless parameters κm/gm and
κq/gq.
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FIG. 7. Schematic of the coherent coupling system. (a) One-
dimensional model of 3 lattice sites. (b) Two-dimensional model of
five lattice sites.

of each transmon can be transferred to the magnon one by
one. The time of achieving the information transfer from
a transmon to a magnon is t = 0.048 µs, which is much
shorter than the relaxation time of the transmon and the
memory time of the magnon. Therefore, we can achieve in-
formation transfer thousands of times before the decoherence
of the system occurs. Also, the entanglement between any
selected transmon and the magnon can be generated by con-
trolling their coupling.

One of the favorable applications for this system is
to generate multiqubit entangled states of transmons.
The multiqubit entangled states have attracted much
interest because of their potential applications in quantum
information processing and quantum communication. The
W -type state [65] is one class of multiqubit entangled state,
which is robust against loss of a qubit if we trace out any
one qubit. Therefore, the W -type state can be used as an
important resource for quantum information processing
and quantum communication [66,67]. The procedure of
generating a multiqubit entangled state of transmons is
described as follows: We consider many transmons coupling
to a common magnon simultaneously. The effective Hamil-
tonian of this system reads HM = ∑N

i Ji(σ i
−m† + mσ i

+),
where N is the number of transmons. For simplicity,
we assume that each transmon is equally coupled to
the magnon, that is, Ji = J . If the system is initially
prepared in the state |�(0)〉 = |1〉q1|1〉q2 · · · |1〉qN |0〉m,
the state evolution under the Hamiltonian HM is
given by |�(t )〉 = cos(

√
NJt )|1〉q1|1〉q2 · · · |1〉qN |0〉m +

(1/
√

N ) sin(
√

NJt )
∑N

i |1〉q1 · · · |0〉qi · · · |1〉qN |1〉m. The
W -type state |�W 〉 = (1/

√
N )

∑N
i |1〉q1 · · · |0〉qi · · · |1〉qN of

transmons can be obtained by controlling the evolution time

as t = π/2
√

NJ and measuring the quantum state of the
magnon which collapses in the state |1〉m.

IV. DISCUSSIONS AND CONCLUSIONS

We now consider the experimental feasibility of the co-
herent coupling between the magnon and the transmon. In
this paper, the coupling system mainly includes three kinds of
different coupling mechanisms: The transmon is capacitively
coupled to a microwave cavity, the magnon is magneti-
cally coupled to the other microwave cavity, and the two
microwave cavities are coupled via a hopping interaction.
With the improvement of the current experimental condi-
tion, the coupling technology between a transmon and a
microwave cavity is rather mature, where five-transmon [59]
and ten-transmon [68] qubits coupling with a cavity have
been realized. Recently, the experimental platform of the
cavity magnonics system has demonstrated important sci-
entific breakthroughs. The coherent coupling between two
magnons and a microwave cavity has been demonstrated [64].
A one-dimensional chain of 72 lattice sites has been im-
plemented [47]. Each site comprises a coplanar waveguide
cavity coupled to a transmon qubit [47]. The coupling be-
tween the coplanar microwave cavity and the magnon [49],
and the coupling between the coplanar microwave cavity and
the transmon [52], have been realized. So, our model can be
built with current experimental technology.

In summary, we have proposed a method to realize the
tunable coupling between a transmon and a magnon. Through
calculating the cooperativity, we have found this hybrid sys-
tem can work in the strong-coupling regime. In addition, we
have demonstrated applications of this system to quantum
information. The high-fidelity realization of an iSWAP† gate
and the generation of a maximally entangled state with this
coupling system have been realized even if the dissipation of
the system is considered. Such a hybrid quantum system can
be used to generate the entanglement between any selected
transmon and a magnon, and can also be used to create multi-
qubit W states of transmons.
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