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The axion provides a solution for the strong CP problem and is one of the leading candidates for dark
matter. This paper proposes an axion detection scheme based on quantum nondemolition detection of
magnon, i.e., quanta of collective spin excitations in solid, which is expected to be excited by the axion-
electron interaction predicted by the Dine-Fischer-Srednicki-Zhitnitsky model. The prototype detector is
composed of a ferrimagnetic sphere as an electronic spin target and a superconducting qubit. Both of these
are embedded inside a microwave cavity, which leads to a coherent effective interaction between the
uniform magnetostatic mode in the ferrimagnetic crystal and the qubit. An upper limit for the coupling
constant between an axion and an electron is obtained as gaee < 2.6 × 10−6 at the 95% confidence level for
the axion mass of 33.117 μeV < ma < 33.130 μeV.

DOI: 10.1103/PhysRevD.105.102004

I. INTRODUCTION

The Standard Model successfully predicted the existence
of Higgs bosons [1–3]. However, several long-standing
problems in particle physics remain to be explained beyond
the Standard Model or its alternative. For example, the
theory of quantum chromodynamics requires an extremely
fine tuning of parameters to explain the experimentally
observed electric dipole moment of the neutron [4,5]. This
issue is considered to be the strong CP problem. To solve
this, Peccei and Quinn proposed a global Uð1Þ symmetry

that is broken at a high energy scale Fa allowing for the
restoration of the CP symmetry, which consequently gives
rise to a new pseudoscalar boson called axion [6–8]. Axions
can provide a significant fraction of the dark matter (DM)
[9]. Therefore, axion DM research is an important field for
astrophysics and physics beyond the Standard Model.
The axion model is classified into the Kim-Shifman-

Vainshtein-Zakharov model [10,11], where axions couple
with photons and hadrons, and the Dine-Fischler-
Srednicki-Zhitnitsky (DFSZ) model [12,13], where axions
also couple with electrons [14]. Most experiments for the
axion DM research conducted so far were based
on the axion-photon coupling through the Primakoff effect
]15 ]. Using this approach, the ADMX experiment excluded

the axion mass range of 1.9 μeV < ma < 3.7 μeV
for the Kim-Shifman-Vainshtein-Zakharov model and
2.66 μeV < ma < 2.81 μeV for the DFSZ model [16].
Alternatively, detection of the axion–electron coupling
can provide strong evidence for the DFSZ model.
Experiments probing coherent scattering of axions by
electrons in the axion mass range of 0.1 eV < ma < 1 keV
were performed [17–19]. This mass range was outside the
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range of 1 μeV < ma < 1 meV favored by the cosmologi-
cal and astrophysical bounds [20,21]. An instrument sensi-
tive to the axion-electron coupling in the frequency range of
1 GHz < fa < 1 THz is required to probe the axionmass in
the favorable range, 1 μeV < ma < 1 meV as the axion
mass and frequency are related by

fa ¼
ωa

2π
¼ mac2

h
≃ 0.24

�
ma

1.0 μeV

�
GHz: ð1Þ

A possible route that enables probing the axion-electron
coupling is based on the detection of quanta of collective
spin excitations, called magnons, in a ferrimagnetic crystal
[22]. The magnons are to be excited through the axion-
electron interaction under the strong internal magnetic field
inside the crystal. The first experiments based on this
axion-electron coupling utilized the hybridization of the
uniformly precessing magnetostatic mode, i.e., Kittel
mode, in spherical ferrimagnetic crystals and a microwave
cavity mode [23–26]. In the experiments they detected an
emitted microwave field generated from the magnons that
were potentially excited through the axion-electron cou-
pling using a linear receiver [24–26]. An alternative
detection method is the magnon counting based on quan-
tum nondemolition (QND) measurements where each
measurement does not affect the quantum state of magnons.
While linear receivers are ultimately subject to quantum
fluctuations, a magnon counting detector is sensitive to the
magnon number. Then the signal-to-noise ratio of the
magnon counting detector is only limited by the shot noise
on the detected thermal photons, according to Poisson
statistics. Especially in Ref. [27], for the case of the axion-
photon conversion, it is shown that the photon counting
detector can have lower noise than the linear detector under
the temperature of 100 mK and the axion and cavity quality
factor ratio ofQa=Qc ¼ 20. Resolving the magnon number
was successfully demonstrated by reaching the strong
dispersive coupling between a superconducting qubit and
the Kittel mode in a spherical ferrimagnetic crystal [28]. In
this paper, the data obtained in the setup of Ref. [28] is
reanalyzed. In addition, it reports experimental results for
axion DM research using a QND detection technique for an
axion mass range of 33.117 μeV < ma < 33.130 μeV.

II. AXION DETECTION SCHEME

In this section, the theory of axion-electron interaction is
first introduced. The axion-induced effective magnetic field
generated by the movement of the Earth through axion DM
is discussed. After introducing collective spin excitations in
a ferrimagnetic crystal, the QND detection scheme of
magnons for the axion DM search is described. This is
achieved by measuring the absorption spectrum of a
superconducting qubit dispersively coupled to the Kittel
mode in the ferrimagnetic crystal.

A. Axion-electron interaction

The axion emerges as a Nambu-Goldstone boson of the
broken Peccei-Quinn symmetry [7,8]. In the DFSZ model
[14], the axion field aðxÞ can interact with an electron field
ψðxÞ as

Lint ¼ −igaeeaðxÞψ̄ðxÞγ5ψðxÞ; ð2Þ

where gaee is a dimensionless coupling constant, inversely
proportional to the energy scale of the Peccei-Quinn
symmetry breaking. Note that we can rewrite the inter-
action of Eq. (2) as g̃aeeð∂μaÞψ̄γμγ5ψðxÞ using the back-
ground Dirac equation, where g̃aee ¼ gaee=2me. This
clearly shows the shift symmetry of the axion field. In
the nonrelativistic limit, the interaction term reads

Hint ≃ −
gaeeℏ
2me

σ̂ · ∇a ¼ −2μBŜ ·

�
gaee
e

∇a
�
; ð3Þ

where me is the electron mass, e is the elementary electric
charge, μB ¼ eℏ=2me is the Bohr magneton. The electron
spin operator Ŝ is related to the Pauli matrices σ̂ with
Ŝ ¼ σ̂=2. The term in the parentheses can be considered as
an effective magnetic field

Ba ¼
gaee
e

∇a; ð4Þ

by analogy to the usual interaction between the spin and
magnetic fields. If the DM is composed of axions, then this
effective magnetic field is ubiquitous around us.
Importantly, the axion DM is oscillating in time at the
frequency fa that is related to its mass according to Eq. (1).

B. Axion-induced effective magnetic field

Since the occupation number of the QCD axion DM is
high, it would be classical fields. As the solution of the
Klein-Gordon equation, the axion DM oscillates coherently
with the frequency given by Eq. (1). The coherence length
is determined by the de Broglie wavelength of the axion
fields, 1=mavtot, where vtot is the relative velocity of the
axion DM to the Earth (see the Appendix). Then the
coherence time, during which the axion-induced effective
magnetic field is coherent, can be estimated as 1=mav2tot.
Notably, the coherence time is about 10−4 s and much
longer than the decoherence time of our experi-
ment ∼10−6 s.
Let us now estimate the magnitude of the axion-induced

effective magnetic field (4). The spatial gradient of the
axion DM is evaluated as ∂ia ≃mava [29] because the
proper time of the moving axion DM depends on the spatial
coordinates of the laboratory frame through the Lorentz
transformation. The amplitude of the effective magnetic
field Ba can be estimated from Eq. (4) and the relation
ρDM ∼m2

aa2=2,
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Ba ≃ 4.4 × 10−8gaee

�
ρDM

0.45 GeV=cm3

�
1=2

�
vtot

300 km=s

�
T;

ð5Þ

where ρDM is the local DM density. We see that the
amplitude is small because gaee, which is proportional to
the inverse of the energy scale of the Peccei-Quinn
symmetry breaking, is tiny. However, as we will see in
the next subsection, the coupling constant can be larger
effectively by considering a collective spin excitation
modes in ferrimagnetic crystals.

C. Collective spin excitations

Let us consider a ferrimagnetic crystal containing N
electron spins. This system is described by the Heisenberg
model [30]

Ĥm−a ¼ 2μB
X
i

Ŝi · ðB0 þ BaÞ −
X
i;j

JijŜi · Ŝj; ð6Þ

where B0 is the external magnetic field and i labels each
spins. The second term represents the exchange interaction
between the neighboring spins with the strength Jij.
Considering an external magnetic field B0 along the z axis
and assuming, without loss of generality, that the direction
of the effective magnetic field lies in the z-x plane, we write

B0 ¼ ð0; 0; B0Þ; Ba ≃ ðjBaj sin θ; 0; 0Þ; ð7Þ

where we neglected the z component of Ba because it is
much smaller than B0. Here, θ is the angle between the
external and effective magnetic fields.
The effective magnetic field is considered to be uniform

throughout the sample. Thus, the effective magnetic field
can be written as

BaðtÞ ¼
Ba sin θ

2
ðe−iωat þ eiωatÞð1; 0; 0Þ: ð8Þ

Substituting Eqs. (7) and (8) into Eq. (6) yields

Ĥm−a ¼ 2μB
X
i

�
ŜziB0 þ

Ba sin θ
4

ðŜ−i e−iωat þ Ŝþi eiωatÞ
�

−
X
i;j

JijŜi · Ŝj; ð9Þ

where S�j ¼ Sxj � iSyj are the spin ladder operators. The
second term in the right-hand side of Eq. (9) shows that the
axion DM excites the spins if the frequency of the effective
magnetic field ωa is equal to the Larmor fre-
quency ωm ≡ 2μBB0=ℏ.
The spin system of Eq. (9), including the axion-induced

effective magnetic field, can be rewritten in terms of the
bosonic operators Ĉi and Ĉ†

i , which satisfies the

commutation relation ½Ĉi; Ĉ
†
j � ¼ δij, using the Holstein-

Primakoff transformation [31]:

Ŝzi ¼
1

2
− Ĉ†

i Ĉi;

Ŝþi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Ĉ†

i Ĉi

q
Ĉi;

Ŝ−i ¼ Ĉ†
i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Ĉ†

i Ĉi

q
: ð10Þ

This introduces spin waves with a dispersion relation
determined by the amplitude of the external magnetic field
B0 and the amplitudes Jij of the ferrimagnetic exchange
interaction. Magnons are quanta of the spin-wave modes.
Furthermore, provided that the contributions from the
surface of the sample are negligible, one can expand the
bosonic operators in terms of plane waves as follows:

Ĉi ¼
1ffiffiffiffi
N

p
X
k

e−ik·ri ĉk: ð11Þ

Here, ri is the position vector of spin i, and ĉk annihilates a
magnon from the mode with a wave vector k. As the
effective magnetic field is induced by axions, it is supposed
to be homogeneous over the ferrimagnetic crystal for a
typical experiment. Then, only the uniform magnetostatic
mode, Kittel mode, can be excited as long as the con-
tributions from the surface are negligible [32]. Substituting
Eqs. (10) and (11) into the Hamiltonian of Eq. (9) yields

Ĥm−a ≡ Ĥm þ Ĥa; ð12Þ

Ĥm ¼ ℏωmĉ†ĉ; ð13Þ

Ĥa ¼ gμB
Ba sin θ

4

ffiffiffiffi
N

p
ðĉ†e−iωat þ ĉeiωatÞ; ð14Þ

where ĉ≡ ĉk¼0 and n̄m ≡ hĉ†ĉi ≪ N are assumed. One
can see that the coupling strength has a huge factor of

ffiffiffiffi
N

p
due to collective spin dynamics. This effect enables one to
potentially detect the small effective magnetic field Ba
oscillating at ωa.

D. Quantum nondemolition detection of magnons

To detect the excitation of a magnon in the Kittel mode, a
hybrid system schematically shown in Fig. 1 is used. This
system consists of a spherical ferrimagnetic crystal and a
superconducting qubit [33]. They are individually coupled
to the modes of a microwave cavity through magnetic and
electric dipole interactions, respectively. This leads to an
effective coherent coupling between the Kittel mode and
the qubit [28,34–37]. The transmon-type superconducting
qubit [38] can be described as an anharmonic oscillator
through the Hamiltonian
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Ĥq=ℏ ¼
�
ωq −

α

2

�
q̂†q̂þ α

2
ðq̂†q̂Þ2; ð15Þ

where ωq is the frequency of the transition between the
ground and first-excited states of the qubit, jgi and jei,
respectively. The creation and annihilation operators for the
qubit are, respectively, q̂† and q̂. Furthermore, the anhar-
monicity α < 0 of the qubit is defined such that the
frequency of the transition between the first and second
excited states is given by ωq þ α [39]. After adiabatically
eliminating the microwave cavity modes from the total
Hamiltonian of the hybrid system, the effective interaction
Hamiltonian between the Kittel mode and the qubit is given
by

Ĥq−m=ℏ ¼ gq−mðq̂†ĉþ q̂ĉ†Þ; ð16Þ

where gq−m is the coupling strength between the Kittel
mode and the qubit [28,34–36].
Combining Eqs. (12), (15), and (16), the Hamiltonian of

the hybrid quantum system, including the effective axion-
induced effective magnetic field, is given by

Ĥtot=ℏ¼ωmĉ†ĉþ
�
ωq−

α

2

�
q̂†q̂þα

2
ðq̂†q̂Þ2

þgq−mðq̂†ĉþ q̂ĉ†Þþgeffðĉ†e−iωatþ ĉeiωatÞ: ð17Þ

Here,

ℏgeff ¼ 2μB
Ba sin θ

4

ffiffiffiffi
N

p
; ð18Þ

is the effective coupling constant between axions and
magnons, which corresponds to the strength of the coherent
magnon drive.
Let us consider the dispersive regime corresponding to a

detuning Δq−m ≡ ωq − ωm between the qubit frequency ωq
and the frequency of the Kittel mode ωm. This is much
larger than the coupling strength gq−m such that the
exchange of energy between the two systems is highly
suppressed [28]. For this limit, the total Hamiltonian of
Eq. (17) can be rewritten as

Ĥ0
tot=ℏ ≃ ωmĉ†ĉþ

1

2
ω̃qσ̂z þ χq−mĉ†ĉσ̂z

þ geffðĉ†e−iωat þ ĉeiωatÞ; ð19Þ

where ω̃q ¼ ωq þ χq−m is the qubit frequency shifted by
the qubit-magnon dispersive shift χq−m, which is described
by [39].

χq−m ≃
αg2q−m

Δq−mðΔq−m þ αÞ : ð20Þ

The qubit-magnon dispersive shift can also be estimated
numerically by diagonalizing the Hamiltonian of the hybrid
system [28]. The Hamiltonian of Eq. (19) considers only
the first two states of the qubit through the Pauli matrices:
σ̂z ¼ jeihej − jgihgj, σ̂þ ¼ jeihgj, and σ̂− ¼ jgihej.
Furthermore, higher order terms in ðgq−m=Δq−mÞ are
neglected. The third term on the right-hand side of
Eq. (19) shows that the qubit frequency depends on the
magnon occupancy through an interaction term, which
commutes with the Hamiltonian of the Kittel mode. More
specifically, the qubit frequency ω̃q shifts by 2χq−m for
every magnon in the Kittel mode. Therefore, measuring the
qubit frequency enables one to perform a QND detection
for the magnon number.

E. Qubit spectrum

The qubit frequency can be determined, for example, by
measuring its absorption spectrum

SðωsÞ ¼ Re

�
1ffiffiffiffiffiffi
2π

p
Z

∞

0

dthσ̂−ðtÞσ̂þð0Þieiωst

�
; ð21Þ

where ωs is the spectroscopy frequency [39]. In this
subsection, an analytical model for the qubit spectrum in
the presence of a dispersive interaction with the Kittel mode
of a ferrimagnetic crystal is provided [28,39]. For this
purpose, the Hamiltonian of Eq. (19) is transformed such
that the qubit is in a reference frame that rotates at the
spectroscopy frequency ωs. Meanwhile, the Kittel mode is
in a reference frame that rotates at the axion frequency ωa.
The Hamiltonian of Eq. (19) becomes

FIG. 1. Schematic illustration of the detector. A spherical
ferrimagnetic crystal and a transmon-type superconducting qubit
are coherently coupled through a microwave cavity. The effective
magnetic field of the axion DM coherently drives the uniform
spin-precession mode (Kittel mode) in the ferrimagnetic crystal
with an effective coupling constant geff . In the strong dispersive
regime, each magnon excited in the Kittel mode shifts the
resonance frequency of the qubit by 2χq−m þ Δa, where χq−m
is the dispersive shift and Δa ¼ ωg

m − ωa is the detuning between
the frequency ωa of the axion-induced effective magnetic field
and the frequency ωg

m of the Kittel mode with the qubit in the
ground state jgi.
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Ĥ=ℏ ¼ ðΔa þ χq−mÞĉ†ĉþ
1

2
Δsσ̂z þ χq−mĉ†ĉσ̂z

þ geffðĉ† þ ĉÞ þ Ωsðσ̂þ þ σ̂−Þ; ð22Þ

where Δa ¼ ωg
m − ωa is the detuning between the fre-

quency ωg
m of the Kittel mode with the qubit in the ground

state jgi and the axion frequency ωa. In addition, Δs ¼
ω̃q − ωs is the detuning between the frequency ω̃q of the
qubit and the spectroscopy frequency ωs. The amplitudes of
the driving terms are given by the effective coupling
constant geff and the Rabi frequency Ωs, respectively.
Furthermore we have to take into account noises in the
system. Then the Hamiltonian should be Ĥþ Ĥnoise, where
Ĥnoise represents the dephasing mechanisms of the system
due to free electromagnetic fields (reservoir) in the cavity
and the environment of the qubit [39,40]. Given the
Hamiltonian, we can solve the evolution equation for the
reduced density matrix with an appropriate initial condition
and obtain the qubit spectrum as [39]

SðωsÞ ¼
1

π

X∞
nm¼0

1

nm!
Re

� ð−AÞnmeA
γðnmÞq =2 − iðωs − ω̃ðnmÞ

q Þ

�
; ð23Þ

with

ωðnmÞ
q ¼ ω̃q þ Bþ 2χq−mnm; ð24Þ

ω̃ðnmÞ
q ¼ ωðnmÞ

q þ nmΔa; ð25Þ

γðnmÞq ¼ γq þ γmðnm þDssÞ; ð26Þ

A ¼ Dss

�
γm=2 − iðΔa þ 2χq−mÞ
γm=2þ iðΔa þ 2χq−mÞ

�
; ð27Þ

B ¼ χq−mðn̄gm þ n̄em −DssÞ; ð28Þ

Dss ¼ 2ðn̄gm þ n̄emÞχ2q−m
ðγm=2Þ2 þ χ2q−m þ ðχq−m þ ΔaÞ2

; ð29Þ

n̄gm ¼ g2eff
ðγm=2Þ2 þ Δ2

a
; ð30Þ

n̄em ¼ g2eff
ðγm=2Þ2 þ ðΔa þ 2χq−mÞ2

: ð31Þ

Here, γm and γq are linewidth of the Kittel mode and the

qubit, respectively. Also, ω̃ðnmÞ
q and γðnmÞq are, respectively,

the frequency and the linewidth of the qubit with the Kittel
mode in the number state jnmi for a given effective
coupling constant geff . Equation (31) expresses the
steady-state magnon occupancy when the qubit is in the

ground (excited) state, which is given by n̄gðeÞm .

In the strong dispersive regime, which corresponds to
2χq−m ≫ γm, the qubit spectrum is given by a sum of
Lorentzian functions centered at the shifted qubit frequency

ω̃ðnmÞ
q . The spectrum explicitly depends on the population of

the magnons potentially excited by the axion-induced
effective magnetic field Ba. Therefore, the axion DM
can be probed by measuring the spectrum of the qubit
that is coupled to the Kittel mode in the ferrimagnetic
crystal.
Figure 2 shows the expected qubit spectrum for the

different values of the coupling constant gaee considering
a spherical ferrimagnetic crystal of yttrium iron
garnet (Y3Fe5O12, YIG). This crystal is considered to have
a diameter of 0.5 mm with a net spin density of
∼2.1 × 1022 cm−3 and the following realistic parameters:
ωg
m=2π ¼ 8.0 GHz, ωa=2π ¼ 8.0 GHz (corresponding to

an axion mass ma ≈ 33 μeV), ω̃q=2π ¼ 8.2 GHz,
γm=2π ¼ 1.0 MHz, γq=2π ¼ 0.1 MHz, and χq−m=2π ¼
10 MHz. For the calculation, the magnon number is

truncated at nm ¼ 10, which is justified for n̄gðeÞm ≪ 1.
Without the axion-induced magnetic field (gaee ¼ 0), only

one peak appears at the qubit frequency ω̃ð0Þ
q ¼ ω̃q. On the

other hand, for gaee ¼ 5.0 × 10−7, a second peak at

ω̃ð1Þ
q ≈ ω̃ð0Þ

q þ 2χq−m appears. This second peak corresponds
to the excitation of a singlemagnon in theKittel mode due to
the axion DM. Therefore, the observation of a peak around

the frequency ω̃ð1Þ
q demonstrates the existence of the

axion DM.

8.19 8.2 8.21 8.22 8.23
 (GHz)/2sSpectroscopy frequency 
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)/2a+
q-m
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g

FIG. 2. Normalized qubit spectra SðωsÞ in the absence and
presence of a coupling with axions, shown as the blue (gaee ¼ 0)
and red (gaee ¼ 5.0 × 10−7) lines, respectively. The parameters
used here are ωg

m=2π ¼ 8.0 GHz, ωa=2π ¼ 8.0 GHz,
ω̃q=2π ¼ 8.2 GHz, γm=2π ¼ 1.0 MHz, γq=2π ¼ 0.1 MHz, and
χq−m=2π ¼ 10 MHz.
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III. EXPERIMENT

In Ref. [28], owing to the strong dispersive regime
between the uniform magnetostatic mode of the spherical
ferrimagnetic crystal and a superconducting qubit, quanta
of the collective spin excitations were observed under an
additional resonant drive of the Kittel mode. Here, the data
without an intentional drive is analyzed for the search of
axion DM. More details about the experiment can be found
in Ref. [28].

A. Device and parameters

As depicted in Fig. 1, the hybrid quantum system
consists of a superconducting qubit and a single crystalline
sphere of YIG, both inside a three-dimensional microwave
cavity. The diameter of the YIG sphere is 0.5 mm. A pair of
permanent magnets and a coil are used to apply an external
magnetic field B0 ≈ 0.29 T for the YIG sphere. The
transmon-type superconducting qubit has a frequency
ω̃q=2π ≈ 7.99 GHz.
The superconducting qubit and the Kittel mode of the

ferrimagnetic crystal are coherently coupled by their
individual interactions with the modes of the microwave
cavity [28,34,35]. The effective coupling strength
gq−m=2π ¼ 7.79 MHz is experimentally determined from
the magnon-vacuum Rabi splitting of the qubit. This
coupling strength is much larger than the power-broadened
qubit linewidth γq and the magnon linewidth γm [28].
The frequency of the Kittel mode is set based on the

current in the coil to reach the dispersive regime of
the interaction between the uniform mode and the qubit.
The amplitude of the detuning jΔq−mj ¼ jω̃q − ωg

mj is much
larger than the coupling strength gq−m. The qubit-magnon
dispersive shift χq−m=2π ¼ 1.5� 0.1 MHz and the dressed
magnon frequency ωg

m=2π ¼ 7.94962 GHz are obtained.
These values are summarized in Table I.

B. Measurements and results

Here we analyze the qubit spectrum obtained in the
experiment of Ref. [28] without an intentional excitation of
the Kittel mode. The qubit absorption spectrum shown in

Fig. 3 was measured in the frequency range 7.9825 GHz <
ωs=2π < 8.0025 GHz with a resolution of 100 kHz. The
measurement lasted approximately four hours and each bin
of 50 measurements was averaged.
The measured spectrum is fitted according to the

following equation,

S̃ðωsÞ ¼ A
X10
nm¼0

SnmðωsÞ þ Soff ; ð32Þ

whereA is a scaling factor,Soff is an offset, and SnmðωsÞ is the
contribution of the qubit spectrum with nm magnons excited
in the uniform magnetostatic mode. The small asymmetry of
the qubit spectrum corresponding to nm ¼ 0 is due to the
finite photon occupancy of themicrowave cavitymode that is
used to probe the qubit. The effect of the photon occupation in
the probe mode can be considered as follows:

SnmðωsÞ ≈ Snm;np¼0ðωsÞ þ B × Snm;np¼1ðωsÞ; ð33Þ

where B ¼ 0.03 is the relative spectral weight between the
one-photon and the zero-photon peaks. To consider the ac
Stark shift of the qubit frequency by the photons in the probe
mode used to measure the qubit spectrum, the following is
substituted as

ω̃q → ω
ðnp¼0Þ
q ¼ ω̃q þ Bp; ð34Þ

whereω
ðnp¼0Þ
q is the ac-Stark-shifted qubit frequencywith the

Kittel mode in the vacuum state. The qubit linewidth with the
Kittel mode in the vacuum state is substituted to

γq → γ
ðnp¼0Þ
q ¼ γq þ κpDss

p ; ð35Þ

where γ
ðnp¼0Þ
q is the linewidth increased by the measurement-

induced dephasing from photons in the probe mode. The
parameters fixed in the fit of the qubit spectrum are the qubit
frequency ω̃q, the qubit linewidth γq, the probe mode
occupancy n̄gp, the qubit-probe-mode dispersive shift χq−p,
the probe cavity-mode linewidth κp, the qubit-magnon-mode

TABLE I. Parameters determined in the experiment. The error ranges indicate the 95% confidence interval.

Parameter Symbol Value

Dressed magnon frequency ωg
m=2π 7.94962 GHz

ac-Stark-shifted qubit frequency ω
ðnp¼0Þ
q =2π 7.99156 GHz

Broadened qubit linewidth γ
ðnp¼0Þ
q =2π 0.78� 0.03 MHz

Probe cavity-mode linewidth κp=2π 3.72� 0.03 MHz
Magnon linewidth γm=2π 1.3� 0.3 MHz
Qubit-probe-mode dispersive shift χq−p=2π −0.8� 0.2 MHz
Qubit-magnon-mode dispersive shift χq−m=2π 1.5� 0.1 MHz
Probe-mode occupancy n̄gp 0.22� 0.17
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dispersive shift χq−m, the magnon linewidth γm, and the drive
detuning Δa.
To consider the uncertainties of the experimentally

measured parameters, the chi-square function χ2 was
defined with nuisance parameters αj as

χ2 ≡Xn
i¼0

S̃i − S̃ðωðiÞ
s ; γ0q; n̄

g
p
0; χ0q−p; κ0p; χ0q−m; γ0mÞ
σS̃i

þ
X5
j¼0

αj;

ð36Þ

with

γ0q ¼ γq − α0σγq ;

n̄gp0 ¼ n̄gp − α1σn̄gp ;

χ0q−p ¼ χq−p − α2σχq−p ;

κ0p ¼ κp − α3σκp ;

χ0q−m ¼ χq−m − α4σχq−m ;

γ0m ¼ γm − α5σγm ;

where S̃i and σS̃i are the average and standard deviation of
the experimentally measured spectrum for bin i for a

spectroscopy frequency ωðiÞ
s , respectively. Systematic

errors of γq, n̄
g
p, χq−p, κp, χq−m, and γm are given by σγq,

σn̄gp , σχq−p , σκp , σχq−m , and σγm, respectively.
The results of the fitted data are presented in Fig. 3,

where the average number of magnons is fixed to n̄gm ¼ 0,
which is equivalent to geff ¼ 0. From this, χ2 was reduced
to 167.1=193. This is consistent with the null hypothesis
and there was no significant excess in the residuals found

for the frequency ω̃ð1Þ
q ¼ ω̃ð0Þ

q þ 2χq−m. As a result, a
95% confidence level is set for the upper limit of gaee.
The upper limit of the average number of magnons n̄limit
was calculated as follows:

R n̄limit
0 Ldn̄gmR
∞
0 Ldn̄gm

¼ 0.95; ð37Þ

where L is defined as follows:

L≡ exp

�
−
χ2ðn̄gmÞ − χ2min

2

�
: ð38Þ

The chi-square function χ2ðn̄gmÞ is calculated by varying
n̄gm, while χ2min is the minimum χ2. From this, n̄limit ¼
1.1 × 10−2 is obtained. The expected residuals calculated
with n̄limit is shown in Fig. 3.
The amplitude of the effective magnetic field is given by

Ba sin θ, where θ is the angle between the direction of the
external magnetic field B0 and the direction of the axion-
induced effective magnetic field. From Eqs. (18) and (30),
the 95%-confidence-level upper limit on the amplitude of
the effective magnetic field at ma ¼ 33.123 μeV can be
determined as follows:

Ba sin θ < 8.2 × 10−15 T: ð39Þ

We took the distribution of the axion-induced effective
magnetic field described in Refs. [23–26]. The minimum
sin θ value during four hours operation is 0.097. From
Eq. (5), the upper limit of the axion-electron coupling
constant is obtained as

gaee < 2.6 × 10−6; ð40Þ

using the conventional galactic density of DM ρDM ¼
0.45 GeV=cm3 [41] and vtot ¼ 220 km= sec.1 The similar
spectrum fitting was conducted to the range of
33.117 μeV < ma < 33.130 μeV in the same external
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FIG. 3. (a) Measured qubit spectrum S̃ðωsÞ (black dots) and fit
to Eq. (32) (red line). (b) Residuals between the measured qubit
spectrum and the fit. The blue dotted curve shows the expected
residual at the 95%-confidence-level upper limit (n̄gm ¼ 0.011)
magnified by 10 times.

1More precisely, the solar system is moving with a velocity
jvsolarj ∼ 220 km=s in the Galaxy [42] and we observe the relative
velocity of the axion DM as vtot ¼ vsolar þ v. This is further
discussed in the Appendix.
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magnetic field. The constraint is plotted in Fig. 4 and is
compared with other previously established bounds on the
axion-electron coupling constant.

IV. DISCUSSION

Although this work set the best upper limits for the axion
mass 33.117 μeV < ma < 33.130 μeV with the direct
axion-electron interaction search, several orders of magni-
tude improvements are required to reach the theoretical
predictions. We discuss some possibilities to improve the
sensitivity here. In our system, the magnon excited state is
detected due to the thermal photons at 10 mK, correspond-
ing to 1.7 × 10−3 aW. While the thermal noise limits the
sensitivity finally, our experiment did not reach such
sensitivity due to the broadened magnon line width.
Therefore, the most straightforward improvement is to
increase the statistics with a longer measurement time.
The data used for this axion search was originally taken for
a different purpose [28]. The data acquisition time was
roughly four hours for the spectroscopy window [7.9825–
8.0025 GHz] with a resolution of 100 kHz. Assuming one
week data taking limiting the frequency window to
[7.9860–7.9960 GHz], a relevant window for the meas-
urement of the single-magnon excited state, a 100-hold
statistics increase can easily be made. In addition, data

acquisition over several days could help to uncover the
expected daily modulation for the axion signal.
Another 100 times statistics increase for a given meas-

urement time can be made by further limiting the spec-
troscopy window to a few bins which correspond to the
magnon linewidth resolution. It should be noted that
this approach requires some improvements on the qubit-
magnon coupling condition to narrow the relevant line-
width. With these improvements, it is expected to lower the
bound to a coupling strength gaee ∼ 10−8.
The sensitivity can also be improved by increasing the

number of electron spin targets. Coupling N pieces of YIG
spheres in the uniform mode to the superconducting qubit
increases the effective coupling constant by a factor of

ffiffiffiffi
N

p
.

The QUAX experiment deployed ten pieces of YIG spheres
of 2.1 mm diameter and succeeded in increasing the
number of electron spin targets [24]. This technique can
also be used for our case and would be expected to improve
the sensitivity for the coupling strength.
As aforementioned, Refs. [24–26] showed the upper

bound of the axion-electron coupling using the magnon in
the spherical ferrimagnetic crystals. Even though this
method directly measures the magnon number, the emitted
electromagnetic radiation is measured from a microwave
cavity where one cavity mode is hybridized with one or
multiple uniform magnetostatic modes of ferrimagnetic
spheres. Therefore, the background of magnon detection is
different.

V. CONCLUSION

Magnons can be utilized for exploring the axion DM
[24–26] and gravitational waves [46,47]. In particular, the
QND detection of magnons was achieved using a hybrid
quantum system consisting of a superconducting qubit
and a spherical ferrimagnetic crystal [28]. We applied to the
direct axion search based on the axion–electron coupling
and analyzed the background data. No significant
signal was detected, and an upper limit of the 95%
confidence level was set to be gaee < 2.6 × 10−6 for the
axion-electron coupling coefficient for the axion mass
33.117 μeV < ma < 33.130 μeV. The sensitivity is pres-
ently limited by statistics. Increasing the dispersive shift or
reducing the power-broadened qubit linewidth and the
magnon linewidth will lower the upper bound on the
axion-electron coupling.

ACKNOWLEDGMENTS

We would like to thank Yasunobu Nakamura and Dany
Lachance-Quirion for providing the data used in this paper.
We are also grateful to them for valuable comments. We
acknowledge N. Crescini and C. C. Speake for their useful
discussions. A. I. was supported by National Center for

5−10 4−10
 [eV]

a
Log m

16−10

15−10

14−10

13−10

12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

ae
e

Lo
g 

g

Red giant

White dwarf cooling

CAST

DFSZ axion

Q
U

A
X

 2
01

8

Q
U

A
X

 2
02

0

G
. F

lo
w

er
 (

20
19

)This work

Improved stats.

FIG. 4. Constraints on the coupling constant gaee between
axions and electrons. The region excluded by this work with
95% confidence is shown in red. The mass range is
33.117 μeV < ma < 33.130 μeV. The purple and green lines
are the upper limit from QUAX [24,26] and G. Flower et al. [25].
Indirect astrophysical bounds from the solar axion search (CAST
experiment [43]), white dwarf cooling [44], and red giants [45]
are illustrated with dashed lines. The expected coupling constant
for the DFSZ model is represented by a solid line. The orange
dashed line shows the predictions for the future work.

TOMONORI IKEDA et al. PHYS. REV. D 105, 102004 (2022)

102004-8



Theoretical Sciences. J. S. was supported by JSPS
KAKENHI Grants No. JP17H02894, No. JP17K18778,
and No. JP20H01902. K. M. was supported by JSPS
KAKENHI Grants No. 26104005, No. 16H02189, and
No. 19H05806. Y. S. was partially supported by Gunma
university for the promotion of scientific research, JSPS
KAKENHI (Grants No. 19K14636 and No. 21H05599)
and JST PRESTO (Grant No. JPMJPR20M4).

APPENDIX: RELATIVE VELOCITY OF AXION
DM TO THE EARTH

Although we used the model of the effective magnetic
field induced by the axion DM presented in [23–26] in the
main body, here we give more precise discussion about it.
The relative velocity of the axion DM to the Earth can be
written as

vtot ¼ vsolarðsin α; 0; cos αÞ
þ vðcos ξ; sin ξ cosϕ; sin ξ sinϕÞ; ðA1Þ

where vsolar ¼ 220 km=s [42] is the velocity of the solar
system in the Galaxy and α denotes the angle between vsolar
and the external magnetic field B0. The second term
represents random motion of the axion DM. We assumed
that the virial velocity in the Galaxy v has an isotropic
Gaussian distribution with a dispersion σ ¼ 270 km=s.
Then one cannot predict the direction of the relative
velocity of the axion DM in advance. Therefore we use
the expectation value by taking average over the angles.2

The expectation value of vtot sin θ can be evaluated, where θ
is the angle between vtot and B0, as

hvtot sin θi ¼
1

4π

Z
2π

0

dϕ
Z

1

−1
dðcos ξÞ 4π

ð2πσ2Þ3=2
Z

∞

0

dvv2e−
v2

2σ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðvsolar sin αþ v cos ξÞ2 þ v2 sin ξ2 cosϕ2

q
: ðA2Þ

For the most conservative case α ¼ 0, this results in
hvtot sin θi ¼ 338 km=s. In this case, our upper limit
of the axion-electron coupling constant is modified
to gaee <1.6×10−7.
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