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ABSTRACT: Intrinsic spatial inhomogeneity or phase separation in
cuprates, manganites, etc., related to electronic and/or magnetic
properties, has attracted much attention due to its significance in
fundamental physics and applications. Here we use scanning Kerr
microscopy and scanning electron microscopy with polarization
analysis with in situ electric fields to reveal the existence of intrinsic
spatial inhomogeneity of the magnetic response to an electric field on a
mesoscale with the coexistence of looplike (nonvolatile) and butterfly-
like (volatile) behaviors in Co40Fe40B20/Pb(Mg1/3Nb2/3)0.7Ti0.3O3
ferromagnetic/ferroelectric (FM/FE) multiferroic heterostructures.
Both the experimental results and micromagnetic simulations suggest
that these two behaviors come from the 109° and the 71°/180° FE
domain switching, respectively, which have a spatial distribution. This
FE domain-switching-controlled magnetism is significant for under-
standing the nature of FM/FE coupling on the mesoscale and provides a path for designing magnetoelectric devices through
domain engineering.
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■ INTRODUCTION

Intrinsic spatial inhomogeneity or phase separation, which
involves spatial inhomogeneity of electronic and/or magnetic
properties, has attracted much attention because of its
significance in science and technology.1−4 For example, it is
believed to be one of the key issues to understand the
mechanisms of high-temperature superconductivity in cup-
rates4,5 and colossal magnetoresistance in manganites.2,3

Spatially resolved techniques have provided important
information for understanding the phenomena of intrinsic
spatial inhomogeneity or phase separation,4,6−8 which exists in
many systems.1−5 In multiferroic materials, the coupling

between ferroelectric (FE) and ferromagnetic (FM) orders
also gives rise to intrinsic spatial inhomogeneity due to the
complexity of the FE (domain structure and domain switching)
that is coupled to the FM. Moreover, multiferroic materials
provide an avenue to electric field control of magnetism and
have been extensively studied because electric field control of
magnetism at room temperature is one of the cornerstones of
novel electric writing magnetic memories.9−12
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Recently, in artificial FM/FE multiferroic heterostructures, it
has been demonstrated that magnetization can be controlled by
electric fields via strain-mediated magnetoelectric cou-
pling,13−17 which is likely to emerge as a niche application in
the short term because it can operate well at room
temperature.18 Most of the early attempts for electric field
control of magnetism in the strain-mediated FM/FE systems
are based on the piezoelectric effect. The bipolar electric field
control of magnetization exhibits a reversible and symmetric
butterfly-like behavior, which can be understood as tuning the
magnetic anisotropy via the converse magnetostriction
effect19−21 or controlling the saturation magnetization based
on octahedral disorder sensitive to the piezostrain of the FE
substrate.22 However, this butterfly-like behavior indicates that
the magnetization changes were not retained after removal of
the applied electric fields, which is disadvantageous for novel
electric writing, magnetic reading memories. Clearly, non-
volatile electric field control of magnetism is highly desired.
Encouragingly, there have been several reports on the

nonvolatile electric field control of macroscopic magnetic
properties in FM/FE systems, revealing the key role of FE
domains and their switching.13,23−25 For example, Wu et al.
demonstrated a permanent magnetization change in Ni/
Pb(Mg1/3Nb2/3)0.7Ti0.3O3 (011) (Ni/PMN-PT) via a non-
180° FE polarization reorientation process.23 Additionally,
Zhang et al. reported nonvolatile electric field control of
magnetism in the Co40Fe40B20 (CoFeB)/PMN-PT (001)
system and demonstrated that it is closely related to 109° FE
domain switching.24 Moreover, besides 109° FE domain
switching, 71° and 180° FE domain switching was also
observed by piezoresponse force microscopy (PFM) and
high-resolution X-ray diffraction reciprocal space mapping
(XRD-RSM) for the rhombohedral (R) phase.24,26,27 An

interesting and fundamental question arises as what are the
effects of different FE domain switches on magnetism. The
109° FE domain switching is expected to induce a 90° rotation
of the magnetic easy axis, while the 71° and 180° FE domain
switching are not expected to change the magnetic easy axis.24

Therefore, it is likely that there exists an intrinsic spatial
inhomogeneity of magnetic response to electric field. The
macroscopic magnetic properties, revealed by magnetic
measurements without spatial resolution, are composed of
contributions induced by the 109°, 71°, and 180° FE domain
switches. To clarify this issue, spatially resolved magnetic
characterizations on the mesoscale with in situ electric fields are
required. To date, there have been only a few reports on the
electric field control of magnetism in the FM/FE multiferroic
heterostructures with mesoscale spatial resolution.28−35 For
example, Lahtinen et al. proved that the magnetic domain
configuration is an exact copy of the FE domain structure in a
CoFe/BaTiO3 (001) heterostructure by polarization micros-
copy and the magneto-optic Kerr effect (MOKE).31 Using X-
ray magnetic circular dichroism (XMCD)−photoemission
electron microscopy (PEEM), Buzzi et al. revealed that the
strain-mediated magnetoelectric coupling under unipolar
electric fields is highly dependent on the initial states of the
FE domains in Ni/PMN-PT (011).33

In this paper, we study electric field control of magnetism in
CoFeB/PMN-PT (001) at the mesoscale using spatially
resolved techniques including scanning Kerr microscopy
(SKM) and scanning electron microscopy with polarization
analysis (SEMPA) with in situ electric fields. Two spatially
resolved techniques were chosen because the SKM could reveal
the magnetic moment information projected only in the
detection direction, while SEMPA can measure the in-plane
magnetic moment vector and has a much higher spatial

Figure 1. Macroscopic magnetization controlled by electric field. (a) M−E curves measured at 300 K along the [110] direction with a 1 mT external
magnetic field. A simplified version of the crystal axes, magnetic field (H), and the angle θ is shown in the inset. (b) The looplike (ML, red triangles)
and butterfly-like (MB, blue circles) electric-field-controlled magnetization (M−E) hysteresis curves obtained from panel a. (c) Angle dependence of
ML−E curves obtained with steps of 45° at 300 K. (d) Angle dependence of the nonvolatile manipulation magnitude ΔML and the fitting curve (red
line, Supporting Information S7). The error bars in panel d are the standard error derived from multiple measurements, which includes error in the
sample alignment for each measurement. Error bars in panels a−c are smaller than the point markers.
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resolution. Mesoscale magnetization response to external
electric fields (M−E) with looplike (nonvolatile) and
butterfly-like (volatile) behaviors were observed in different
regions, demonstrating the intrinsic spatial inhomogeneity of
magnetic response to the electric field. The regions of looplike
response showed an in-plane 90° rotation of the local magnetic
moments, while in the regions of butterfly-like response the
local magnetic moments remain unchanged. Micromagnetic
simulations are consistent with the looplike and butterfly-like
M−E behavior resulting from the spatial distribution in the
PMN-PT of regions of 109° FE domain switching and regions
of 71° or 180° domain switching, respectively.

■ RESULTS AND DISCUSSION

Heterostructures were prepared by sputtering amorphous
CoFeB film on PMN-PT (001) substrates with the edges
along the [100] and [010] directions of the PMN-PT (Figure
S1a). We first measured the macroscopic magnetic properties
with in situ electric fields applied across the FM/FE structure
after magnetizing the sample by a 100 mT field along the
measurement direction and then removing the magnetic field.
Figure 1a shows the change of magnetization along the [110]
direction with electric field (M−E curve), with a 1 mT external
magnetic field applied along [110] to define the measurement
direction. We observe a looplike behavior with a reversible and
sharp magnetization switching when the electric field exceeds
the coercive field (Ec) of PMN-PT (about 1.5 kV cm−1 at room
temperature, as shown in Figure S2). It is noteworthy that the
magnetization decreases slowly after the electric field exceeds
Ec, independent of the electric field polarity, which indicates the
contribution of the butterfly-like behavior. Compared with the
change of magnetization along the [110] direction with electric
field, the result for the [1 ̅10] direction displays a comple-
mentary curve, as shown in Figure S3a. Similar to the

separation of the bipolar looplike nonvolatile strain and
butterfly-like volatile strain from the strain versus electric field
curves,27 the butterfly-like and the looplike M−E curves in
Figure 1b were separated based on the different symmetries of
the two curves (Supporting Information S3). The coexistence
of two types of M−E curves here is different from the
previously reported coexistence of loop and butterfly M−E
behaviors in the Pr0.5Ca0.5MnO3/Pb(Mg1/3Nb2/3)0.67Ti0.33O3
system, which originates from the competition between
charge-mediated interactions (responsible for the loop M−E
behavior) and strain-mediated interactions (responsible for the
butterfly M−E behavior).36 In our sample, the charge-mediated
interaction is negligible because the 20 nm thickness of the FM
is much larger than the effective length of the FE field effect,
which is only 1−2 unit cells near the interface for metals.37

To understand the mechanism of electric field control of
magnetism in CoFeB/PMN-PT (001), we also measured the
change of the magnetization along different directions with
electric field. Figure 1c shows the evolution of looplike ML−E
curves at various angles (θ) increasing from 0° to 180° in 45°
steps. Here, θ is the angle between the 1 mT magnetic field
defining the measurement direction and the [100] direction
(Figure S1a). Apparently, the looplike nonvolatile bipolar
electric field control of magnetism is anisotropic and strongly
depends on the measurement direction. For θ = 45°, the
positive electric fields tend to decrease the magnetization, while
the negative electric fields tend to increase it, which is opposite
to the θ = 135° case. To gain further insight into the
mechanism underlying the angular anisotropy of the looplike
ML−E curves, we plot the angular dependence of magnetization
difference ΔML (ML(+8 kV cm−1) − ML(−8 kV cm−1)) in
Figure 1d. The electric-field-induced manipulation is maximum
in the [110] and [1 ̅10] directions, while it is close to zero in the
[100] and [010] directions. This is further demonstrated by the

Figure 2. Electric field control of magnetism with SKM. (a) Scanning MOKE maps of Mr/Ms in a 50 × 50 μm2 area under different static electric
fields. The in-plane longitudinal MOKE was aligned to the [110] direction of PMN-PT substrates. The colored arrows at the left represent the
different magnetic moment orientations. (b) The difference of SKM images under ±8 kV cm−1 (M+8−M−8) deduced from panel a. The dotted lines
are a guide for the eye to distinguish three types of contrasts. (c−e) The local static electric-field-controlled magnetization (M−E) curves for the
different regions numbered in panel b. The uncertainty in the measurement is smaller than the point size.
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electric field control of magnetic hysteresis (M−H) curves
along the different directions (Figure S4), which shows that the
M−H hysteresis curves in the [110] direction under ±4
kV cm−1 exhibit a change that is opposite to that in the [1 ̅10]
direction, while there is no obvious change of M−H in the
[100] direction under ±4 kV cm−1. Furthermore, as shown in
Figure 1d, the modulation changes monotonically between the
[110] and [1̅10] directions. The anisotropy of the looplike
ML−E curves, Figure 1c,d, is consistent with an in-plane 90°
rotation of magnetic moment and will be discussed later.24

The fact that the change of magnetization with electric field
can be separated into the butterfly-like and looplike M−E
curves suggests two distinct contributions to the electric field
control of magnetism in the CoFeB/PMN-PT (001). One
possible scenario is that the different contributions from 109°,
71°, and 180° switching of FE domains lead to the intrinsic
spatial inhomogeneity of magnetic response to the electric field.
To clarify this issue, we made spatially resolved measurements
of electric-field-controlled magnetism using SKM and SEMPA
with in situ electric fields.
Before the SKM measurement, shown schematically in

Figure S1b, the sample was magnetized by a 100 mT magnetic
field along the [110] direction, and then the magnetic field was
removed. Figure 2a shows the mapping results of Mr/Ms
(remanent magnetization/saturation magnetization) along the
[110] direction under different in situ electric fields. Red, blue,
and green colors in the Mr/Ms images represent three kinds of
magnetic moment orientations in our sample, i.e., parallel,
antiparallel, and perpendicular to the [110] direction,
respectively, as indicated by the colored arrows on the left of
Figure 2a. In order to get the magnetic response to electric field
for different regions, we plot the difference between the images
at +8 kV cm−1 and −8 kV cm−1 obtained from Figure 2a and
show the result in Figure 2b, which reveals three typical kinds
of changes with electric field, displayed in red, light yellow, and
blue. To study the typical magnetic responses to electric field,
we focused on the three representative regions marked by 1, 2,
and 3 in Figure 2b. For region 1, the magnetic moment is along

the [11 ̅0]/[1̅10] direction at +8 kV cm−1 and does not change
much as the electric field decreases to −1 kV cm−1, but the
magnetic moment rotates to the [1 ̅1 ̅0] direction at −8 kV cm−1

with the color changing from about green to blue as shown in
Figure 2a. When changing the electric field from −8 kV cm−1 to
+8 kV cm−1, the magnetic moment is retained until the electric
field is larger than +1 kV cm−1, suggesting that the local
magnetic moment in region 1 displays a nonvolatile electrical
modulation of magnetization. In contrast, region 2 shows a
color change from green to red, indicating that the magnetic
moment rotates from the [11 ̅0]/[1̅10] to the [110] direction
antiparallel to that of region 1. For region 3, the direction of the
magnetic moment does not change with electric field. The local
magnetic moment responses to the electric field in the three
regions of Figure 2a are shown in Figure 2c−e. Clearly, the M−
E behaviors of regions 1 and 2 are similar and show looplike
electric-field-controlled magnetism. It is notable that significant
switching of magnetic moment occurs only when the electric
field exceeds the coercive field (Ec) of PMN-PT. For region 3
in Figure 2e, the magnetic moment changes slightly and the
electric-field-controlled magnetism is reversible and volatile,
similar to a butterfly-like M−E behavior. The effect in region 3
is weak compared to that in regions 1 and 2. This is consistent
with the result of XRD-RSM that the volatile strain (0.1%) is
much smaller than the nonvolatile strain (0.29%) (Figure S3j,k
of ref 24). We also used an AC-mode MOKE technique to
measure the local M−E in different regions; the results show
looplike and butterfly-like behaviors (Supporting Information
S5). In addition, the changes of the local magnetic anisotropy
with electric field in the three regions were investigated by
rotation magneto-optic Kerr effect (Rot-MOKE) magneto-
metry.38 As shown in Figure S6, the magnetic anisotropies of
both region 1 and region 2 are different at ±8 kV cm−1 while
they are roughly the same at ±8 kV cm−1 for region 3.
Specifically, compared with positive electric field, for negative
electric field the anisotropy is larger and the magnetic easy axis
rotates toward the [110] direction in regions 1 and 2. This
result further supports the suggestion that there are two types

Figure 3. Electric field control of magnetism with SEMPA. (a) Nine SEMPA images of the CoFeB magnetization under electric fields. The
measurement sequence is shown in the central inset. The magnetic moment direction is defined by the color wheel and crystal directions as shown in
the left inset. (b) The angular distribution of the magnetization in image 5 of panel a after negative poling is depicted by the blue curve. The angular
distribution of the magnetization in image 9 after positive poling is depicted by the red curve. (c) A higher-resolution SEMPA image of a selected
area of image 9 after positive electric field poling. The arrows along with the color wheel show the local magnetization direction.
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of electric-field-controlled magnetism in different mesoscale
regions, indicating spatial inhomogeneity of magnetic response
to electric field.
SEMPA can measure the in-plane magnetic moment vector

at the surface of a magnetic thin film,39 and it has been
demonstrated that SEMPA with in situ electric fields is helpful
for elucidating the FM domain rotation process.40 In order to
get more insight into the electric-field-controlled magnetism in
different mesoscale regions in our samples, we used SEMPA to
measure the variation of the in-plane magnetic moment vector
with electric field. Figure 3a shows the SEMPA images of a 125
× 125 μm2 area of CoFeB/PMN-PT under different electric
fields, with the magnetic moment directions indicated by the
color wheel. SEMPA images show uniform green color (images
3−6) upon applying negative electric fields and sweeping
through zero to +1 kV cm−1, suggesting a nonvolatile, single
magnetic domain structure with the magnetic moment along
the [110] direction. In contrast, multidomain structure appears
when electric field exceeds the coercive field of PMN-PT, as
shown by the multicolored states in images 7, 8, and 9. From
the pixel-by-pixel information on the direction of the magnetic
moments in an image, an angular distribution of the
magnetization can be created for the entire image. The angular
distribution of the magnetization from image 5 in Figure 3a (at
zero field after negative poling) is shown by the blue curve in
Figure 3b. Similarly, the angular distribution from image 9 (at
zero field after positive poling) is shown by the red curve. After
negative poling, the magnetic moments are predominantly
along the [110] direction. After positive poling, much of the
magnetization has switched by 90° to the [11 ̅0] direction.
There is, however, a peak in the angular distribution after
positive poling between the [110] and the [1 ̅10] directions
whose origin is less clear. The peak could originate from
averaging moments in the [110] and the [1 ̅10] directions on
the microscale below the spatial resolution of the large images
in Figure 3a, or alternatively the peak could be due to a

competing anisotropy in the CoFeB film. A higher magnifica-
tion image of a region of image 9 of Figure 3a is shown in
Figure 3c where wide variations in the magnetization directions
are apparent. In fact, at small length scales, it is evident that
there are variations beyond a simple 90° rotation of the
magnetization. This is not unexpected because there is always a
competition between the intralayer exchange in the FM film
which acts to maintain the magnetization direction and the
magnetoelastic coupling which acts to change it. Still, the major
change in the magnetization produced by electric fields is a 90°
rotation, as shown by the 90° separation of the main peaks in
Figure 3b.
The observation of two different types of M−E behavior and

anisotropy suggests that there are two different kinds of strain
response induced by electric fields in our system. In addition,
magnetization switching of the looplike M−E curves occurs
around the coercive field of PMN-PT, suggesting FE domain
switching plays a key role. The PMN-PT used in this work is
near the region of the morphotropic phase boundary. The main
structure is the rhombohedral (R) phase;41 therefore, the
spontaneous FE polarization is along one of the ⟨111⟩ axes and
there are eight equivalent polarization directions. Taking a FE
domain with an initial polarization along the [111] direction as
an example, the polarization can be switched by 71°, 109°, and
180° domain switching processes,26 as shown in Figure 4a. The
R phase shows a rhombic distortion with a long diagonal along
a ⟨110⟩ direction parallel to the component of the FE
polarization in the (001) surface plane of the PMN-PT crystal,
providing a local anisotropic strain in the long diagonal
direction. Similar to the CoFe/BaTiO3 system,31 the local
magnetic anisotropy of the CoFeB is influenced by the
underlying FE domain through the strain-mediated magneto-
electric coupling. Because of the positive magnetostriction
coefficient of CoFeB thin films and the absence of magneto-
crystalline anisotropy in CoFeB,42 the magnetic moments
prefer to align along the in-plane component of the FE

Figure 4. Schematic of the FE-domain-switching-controlled magnetism. Schematic of (a) three FE domain switching processes of PMN-PT and (b)
picture of the related M−E curves. (c) The top view looking down [001] of distortions and related in-plane magnetic easy axes (EA, red arrows) for
the different FE domain switching processes, starting from a FE polarization along the [111] direction.
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polarization, i.e., a ⟨110⟩ direction, as demonstrated by the
SKM and SEMPA results (see Figures 2 and 3). Application of
an external electric field reorganizes the FE domain structure of
PMN-PT through domain-switching processes, thereby mod-
ulating the magnetization via the strain effect with looplike and
butterfly-like M−E behaviors, as shown by experimental data in
Figure 1b and schematically in Figure 4b. Figure 4c shows the
two types of strain coupling induced by the FE domain
switching of PMN-PT (001). (i) For the 109° domain
switching, the elongated diagonal of rhombic distortion changes
from the [110] axis to the [1 ̅10] axis thereby changing the
strain and rotating the magnetic easy axis from the [110] to the
[1̅10] direction. In this case, the magnetic anisotropy and
consequently the in-plane magnetization of the CoFeB film can
be controlled by electric fields resulting in the looplike M−E
behavior. (ii) For the 71°/180° domain switching, although the
direction of elongated diagonal does not change, the domain
switching produces a change of strain with a butterfly-like strain
versus electric field curve. Therefore, the electric-field-
controlled magnetism shows the butterfly-like M−E behavior.
Thus, the two different strain couplings originating from the
109° and 71°/180° domain switching cause the looplike and
butterfly-like M−E behaviors, respectively, i.e., the CoFeB film
above the 109° domain switching regions shows the looplike
electric-field-controlled magnetism while the M−E behavior of
the CoFeB film above the 71°/180° domain switching regions
is butterfly-like (schematically shown in Figure 4b). In this
picture, the spatial distribution of electric-field-controlled
magnetism originates from the different type of FE domain
switching in different regions.
For the looplike M−E behavior, it has been demonstrated

that magnetic moments tend to stay along the [110] direction
at −8 kV cm−1 because most of the FE domains align in the
[110] direction to reduce the ferroelastic energy after −8
kV cm−1 poling.24,27 The angle dependence of the nonvolatile
magnetization change by electric fields (Figure 1d) could be
explained by the 90° rotation of magnetic moments. In this
case, the manipulation magnitude, ΔML, can be expressed as
ΔMMax(|sin(θ − 45°)| − |cos(θ − 45°)|), where ΔMMax is the
maximum of ΔML and is about 0.29 MAm−1 for this sample. It
can be seen from Figure 1d that the equation fits the
experimental data well. Details of the above analysis are
described in Supporting Information S7.
We used micromagnetic simulations to model the above

picture of magnetization switching.43 The types of FE domain
switching can be deduced from the difference of SKM images
under positive and negative electric fields (Figure 2b), whereby
the 109° domain switching is indicated by the red/blue regions

and 71°/180° domain switching by the light yellow region. The
deduced FE domain switching is shown in Figure 5a. The initial
magnetic moment configuration of the +8 kV cm−1 state is
based on Figure 2a. Micromagnetic simulation was carried out
to separate the regions with magnetic moments along the [1 ̅10]
from those along the [11 ̅0] because the SKM result in Figure
2a cannot distinguish regions with magnetic moments along
these two directions; the result is shown in Figure 5b. Then we
varied the magnetic anisotropy in the simulation, based on the
FE domain switching derived from Figure 5a, to model the
effect of a −8 kV cm−1 electric field. Figure 5c shows the
resulting simulated magnetic moment configuration, indicating
that the magnetic moment rotates by 90° in-plane with some
small transition regions when responding to the 109° FE
domain switching, but there are not many changes in the
regions of 71°/180° FE domain switching. This is consistent
with a picture in which the looplike M−E behavior is induced
by 109° FE domain switching and the butterfly-like M−E
behavior is induced by 71°/180° FE domain switching.

■ CONCLUSION

We have demonstrated the intrinsic spatial inhomogeneity of
the magnetic response to an electric field on the mesoscale with
the coexistence of looplike (nonvolatile) and butterfly-like
(volatile) behaviors in CoFeB/PMN-PT (001) by using SKM
and SEMPA with in situ electric fields. Separate regions
exhibiting looplike and butterfly-like magnetization response
were observed. This intrinsic spatial inhomogeneity of M−E
effect is closely related to the rich features of FE domain
structures and domain-switching processes of PMN-PT as
evidenced by changes at the FE coercive electric field. The
experimental results and micromagnetic simulations can be
understood in a consistent picture in which the looplike
behavior comes from the 109° FE domain switching while the
butterfly-like behavior comes from the 71°/180° FE domain
switching. This work provides an example of intrinsic spatial
inhomogeneity or phase separation in the magnetic response to
an electric field in FM/FE heterostructures demonstrating the
ubiquitous nature of such intrinsic spatial inhomogeneity or
phase separation. Our increased understanding of electric field
control of magnetism in FM/FE structures on the mesoscale
provides a path for electric field control of magnetism through
domain engineering, which is significant for future straintronic
device applications based on electric-field-controlled magnet-
ism.

Figure 5. Micromagnetic simulation of the FE-domain-switching-controlled magnetism. (a) The map of the FE-domain switching deduced from
Figure 2b. (b) Initial state obtained by micromagnetic simulation for the +8 kV cm−1 state to separate the regions with magnetic moments along the
[1 ̅10] from those along the [11 ̅0] based on Figure 2a. (c) Micromagnetic simulation results after electric field switching to the −8 kV cm−1 state.
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■ METHODS
Sample Preparation. A 20 nm thick amorphous Co40Fe40B20

(nominal target composition) magnetic film with a 10 nm thick
tantalum (Ta) protection layer was directly deposited on a 0.5 mm
thick Pb(Mg1/3Nb2/3)0.7Ti0.3O3 (PMN-PT) (001) single-crystal
substrate using an ultrahigh vacuum magnetron sputtering system
with a base pressure of 1 × 10−6 Pa. The amorphous property of
CoFeB and crystalline property of PMN-PT have been studied with
XRD and transmission electron microscopy (TEM) in our previous
report.44 For the sample measured with SEMPA, the PMN-PT was
only 0.2 mm thick so that larger electric fields could be applied. Au
layers with a 300 nm thickness were sputtered on both the top and
bottom sides of the FM-FE structure as the electrodes for the M−E
measurements. For the MOKE and SEMPA measurements, the Au
layer was sputtered only on the back side of the FE.
Magnetization Measurements. Electric field control of macro-

scopic magnetization was measured with in situ electric fields applied
across the FM/FE heterostructure after magnetizing the sample by a
100 mT field along the measurement direction and then removing the
magnetic field. Measurements of the spatial distribution of electric-
field-controlled magnetism were performed on a scanning MOKE
system with a diode laser operated at a 660 nm wavelength. We used a
100 mT magnetic field to get an initial magnetic state, and then the
magnetic field was removed before the electric-field-dependent SKM
mapping.
SEMPA Measurement. We used a modified scanning electron

microscopy (SEM) instrument to image the FM domain structure of
the CoFeB/PMN-PT sample. The magnetic information comes from
the spin polarization of the low-energy secondary electrons. Secondary
electrons emitted from a FM domain have a spin polarization
proportional to the magnetization in the domain. Thus, an SEM
instrument modified to measure the polarization of the secondary
electrons provides a measurement of the magnetization in the region
probed by the incident electron beam. This high-resolution magnetic
imaging technique, called scanning electron microscopy with polar-
ization analysis, was used to image the magnetization in the CoFeB
film.39 A typical SEMPA measurement consists of a simultaneously
measured intensity image showing the topography and polarization
images along two axes. The third component of polarization can be
measured with a second spin analyzer. The spin polarization
measurements can be combined into a vector image in which the
direction is indicated by the color.
Micromagnetic Simulation. Micromagnetic simulations were

carried out using the object-oriented micromagnetic framework
(OOMMF) software.43 To simulate the FM domain state at −8
kV cm−1, the initial FM domain state and initial local magnetoelastic
anisotropies obtained from the SKM image at +8 kV cm−1 in Figure 2a
were used as input. The effect of the electric field was introduced by
changing the directions of the local magnetoelastic anisotropies during
the FE domain-switching process (Figure 5a). The local magne-
toelastic anisotropy field (μ0Hσ = 15 mT) was obtained through Hσ =
3λ·Y·S/Ms, where S is the local strain induced by the FE rhombic
distortion. The value of S is 0.2% for PMN-PT as deduced from the in-
plane distortion difference for the [110] and [11̅0] direction shown in
Figure 3f of ref 24. The Young’s modulus, Y, and magnetostriction
coefficient, λ, are 160 GPa and 2 × 10−5 for CoFeB, respectively;42 the
saturation magnetization, Ms, is 1.2 MAm−1; and the uniform
exchange constant, A, is 2.8 × 10−11 J m−1.45
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