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In spintronics, ordered magnetic domains are important for magnetic
microdevices and controlling the orientation of ordered magnetic
domains is important for applications such as domain wall resistance
and spin wave propagation. Although a magnetic field or a current can
reorient ordered magnetic domains, an energy-efficient electric-field-
driven rotation of the ordered magnetic domains remains elusive.
Here, using a nanotrenched polymeric layer, we obtain ordered
magnetic strip domains in Ni films on a ferroelectric substrate. By
applying electric fields to the ferroelectric substrate, we demonstrate
that the ordered magnetic strip domains in Ni films are switched
between the y- and x-axes driven by electric-fields. This switching of
magnetic strip orientation is attributed to the electric-field-modulated
in-plane magnetic anisotropies along the x- and y-axes of the Ni films,
which are caused by the anisotropic biaxial strain of the ferroelectric
substrate via strain-mediated magnetoelectric coupling. These results
provide an energy-efficient approach for manipulating the ordered
magnetic domains using electric fields.

Introduction

Microscopic magnetic domains with spontaneous magnetization
that align along different directions bridge the gap between the
basic macroscopic magnetic properties and applications of
magnetic materials."” The tailoring of magnetic domains is
important for both fundamental research and applications. Of
the different types of domains, ordered magnetic strip
domains®* are interesting with alternating up and down mag-
netization components, which usually form in magnetic films,
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New concepts

Magnetic strip domains enable stable magnetic configurations in the
absence of an external magnetic field, which is highly desirable for
applications. Although a magnetic field or electric current can be
employed to reorient the magnetic strip domains, electric fields are of
interest to meet future low power consumption demands. Using pattern-
ing stress generated in a nanotrenched PMMA layer via magnetoelastic
coupling, ordered magnetic strip domains in a Ni film along the y-axis are
formed on a Pb(Mg;3Nby/3)0.,Tip.30; (PMN-PT) ferroelectric substrate.
Then we demonstrate electric-field-driven continuous rotation of ordered
magnetic strip domains in Ni/PMN-PT multiferroic heterostructures via
strain-mediated magnetoelectric coupling, which originates from
modulation of the in-plane magnetic anisotropies along the x- and y-
axes due to the electric-field-induced anisotropic biaxial strain in the
PMN-PT ferroelectric substrate. This electric-field switching of magnetic
strip orientation is different from other works on controlling magnetic
strip domains, where the effect of electric-field-induced piezostrain
the strip domains than manipulating their
orientation. Our work provides an energy-efficient pathway to switch

eliminated rather

magnetic strip orientation by electric fields, which will stimulate future
efforts toward the electric-field manipulation of domain wall resistance
and spin wave propagation in ordered magnetic strip domains that are
closely related to their orientation.

such as Ni>® and Permalloy,* above a critical thickness with a
weak out-of-plane magnetic anisotropy. Such magnetic strip
domains enable stable magnetic configuration in the absence
of an external magnetic field, which is highly desirable for
applications. For example, alternating up and down magnetiza-
tions in the magnetic strip domains offer an ideal platform to
investigate ~antiferromagnetic-type spin-wave propagation.’
Moreover, periodic stripe domains having abundant domain
walls provide a chance to study domain-wall-based magnetic
memory.®° One important feature of magnetic strip domains is
their orientations that are closely related to domain wall
resistance®'® and spin wave propagation” such that being able
to modulate magnetic strip orientation is important. Although
magnetic fields can be employed to reorient the magnetic strip
domains,”'*™*? electrical approaches are of interest to meet
future low power consumption demands. Electric currents have

This journal is © The Royal Society of Chemistry 2023
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recently been injected to control strip domains via spin-transfer
torque;®'*'> however, the manner in which the strip domains can
be reoriented only by applying an electric field remains elusive.

Electric fields are considered to be an energy-efficient solution
to controlling magnetism.'®™*® In the past decade, considerable
progress in the electric-field control of magnetism has been made
in multiferroics,"*>" particularly in ferroelectric/ferromagnetic
multiferroic heterostructures with significant magnetoelectric
effect at room temperature.'®?>2® Because of the success of
electric-field-controlled in-plane magnetization, researchers have
recently attempted to modulate out-of-plane magnetization using
electric fields in multiferroic heterostructures via strain-mediated
magnetoelectric coupling.””**
heterostructures are changing from initially macroscopic mag-
netic properties,**** e.g., magnetic hysteresis (M-H) loops, to
microscopic magnetic domains®>>° to fulfill future demands for
magnetic memory with high density and low power. Magnetic
strip domains with alternating up and down magnetization
components, which originate from competition between the
out-of-plane and in-plane magnetic anisotropies,**” provide a
platform to examine microscopic out-of-plane magnetization.
Some work®*%?”° has been performed to control magnetic strip
domains based on strain-mediated magnetoelectric coupling;
however, the effect of electric-field-induced piezostrain eliminated
the strip domains®***” rather than manipulating their orienta-
tion. Currently, the electric-field rotation of ordered magnetic
strip domains is still not possible.

Herein, we demonstrate the electric-field-driven continuous
rotation of ordered magnetic strip domains in Ni/Pb(Mg;3Nb,/3)
07110303 (PMN-PT) multiferroic heterostructures via strain-
mediated magnetoelectric coupling. Using the patterning stress
generated in nanotrenched polymeric layers,> we obtained ordered
magnetic strip domains in a Ni film on the PMN-PT ferroelectric
substrate. While applying electric fields to the PMN-PT substrate,
the orientation of the ordered magnetic strip domains continuously
rotated from the y-axis to the x-axis as observed via magnetic force
microscopy (MFM). Micromagnetic simulations demonstrated that
these continuous electric-field-rotated ordered magnetic strip
domains were caused by the electric-field-induced continuous
modulation of the in-plane magnetic anisotropies along the x-
and y-axes because of the anisotropic biaxial strain of the PMN-PT
ferroelectric substrate. Moreover, we observed electric-field-induced
annihilation of magnetic strip domains in Ni films because of the
enhancement of the in-plane magnetic anisotropy. These results
indicate the important role of in-plane magnetic anisotropy for
ordered magnetic strip domains and offer an energy-efficient
approach to tailoring ordered magnetic strip domains via magneto-
electric coupling.

Moreover, studies on multiferroic

Results and discussion

Formation and modulation of ordered magnetic strip domains
in Ni/PMN-PT multiferroic heterostructures

In general, the orientations of the spontaneous magnetic strip
domains are random such that external stimuli are required to
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align them to form ordered magnetic strip domains. Recently,
Zhang et al.’ reported a method using the patterning stress in
nanotrenched polymeric layers to form ordered magnetic strip
domains. Using a similar method, we fabricated Ni/PMN-PT
multiferroic heterostructures having ordered magnetic strip
domains, as illustrated in Fig. 1la. Ti/Au layers were first
deposited on the top and bottom of (011)-oriented PMN-PT
ferroelectric substrates as electrodes for applying electric fields
to generate strain. Then, nanotrenches having a width of
200 nm were patterned into a 200 nm-thick poly(methyl metha-
crylate) (PMMA) layer on the PMN-PT using electron beam
lithography. Finally, a 120 nm-thick Ni magnetic film was
evaporated to form ordered magnetic strip domains. It should
be noted that the 200 nm-thick PMMA layer does not affect the
transfer of piezostrain into the Ni magnetic layer since the
strain is a long-range order parameter*® and can transfer more
than 10 um.*° Fig. 1b shows an atomic force microscopy (AFM)
image with a nanotrench along the x-direction of the PMN-PT
substrate. As shown in Fig. 1a, the x-, y-, and z-axes denote the
pseudocubic [100], [011], and [011] crystallographic directions
of the PMN-PT substrate, respectively. Fig. 1c shows the corres-
ponding magnetic domain structure without an electric field
(0 kv em™). The ordered magnetic strip domains whose
orientation is perpendicular to the nanotrench, i.e., along the
y-direction, formed surrounding the nanotrench. It is well
known that magnetic strip domains originate from the compe-
tition between a moderate out-of-plane magnetic anisotropy
and the in-plane shape anisotropy.'"*° The out-of-plane mag-
netic anisotropy is understood to result from an isotropic
planar growth stress."**?” The competition between the out-
of-plane and in-plane magnetic anisotropies results in alternat-
ing up and down magnetization components, as illustrated in
Fig. 1a, to form magnetic strip domains and to give a strong
contrast in MFM images. Note that the magnetic strip domains
near the nanotrench were blurry; this may be caused by the
large local stress near the nanotrench. These ordered strip
domains, generated given the assistance of a PMMA nano-
trench, agree with previous results.’

To examine the effect of an electric field on the ordered
magnetic strip domains, we performed in situ MFM measure-
ments with electric fields. Fig. 1d shows the MFM image with an
applied electric field of 15 kV em ™. Note that the orientation of
the ordered strip domains was nearly along the x-axis. Compar-
ing the MFM images in Fig. 1c and d, two important differences
in the domain structure are reported because of the application
of an electric field. (i) The reorientation of the ordered magnetic
strip domains from the y-axis to x-axis, which can be clearly seen
in the area highlighted by the red dashed-line box. (ii) The
annihilation of the magnetic strip domains and the appearance
of dark lines in the area highlighted by the blue dashed-line box.
These two changes are closely related to the electric-field mod-
ulation of the magnetic anisotropy in the Ni film.

Because the orientation of the ordered magnetic strip domains is
closely related to the in-plane magnetic anisotropy,” local in-plane
M-H loops of the Ni film in the region near the nanotrench were
obtained using the magneto-optic Kerr effect, as shown in Fig. 1e.
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Fig. 1 Modulation of the ordered magnetic strip domains by electric fields via strain-mediated magnetoelectric coupling. (a) Formation of the ordered
magnetic strip domains in the Ni films on the PMN-PT substrate using a PMMA nanotrench. The arrows illustrate the alternating up (red) and down (blue)
magnetization components in the strip domains. The x-, y-, and z-axes denote the pseudocubic [100], [01]], and [011] crystallographic directions of
PMN-PT, respectively. The electric fields were applied to the PMN-PT ferroelectric substrate to generate piezostrain to tailor the ordered magnetic strip
domains in the Ni film by modulating its magnetic anisotropy. (b) AFM image of a PMMA nanotrench along the x-axis on the PMN-PT substrate. (c and d)
Magnetic domain images of the Ni film at 0 kV cm™ (c) and 15 kV cm ™ (d). Because of the alternating up and down magnetization components, the
magnetic strip domains have a strong contrast in the MFM images. The red dashed-line box highlights the area of the electric-field-rotated magnetic strip
domains and the blue dashed-line box shows the annihilation of the magnetic strip domains. (e) M—H loops measured with the magnetic field applied

along the x- and y-axes at 0 kV cm~* and 15 kV cm™2, suggesting a distinct rotation of the magnetic easy axis driven by the electric field.

At 0kV em ™, the M-H loop was square and smooth as measured by
applying a magnetic field along the y-axis but was gradual along the
x-axis. This indicates a uniaxial in-plane magnetic anisotropy with
the magnetic easy axis along the y-direction. The large remnant
magnetization of the M-H loop measured along the y-axis suggests
that there are in-plane magnetization components lying along
the y-axis despite the alternating out-of-plane magnetization
components.***! This in-plane magnetic anisotropy K,y is attributed
to the local stress generated by the PMMA nanotrench via magne-
toelastic coupling.” The K, value was ~11 x 10° ] m° as can
be determined from the M-H loops along the y- and x-axes at
0 kv em™" in Fig. 1e using the area method.”” At 15 kV ecm™,
however, the M-H loop was square along the x-axis but gradual and
smooth along the y-axis. This sharp contrast in the M-H loops
indicates the rotation of the magnetic easy axis driven by the electric
fields and should lead to the two aforementioned distinct changes
in the ordered magnetic strip domains in Fig. 1c and d.

Electric-field-driven continuous rotation of ordered magnetic
strip domains

We first focus on the electric-field-driven reorientation of the
ordered magnetic strip domains. Fig. 2a shows the evolution of

3036 | Mater. Horiz., 2023,10, 3034-3043

the ordered magnetic strip domains (the red regions in Fig. 1c
and d) under various electric fields. Note that the ferroelectric
domains do not switch solely by applying positive electric
fields. Apparently, the orientation of the ordered strip domains
continuously rotated from the y-axis to the x-axis when increas-
ing the applied electric fields and switched back to the y-axis
after removing the applied electric field (Fig. S1, ESIT). Such a
rotation can be clearly seen from a two-dimensional fast Fourier
transform analysis of the MFM image, as shown in Fig. 2b. The
electric-field dependent average angle of the strip domains
exhibited a continuous rotation driven by the electric field
(Fig. 2¢), where the x-direction is defined as 0°. Conventionally,
a magnetic field®'' ™ is used to reorient the strip domains or an
electric current with spin-transfer torque is injected to control
the orientation of the magnetic strip domains.®***> Although
strain-mediated magnetoelectric coupling has been used to
manipulate magnetic strip domains,****”° an electric field
usually destroys the strip domains rather than manipulating
their orientation.®?%%” To the best of our knowledge, the con-
tinuous rotation of strip domains driven by electric fields has
not yet been reported. Additionally, modulating strip domains
using an electric field is more energy efficient than that by

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Continuous rotation of the ordered magnetic strip domains driven by electric fields. (a) Evolution of the ordered magnetic strip domains with
increasing electric fields. The white dashed double-headed arrows show the orientations of the ordered magnetic strip domains. The solid double-
headed arrows illustrate the directions of the tensile strain along the x (white) and y (red) axes. At O kV cm™?, a large tensile strain originates from the
PMMA nanotrench.® Applying an electric field generates a compressive strain along the x-axis and a tensile strain along the y-axis. So the tensile strain
decreases along the x-axis and increases along the y-axis when increasing the electric fields. (b) Two-dimensional fast Fourier transform analysis of the
MFM images in panel (a). (c) Dependence of the average angle of the ordered strip domains on the applied electric field, which indicates a continuous
rotation, with 0° defined along the x-direction. (d) In situ M—H loops measured along the x- and y-axes at various electric fields, suggesting a gradual
change in the magnetic easy axis from the y-axis to the x-axis. The arrows show the trend of the M—H loops with increasing electric fields. (e) Electric-
field dependence of the effective in-plane magnetic anisotropy along the x-axis, which exhibits a linear and reversible behavior. The arrows indicate the

sweeping directions of the electric fields.

spin-transfer torque (Note S1, ESIT). This indicates that our work
is extremely significant compared with previous studies that
have achieved slight modulations of the strip domains via
magnetoelectric coupling.®***”° In previous studies,®?**"~°
the magnetic films were directly deposited on the ferroelectric
substrate; however, we inserted a 200 nm-thick PMMA layer
between the PMN-PT and the Ni film in this work. It has been
reported that inserting a 10 um polymer between the PMN-PT
substrate and Ni magnetic film can enhance magnetoelectric
coupling in comparison with that without a polymer.** We
directly deposited a 120 nm-thick Ni film on the PMN-PT and
found that the orientation of the magnetic strip was not affected
noticeably by the applied electric fields (Fig. S2, ESIt), which is
consistent with the previous studies.®>%*”73° So the rotation of
magnetic strips by electric fields (Fig. 2a) is closely related to the
inserted PMMA layer between the PMN-PT substrate and Ni film.
Moreover, note that the local uniform strain generated by the
nanotrenched PMMA aligns the magnetic strip making it easily

This journal is © The Royal Society of Chemistry 2023

and coherently rotate under external piezostrain. This could be
the reason that the electric-field-induced strain can successfully
manipulate the orientation of the strip domains in our work
using nanotrenched PMMA, which makes our results different from
that in the previous studies without nanotrenched PMMA.%3%37-3°
Because the orientation of the ordered magnetic strip domains
is closely related to the in-plane magnetic anisotropy,” we mea-
sured in situ in-plane M-H loops with various electric fields, as
shown in Fig. 2d. When measured with a magnetic field along the
y-axis, the M-H loop was square with a sharp magnetization
switching at 0 kV cm ™. The increase in the electric field strength
reduced the coercive field (Hg) and the remnant magnetization;
the loop was then gradual and smooth at 15 kV em™". However,
when measured with a magnetic field along the x-axis, the M-H
loop was gradual and smooth at 0 kV em ™" and increasing electric
field strength made the loops squarer with an increase in remnant
magnetization. These results indicate that the increase in the
electric field strength gradually rotated the magnetic easy axis

Mater. Horiz., 2023,10, 3034-3043 | 3037
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from the y-axis to the x-axis. We then extracted the effective in-
plane magnetic anisotropy (Kefrx) from the M-H loops along the y-
and x-axes using the area method*? at each electric field, as shown
in Fig. 2e. The dependence of K.y on the electric field was
reversible and nearly linear despite a small hysteresis, which is
attributed to the electric-field-induced magnetoelastic anisotropy
via strain-mediated magnetoelectric coupling. The magnetoelastic

anisotropy can be expressed as follows:****
3
K= EZ Ye, (1)

where / and Y are the magnetostriction coefficient and the
Young’s modulus of the Ni film, respectively, and ¢ is the strain.
For (011)-oriented PMN-PT substrates, the electric-field-induced
piezostrain along the x- and y-axes can be written as follows:*

Ex = d31 x E
(2)

&y = d32 x E

where the piezoelectric coefficients® are d;; = —1883 pC N~ ' and
d3, = 610 pC N~ ' and E is the applied electric field. Therefore,
applying an electric field induces a linear anisotropic biaxial
strain, i.e., a compressive strain along the x-axis and a simulta-
neous tensile strain along the y-axis,*®"” as shown in Fig. 3a; the
effective compressive strain ¢, — ¢, increases as the electric field
increases. Because increasing the electric field enhances the
effective compressive strain along the x-axis, it is reasonable that
K¢ x increases with increasing electric field, as shown in Fig. 2e,
considering that / in the Ni film is negative.>**’

a b 20
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To gain further insight in the electric-field rotation of the
ordered strip domains in Fig. 2a, we calculated the distribution
of the normalized magnetization (m) in Ni films under various

electric fields via the Landau-Lifshitz-Gilbert equation:>***8
dm dm
—=—ym x H X — 3
g = ~vmx Hegy +am x (3)

where 7 is the gyromagnetic ratio and « is the Gilbert damping
constant. Note that Hes is the effective magnetic field, where
8Et0t
m
system including the Zeeman, exchange, demagnetization,
and magnetoelastic energies.”® The in-plane magnetoelastic
energy comprises x- and y-components: K, and K,. The Ni film
is mainly affected by the initial strain from the PMMA nano-
trench and the electric-field-induced piezostrain, so the mag-
netic anisotropy of the Ni film under an electric field can be
considered the sum of the initial K, and the electric-field-
induced magnetoelastic anisotropy. For simplicity, we assume
that the effect of electric field on K, is negligibly small. Thus,
K, and K, at each electric field can be expressed as follows:

Her = Here, E is the total magnetic energy of the

K, = %ist
; (4)
Ky = Ky() + E/lYﬁy,

where ¢, and ¢, are the electric-field-induced piezostrains along
the x- and y-axes, respectively, in the (011)-oriented PMN-PT
substrate as expressed by eqn (2). Therefore, we can obtain the

@ Experiamental i
—O— Simulated

5 10
E (kV cm™)

Fig. 3 Simulated electric-field-driven rotation of the ordered strip magnetic domains via the modulation of the in-plane magnetic anisotropies. (a)
Illustration of the electric-field-induced anisotropic biaxial strain in the PMN-PT ferroelectric substrate via the converse piezoelectric effect, ie., a
compressive strain ¢, along the x-axis and a simultaneous tensile strain ¢, along the y-axis. (b) Dependence of K, and K, on the electric field strength
obtained from eqn (2) and (4). (c) Simulated m, of the normalized magnetization under various electric fields using K, and K|, from panel (b). It is evident
that applying electric fields continuously rotated the orientation of the ordered magnetic strip domains from the y-axis to the x-axis via the modulation of
Ky and K,. (d) Simulated and experimental average angles of the ordered strip domains as a function of the electric field, showing good consistency.
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electric-field-dependent K, and K, (Fig. 3b) using eqn (2) and (4)
with the Ni film’s magnetostriction coefficient®*?” 1 = -32.9 x
10° and Young’s modulus Y = 133 GPa. Using the K, and K,
values in Fig. 3b, we visualized the distribution of the magnetic
strip domains in the Ni films under different electric fields with
the out-of-plane magnetization component (m,), as shown in
Fig. 3c. Without an electric field, the ordered strip domains are
roughly oriented along the y-axis because of the action of K. It
has been shown that the ratio of K,/K, is closely related to the
orientation of the strip domains and the effective in-plane
magnetic anisotropy Ki, is the vectorial sum of K, and K.
The application of an electric field changes the ratio of K,/K, by
decreasing K, and increasing K, (Fig. 3b), which modulates the
easy axis of Ki,,”° such that the orientation of the strip domains
is rotated away from the y-axis as the electric field increases and
is nearly along the x-axis at 15 kV cm™'. The electric-field-
dependent average angle of the ordered strip domains was
obtained from the simulation results (Fig. 3c) and is plotted in
Fig. 3d. This result agrees well with the experimental average
angle extracted from the MFM images in Fig. 2a. These simula-
tions indicate that the electric-field-driven continuous rotation
of the ordered strip domains in the Ni films are caused by the
modulation of the in-plane magnetic anisotropies along the
y- and x-axes, which was induced by the anisotropic biaxial
piezostrain of the PMN-PT ferroelectric substrate via strain-
mediated magnetoelectric coupling.

Electric-field-induced annihilation of magnetic strip domains

We believe that the annihilation of the magnetic strip domains
highlighted in the blue dashed-line box in Fig. 1d originates
from the electric-field-induced enhancement of the in-plane

5 deg.
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magnetic anisotropy. To confirm this speculation, we changed
the PMMA nanotrench from along the x-axis to along the y-axis,
as shown in Fig. 4a. In this configuration, the magnetoelastic
anisotropies both induced by the electric fields and generated
by the PMMA nanotrench were along the x-axis such that they
could add together to enhance the in-plane magnetic aniso-
tropy along the x-axis. Fig. 4b shows a PMMA nanotrench along
the y-direction of the PMN-PT substrate. Fig. 4c shows the
corresponding MFM images under different electric fields.
Note that certain dark lines appeared near the nanotrench at
0 kv em ™" and gradually grew at 5 kV cm™'. When the electric
field was >10 kV em ™!, the dark line in the blue dashed-box
propagated to the region away from the nanotrench. Moreover,
note that, in the red dashed box, the dark lines appeared until
10 kV em ' and then dramatically spread when the electric
field strength was increased to 15 kV ecm™'. The dark lines
could disappear after removing the applied electric field
(Fig. S3, ESIt). It should be pointed out that such changes in
the MFM images are not from surface morphology, because the
morphology was not affected by the applied electric fields
(Fig. S4, ESIT). The magnetic strip domains with alternating up
and down magnetization components can be clearly imaged via
MFM, which is sensitive to the out-of-plane magnetization.>" For
the area near the dark lines, the magnetic strip domains
disappear and the domain structure cannot be identified via
MFM, indicating the absence of an out-of-plane magnetization.
These results suggest that increasing the electric field strength
eliminates the magnetic strip domains. Moreover, the dark lines
in Fig. 4c and 1d always appeared along the x-axis, which is the
orientation of the magnetic easy axis, indicating its close correla-
tion with the in-plane magnetic anisotropy.

5kV.em!

15 kV cm™!

-5 deg. I

@ 10 kV cm™!

-1.0

i

—200 0 200 400

-400
H (Oe)

Fig. 4 Electric-field-induced annihilation of the magnetic strip domains. (a and b) Schematic (a) and AFM image (b) of Ni film deposited on the PMN-PT
substrate with a PMMA nanotrench along the y-axis. The arrows in (a) illustrate the alternating up (red) and down (blue) magnetization components in the
strip domains. (c) Magnetic domain images of the Ni film with increasing electric fields. The dashed-line boxes show how the magnetic strip domains
were annihilated when increasing the applied electric fields. The solid arrows illustrate the directions of the compressive strain along the x-axis (white)
and the tensile strain along the y-axis (red). (d) In situ M—H loops measured along the x- and y-axes under various electric fields. The arrows show the
trend of the M—H loops with increasing electric fields.
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Fig. 5 Suppression of the out-of-plane magnetization component as a result of the enhancement of the in-plane magnetic anisotropy. (a) Electric-
field-dependence of the effective in-plane magnetic anisotropy along the x-axis deduced from Fig. 4d, which displays linear and reversible behavior. The
arrows indicate the sweeping directions of the electric fields. (b—d) Simulated domain structures at various electric fields. It can be seen that the out-of-

plane magnetization component decreased as the applied electric field increased because of the enhanced in-plane magnetic anisotropy. At 15 kV cm™

1

with an in-plane magnetic anisotropy larger than 20 x 10° J m~3, the out-of-plane magnetization components significantly decreased resulting in the

annihilation of the magnetic strip domains, as revealed by MFM.

We measured in situ M-H loops with electric fields to
examine the in-plane magnetic anisotropy of the Ni films on
the nanotrenched PMMA along the y-direction. As shown in
Fig. 4d, the profiles of the M-H loops measured along the x-axis
were square and magnetization switching became increasingly
sharp at larger electric fields. However, the M-H loops measured
along the y-axis became increasingly gradual at larger electric
fields with a decreasing remanent magnetization and an increas-
ing saturation magnetic field. These results suggest that the
electric field enhanced the in-plane magnetic anisotropy along
the x-axis. The electric-field-dependence of K.gx, which was
deduced from the M-H loops along the y- and x-axes in Fig. 5a
using the area method, exhibited reversible and linear behavior,
as shown in Fig. 5a.

We then performed micromagnetic simulations to investigate
the effect of in-plane magnetic anisotropy on the domain
structures. At 5 kV em ™' with Kerx ~ 10 x 10° ] m™>, the
simulation in Fig. 5b shows strip domains with significant out-
of-plane magnetization. When increasing the electric field
strength to 10 kV em ™" with Kegrx ~ 20 x 10* ] m >, the out-
of-plane magnetization decreases (Fig. 5c). On additional
increase in K.y by applying an electric field of 15 kV cm ™,
the magnetization points nearly in the x-axis, as shown in
Fig. 5d. Although there is a tiny out-of-plane magnetization
component, it is hard to be detected using MFM. Therefore,
the electric-field-enhanced in-plane K¢ x suppresses the out-of-
plane magnetization, thus resulting in the annihilation of the
magnetic strip domains. Moreover, note that the dark lines
dramatically appeared after 10 kV em™" in Fig. 4c with K x

3040 | Mater. Horiz., 2023,10, 3034-3043

approximately equal to 20 x 10* ] m~> (Fig. 4d); however, Kesr x
was <17 x 10° J m™ for the Ni films on the nanotrenched
PMMA along the x-axis (Fig. 2e). Therefore, it is reasonable that
we primarily observed the electric-field-rotated ordered strip
domains of the Ni films on the nanotrenched PMMA along the
x-direction, as shown in Fig. 2a.

Conclusions

We demonstrate the electric-field-driven continuous rotation of
ordered magnetic strip domains in Ni/PMN-PT multiferroic
heterostructures via strain-mediated magnetoelectric coupling.
The ordered magnetic strip domains in the Ni film along the y-
axis were formed on the PMN-PT substrate using patterning
stress generated in a nanotrenched PMMA layer via magnetoe-
lastic coupling. By applying electric fields to the PMN-PT ferro-
electric substrate to generate anisotropic biaxial piezostrain, we
observed continuous rotation of the ordered magnetic strip
domains from the y-axis to the x-axis as identified by MFM.
Micromagnetic simulations demonstrated that these continu-
ous electric-field-rotated ordered magnetic strip domains origi-
nated from the electric-field-induced anisotropic biaxial strain
in the PMN-PT ferroelectric substrate, which modulated the in-
plane magnetic anisotropies along the x- and y-axes via strain-
mediated magnetoelectric coupling. These results provide an
energy-efficient pathway to realize the electric-field reorienta-
tion of ordered magnetic strip domains by tuning the in-plane
magnetic anisotropies. Note that previous work mainly focused

This journal is © The Royal Society of Chemistry 2023
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52754 while we

on electric-field control of local magnetizations
investigated electric-field-modulated orientation of ordered
magnetic strip domains. Since orientation of ordered magnetic
strip domains is important for domain wall resistance®° and
spin wave propagation,” we expect that our results will stimu-
late future efforts toward the electric-field manipulation of
domain wall resistance and spin wave propagation in ordered

magnetic strip domains.

Experimental section
Sample fabrication

The samples were deposited on (011)-oriented PMN-PT single
crystals with a typical size of 5 mm x 6 mm x 0.2 mm (Hefei
Kejing Materials Technology Co., Ltd, China). To apply electric
fields on the PMN-PT substrate to realize strain-mediated
magnetoelectric coupling, Ti (3 nm) and Au (10 nm) were first
deposited via magnetron sputtering on the top of the PMN-PT
substrates as the top electrode, and Ti (10 nm) and Au (150 nm)
were sputtered on the bottom of the PMN-PT substrate as the
bottom electrode. A 200 nm-thick layer of PMMA (MircoChem,
495 PMMA A4) was spin-coated on the PMN-PT substrate (2000
rpm for 60 s) and prebaked at 180 °C on a hot plate for 60 s.
Nanotrenches were patterned using electron beam lithography
(EBL, Crestec CABL-9000) and then developed in a solution of
methyl isobutyl ketone/isopropanol for 60 s, rinsed with iso-
propanol, and dried in a nitrogen stream. Subsequently, a 120
nm-thick Ni film, as determined using a quartz microbalance,
was deposited via electron beam evaporation (Denton Vacuum
Explorer) and was then capped with a 10 nm-thick layer of Ti to
prevent oxidation.

Magnetic characteristics

MFM experiments were performed on an Agilent 5500 system
under ambient conditions using a PPP-MFMR probe (Nanosen-
sors) with a lift height of 50 nm. Owing to the PMMA nano-
trench, the spontaneous ordered strip domains can be obtained
without the help of a magnetic field.” So the MFM measure-
ments were performed at zero magnetic field immediately after
the deposition of the Ni films without applying a magnetic
field. All MFM data analyses were performed using Gwyddion
2.60.>> The M-H loops were collected using a Durham Nano-
MOKE 2. All of the measurements were performed at room
temperature with in situ electric fields using a Keithley 6517
electrometer.

Micromagnetic simulations

Simulations using MuMax3*® were performed to explore the
change in the magnetic domain configurations of the Ni film
under the electric-field-induced strain. For all simulations, a 5.0
pm x 5.0 pm x 0.12 pm film structure was considered with the
unit cell dimension set to 5 nm x 5 nm x 5 nm. The parameters
of the Ni film were as follows:” the exchange stiffness coefficient
was A =13 x 10~ ] m™ ", the saturation magnetization was Mg =
8.6 x 10° Am ', the Gilbert damping constant was « = 0.1, and

This journal is © The Royal Society of Chemistry 2023
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the out-of-plane magnetic anisotropy constant without an elec-
tric field was set to Ky = 1.0 x 10° J m™ >, Because the out-of-plane
magnetic anisotropy of the Ni films weakens with increasing
electric field strength,®” we defined the uniaxial anisotropy Ky in
the Ni film as being composed of x-, y-, and z-components, ie.,

KU =/ sz + Kv2 + Kzz-
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