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Outline

Blackholes and axions.
Detecting Axion by Measuring Magnetization

Detecting Axion by Magnetoelectric Coupling

Materials and Methods
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* Large parameter space, tens of orders of magnitude:
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* Various detections with interdisciplinary fields and modern technology

* |n condensed matter systems, axions appear as quasi-particles in certain materials,



Two different assumtions:
Axions are eilther coupled to photons or electrons
In the materials:
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According to the Ginzburg-Landau theory
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FIG. 2. Sketch of critical slowing down for the magnetization
dynamics time scale T (blue curve). The horizontal dashed line in-
dicates the steady axion dynamics time scale t,. Temperature tuning
can be used to match the magnetic time scale with the axion time
scale. The adiabatic regime away from the critical point, where axion
dynamics 1s slow compared to magnetization time scale T < 1, 1S
shown with a green dashed lines on the temperature axis.

x 108

g — 0T =1 uK
o 4 ——= 5T = 100 mK
<
=2
—
<

N [y

—4 —3 —2 —1 0 1
logo(w, [meV])

FIG. 3. The magnetic linear response for axions coupling to
ferroic orders, for two values of 67 = Tc,, — T. Dynamical fre-
quency response from Eq. (10) assuming that «},' = (1 meV)? and
nu = SueV. Here we used the parameters y =1, mp =4.5 X
1072, 00 =103, 6 =04, yyy = 105K, Ay = 9.25k0e 2, Py =
0.7 uC/cm?, and T,, = 160K, as roughly motivated by the com-
pound A-LSFO, see the main text and Sec. IV.



Detecting Axion by Magnetoelectric Coupling

* reflection high-energy electron diffraction (RHEED)
* Measuring the axion number directly:
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8 H ‘ E:O * 62 ' Figure 3: (a) Schematic of the magnetoelectric coupling measurement system. An alternating current is applied to generate an

alternating magnetic field, and a lock-in amplifier detects the alternating electrical signal induced in the sample.(b) Time-dependent
magnetoelectric response curve at 20 K.
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SrolrO4 1s an 1ridate material characterized by strong spin-orbit coupling,



Future projection:

There are three relevant bandwidths in the problem:

e v~ 107%V the width of the magnetic resonance:
our numerical estimate here are based on inelastic

W|th the I|m|tS neutron scattering measurements”
o Aw, ~ %wavg ~ 107 12eV the width of the ax-
V I P0|2 Aw ion signal, expected to be determined by Doppler
( 9)2\/ -

broadening of the Galactic axion background
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Several scales:

We therefore see that v > Aw, > AwWmeas- In this
regime the signal-to-noise ratio is”>"
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Figure 1: (a) The magnetoelectric material exhibits parallel polarization (P) and magnetization (M), corresponding to the breaking
of spatial inversion symmetry and time-reversal symmetry. (b) Enlarged view within the circle of (a), where the external axion field

effectively couples with the internal axion-like field in the material. (c) The magnetoelectric coupling effect is significantly enhanced
after applying the external axion field.
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Figure 2: (a) Schematic of the SQUID measurement system, when the sample moves in the center, the magnetic flux through
the coil changes, inducing an electromotive force, which in turn allows the determination of the sample’s magnetic moment. (b)
Time-dependent magnetization curve at 20 K.
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Figure 3: (a) Schematic of the magnetoelectric coupling measurement system. An alternating current is applied to generate an
alternating magnetic field, and a lock-in amplifier detects the alternating electrical signal induced in the sample.(b) Time-dependent
magnetoelectric response curve at 20 K.
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Figure 4: Constraints on the coupling factor g,.~. The red and pink exclusion is obtained by our experiments, where we use an
external magnetic field around 1000 Oe. The size of the test sample i1s 300 nm X 2.5 mm X 2.5 mm. The SQUID measurement
system obtains the red exclusion, and the magnetoelectric coupling measurement system (MECMS) obtains the pink exclusion.
For the red exclusion, the integration time of M is 10 seconds, while for the pink exclusion, the integration time of # is 1 second.
The projection of Magnetoelectric Materials is made assuming SNR=3. The size of the magnetoelectric material sample for the
projection is 0.1 x 0.1 x 0.01 m3. The integration time of the projection is one year. We consider the 95% C.L. exclusion
limit. The bound of the Globular cluster comes from Reference [60]. The bound of CAST comes from Reference [61]. The
projection of WISPLC comes from Reference [62]. The projection of IAXO comes from Reference [63]. The yellow lines represent
KimShifman-Vainshtein-Zakharov (KSVZ) and Dine-FischlerSrednicki-Zhitnitsky (DFSZ) axion models, and the yellow region
represents the hadronic band. The trend showing improved sensitivity to g, at lower ALP masses (frequencies) is due to the

narrowing linewidth of the ALP signal [15].
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Figure 5: Constraints on the coupling factor g,.. The red and pink exclusion is obtained by our experiments, where we use an
external magnetic field around 1000 Oe. The SQUID measurement system obtains the red exclusion, and the magnetoelectric
coupling measurement system (MECMS) obtains the pink exclusion. The size of the test sample is 300 nm X 2.5 mm X 2.5 mm.
For the red exclusion, the integration time of M is 10 seconds, while for the pink exclusion, the integration time of 6 is 1 second.
The projection of Magnetoelectric Materials is made assuming SNR=3. The size of the magnetoelectric material sample for the
projection is 0.1 x 0.1 x 0.01 m>. The integration time of the projection is one year. We consider the 95% C.L. exclusion limit. The
bounds of XENONNT (Solar axions) and XENONnT (ALP DM) come from Reference [58]. The Red giant branch bound is taken
from Reference [59]. The constraint of Solar neutrinos comes from Reference [14].
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