
-‐‑‒I))��IK�MIK/�
9��M/N/%C�0*�"!����"M/N5����DCKC���
9��M/N%C/��3�(�����(N5���%CK�C/%C���
93�I5��1CM�DC*��	  3�AI5��8HCO"K/CM5��

prepare to submit … 

1�M/N%C/����AN %C�	  3�AI5��8HCO"K/CM5��

Interna'onal*workshop*on*"Axion*physics*and*dark*ma8er*cosmology”***20=21*December*2017,*Osaka*University,*JAPAN 



(���N**�K5�

	�  0HMKI!N MCIH�MI����������������������������


���NK�C!"��MI�A"H"K�M"�M%"�!5H�*C �)�S�4CIHU��
���5��H��--)5CHA�*�AH"MC �T")!�



“Axion” in material science 

Axion is a common research theme  
in the particle physics, cosmology, and material science  

Material*science**�

Par'cle*Physics� Cosmology�

Axion 



Spontaneous**
symmetry*braking�

Axion*mode*�

�5-IM%"MC �)�-�KMC )"��
MI�K"/I)O"�S/MKIHA�-‐‑‒��-KI�)"*U�

“Axion” in material science 

Material*science**�

Par'cle*Physics� Cosmology�

S,4CIHU���4CIH�)C("�-�KMC )":�
C/�%I/M"!�CH�MI-I)IAC �)�*�M"KC�)/�Bi1-xSbx 

Axion 

-‐‑‒�H!C!�M"�#IK�.�K(�2�MM"K�

Dark*Energy*******
(68%)�

Dark*Ma8er*
(27%)�

Ordinary*ma8er*
(5%)�

Planck*2013*results�



2016*Noble*Prize*in*Physics*�

Mahmoud*
David*J.*Thouless*

J.*Michael*
Kosterlitz�

It’s*very*hot*theme*for*material*science�

The*Nobel*Prize*in*Physics*2016*was*
awarded*with*one*half*to*David*J.*Thouless,*
and*the*other*half*to*F.*Duncan*M.*Haldane*
and*J.*Michael*Kosterlitz*"for%theore)cal%
discoveries%of%topological%phase%transi)ons%
and%topological%phases%of%ma5er".�

Theory*(*~*2000*)*j@discovery*of*theory*about*“topology”*in*the*condensed*ma8er**
**********************************************************2007*:*Science*138(2007)*766*[*2D*topological*insulator]*
**********************************************************2008*:*Nature*452(2008)*970**[*3D*topological*insulator]�

Mahmoud*
F.*Duncan*M.Haldane*

Topological*materials*=*materials*categorized*by*topology*�



Uca[bgha@fdXY[�

! @Ph`_MoTbfh`Xgce�
! @Whe\XY[M@U[gX``^Y�

V[X`@fdXY[�

Topological insulator 

S[`^YX`@[Z][@fgXg[�
 Wd^bAZ[d[bZ[bg@geXbfdceg�
 EQ@Q^eXY@Ycb[�

��������������������������������������
������������������������Phys���������

�������������	��



SuperlaEce*of*GeTe*(NI*)/*SbTe*(TI)�

Ge�
Te�

Sb�

Ref: J. Tominaga, et al., Adv. Mater. Interfaces 1, 1300027(2014)�

Superlattice of topological insulator (TI) and normal insulator (NI) 

This material has been already applied in interfacial phase change memory   



Electromagnetic effects induced by a time-dependent axion field

Katsuhisa Taguchi1, Tatsushi Imaeda1, Tetsuya Hajiri1, Tatsuhiro Naka2, and Naoya Kitajima21, 2

1Department of Applied Physics, Nagoya University, Nagoya, 464-8603, Japan
22Department of Physics, Nagoya University, Nagoya, 464-8603, Japan

(Dated: May 28, 2017)

We consider a multilayer of topological insulators and magnetic insulators, and we show a way
to induce time-dependent axion field in the multilayer. The time-dependent axion field is driven by
the magnetization flip of the magnetic insulators, when we apply magnetic field along the layered
direction. In such a system, we predict an additional magnetic field due the time-dependent axion
field in the presence of both the applied magnetic field and an ac electric field. We find that the
additional magnetic field is induced by both an ac-electric field and the time-dependent axion
field, which is driven by the magnetization flip of the applied magnetic field. The obtained results,
which trigger the time-dependent axion field and drive the additional axion-induced magnetic
field, can be useful for application of electronics via axion fields by using knowledge of magnetism.
(This study is joint research with Kitajima-san, Naka-san, Hajiri-san, Shiraishi-san, and Imaeda-san.)

I. INTRODUCTION

Axion, which was been born in 1977 by Peccei and
Quinn, is originated from solving the strong CP problem
in QCD physics as well as is a candidate for dark matter
in cosmology. We call the axion, which hosts in earth
and is candidate for dark matter, as dark-matter-axion
(DM-axion). Recently, axion field has also been discussed
in topological materials in a field of material science,
whose device are born by the collaboration with topol-
ogy and conventional material sciences, hence we call
it topological-axion (T-axion). Since axion mass is re-
stricted within 0.1 ∼ 1 meV, surprisingly, a requested en-
ergy scale in QCD as well as cosmology usually matches
with that in material science, and it is possible to fuse
physics of DM-axion and T-axion.
Detection of the DM-axion is central issue in physics,

because DM-axion is expected to influence the formation
of universe. To detect it, we focus on characteristic elec-
tromagnetic responses due to the DM-axion fields. The
characteristic responses are basically caused by the inter-
action between axion and electromagnetic fields as

La = gaγγαθ(x, t)E ·B, (1)

where gaγγ , α, θ, E, and B denote the coupling con-
stant, the fine structure, axion field, an electric field, and
a magnetic field, respectively. Unfortunately, the cou-
pling constant gaγγ is tiny, so that its detection is difficult
and becomes a challenging problem. So far, several theo-
ries and experiments, which are axion-halloscope, axion-
herioscope, and photo-regeneracy, have been challenged,
but there is no report to detect axion in my knowl-
edge. However, these problems can be promising by using
knowledge of material science and analogy from T-axion.
T-axion hosts on, for example, three-dimensional topo-

logical insulator with coexisting antiferromagnetic order1

and Weyl semimetals2, have been theoretically proposed.
Such a device has been experimentally constructed by
a junction of a topological insulator (TI) sandwiched
by ferromagnets and by a superlattice of TIs and anti-

ferromagnets [Nat.Matter 16,94(2017)]. In addition,
Weyl semimetals [Ref:xxx] are also candidate materials
hosting on the T-axion. In particular, several experi-
ments in Weyl semimetals have reported transport due
to the T-axion, for example, the longitudinal magnetore-
sistance, which is caused by the chiral anomaly and whose
response has implied the existence of Eq. 1. As a result,
the T-axion-related phenomena, such as anomalous Hall
effect, chiral magnetic effect, gigantic magnet-resistance,
axion-polariton, change of the photon-dispersion, have
been enthusiastically studied in topological materials.

What is difference between the T-axion and DM-
axion are (i) coupling constant and (ii) time-development
[Ref***]: (i) the T-axion also couples with electromag-
netic fields, as formed in Eq. 1, surprisingly but, the
coupling constant of T-axion is 1019 times as larger as
that of DM-axion. (ii) T-axion is static basically, but
DM-axion oscillates with time [Ref:xxx]. So far, there
has not been predicted a way to change static T-axion
into time-dependent T-axion, whose way can be useful
for a detection of electromagnetic response due to the
time-dependent T-axion. Such a control method is indis-
pensable for measurements of axion-related responses.

In this paper, in order to detect dynamical T-axion
responses, we provide a T-axion-device, which hosts
nonzero axion and is constructed by superlattice struc-
tures in which thin film TIs are sandwiched by ferromag-
nets with different magnetic coercive force, as illustrated
in Fig. 1(a), and we show a way to manipulate dynamics
of T-axion in the device. Besides, we investigate a char-
acteristic electromagnetic-response due to the dynamics
[Fig. 1(b)], and we consider how to detect it magnetically
and electrically.

II. MODEL

We consider a superlattice constructed by a thin film of
a TI, which is sandwiched by ferromagnets with different
magnetic coercive force, as described in Fig. 1(a). Since
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We consider a multilayer of topological insulators and magnetic insulators, and we show a way
to induce time-dependent axion field in the multilayer. The time-dependent axion field is driven by
the magnetization flip of the magnetic insulators, when we apply magnetic field along the layered
direction. In such a system, we predict an additional magnetic field due the time-dependent axion
field in the presence of both the applied magnetic field and an ac electric field. We find that the
additional magnetic field is induced by both an ac-electric field and the time-dependent axion
field, which is driven by the magnetization flip of the applied magnetic field. The obtained results,
which trigger the time-dependent axion field and drive the additional axion-induced magnetic
field, can be useful for application of electronics via axion fields by using knowledge of magnetism.
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I. INTRODUCTION

Axion, which was been born in 1977 by Peccei and
Quinn, is originated from solving the strong CP problem
in QCD physics as well as is a candidate for dark matter
in cosmology. We call the axion, which hosts in earth
and is candidate for dark matter, as dark-matter-axion
(DM-axion). Recently, axion field has also been discussed
in topological materials in a field of material science,
whose device are born by the collaboration with topol-
ogy and conventional material sciences, hence we call
it topological-axion (T-axion). Since axion mass is re-
stricted within 0.1 ∼ 1 meV, surprisingly, a requested en-
ergy scale in QCD as well as cosmology usually matches
with that in material science, and it is possible to fuse
physics of DM-axion and T-axion.
Detection of the DM-axion is central issue in physics,

because DM-axion is expected to influence the formation
of universe. To detect it, we focus on characteristic elec-
tromagnetic responses due to the DM-axion fields. The
characteristic responses are basically caused by the inter-
action between axion and electromagnetic fields as

La = gaγγαθ(x, t)E ·B, (1)

where gaγγ , α, θ, E, and B denote the coupling con-
stant, the fine structure, axion field, an electric field, and
a magnetic field, respectively. Unfortunately, the cou-
pling constant gaγγ is tiny, so that its detection is difficult
and becomes a challenging problem. So far, several theo-
ries and experiments, which are axion-halloscope, axion-
herioscope, and photo-regeneracy, have been challenged,
but there is no report to detect axion in my knowl-
edge. However, these problems can be promising by using
knowledge of material science and analogy from T-axion.
T-axion hosts on, for example, three-dimensional topo-

logical insulator with coexisting antiferromagnetic order1

and Weyl semimetals2, have been theoretically proposed.
Such a device has been experimentally constructed by
a junction of a topological insulator (TI) sandwiched
by ferromagnets and by a superlattice of TIs and anti-

ferromagnets [Nat.Matter 16,94(2017)]. In addition,
Weyl semimetals [Ref:xxx] are also candidate materials
hosting on the T-axion. In particular, several experi-
ments in Weyl semimetals have reported transport due
to the T-axion, for example, the longitudinal magnetore-
sistance, which is caused by the chiral anomaly and whose
response has implied the existence of Eq. 1. As a result,
the T-axion-related phenomena, such as anomalous Hall
effect, chiral magnetic effect, gigantic magnet-resistance,
axion-polariton, change of the photon-dispersion, have
been enthusiastically studied in topological materials.

What is difference between the T-axion and DM-
axion are (i) coupling constant and (ii) time-development
[Ref***]: (i) the T-axion also couples with electromag-
netic fields, as formed in Eq. 1, surprisingly but, the
coupling constant of T-axion is 1019 times as larger as
that of DM-axion. (ii) T-axion is static basically, but
DM-axion oscillates with time [Ref:xxx]. So far, there
has not been predicted a way to change static T-axion
into time-dependent T-axion, whose way can be useful
for a detection of electromagnetic response due to the
time-dependent T-axion. Such a control method is indis-
pensable for measurements of axion-related responses.

In this paper, in order to detect dynamical T-axion
responses, we provide a T-axion-device, which hosts
nonzero axion and is constructed by superlattice struc-
tures in which thin film TIs are sandwiched by ferromag-
nets with different magnetic coercive force, as illustrated
in Fig. 1(a), and we show a way to manipulate dynamics
of T-axion in the device. Besides, we investigate a char-
acteristic electromagnetic-response due to the dynamics
[Fig. 1(b)], and we consider how to detect it magnetically
and electrically.

II. MODEL

We consider a superlattice constructed by a thin film of
a TI, which is sandwiched by ferromagnets with different
magnetic coercive force, as described in Fig. 1(a). Since
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to induce time-dependent axion field in the multilayer. The time-dependent axion field is driven by
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Axion, which was been born in 1977 by Peccei and
Quinn, is originated from solving the strong CP problem
in QCD physics as well as is a candidate for dark matter
in cosmology. We call the axion, which hosts in earth
and is candidate for dark matter, as dark-matter-axion
(DM-axion). Recently, axion field has also been discussed
in topological materials in a field of material science,
whose device are born by the collaboration with topol-
ogy and conventional material sciences, hence we call
it topological-axion (T-axion). Since axion mass is re-
stricted within 0.1 ∼ 1 meV, surprisingly, a requested en-
ergy scale in QCD as well as cosmology usually matches
with that in material science, and it is possible to fuse
physics of DM-axion and T-axion.
Detection of the DM-axion is central issue in physics,

because DM-axion is expected to influence the formation
of universe. To detect it, we focus on characteristic elec-
tromagnetic responses due to the DM-axion fields. The
characteristic responses are basically caused by the inter-
action between axion and electromagnetic fields as

La = gaγγαθ(x, t)E ·B, (1)

where gaγγ , α, θ, E, and B denote the coupling con-
stant, the fine structure, axion field, an electric field, and
a magnetic field, respectively. Unfortunately, the cou-
pling constant gaγγ is tiny, so that its detection is difficult
and becomes a challenging problem. So far, several theo-
ries and experiments, which are axion-halloscope, axion-
herioscope, and photo-regeneracy, have been challenged,
but there is no report to detect axion in my knowl-
edge. However, these problems can be promising by using
knowledge of material science and analogy from T-axion.
T-axion hosts on, for example, three-dimensional topo-

logical insulator with coexisting antiferromagnetic order1

and Weyl semimetals2, have been theoretically proposed.
Such a device has been experimentally constructed by
a junction of a topological insulator (TI) sandwiched
by ferromagnets and by a superlattice of TIs and anti-
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Weyl semimetals [Ref:xxx] are also candidate materials
hosting on the T-axion. In particular, several experi-
ments in Weyl semimetals have reported transport due
to the T-axion, for example, the longitudinal magnetore-
sistance, which is caused by the chiral anomaly and whose
response has implied the existence of Eq. 1. As a result,
the T-axion-related phenomena, such as anomalous Hall
effect, chiral magnetic effect, gigantic magnet-resistance,
axion-polariton, change of the photon-dispersion, have
been enthusiastically studied in topological materials.

What is difference between the T-axion and DM-
axion are (i) coupling constant and (ii) time-development
[Ref***]: (i) the T-axion also couples with electromag-
netic fields, as formed in Eq. 1, surprisingly but, the
coupling constant of T-axion is 1019 times as larger as
that of DM-axion. (ii) T-axion is static basically, but
DM-axion oscillates with time [Ref:xxx]. So far, there
has not been predicted a way to change static T-axion
into time-dependent T-axion, whose way can be useful
for a detection of electromagnetic response due to the
time-dependent T-axion. Such a control method is indis-
pensable for measurements of axion-related responses.

In this paper, in order to detect dynamical T-axion
responses, we provide a T-axion-device, which hosts
nonzero axion and is constructed by superlattice struc-
tures in which thin film TIs are sandwiched by ferromag-
nets with different magnetic coercive force, as illustrated
in Fig. 1(a), and we show a way to manipulate dynamics
of T-axion in the device. Besides, we investigate a char-
acteristic electromagnetic-response due to the dynamics
[Fig. 1(b)], and we consider how to detect it magnetically
and electrically.
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We consider a superlattice constructed by a thin film of
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FIG. 1. (Color online) (a) Schematic illustration of a setup
for a detection of dynamical T-axion. (b) The magnetic field
induced by dynamical T-axion, whose dynamics driven by an
applied magnetic field. The induced magnetic field is con-
trolled by an applied charge current direction.

the typical ferromagnets is four-fold symmetry, without
avoiding the lattice mismatch between the TI and fer-
romagnets, we consider TIs with the three-fold symme-
try, for example M3NBi (M=Ca, Sr, Ba)3 and Cu3NX
(X=Ni, Pd, Ag, Cd)? . Because of such anti-perovskite
TIs, we should choose anti-perovskite ferromagnets, such
as Mn3GaN, whose magnetic coercive force is changed by
the content of N. Then, effective model Hamiltonian in
the multilayer can be described by the interface between
the TI layers and magnetic insulators as?

H =
∑

k∥,n,m

ψ†
k∥,n

Hnm(k∥)ψk∥,m, (2)

Hnm(k∥) = h0(k∥)δn,m + h1δn,m+1 + h2δn,m−1, (3)

h0(k∥) = !vτz(σ × k∥)z +∆Tτxs0 +M, (4)

h1 =
1

2
∆M(τx + iτy)s0, (5)

h2 =
1

2
∆M(τx − iτy)s0, (6)

M = M1
τ0 + τz

2
sz +M2

τ0 − τz
2

sz, (7)

where the creation operator ψ†
k∥

=

(ψ†
+,↑,k∥

ψ†
+,↓,k∥

ψ†
−,↑,k∥

ψ†
−,↓,k∥

) of an electron with

↑ and ↓ being the spin indices and with ”+” and
”–” indicating top and bottom of the same TI layers,
respectively. The label n and m distinct the TI layers.
k∥ and v are momentum and the velocity on the surface

of TI layers (ψ†
k∥,n

= 1√
L

∑
kz
ψ†
ke

−ikzℓn and L is the

length of the whole of the multilayer), respectively. ∆T

(∆M) denotes the tunneling between top and bottom
of the same TI layer (of neighboring TI layers). s0 (τ0)
and sx,y,z (τx,y,z) are 2 × 2 identical matrix and Pauli
matrices acting on the spin (the surface) degrees of
freedom, respectively. ℓ is the superlattice period, as
shown in Fig. 1(a). Here, M indicates exchange fields
via ferromagnets on the TI layers, where M1 and M2 are
exchange field along the out-of direction on the top and
bottom on the same TI layers, respectively.

The effective Hamiltonian is also described by Fourier
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state, and axion insulator state, respectively? , as shown
in Fig. 2.

From Eq. (1), the axion field θ should break time-
and parity-symmetry, hence perturbations of both time-
and parity-breaking symmetry influences θ. Therefore,
MFτ0σz term does not affect θ to the lowest order. Using
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Fujikwa’s method, we obtain the effective Lagrangian as

L = LMaxwell + LAxion + Le

=
1

2

(
ϵE2 − 1

µ
B2

)
+

α

2π!θE ·B + je ·A (10)

where θ ≡ θ0+δθ(x, t) can be decomposed into the static
axion field θ0 and the dynamical axion field δθ(x, t).
Here, je is the charge current, which is detailed given
in insulators as je = ϵ∂tP and je = σE, respectively,
where ϵ and σ denote electric permittivity and conduc-
tivity, respectively.

III. ELECTROMAGNETIC EFFECT IN AN
AXION INSULATOR

A. Magnetic field due to the time-dependent axion
field

We consider the electromagnetic effect in an axion in-
sulator of the superlattice by using Lagrangian. From
the Lagrangian, Maxwell equations are given by

∇×E = −∂tB (11)

∇×H = ∂tD + je + ja (12)

ja = −cϵ0α

π
[(∇θ)×E + (∂tθ)B] (13)

where ja is charge current due to an applied electric field.
From these Maxwell equations, we obtain the wave equa-
tion as

(
∂2

∂t2
− c2∇2

)
Bind =

1

ϵ0
∇× j, (14)

whereBind is the induced magnetic field. Here, the right-
hand side of the above equation, 1

ϵ0
∇ × j, denotes the

source term for nonzero Bind. The source term is repre-
sented by

1

ϵ
∇× j =

1

ϵ
∇× je −

cα

π
[(∇ ·E)∇θ − (∇θ) ·∇E]

− cαµ

π
∂tθ (∂tD + je + ja) , (15)

where the first and second, third term of right-hand side
denote the source term due to the conventional charge
current (je), the spatial-dependent axion field (∇θ), and
the time-dependent axion field (∂tθ), respectively. Since
there is no charge current in the insulator we consider
but there is finite electric polarization, we take je = 0
and ∂tD ̸= 0 generally. When E is spatially uniform in
the superlattice, the wave equation for the leading order
of ∂tθ becomes

(
∂2

∂t2
− c2∇2

)
Bind = −cαµ0

π
∂tθ (∂tD + je + ja) .

(16)

It is found that form the above equation, the source term
is induced by the time-dependent axion field ∂tθ and an
electric polarization ∂tD, whose nonzero electric polar-
ization is caused in the presence of an applied electric
field in the axion insulator.

Next, in order to show how to drive nonzero ∂tθ,
we consider the superlattice of the triple layers of
MI1/TI/MI2, as schematically illustrated in Fig. 3,
where the direction of magnetization of MI1 (M1) and
MI2 (M2) are opposite along the layered direction in the
absence of applied magnetic fields. Then, M1 and M2 are
antiparallel each other, hencem5 takes nonzero value and
θ has a finite value as θ = tan−1 (m5/m4). On the other
hand, in the presence of an applied magnetic field Hap

along the layered direction, the magnetization configu-
ration of M1 and M2 changes from the antiparallel into
the parallel magnetization configuration, because M2 is
flipped by Hap. As a result, m5 and θ are going to zero,
as schematically shown in Fig. 3 (d)-(e). Thus, the ap-
plied magnetic field plays a role to change θ ̸= 0 into
θ → 0 via the magnetization flip, and nonzero ∂tθ is trig-
gered within the time-scale of the magnetization flip τf.

1. In the absence of an applied electric field

Using Eq. (***), we consider the magnetic field in-
duced by the time-dependent axion field in the absence
of an applied electric field in the system. Then, the wave
equation becomes

2. In the presence of an external electric field

We will discuss the property of Bind of Eq. (16) in
the presence of the static and spatially uniform magnetic
field Hap||ẑ. From Eq. (16), we obtain Bind within the
boundary conditionBind(t ≤ 0) = 0 and ∂tBind(t = 0) =
0 as

Bind(t ≤ τf) = −1

2

cαµ0

π
∂tθ(je + ∂tD)t2 + µHap + o

[
(∂tθ)

2
]
.

(17)

The first and second term denote the magnetic field of
the time-dependent axion field and the applied magnetic
field, respectively. It is found that the direction of the
axion-induced magnetic field is along the dielectric polar-
ized current jp = ∂tD and the magnitude of the magnetic
field is determined by jp and ∂tθ = ∂t tan−1 (m5/m4).
Note that m5 depends on the applied magnetic field Hap

but m4 is basically independent of Hap. Hence, ∂tθ is
determined from the time-dependent of m4 or the mag-
netization flip due to Hap. Phenomenologically the time-
scale of the magnetization flip is determined by the typi-
cal magnetization flip time τf. Therefore, here ∂tθ is ap-
proximately estimated as ∂tθ(0 ≤ t ≤ τf) ≈ −θ(t = 0)/τf,
so the time-dependent axion-induced magnetic field be-
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Lagrangian

L = LMaxwell + LAxion + Le (1)

=
1

2
ϵ0E

2 − 1

2µ0
B2 +

e2

2π!θE ·B + je ·A (2)

Maxwell equation

∇×E = −∂B

∂t
(3)

∇×H =
∂D

∂t
+ j (4)

where

B = µ0(H +M) → µ0H, (5)

D = ϵ̃ϵ0E → ϵ0E (6)

j ≡ je + ja (7)

Here, je and ja are given by

je = σE (8)

ja = −cϵ0α

π

[
(∇θ)×E + θ̇B

]
(9)

j is the current density [A/m2].
Wave equation for the induced magnetic field Bind

(
∂2

∂t2
− c2∇2

)
Bind =

1

ϵ0
∇× j (10)

Assume ∇× je = 0 and Ė = 0. We have

∇× j = − α

cπ
θ̇je + o

(
∇θ̇, θ̇2

)
(11)

Therefore, we have

(
∂2

∂t2
− c2∇2

)
Bind = −µ0cα

π
θ̇je (12)

Here, µ0cα
π is estimated by µ0cα

π ≈ 0.875[H/s]

Axion field is defined by

θ = arctan
m5

m4
≈ m5

m4
(13)

We assume that the time-derivative of the axion field is
estimated by

θ̇ =
θ(t = 0)

τflip
(14)

Bind(x, t < τflip) ≈ −1

2

µ0cα

π
θ̇jet

2 (15)

Bind(t = τflip) ≈ −1

2

µ0cα

π
θ̇jeτ

2
flip (16)

≈ −1

2

µ0cα

π
θjeτflip (17)

If we take |j| ≈ 108A/m2 and τflip ≈ 1 ns, we have

Bind(t = τflip) ≈ 4× 10−2T ≫ geomagnetism 10−4T
(18)

Maxwell equations  
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Fujikwa’s method, we obtain the effective Lagrangian as

L = LMaxwell + LAxion + Le

=
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2π!θE ·B + je ·A (10)

where θ ≡ θ0+δθ(x, t) can be decomposed into the static
axion field θ0 and the dynamical axion field δθ(x, t).
Here, je is the charge current, which is detailed given
in insulators as je = ϵ∂tP and je = σE, respectively,
where ϵ and σ denote electric permittivity and conduc-
tivity, respectively.

III. ELECTROMAGNETIC EFFECT IN AN
AXION INSULATOR

A. Magnetic field due to the time-dependent axion
field

We consider the electromagnetic effect in an axion in-
sulator of the superlattice by using Lagrangian. From
the Lagrangian, Maxwell equations are given by

∇×E = −∂tB (11)

∇×H = ∂tD + je + ja (12)
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where ja is charge current due to an applied electric field.
From these Maxwell equations, we obtain the wave equa-
tion as
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whereBind is the induced magnetic field. Here, the right-
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∇ × j, denotes the
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where the first and second, third term of right-hand side
denote the source term due to the conventional charge
current (je), the spatial-dependent axion field (∇θ), and
the time-dependent axion field (∂tθ), respectively. Since
there is no charge current in the insulator we consider
but there is finite electric polarization, we take je = 0
and ∂tD ̸= 0 generally. When E is spatially uniform in
the superlattice, the wave equation for the leading order
of ∂tθ becomes

(
∂2

∂t2
− c2∇2

)
Bind = −cαµ0

π
∂tθ (∂tD + je + ja) .

(16)

It is found that form the above equation, the source term
is induced by the time-dependent axion field ∂tθ and an
electric polarization ∂tD, whose nonzero electric polar-
ization is caused in the presence of an applied electric
field in the axion insulator.

Next, in order to show how to drive nonzero ∂tθ,
we consider the superlattice of the triple layers of
MI1/TI/MI2, as schematically illustrated in Fig. 3,
where the direction of magnetization of MI1 (M1) and
MI2 (M2) are opposite along the layered direction in the
absence of applied magnetic fields. Then, M1 and M2 are
antiparallel each other, hencem5 takes nonzero value and
θ has a finite value as θ = tan−1 (m5/m4). On the other
hand, in the presence of an applied magnetic field Hap

along the layered direction, the magnetization configu-
ration of M1 and M2 changes from the antiparallel into
the parallel magnetization configuration, because M2 is
flipped by Hap. As a result, m5 and θ are going to zero,
as schematically shown in Fig. 3 (d)-(e). Thus, the ap-
plied magnetic field plays a role to change θ ̸= 0 into
θ → 0 via the magnetization flip, and nonzero ∂tθ is trig-
gered within the time-scale of the magnetization flip τf.

1. In the absence of an applied electric field

Using Eq. (***), we consider the magnetic field in-
duced by the time-dependent axion field in the absence
of an applied electric field in the system. Then, the wave
equation becomes

2. In the presence of an external electric field

We will discuss the property of Bind of Eq. (16) in
the presence of the static and spatially uniform magnetic
field Hap||ẑ. From Eq. (16), we obtain Bind within the
boundary conditionBind(t ≤ 0) = 0 and ∂tBind(t = 0) =
0 as

Bind(t ≤ τf) = −1

2

cαµ0

π
∂tθ(je + ∂tD)t2 + µHap + o

[
(∂tθ)

2
]
.

(17)

The first and second term denote the magnetic field of
the time-dependent axion field and the applied magnetic
field, respectively. It is found that the direction of the
axion-induced magnetic field is along the dielectric polar-
ized current jp = ∂tD and the magnitude of the magnetic
field is determined by jp and ∂tθ = ∂t tan−1 (m5/m4).
Note that m5 depends on the applied magnetic field Hap

but m4 is basically independent of Hap. Hence, ∂tθ is
determined from the time-dependent of m4 or the mag-
netization flip due to Hap. Phenomenologically the time-
scale of the magnetization flip is determined by the typi-
cal magnetization flip time τf. Therefore, here ∂tθ is ap-
proximately estimated as ∂tθ(0 ≤ t ≤ τf) ≈ −θ(t = 0)/τf,
so the time-dependent axion-induced magnetic field be-
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Lagrangian

L = LMaxwell + LAxion + Le (1)

=
1

2
ϵ0E

2 − 1

2µ0
B2 +

e2

2π!θE ·B + je ·A (2)

Maxwell equation

∇×E = −∂B

∂t
(3)

∇×H =
∂D

∂t
+ j (4)

where

B = µ0(H +M) → µ0H, (5)

D = ϵ̃ϵ0E → ϵ0E (6)

j ≡ je + ja (7)

Here, je and ja are given by

je = σE (8)

ja = −cϵ0α

π

[
(∇θ)×E + θ̇B

]
(9)

j is the current density [A/m2].
Wave equation for the induced magnetic field Bind

(
∂2

∂t2
− c2∇2

)
Bind =

1

ϵ0
∇× j (10)

Assume ∇× je = 0 and Ė = 0. We have

∇× j = − α

cπ
θ̇je + o

(
∇θ̇, θ̇2

)
(11)

Therefore, we have

(
∂2

∂t2
− c2∇2

)
Bind = −µ0cα

π
θ̇je (12)

Here, µ0cα
π is estimated by µ0cα

π ≈ 0.875[H/s]

Axion field is defined by

θ = arctan
m5

m4
≈ m5

m4
(13)

We assume that the time-derivative of the axion field is
estimated by

θ̇ =
θ(t = 0)

τflip
(14)

Bind(x, t < τflip) ≈ −1

2

µ0cα

π
θ̇jet

2 (15)

Bind(t = τflip) ≈ −1

2

µ0cα

π
θ̇jeτ

2
flip (16)

≈ −1

2

µ0cα

π
θjeτflip (17)

If we take |j| ≈ 108A/m2 and τflip ≈ 1 ns, we have

Bind(t = τflip) ≈ 4× 10−2T ≫ geomagnetism 10−4T
(18)

Source term 
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Fujikwa’s method, we obtain the effective Lagrangian as

L = LMaxwell + LAxion + Le

=
1

2

(
ϵE2 − 1

µ
B2

)
+

α

2π!θE ·B + je ·A (10)

where θ ≡ θ0+δθ(x, t) can be decomposed into the static
axion field θ0 and the dynamical axion field δθ(x, t).
Here, je is the charge current, which is detailed given
in insulators as je = ϵ∂tP and je = σE, respectively,
where ϵ and σ denote electric permittivity and conduc-
tivity, respectively.

III. ELECTROMAGNETIC EFFECT IN AN
AXION INSULATOR

A. Magnetic field due to the time-dependent axion
field

We consider the electromagnetic effect in an axion in-
sulator of the superlattice by using Lagrangian. From
the Lagrangian, Maxwell equations are given by

∇×E = −∂tB (11)

∇×H = ∂tD + je + ja (12)

ja = −cϵ0α

π
[(∇θ)×E + (∂tθ)B] (13)

where ja is charge current due to an applied electric field.
From these Maxwell equations, we obtain the wave equa-
tion as

(
∂2

∂t2
− c2∇2

)
Bind =

1

ϵ0
∇× j, (14)

whereBind is the induced magnetic field. Here, the right-
hand side of the above equation, 1

ϵ0
∇ × j, denotes the

source term for nonzero Bind. The source term is repre-
sented by
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ϵ
∇× j =
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∇× je −
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π
[(∇ ·E)∇θ − (∇θ) ·∇E]

− cαµ

π
∂tθ (∂tD + je + ja) , (15)

where the first and second, third term of right-hand side
denote the source term due to the conventional charge
current (je), the spatial-dependent axion field (∇θ), and
the time-dependent axion field (∂tθ), respectively. Since
there is no charge current in the insulator we consider
but there is finite electric polarization, we take je = 0
and ∂tD ̸= 0 generally. When E is spatially uniform in
the superlattice, the wave equation for the leading order
of ∂tθ becomes

(
∂2

∂t2
− c2∇2

)
Bind = −cαµ0

π
∂tθ (∂tD + je + ja) .

(16)

It is found that form the above equation, the source term
is induced by the time-dependent axion field ∂tθ and an
electric polarization ∂tD, whose nonzero electric polar-
ization is caused in the presence of an applied electric
field in the axion insulator.

Next, in order to show how to drive nonzero ∂tθ,
we consider the superlattice of the triple layers of
MI1/TI/MI2, as schematically illustrated in Fig. 3,
where the direction of magnetization of MI1 (M1) and
MI2 (M2) are opposite along the layered direction in the
absence of applied magnetic fields. Then, M1 and M2 are
antiparallel each other, hencem5 takes nonzero value and
θ has a finite value as θ = tan−1 (m5/m4). On the other
hand, in the presence of an applied magnetic field Hap

along the layered direction, the magnetization configu-
ration of M1 and M2 changes from the antiparallel into
the parallel magnetization configuration, because M2 is
flipped by Hap. As a result, m5 and θ are going to zero,
as schematically shown in Fig. 3 (d)-(e). Thus, the ap-
plied magnetic field plays a role to change θ ̸= 0 into
θ → 0 via the magnetization flip, and nonzero ∂tθ is trig-
gered within the time-scale of the magnetization flip τf.

1. In the absence of an applied electric field

Using Eq. (***), we consider the magnetic field in-
duced by the time-dependent axion field in the absence
of an applied electric field in the system. Then, the wave
equation becomes

2. In the presence of an external electric field

We will discuss the property of Bind of Eq. (16) in
the presence of the static and spatially uniform magnetic
field Hap||ẑ. From Eq. (16), we obtain Bind within the
boundary conditionBind(t ≤ 0) = 0 and ∂tBind(t = 0) =
0 as

Bind(t ≤ τf) = −1
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The first and second term denote the magnetic field of
the time-dependent axion field and the applied magnetic
field, respectively. It is found that the direction of the
axion-induced magnetic field is along the dielectric polar-
ized current jp = ∂tD and the magnitude of the magnetic
field is determined by jp and ∂tθ = ∂t tan−1 (m5/m4).
Note that m5 depends on the applied magnetic field Hap

but m4 is basically independent of Hap. Hence, ∂tθ is
determined from the time-dependent of m4 or the mag-
netization flip due to Hap. Phenomenologically the time-
scale of the magnetization flip is determined by the typi-
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It is found that form the above equation, the source term
is induced by the time-dependent axion field ∂tθ and an
electric polarization ∂tD, whose nonzero electric polar-
ization is caused in the presence of an applied electric
field in the axion insulator.

Next, in order to show how to drive nonzero ∂tθ,
we consider the superlattice of the triple layers of
MI1/TI/MI2, as schematically illustrated in Fig. 3,
where the direction of magnetization of MI1 (M1) and
MI2 (M2) are opposite along the layered direction in the
absence of applied magnetic fields. Then, M1 and M2 are
antiparallel each other, hencem5 takes nonzero value and
θ has a finite value as θ = tan−1 (m5/m4). On the other
hand, in the presence of an applied magnetic field Hap

along the layered direction, the magnetization configu-
ration of M1 and M2 changes from the antiparallel into
the parallel magnetization configuration, because M2 is
flipped by Hap. As a result, m5 and θ are going to zero,
as schematically shown in Fig. 3 (d)-(e). Thus, the ap-
plied magnetic field plays a role to change θ ̸= 0 into
θ → 0 via the magnetization flip, and nonzero ∂tθ is trig-
gered within the time-scale of the magnetization flip τf.

1. In the absence of an applied electric field

Using Eq. (***), we consider the magnetic field in-
duced by the time-dependent axion field in the absence
of an applied electric field in the system. Then, the wave
equation becomes

2. In the presence of an external electric field

We will discuss the property of Bind of Eq. (16) in
the presence of the static and spatially uniform magnetic
field Hap||ẑ. From Eq. (16), we obtain Bind within the
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0 as
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The first and second term denote the magnetic field of
the time-dependent axion field and the applied magnetic
field, respectively. It is found that the direction of the
axion-induced magnetic field is along the dielectric polar-
ized current jp = ∂tD and the magnitude of the magnetic
field is determined by jp and ∂tθ = ∂t tan−1 (m5/m4).
Note that m5 depends on the applied magnetic field Hap

but m4 is basically independent of Hap. Hence, ∂tθ is
determined from the time-dependent of m4 or the mag-
netization flip due to Hap. Phenomenologically the time-
scale of the magnetization flip is determined by the typi-
cal magnetization flip time τf. Therefore, here ∂tθ is ap-
proximately estimated as ∂tθ(0 ≤ t ≤ τf) ≈ −θ(t = 0)/τf,
so the time-dependent axion-induced magnetic field be-
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but there is finite electric polarization, we take je = 0
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along the layered direction, the magnetization configu-
ration of M1 and M2 changes from the antiparallel into
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flipped by Hap. As a result, m5 and θ are going to zero,
as schematically shown in Fig. 3 (d)-(e). Thus, the ap-
plied magnetic field plays a role to change θ ̸= 0 into
θ → 0 via the magnetization flip, and nonzero ∂tθ is trig-
gered within the time-scale of the magnetization flip τf.
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the time-dependent axion field and the applied magnetic
field, respectively. It is found that the direction of the
axion-induced magnetic field is along the dielectric polar-
ized current jp = ∂tD and the magnitude of the magnetic
field is determined by jp and ∂tθ = ∂t tan−1 (m5/m4).
Note that m5 depends on the applied magnetic field Hap

but m4 is basically independent of Hap. Hence, ∂tθ is
determined from the time-dependent of m4 or the mag-
netization flip due to Hap. Phenomenologically the time-
scale of the magnetization flip is determined by the typi-
cal magnetization flip time τf. Therefore, here ∂tθ is ap-
proximately estimated as ∂tθ(0 ≤ t ≤ τf) ≈ −θ(t = 0)/τf,
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where θ ≡ θ0+δθ(x, t) can be decomposed into the static
axion field θ0 and the dynamical axion field δθ(x, t).
Here, je is the charge current, which is detailed given
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where the first and second, third term of right-hand side
denote the source term due to the conventional charge
current (je), the spatial-dependent axion field (∇θ), and
the time-dependent axion field (∂tθ), respectively. Since
there is no charge current in the insulator we consider
but there is finite electric polarization, we take je = 0
and ∂tD ̸= 0 generally. When E is spatially uniform in
the superlattice, the wave equation for the leading order
of ∂tθ becomes
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It is found that form the above equation, the source term
is induced by the time-dependent axion field ∂tθ and an
electric polarization ∂tD, whose nonzero electric polar-
ization is caused in the presence of an applied electric
field in the axion insulator.

Next, in order to show how to drive nonzero ∂tθ,
we consider the superlattice of the triple layers of
MI1/TI/MI2, as schematically illustrated in Fig. 3,
where the direction of magnetization of MI1 (M1) and
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antiparallel each other, hencem5 takes nonzero value and
θ has a finite value as θ = tan−1 (m5/m4). On the other
hand, in the presence of an applied magnetic field Hap

along the layered direction, the magnetization configu-
ration of M1 and M2 changes from the antiparallel into
the parallel magnetization configuration, because M2 is
flipped by Hap. As a result, m5 and θ are going to zero,
as schematically shown in Fig. 3 (d)-(e). Thus, the ap-
plied magnetic field plays a role to change θ ̸= 0 into
θ → 0 via the magnetization flip, and nonzero ∂tθ is trig-
gered within the time-scale of the magnetization flip τf.
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as schematically shown in Fig. 3 (d)-(e). Thus, the ap-
plied magnetic field plays a role to change θ ̸= 0 into
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where we have used ϵ0µ0 = 1/c2. Thus, the magnetic
field is additionally induced by the applied magnetic field
Bex. The direction of the magnetic field is parallel to
Bex direction and its magnitude is proportional to (∂tθ)2

and Bex. When (∂tθ)2 cannot be ignored, (∂tθ)2 also
contributes to the wave equation. If the applied magnetic
field is spatial uniform, the time-revolution of the induced
magnetic field is described by

Bind(t < τf) ≈
1

2

[cαµ0

π

]2 θ20
τ2f

t2Bex, (18)

Bind(t ≥ τf) ≈
1

2

[cαµ0

π

]2
θ20Bex (19)

2. In the presence of an external electric field

We will discuss the property of Bind of Eq. (16) in
the presence of the static and spatially uniform magnetic
field Hap||ẑ. From Eq. (16), we obtain Bind within the
boundary conditionBind(t ≤ 0) = 0 and ∂tBind(t = 0) =
0 as

Bind(t ≤ τf) = −1
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cαµ0

π
∂tθ(je + ∂tD)t2 + µHap + o

[
(∂tθ)

2
]
.
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From Eq. (16), we obtain Bind within the boundary
condition Bind(t ≤ 0) = 0 and ∂tBind(t = 0) = 0 as

Bind(t ≤ τf) = −1
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The first and second term denote the magnetic field of
the time-dependent axion field and the applied magnetic
field, respectively. It is found that the direction of the
axion-induced magnetic field is along the dielectric polar-
ized current jp = ∂tD and the magnitude of the magnetic
field is determined by jp and ∂tθ = ∂t tan−1 (m5/m4).
Note that m5 depends on the applied magnetic field Hap

but m4 is basically independent of Hap. Hence, ∂tθ is
determined from the time-dependent of m4 or the mag-
netization flip due to Hap. Phenomenologically the time-
scale of the magnetization flip is determined by the typi-
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FIG. 3. (Color online) Time-dependent axion field via the
change of magnetization configuration of the multilayer of
MI1/TI/MI2. (a) the M -H loops of the multilayer, where the
solid and dashed lines denotes the M -H loop of MI1 and MI2,
respectively. (b1)-(b2) The schematic illustration of magne-
tization of MI1 and MI2 (blue and red arrows). (b1) At first,
the both magnetization M1 and M2 is antiparallel each other
in the absence of an applied magnetic field Hap. (b2) In the
presence of strong Hap along the layered direction, both M1

and M2 is polarized along the same direction. (c)-(e) The
time-development of Hap, m5, and θ. In the absence of Hap,
m5 and θ(t < 0) take a finite value. However, in the presence
of Hap as shown in (b2), Hap changes the magnetization con-
figuration of M1 and M2 thorough the magnetization flip of
M2. As a result, m5 and θ are going to zero within the time-
scale of the magnetization flip τf. Then, the time-dependent
axion field ∂tθ ̸= 0 is triggered within 0 ≤ t ≤ τf.

cal magnetization flip time τf. Therefore, here ∂tθ is ap-
proximately estimated as ∂tθ(0 ≤ t ≤ τf) ≈ −θ(t = 0)/τf,
so the time-dependent axion-induced magnetic field be-
comes

Bind(t < τf) ≈
1

2

µ0cα

π

θ0
τf
(je + ∂tD)t2 + µHap, (22)

where θ0 ≡ θ(t = 0) denotes the axion field in the initial
state. In the case of t ≥ τf, there is no magnetization
dynamics of the magnetic insulators, so ∂tθ becomes zero.
Then, unlike Bind(t < τf), the induced magnetic field
Bind(t ≥ τf) is represented by

Bind(t ≥ τf) ≈
1

2

µ0cα

π
θ0(je + ∂tD)τf + µHap. (23)

These above Eqs. (22)-(23) are main results in this paper.
Finally, we discuss how to experimentally detect the

time-dependent axion field-induced magnetic field. The
axion materials we consider has been realized in the mul-
tilayer of the TIs film and Cr-doped TIs film4, so far.
Therefore, the obtained magnetic field should be mea-
sured by using Gauss maters. The obtained magnetic
field can be also electrically detected via the planer Hall
effect, because the Hall voltage of the planer Hall effect
depends on the induced magnetic field. Because of the
induced magnetic field is parallel to the applied charge
current je + ∂tD, the Hall voltage due to the contribu-
tion of the induced magnetic field is distinguished by ma-
nipulation of the applied charge current directions. For
an instant, in the absence of an applied magnetic field,
the applied charge current je + ∂tD does not triggers
any magnetic fields. On the other hands, in the pres-
ence of the applied magnetic field along the layered direc-
tion of the multilayer, the in-plane applied charge current
je + ∂tD drives the axion-induced magnetic field Bind,
whose magnetic field is parallel to the applied charge cur-
rent and is perpendicular to the applied magnetic field.
The magnitude of the obtained magnetic field is approx-
imately estimated as Bind(t ≥ τflip) ≈ 4× 10−2 T, when
we take the typical parameters τf ≈ 1 ns, m4 ≈ 10 meV,
m5 ≈ 1 meV, cαµ0/π ≈ 0.875H/s, the applied in-plane
charge current je + ∂tD ≈ 108 A/m2. The magnitude of
Bind is larger than that of geomagnetism (10−4T), hence
Bind should be detectable.

IV. CONCLUSION

We study the electromagnetic effect via the time-
dependent axion field in the superlattice of MIs and TIs,
whose time-dependent axion field is driven by the applied
magnetic field through the magnetization flip of MIs.
The axion-induced magnetic field is driven by the time-
dependent axion field and applied charge current, and the
induced magnetic field is along the applied charge current
direction. The obtained effect is also regarded as the
current-induced magnetic field, namely electromagnetic
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How*can*this*effect*be*detected*?�

[1].*Planar*hall*effect*�

[2].*Chiral*magnehc*effect**�

Planar*hall*voltage*lM2*sinθ�

j@provably*µV*order*and*it’s*possible*
to*detect*the*nsec*response*�

Chiral*magne'c*effect*�
Probably,*device*resistance*should*be*
~MΩ,*it’s*possible*to*detect*<*nA*current.**�
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[3]                 :  We find that ∂tθ and an applied electric field trigger magnetic field  [Electromagnetic effect] 

[2] For “axion”-response in materials,  
      we consider axion insulator and how to drive ∂tθ≠0 joUse magnetization flip by Bex�

[1] We study the multilayer of topological insulators (TI) and magnetic insulator (MI) 
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Summary***�

" Axion*is*also*important*in*the*material*science,*specially*in*

topological*insulator**

" *By*this*collabora'on,*we*phenomenologically*found*new*

method*and*response*for*dynamical*axion*response**

" *Next*plan*is*to*first*detect*this*response*and*connect*this*
collabora'on*to*par'cle*physics*and*cosmology*

Please*join*us*if*you*are*interested*in*such*achvihes*!!�
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θ = Arctan(φ5 /φ4) 


