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ABSTRACT

The magnetoelectric (ME) effect is one of the methods for electrically controlling the magnetization direction. In this study, we investigated
the ME-driven domain wall creep and depinning using a Pt/Co/Au/ME-Cr2O3/Pt thin film. The domain switching process is governed by
domain wall propagation rather than the nucleation of reversed domains, similar to a pure ferromagnet. The domain wall velocity v increases
exponentially with the ME pressure, that is, the simultaneous application of magnetic H and electric E fields. The v–E curve under a constant
H can be scaled by the ME pressure with the assistance of the exchange bias. We determined the depinning threshold, pinning energy scale,
and depinning velocity based on the model for the magnetic domain wall creep. Compared with the depinning velocity in various other sys-
tems, it was suggested that the ME-driven mechanism could yield a fast domain wall velocity utilizing the low pressure.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0083202

Magnetic materials at the nanometer scale are the key elements
in spintronic/nanomagnetic devices. The key technology is the high-
speed and low-energy control over the magnetization direction and/or
the magnetic domain state. The application of the magnetic field H is
a conventional method, and the electric current usually generates H,
that is, the Oersted field.1 This simple method is hindered by the
increasing energy consumption associated with the decreasing device
size, that is, the increasing integration density. Other techniques using
the spin-polarized current,2,3 spin–orbit torque,4 and electric field E5

are being developed to solve this problem. The magnetoelectric (ME)
effect is another principle.6,7 It is caused by the interplay between the
charge and spin, namely, the dielectric polarization P induced by H or
the magnetization M induced by E,8 and emerges in some antiferro-
magnetic (AFM) insulators, such as Cr2O3

9,10 and TbMnO3.
11

Symmetry arguments12 showed that the energetic degeneration for the
oppositely directed ME domains was resolved by applying E and H
simultaneously. The energy difference, and thus, the driving force of
the ME domain switching, is expressed by DF¼ 2aijEiHj (aij: ME sus-
ceptibility). The expression for DF is analogous to the Zeeman energy

of ferromagnetic (FM) materials by replacing the E-induced magneti-
zation aiEi with the saturation magnetization MS. Although the ME
effect is believed to induce magnetization switching by low pressure, a
quantitative comparison with other stimuli, such asH, is insufficient.

The domain wall (DW) motion is a magnetization switching pro-
cess. The switching energy and speed can be quantitatively evaluated
using the DW velocity v. The switching dynamics under different
input pressures, that is, the H-dependence of v, is typically classified
into three regimes: creep, depinning, and flow.13 In some cases,
steady flow and the so-calledWalker breakdown are observed,14 which
are often masked by creep motion.15 The steady and precessional
magnetic DW flows are expressed by material-dependent parameters,
such as the Gilbert damping parameter.14,16 In contrast, the creep
motion is dominated by extrinsic parameters, such as the defect-
dependent depinning potential. In the creep regime, a universal
law has been reported,17 which helps to obtain the inherent v masked
by the creep motion.18 This universality has so far been confirmed
for H-driven,15,19,20 current-driven,20 and E-driven21 DW creep in
metal ferromagnets,15,22–27 and magnetic semiconductors.19,20
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The creep-masked inherent v has also been evaluated for some of these
materials.18 In this study, we investigated ME-driven DW creep and
depinning. The inherent v driven by the ME pressure was estimated
based on the universal law and compared the obtained value with
other systems.

Owing to the AFM nature of many ME materials, the detection
technique usually used for the FM DW velocity is difficult to adopt.
The roughness-insensitive surface magnetization in ME materials28,29

can solve this difficulty. The surface magnetization is coupled with the
AFM order parameter and, thus, the ME domain state. The surface
magnetization, which manifests in the exchange bias polarity6,30–32 or
the anomalous Hall voltage,33,34 has been experimentally proven in
both bulk Cr2O3(0001)

30 and Cr2O3(0001) thin films.31,33 In this
study, we adopted the exchange-bias technique using a Pt/Co/Au/
Cr2O3/Pt thin film. The details of the detection scheme are available in
our previous report.7 Preliminary investigations for confirming some
prerequisites that allow the application of the above detection method
are summarized in the supplementary material.

A Pt(2 nm)/Co(0.4 nm)/Au(0.7 nm)/Cr2O3(90 nm)/Pt(20 nm)
thin film was fabricated on an a-Al2O3(0001) substrate using a DC
magnetron sputtering method. This structure allows us to visualize the
ME domain of the Cr2O3 layer via the magnetic domain of Co.35 The
Au spacer layer was used to maintain the exchange bias in the temper-
ature regime where the ME susceptibility increased.36 The details of
the preparation method and role of the spacer layer are available in
our previous studies.36,37 Reflection high-energy electron diffraction
(RHEED), x-ray reflectivity (XRR), and high-angle x-ray diffraction
(XRD) measurements were performed to determine the film structure.
These measurements revealed that the twinned Cr2O3(0001) film was
formed, and the interface roughness at the FM/Cr2O3 interface was
below 0.5 nm. The structural information is provided in the supple-
mentary material.

v was evaluated based on the change in the domain pattern with
the pulsed ME pressure. The quasi-static technique, where the domain
was observed at zeroH and E after the pulsed ME pressure application,
was adopted. The evaluation procedure is as follows.

Step 1: The domain state was initialized by applying l0H¼ 5 T.
This process generated a single-domain state. Subsequently,
l0H¼þ3.00T and E¼�38.8MV/m (�3.5V) were applied to create
the partially reversed magnetic domain state [see Fig. 2(a)]. This pro-
cess was employed to minimize the possibility of involving the nucle-
ation of the reversed domain during the switching process, especially
in the fast pulse regime. Notably, we confirmed that l0H below 3T
alone did not disturb the domain state.

Step 2: Pulsed ME pressure was applied. The static H and pulsed E
were superimposed. During the application of E, l0H was varied as 3.00,
2.75, and 2.50T. The pulse amplitude was varied from �33.3MV/m
(�3.0V) to�161MV/m (�14.5V), while the pulse width tpls was varied
from 10 to 100ns. The actual amplitude of the applied voltage was moni-
tored using an oscilloscope. The pulsed voltage was applied after stabiliz-
ingH. Therefore, the rise time ofH does not affect tpls.

Step 3: The domain was observed after removing the ME pres-
sure. The travel distance of the DW l was evaluated from the difference
in the domain patterns before and after applying the ME pressure. v
was calculated as the slope of the l–tpls plot.

Step 4: Steps 2 and 3 were repeated until saturation. Then, the
process reverted to Step 1.

The above procedure was applied to microdots of 30lm diame-
ter fabricated using photolithography and Ar ion milling. An optical
microscope image of the device with the electric circuit is shown in
Fig. 1. The positive directions of H and E were defined as the direction
from the bottom electrode to the top electrode. In this experiment, H
and E were applied in the positive and negative directions, respectively,
so that the exchange bias assisted the switching.38,39 The leakage cur-
rent at �4.2V was approximately 30 nA. The estimated temperature
rise because of the Joule heating for E¼�150MV/m and tpls¼ 100ns
was below mK, which was negligible. (Details are provided in the sup-
plementary material.)

The scanning soft x-ray magnetic circular dichroism (XMCD)
microscope40 at BL25SU, SPring-8 was used for observations. The cir-
cularly polarized soft x ray was focused on the sample surface using a
Fresnel zone plate (FZP) and an order-sorting aperture (OSA). The
incidence direction was perpendicular to the film surface. In maintain-
ing the focused state, the sample was scanned two dimensionally to
collect the spatial mapping of the soft x-ray absorption. The XMCD
images, which correspond to the magnetic domain pattern, were col-
lected by subtracting two images for the incident soft x rays with the
opposite helicity. The OSA-collection method,41 where the emitted
photoelectrons were captured by the OSA, was adopted. The photon
energy of the incident soft x ray was 778.6 eV, Co L3 edge. The obser-
vation temperature was 270K.

Figures 2(a)–2(f) show an example of the domain evolution
caused by the ME pressure. Some separated dark gray regions are
observed in the initial state [Fig. 2(a)] formed in step 1. These reversed
domains are observed at both the edge and inner parts of the dot, sug-
gesting that nucleation occurs at structural inhomogeneities, such as
defects and grain boundaries, rather than the demagnetization energy.
The dark gray regions expand owing to the pulsed ME pressure.
Further application of pulsed ME pressure sequentially changes the
domain pattern. As shown in Figs. 2(b)–2(f), the DW edge expands
concentrically, suggesting that the DW propagation governs the
switching. A small number of nucleated domains, which are indicated
by the yellow arrow, are observed for tpls¼ 10–30ns [Figs. 2(b)–2(d)].
These domains were excluded for the analysis of v. Small gray dots
[white arrow in Figs. 2(b)–2(d)] do not expand by the application of
ME pressure. The contrast may be due to the artifact. Iyama and
Kimura reported that at finite H, Cr2O3 behaved as ferroelectric.

42 The
Kolmogorov–Avrami–Ishibashi model43,44 for pure FE materials pre-
dicts the initiation of switching by the nucleation of small domains.
The domains first grow along the vertical direction (forward growth)

FIG. 1. Optical microscope image of the fabricated device with the electrical circuit.
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until they penetrate the film, followed by growth in the lateral direc-
tion. Hence, the penetrated domains from the bottom side are
observed before lateral growth. The so-called back switching, where
the nucleated reversed domains vanish again upon removal of the
field, sometimes occurs in the FE film.45 Since our quasi-static method
cannot capture this process, we do not claim its absence. In contrast, a
similar switching process dominated by DW propagation is usually
observed in pure FM materials. Therefore, the switching process in the
film may be dominated by the magnetic origin because the surface
magnetization dominates the switching dynamics.46,47 The difference
in FM and FE origins would manifest in the difference in the critical
exponents of the DW creep. Herein, we focus on the depinning behav-
ior, and the detailed analysis of the critical exponent in the low-
pressure regime would be performed in future studies.

The typical change in l with tpls is shown in the inset of Fig. 3(a).
The mean DW velocity vmean can be estimated using the linear relation-
ship between l and tpls, which is true for every ME condition. The main
figure in Fig. 3(a) shows that vmean increases with E. A similar relation-
ship was observed for the different values of l0H. The curve shifts toward
high E as l0H decreases because the driving force for the DWmotion is
lowered. In our experimental condition, the exchange bias assists the
switching, and the total driving force of the DWmotion is given by47

F ¼ 2aEH þ FEB; (1)

FEB ¼
JK
tAFM

: (2)

Here, a is the ME susceptibility, FEB denotes the pressure caused by
the exchange bias, JK is the exchange anisotropy energy density, and

FIG. 2. Representative series of magnetic
domain images after applying ME pres-
sure. l0H and E for images (a)–(f) are
2.75 T and �139MV/m (12.5 V), respec-
tively. (a) depicts an initial state. tpls for
each image is (b) 10, (c) 20, (d) 30, (e)
40, and (f) 50 ns. The light and dark
regions correspond to the regions where
the Co moment is directed downwards
and upwards, respectively. Yellow and
white arrows in (b)–(d) indicate the newly
nucleated domains and the artefactual
contrast by defects, respectively.

FIG. 3. Change of vmean as a function of (a) E and (b) ME pressure, 2aEH þ FEB. In (b), the data for Pt(1.5)/Co(0.4)/Au(1.0)/Cr2O3(150)/Pt(20) from Ref. 49 is also shown. The
lines represent the fitted results by Eq. (4). Inset shows the log vmean–log F plot with the relationship of vmean / F�1/4 (orange line). (c) Normalized v–F curve by the depinning
velocity vT and the depinning pressure Fd. The inset of (a) represents the change in the mean DW displacement as a function of tpls for l0H¼ 2.75 T and E¼�143MV/m.
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tAFM is the AFM layer thickness. JK can be evaluated from the magne-
tization curve for the FM layer and is expressed as follows:

JK ¼ HEB �MS � tFM ; (3)

where HEB is the exchange bias field, MS is the saturation magnetiza-
tion of the FM layer, and tFM is the FM layer thickness. The estima-
tions of l0HEB andMS are presented in the supplementary material. a
is assumed to be 3.5 ps/m based on the reported value for the bulk
Cr2O3.

48 In Fig. 3(b), v is re-plotted as a function of F. The three v–F
curves coincide with each other. The highest value of v was approxi-
mately 77 m/s at F¼ 3 kJ/m3.

For a more quantitative discussion, the obtained v–F curve is ana-
lyzed based on the universal law of the magnetic DW creep expressed
as18

v F;Tð Þ ¼ v Fd;Tð Þexp �Td

T
Fd
F

� �0:25

� 1

( )" #
;

v Fd;Tð Þ � vT Fd;Tð Þ T
Td

� �0:15

;

(4a)

v F;Tð Þ � vT Fd;Tð Þ
0:65

F � Fd
Fd

� �0:25

; (4b)

where Fd¼ (2aijEiHjþ FEB)d denotes the depinning pressure, Td is the
depinning temperature, and vT is the depinning velocity. Eq. (4a) is a
modified form of the simple exponential function that covers the ther-
mally assisted flux flow (TAFF) regime based on empirical law. The
solid lines in Fig. 3(b) demonstrate that the experimental data are well
reproduced by the universal law of the DW creep. We also re-analyzed
the results presented in Ref. 49, which were also reproduced by the
same model. The parameters used for the calculations are listed in
Table I. Figure 3(c) shows the reduced v–F curve. The v–F curves col-
lected for the different conditions, such as E, H, T, tAFM, and JK, are
merged into a single curve, indicating the validity of the universal
depinning behavior for the ME-induced mechanism. To elucidate
more details on the creep motion, such as the critical exponent, more
data points are required in the low-pressure regime, e.g., <1.5 kJ/m3.
However, the relationship vmean / (2aEH þ FEB)

�1/4 was confirmed
[as shown in Fig. 3(b)] in the depinning regime. The roughness

exponent (n) of the DW was approximately 0.69, which was similar to
the previously reported value13 and the theoretically predicted value for
one-dimensional DW,17 coinciding with the critical exponent used in
Eq. (4a). The details of n are presented in the supplementary material.

vT is recognized as a DW flow velocity in the absence of pinning,
and it is expected to be a material-dependent parameter.18 Here, we
compare the obtained vT with other magnetic systems, wherein the
DW motion is driven by H alone. Figure 4 shows a map of vT as a
function of Fd whereMSHd was used as the depinning pressure for the
FM films because the ME pressure is equivalent to the Zeeman energy,
as mentioned above. In general, vT increases with Fd. This trend origi-
nates from the similar DW mobility, mfl (¼ vflw/H). Although vT for
the ME-induced mechanism is similar to that of Pt/Co/Pt15,25,27 and
Au/Co/Au22 systems, the depinning pressure is 1–2 orders lower. In
comparison with the (Ga, Mn)(As, P) films,20 both vT and depinning
pressure are approximately one order of magnitude higher. The low
depinning pressure in an ME-mechanism is due to the small magni-
tude of the E-induced magnetic moment. The direct comparison of vT
with pure FE materials is difficult because a similar analysis has not
been performed for the FE DW motion. Nonetheless, the depinning
pressure of the FE DW, PSE0 (PS: the saturation polarization, E0: the
depinning E) is typically above 106 J/m3, and the FE DW velocity at
the depinning condition is below 10�1 m/s.50–53 These values are
approximately three orders higher and one to two orders slower than
the ME case, respectively. It is also likely that �10MJ/m3, an approxi-
mately three-order high pressure is required to obtain a similar DW
velocity of �40 m/s for the 400-nm-thick Pb(Zr0.45Ti0.55)O3 thin
film.54

Finally, we compared the estimated vT with the theoretically pre-
dicted value. In the steady state driven by the ME pressure, v can be
expressed as46

v ¼ 2e=a0
1þ e=a0ð Þ2

cl0Hk
2

; (5)

where e¼ aE/L, L¼ (M1 � M2)/2 is the AFM order parameter (stag-
gered magnetization), M1 and M2 are the sublattice magnetization, a0

TABLE I. Parameters describing the magnetic DW creep obtained from Fig. 3(b).
Some measurement parameters are also listed.

Parameter This work Ref. 48

Measurement T (K) 270 285
tAFM (nm) 90 150
l0HEB (mT) 74 54
JK (mJ/m2) 0.050 0.035
FEB (J/m

3) 560 230
a (ps/m) (Ref. 48) 3.5 2.0
Td (K) 1.3� 104 1.2� 104

Fd (kJ/m
3) 2.7 1.8

v(Fd, T) (m/s) 42 14
vT (m/s) 76 25 FIG. 4. Map of vT as a function of the depinning pressure with various data from

Ref. 18.
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is the damping parameter, c is the gyromagnetic factor, and k is the
DW width. Equation (5) shows that the maximum velocity (vmax) is
obtained at e¼ a0, and v gradually decreases with an increase in e.
This is reminiscent of the Walker breakdown of the pure FM case.14

That is, the DW flow for e below and above a0 corresponds to the
steady flow and the precessional flow, respectively. Assuming L and a
for the bulk Cr2O3

47 and a0 for the predicted value,
46 for vmax, E is esti-

mated to be 32MV/m. This value is lower than the obtained depin-
ning E (�100MV/m). Therefore, the estimated vT was attributed to
that of the precessional flow.

Finally, the influence of the FM layer using the ratio of vT is dis-
cussed. Using Eq. (5), v at E¼ 125MV/m and l0H¼ 3 T, that is, near
the depinning condition is estimated to be approximately 600 m/s.
The expected value was approximately eight times higher than our
results. This significant difference may be attributed to the enhanced
damping parameter owing to spin–orbit coupling,55 and/or the spin
pumping effect.56,57 The exchange coupling with the FM layer induces
the enhancement of the effective damping parameter.49 The detection
of surface magnetization without using interfacial exchange coupling
is beneficial for avoiding this effect. This may be achieved by employ-
ing an FM layer-free device, such as Pt/Cr2O3, with the emergence of
the remanent anomalous Hall effect,33,34 which is now under
investigation.

In summary, we investigated the creep and depinning of DW
under ME pressure. In this study, we employed the exchange bias
technique to detect ME-controlled surface magnetization. The switch-
ing process was dominated by DW propagation, and the nucleation of
reversed domains was rarely observed. This switching process is simi-
lar to that of pure FM films, rather than pure FE films. v increased
with the ME pressure and could be scaled by F¼ aEH þ FEB/2. Based
on the theory of magnetic DW creep and depinning, several parame-
ters, such as Fd and vT, were estimated. Compared to various perpen-
dicular magnetic thin films, a high vT could be achieved at a low
depinning pressure because of the small magnitude of the E-induced
magnetic moment. The obtained vT was significantly lower than the
theoretically expected value. Further investigations, for example, using
the FM-free device, may provide deeper insight into the possible fast
DW dynamics of ME materials.

See the supplementary material for the structural information,
prerequisites of the detection, electric property, and the roughness
parameter of DW.

XMCD measurements were performed with the approval of
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