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Dynamical magnetoelectric coupling in axion insulator thin films
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The quantized topological magnetoelectric effect (TME) is the hallmark of the axion insulator but remains
unexplored due to its small signal. In axion insulator thin films, TME deviates from the exact quantization due to
the finite-size effect. Here we show that such finite-size correction depends on the out-of-plane surface magneti-
zation. This provides a new mechanism for surface magnetization dynamics enabled dynamical magnetoelectric
coupling, which further generates a polarization current in the presence of an external magnetic field in the same
direction. Such a current measures the finite-size correction to TME, which increases as the film thickness d
decreases, in contrast to the TME current, which decreases as d decreases. Remarkably, the current in thin films
at magnetic resonance is about several orders of magnitude larger than that of TME, which is absent in trivial
insulators and thus could serve as a smoking gun signature for axion insulators. The intimate interplay between
surface magnetization dynamics and the magnetoelectric response in the axion insulator phase unveiled here may
lead to a new class of electronic and spintronic applications of axion devices.
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I. INTRODUCTION

The search for new topological phenomena has become
an important goal in condensed matter physics [1-3]. The
intricate interplay between topology and magnetism could
generate a variety of exotic quantum states [4,5]. A prime ex-
ample is axion insulators (AI), which are magnetic topological
insulators (TI) with zero Chern number but a nonzero quan-
tized Chern-Simons magnetoelectric coupling [6-29]. The
simplest Al is obtained in three-dimensional (3D) TIs with
a surface gap induced by hedgehog magnetization [6,13]. The
unique signature of Al is the topological magnetoelectric ef-
fect (TME) [6,30-32], where a quantized charge polarization
is induced by a parallel magnetic field. Such an electro-
magnetic response is described by the topological 6 term
Lo = (8/2m)(*/ME - B [6,33]. Here E and B are conven-
tional electromagnetic fields inside the insulator, e is electron
charge, i is Plank’s constant, and 6 is the dimensionless
pseudoscalar axion field [34]. In AL, & = & describes a half-
quantized surface anomalous Hall effect, which is the physical
origin of TME, image magnetic monopole [35], and topo-
logical magnetooptical effect [36—38]. Up to now, no direct
experimental confirmation of TME has been achieved due to
its small signal, although successful realization of Al candi-
dates is strongly suggested in the ferromagnet-TI-ferromagnet
(FM-TI-FM) heterostructure [15-17] and MnBi,Te4 [27,28]
by the absence of the Hall effect together with a large lon-
gitudinal resistance [13]. However, zero Hall resistance can
also exist in trivial insulators and is not conclusive. Therefore,
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seeking a testable transport signature for Al is still an open
question.

An intriguing physical phenomena driven by the topolog-
ical term is the electromagnetic effect via the dynamics of 6
(i.e., 9,0). So far, axion polariton [14] and axion instability
[39] were proposed under a nonzero 9,6, for example, in the
dynamical axion insulator, where 6 dynamics is caused by
the intrinsic magnetic fluctuations in 3D bulk materials with
breaking time-reversal 7 and inversion P symmetries [14].
Quite differently in 3D Al such as MnBi,Tey, 6 = 7 is pro-
tected by P and is static, and to the linear order, the intrinsic
magnetic fluctuations have no contributions to the dynamics
of 6 [21,40]. Therefore, we need to seek other mechanisms to
induce 6 dynamics in Al

In this paper, we demonstrate that the finite-size correc-
tion to exact quantized 6 in Al thin films depends on the
out-of-plane surface magnetization, which is enhanced when
surface magnetization is weakened. Thus 9,0 is induced by
out-of-plane surface magnetization dynamics, which further
generates a current in the presence of a magnetic field as
shown in Fig. 1(a). Such a current measures finite-size cor-
rection to TME, and is much larger than the TME current at
magnetic resonance. Interestingly, the current increases as the
film thickness d decreases, which perfectly fits with the Al
phase of limited d in experiments [15-17,27,28].

The idea can be understood from response current density
induced by the 6 term

2

j=-_[V6 x E + 0,0B], (1)
2mh

where 9,0 induces a polarization current in insulators and is
regarded as a kind of chiral magnetic effect [41-46]. Previous
studies on TME showed [1 —60(d)/7] « 1/d [13,47]. We
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FIG. 1. (a) Ilustration of j; and jj, induced by ac field
B} cos(wt) and dc field B}. jj and jj, are induced by V6 and 9,6,
respectively. The top and bottom surface layers have opposite magne-
tization (not explicitly shown) in Al (b) Néel-type and (c) FM-type
oscillations from magnetic resonance in different configurations. The
antiparallel magnetization along =z axis on top and bottom layers
now tilt along 7’ and z”.

envisaged that hybridization and 6 depend on the surface-
state exchange gap from out-of-plane surface magnetization
M,, which is now confirmed by numerical calculations
here. Therefore 0,6 can be driven by M,(¢t) from magnetic
resonance.

II. 6 VERSUS M,

First, we examine theoretically the dependence of 6 on
surface M, in Al films. For the FM-TI-FM heterostructure and
MnBi,Te, with a finite thickness along the z axis, the linear
magnetoelectric (ME) response is diagonal but anisotropic,
namely o, # o [47]. Here o, and o are the perpendicular
and parallel components of the magnetoelectric susceptibility
tensor «;;, which relates polarization and the magnetic field
according to P, = —«;;B;, i = x, y, z. To avoid confusion, we
are interested only in the orbital magneoelectric polarizability
[6-8] with topological character in «;;. The TME response is
calculated with the Kubo formula [13,47,48] and is defined as
the pseudosclar axion part

(0/27)(€*/h) = Qay + a.)/3. 2)

The generic Hamiltonian of Al films is written as
Hap(k) = [, dzMap(k.2). k= (ke k). The physical
effects discussed here are generic for any Al films. For
concreteness, we adopt the effective Hamiltonian in
Ref. [21] to describe the low-energy bands of MnBi,Te4
(which is the same for FM-TI-FM heterostructure). It
has Van der Waals coupled septuple layers (SL) and
develops A-type antiferromagnetic (AFM) order with
an out-of-plane easy axis, which is ferromagnetic (FM)
within each SL but AFM between adjacent SL along the
z axis. The 6 = 7 in bulk MnBi,Tes is protected by P.
In the even SL film, 7,P are broken and thus 6 # 7.
Hipk,2)=el®@1+d' 1190 —d*’t1 Q0 +d°:0 1 —
A(2)1 ® 03 —iA10;T1i ® 03. Here 1; and o; (j=1,2,3)
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FIG. 2. (a) Finite-size effect of TME. 6(d)/m versus 1/d with
different typical values of A;. (b) 8/7 versus A; for different thick-
ness 2, 4, 6, and 8 SL. (¢) B(d = 6SL) versuss Ay. (d) n versus A,.
The value of dashed line is —d8/9 A;. Each SL is about 1.4-nm thick.

are  Pauli matrices, e(k,z) = —D;0? + Dy(ki + kyz),
d"*3(k, z) = [Agky, Acky, By — B102 + By(k} + k})],  and
A(z) is the z-dependent exchange field along the z axis. The
exchange field in the xy plane will not affect the top and
bottom surface gaps and thus is neglected. We assume A(z)
takes finite values £A; only in the top and bottom layers due
to antiparallel magnetization and zero elsewhere. Explicitly,
Ay = gyM;, where the exchange coupling parameter gy, is
assumed to be positive and the same on both surfaces. All
other parameters are taken from Ref. [21] for MnBi,Tey
(similar results in Bi, Te; family materials).

Figure 2(a) shows the numerical calculations of 6(d) as
a function of 1/d for different values of A;. Interestingly,
we find the value of 1 — 6(d)/m scales linearly with 1/d as
the thickness d > 6 SL, while the coefficient depends on Ay,
which suggests

1 =6(d)/m = B(As,d)/d. 3

As shown explicitly in Fig. 2(a), when d > 6 SL, B is in-
dependent of d and is a nonuniversal lengthscale of about
1.5nm, which decreases linearly as A, increases shown in
Fig. 2(c). Only for d < 4 SL does 8 depend on d and devi-
ates from the value of 8(d > 6SL), which characterizes the
deviation of 1 — 6(d)/m from perfect 1/d scaling at small d
[48]. Figure 2(b) shows 6(d) is a monotonically increasing
function of A; for thin films of 2, 4, 6, and 8 SL. This is
consistent with the fact that TME response is from the massive
Dirac surface states, and hybridization between the top and
bottom surface states partially cancels each others’ contribu-
tions to TME, which further deviate 6 from quantization. Thus
the reduced hybridization from more localized surface states
with increased A will lead 6 closer to quantization. Now
we established the fact that 6(d) depends on A;. Therefore,
the dynamics of A from magnetic resonance will definitely
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induce the dynamics of 8(d) in Al Explicitly, we get
0,0(d) = [00(d)/0 A0, Ay = Tngmd M. /d, “

where n = (d/m)(06/9Ay). Figure 2(d) shows the numerical
calculations of 1 as a function of A; for different d. We can see
that n — —dB/9A, quickly converges for thick films when
d > 6 SL, which is consistent with that 8 is independent of
d > 6 SL in Eq. (3). Now we see 9,0 indeed can be driven by
the magnetization M, dynamics on surfaces, but it vanishes
when d — oo. It is worth mentioning that Eq. (4) implicitly
requires the top and bottom surfaces having opposite M.,
namely the Néel-type oscillation in Fig. 1(b). Furthermore,
we point out the essential difference of the magnetization dy-
namics enabled dynamical 6 between Al films and dynamical
axion AFM materials. The dynamical magnetoelectric cou-
pling 6 in Al films here is due to the finite-size correction of
TME and vanishes in the bulk d — oo limit, as demonstrated
in Eq. (4), specifically the magnetization dynamics is from
surfaces only; while the dynamical 6 in the dynamical axion
insulator is caused by the intrinsic magnetic fluctuations in
the bulk and is finite as d — oo [14], which cannot be excited
solely by the surface magnetization dynamics.

ML j; VERSUS jp

Now we study the response current from the spatial and
temporal gradients of 6 in Eq. (1). They are the two sides of
the same coin demonstrating TME. Considering the process
of applying a uniform dc magnetic field B{X and ac field
Bj cos(wt )X of frequency w/2m in Fig. 1(a). The oscillating
B} can induce a nonuniform electric field along y due to
Faraday’s law: E(t, z) = —wBj] sin(wt)z§ with z =0 set at
the middle of the AI layer. From the first term in Eq. (1),
this further induces a Hall current density jj = (9,6/2m)
(e?/h)z x E. Thus the integration over z gives TME current
density in two dimensions,

Te = Jik = (0/27)(e* /h)wd B sin(wt )k, 5)

whose amplitude is proportional to # and limited by d. Here
d is maximally 10 nm in experiments to ensure the full insu-
lating state [15-17,27,28]. With typical parameters B =5 G,
w/2m =7 GHz,d = 5.6 nm, 6/ ~ 0.7, and £, = 500 um
(the length of film along y), the amplitude of the TME current
is Iz = [max(J;)|¢, = 0.83 nA, which is quite small to be
measured.

Meanwhile, the surface magnetic moments are tilted away
from the %z axis by B and Bj induces an oscillating M,
with the same frequency. One can decompose M, into the
static and dynamical parts as M, = M§ + SM,(¢). In Fig. 1(a)
in the configuration dubbed as the Néel-type oscillation, the
top and bottom surfaces have opposite M, (¢). Thus the two-
dimensional (2D) current density 7p induced by 9,6 is

2
e
JIp = JTpk = ﬁngMa,SMZ[B’f + B} cos(wt)|&,  (6)

whose amplitude is proportional to n and thus increases as
d decreases, in sharp contrast to Jg, which decreases as d
decreases. There are w and 2w components in J3, which
are proportional to B and Bj, respectively. In particular, for
finite films, the 2w component J;(2w)/J; = §6/6 < 0.1,
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FIG. 3. FMR. (a) The FMR frequency w, /27 versus Bf. (b) The
resonant amplitude of I}, = |[max(J})|¢, at FMR versus Bj for 2,
4, and 8 SL. (c) The response of I}, amplitude versus B} for 4 SL,
with the frequency fixed at w/2mw = 7 GHz. (d) §6 /6 versus B}. Here
K=2x10*J/m* M, =10° A/m,and @ = 5 x 1073,

with 80 = (00/90A,)gmdM, the oscillating part in 6 due to
8M;. 56/6 ~ 0.01 ~ 0.1 as calculated in Fig. 3(d). There-
fore, J;5(2w) can be neglected. In the following we focus on
only J3(w).

IV. FMR-INDUCED M,

First we consider the M, dynamics induced by FM res-
onance (FMR) in the FM-TI-FM heterostructure. The tilted
magnetization is along 7’ (z”), where the angle between 7' (z”)
and the x axis is ¢ as shown in Fig. 1(b). cos ¢ = B{M, /2K,
M, = |M] is the saturation magnetization, K is the effective
uniaxial anisotropy. Here we consider ¢ # 0 to ensure it is
always in the Al phase. The two FM layers are decoupled, and
the magnetization dynamics governed by the Landau-Lifshitz-
Gilbert (LLG) equations [49,50] for two FM layers under the
same Bj(¢) have the same form. For simplicity, we assume
the damping constant and M; are the same in two FM layers.
The equation is solved by linearization [48,49], the steady
solution of M, at FMR is given by

ywiB3M; sin 2¢
SM. =
20wy (2w) — y B cos ¢)

sin(wot), 7

where y = y/(1 + &), yo = 2¢/(2m,) is the gyromagnetic
ratio of an electron, « is the dimensionless Gilbert damping
constant, wg = \/a)l(a)l — yBjcosg) is the resonance fre-
quency, w; = y (B} cos ¢ + 2K sin? ¢/M). Obviously, sM, #
0 when ¢ # /2. The adiabatic approximation always holds,
for the energyscale of the typical FMR frequency range
wo/2m =1 ~ 10 GHz is much smaller than the surface mag-
netic gap. Then the 2D current density J;; at FMR is

e & yBi{BjnguM;w; sin2¢
D7 2h 2a (2wy — y B} cos )

cos(wot). ()
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FIG. 4. AFMR. (a) Two branches of AFMR frequency w, /27w
versus B}. (b) The amplitude of I3 at AFMR in the w} branch versus
Bj for 4, 6, and 8 SL and that in the w*l‘ branch almost vanishes (not
shown).

With a fixed w, one can scan B} to achieve FMR. The res-
onant frequency of the FM layer w, versus By is calculated
in Fig. 3(a), where wy = 0 represents the magnetization is
just tuned to be in-plane, namely, ¢ = 0. With similar typ-
ical parameters B; =5 G, d = 5.6 nm, £, = 500 um, and
@ =5 x 1073 in FM [51], then the estimated amplitude of I}
versus By is shown in Fig. 3(b), where the maximum value is
about 12 nA, in the range accessible by transport experiments.

We compare the ratio between the amplitudes of Jj
and J3 as R = [max(J})/max(Jz)| = (86 /0)(B}/B5). With
86/60 ~ 0.01 ~ 0.1, and Bf =0.1 ~ 0.4 T, the ratio is ap-
proximately R &~ 10' ~ 10?. Thus Jp at FMR is the domi-
nant contribution. Importantly, it is larger in thin film than that
in the thick one, which fits well with the experimental condi-
tion of limited d. Moreover, TME vanishes for the thin films
of trivial insulating states (bulk & = 0). Therefore, I}, can be
used to distinguish Al from a trivial insulator experimentally.

V. AFMR-INDUCED M,

Then we study 9, M, induced by AFM resonance (AFMR)
in Al such as MnBi,Tes. This is the simplest bipartite
collinear AFM, where the magnetic dynamics of surface
M, is governed by Landau—Lifshitz—Gilbert (LLG) equa-
tions by including the exchanging coupling term between
neighboring SL due to the intrinsic magnetism. The tilted
magnetization is along 7’ (z”) with the angle ¢ between 7’ (")
and x, but now cos ¢ = B} /(4Bg + 2By), where Bg = JyM,
and By = K| /M, are the exchange field and anisotropy field,
respectively. The equations are solved by linearization and nu-
merically [48]. Taking the exchange coupling J4 = 0.55 meV,
the effective anisotropy field K; = 0.22 meV [52,53], o =
5x 1073, My =2x10° A/m, B} =5 G, the AFMR fre-
quency wy versus By is shown in Fig. 4(a). The two branches
o and @ represent the resonance from AFM and FM compo-
nents, respectively. The estimated /}, amplitude is calculated
in Fig. 4(b), where the maximum value is about 100 nA in the
w4 branch, and is negligible in the w{ branch. Then the ratio
between J}3 and J is about R ~ 1 ~ 20.

VI. DIFFERENT CONFIGURATION

Then we discuss the Fig. 1(c) configuration where
B) cos(wt) is applied along the y axis, but keeping B} along
the x axis. The top and bottom surfaces now have the same
oscillating M, (¢) induced by B} for both FMR and AFMR

[48], and is dubbed as FM-type oscillation. We find 6 almost
unchanged by varying §M,, specifically, 66/6 is vanishingly
smaller compared to that from the Néel-type oscillation [48].
Therefore, J;; almost vanishes compared to J; in the new
configuration, which provides another testable signature for
our theory.

VII. DISCUSSION

Our theory is fundamentally different from the pseudo-
electric field induced current Jr discussed in Ref. [54]. In
Ref. [54], JF is from the first term in Eq. (1), where the
pseudoelectric field is induced by in-plane magnetization dy-
namics. Jr is always along the ac-field (B,) direction and
is maximized when magnetization is oscillating around the
z axis; while in our case, Jp is from the second term in
Eq. (1), where 9,6 is driven by the out-of-plane surface mag-
netization dynamics. Jp is along the dc-field (B;) direction
and is maximized when magnetization is tiled far away from
the z axis and close to the x axis. Also, JF is proportional
to 6, which decreases as d decreases, similarly to the TME
current; while the thickness dependence of Jp in our case
is just the opposite, namely, Jp increases as d decreases.
The different dependence of Jp and Jr on tilting angle ¢
(thus dc-field BY) and thickness d will help to separate them
experimentally. In Fig. 1(c) configuration, 7}, vanishes even
as BY is finite, while 7> is along the y axis and is finite.
While in the Fig. 1(b) configuration, both J3 and J; are
finite and along the x axis. For an estimation, with the same
parameters in Fig. 3(b) and in typical d = 4 SL, the ratio
of the resonant current amplitude I/l = 12nA/2nA when
B} = 0.35 T, while I}/l = OnA/5nA when Bf =0 T. The
detailed resonant current /3, and I;- at FMR versus B} is shown
in the Supplemental Material [48]. The increasing of the total
current along the x axis at finite Bf is purely from Ij,. We
find I} in the Fig. 1(b) configuration is equal to /5 in the
Fig. 1(c) configuration; then one can further separate /;; and I3
by combining the measurements in both Figs. 1(b) and 1(c),
namely I}, = I ., — I [48].

Interestingly, there is another configuration which can sep-
arate Jp and Jp qualitatively. It is a parallel magnetization
configuration in the FM-TI-FM heterostructure realizing the
Al state, when the top and bottom layers have opposite signs
of exchange coupling parameters [55]. This can be achieved
experimentally by using Mn-doped [28,56] and Cr-doped or
V-doped [17] Bi,Te; as the top and bottom magnetic layers,
respectively. In this parallel configuration, FMR excited by the
ac field on both layers is exactly the same, Jr is along the ac-
field direction and almost vanishes [48], while 7 is finite and
along the dc field and is independent of the ac-field direction.
Thus an orthogonal ac-field and dc-field measurement scheme
will separate Jp and Jr experimentally.

Finally, we briefly discuss the experimental feasibility. Jp
can be measured by capacitive sensing. For a measurable
current of about 10 nA, the needed power of antenna for
FM resonance may be stringent, while it is feasible for AFM
resonance. The low-ordering temperature of Al in the FM-
TI-FM heterostructure or MnBi,Te4 limits the compatibility
between cryostat and radiation power. However, the theoreti-
cal proposal here is generic for any Al state. Thus, improved
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material quality as well as new topological Al materials would
release such limitations. Moreover, a different measurement
configuration and giant current in the AFM resonance would
differentiate 7p from the parasitic effect.

VIII. SUMMARY

Instead of measuring the long-sought after TME current,
we propose to measure a dynamical magnetoelectric current
from the finite-size correction to TME, which is about one-to-
two orders of magnitude larger than the TME current at FMR
in Al films. Such a current is absent in trivial insulators and
could serve as a smoking-gun signature for AL. Recently, FMR
was observed in the FM-TI heterostructure [51], making the
magnetoelectric current in Al films predicted here feasible.
Our theory unveils a generic and intimate interplay between

surface magnetization dynamics and the magnetoelectric re-
sponse in Al, which is expected to have a great impact for
electronic and spintronic applications of axion devices.
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