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a b s t r a c t 

Strain-mediated magnetoelectric effect can be utilized as an energy-efficient approach for spin manipu- 

lation. However, over 90 ° magnetization rotation is still challenging in un-patterned magnetic films, as 

the piezo-strain driven by ferroelectric domain switching is generally uniaxial rather than unidirectional, 

which limits the developments of non-volatile magnetic memory and logic devices. Here we demonstrate 

the rotation of local magnetization with a large angle of 136 ° by applying strains with a shear compo- 

nent at a fixed magnetic field of 45 Oe in FeCoSiB/PMN-PT (011) multiferroic heterostructures, revealed 

by a vector-resolved quantitative magneto-optical Kerr effect (MOKE) microscopy. Phase-field simulations 

confirm that the approximate 140 ° rotation of magnetization vectors is a consequence of the shear strain 

associated with ferroelectric/ferroelastic switching of PMN-PT (011) substrates. The visualization of over 

90 ° magnetization rotation induced by the strain with a shear component paves the way for deterministic 

magnetization switching that has important implications in the energy-efficient spintronic devices. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Magnetic domain dynamics in thin films are of great impor-

ance for the potential applications in magnetic memory and logic

evices [1,2] . Magnetic field and spin-polarized current have been

he conventional driving forces to switch the magnetic domains

3–7] . However, both methods require a large electric current with

igh power consumption, which limits the development of high-

ensity spintronic devices. Therefore, promising energy-efficient al-

ernatives that are employing electric fields instead of currents

o modulate spin and magnetic domain dynamics have been pro-

osed. In ferromagnetic metal/metal-oxide heterostructures such 

s Co/GdO x and Co/AlO x , the applied electric fields can manipu-

ate the magnetic anisotropy, thereby controlling the magnetic do-

ain wall motion via charge accumulation, activation energy bar-

ier modulation, or oxygen migration [8–11] . Besides, ionic liquid
∗ Corresponding authors. 
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ating could be utilized to regulate the evolution of magnetic do-

ains [12] . Electric fields induced strain- or charge-mediated ma-

ipulation of magnetic domains has also been demonstrated in fer-

omagnetic/ferroelectric multiferroic heterostructures [13–18] . 

Among the interaction mechanisms for electric field control

f magnetism in magnetoelectric heterostructures [19–24] , due to

he flexibility of selections for materials with large magnetoelec-

ric coupling coefficients [25] , the strain-mediated magnetoelectric

oupling effect has attracted more attention. However, due to the

niaxial strains caused by electric fields, it has been challenging

o achieve over 90 ° magnetization rotation, unless the multilayers

re designed with strong shape anisotropy [22,26,27] or unidirec-

ional exchange coupling [28] . Recently, a shear strain effect has

een first utilized to control the evolution of magnetic domains in

i/PMN-PT (011) multiferroic heterostructures, where rotation an-

les of 62-84 ° rather than the hitherto expected 90 ° were observed

y high-resolution vector maps of magnetization with the pixel-by-

ixel comparison [29] . 

In this work, we demonstrate the rotation of local magne-

ization with a large angle of 136 ° by applying strains with a

hear component at 45 Oe in FeCoSiB/PMN-PT (011) multiferroic

https://doi.org/10.1016/j.actamat.2020.08.041
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
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heterostructures, revealed by vector-resolved quantitative MOKE

microscopy. Meanwhile, phase-field simulations unravel an approx-

imate 140 ° rotation of magnetic domains mediated by electric-

field-induced ferroelectric/ferroelastic switching strain from the

PMN-PT (011) substrates, which are consistent with the experi-

mental results. The direct observation of the shear-strain-mediated

magnetization rotation over 90 ° would be a significant step for de-

terministic magnetization switching that has potential applications

in energy-efficient spintronics such as magnetic memory and logic

devices. 

2. Experimental details 

2.1. Sample preparation 

The Cu(3 nm)/ FeCoSiB(44 nm)/Ta(3 nm) multilayers were de-

posited on PMN-PT (011) piezoelectric single crystals via dc mag-

netron sputtering at room temperature. For each preparation of

samples, the base pressure was below 1.5 × 10 −7 Torr, and working

dc power was fixed at 30W. The top Cu capping layer was prepared

to protect FeCoSiB magnetic layer from oxidation. The commercial

PMN-PT (011) substrates were 0.5 mm thick. In addition, the back

of the substrate was covered with a 20 nm Ta layer as a bottom

electrode. 

2.2. Experiment characterization 

In-situ measurements of electric field regulation of magnetism

were executed at room temperature. Vector-resolved quantitative

MOKE microscope (Evico Magnetics, em-Kerr-Highres) in longitu-

dinal MOKE mode with a 4-pole horizontal magnet was utilized

for the real-time visualization of magnetic domain evolution un-

der in-situ magnetic fields as well as electric fields. A commercial

software for the MOKE system was used to analyze the specific

magnetization directions of magnetic domains, and the deviation

of the acquired magnetization directions was less than 5 ° [30] . The

magnetization directions were obtained by substituting magnetic

domain patterns in two orthogonal sensitivity directions measured

at the same time into the calibration functions, which were calcu-

lated according to the Kerr contrast of the single domains under

saturated magnetic fields in different directions [30] . Before ap-

plying the electric field to the piezoelectric substrate, a magnetic

field of 300 Oe was applied along the [100] direction and then de-

creased to -45 Oe, and during the electrical modulation process,

the magnetic field remained unchanged at -45 Oe. The polariza-

tion versus electric field (P-E) hysteresis loop was measured via a

commercial precision ferroelectric tester and ferroelectric domains

were imaged by Piezoresponse Force Microscopy (PFM). Magnetic

hysteresis loops were measured by VSM (Lake Shore 7404) and

MOKE. FMR spectra were recorded with the aid of the ESR sys-

tem (JEOL, JES-FA200), working at TE 011 mode at approximately

9.2 GHz. Additionally, electric fields were applied making use of a

Keithley 6517B Electrometer. 

2.3. Phase-field model 

In the phase-field model, the temporal evolution of the local

magnetization vector M can be described by the Landau–Lifshitz–

Gilbert equation: 

(
1 + α2 

)∂M 

∂t 
= −γ0 ( M × H eff ) −

γ0 α

M s 
M × ( M × H eff ) (1)

where α and γ 0 denote the Gilbert damping coefficient and the

gyromagnetic ratio, respectively. Eq. (1) can be solved using a

semi-implicit Fourier spectral method [31] with a small-time step

�t of about 0.09 ps. The effective magnetic field is expressed by
 eff = −( 1 / μ0 )( δF tot / δM ) , where μ0 represents the vacuum per-

eability; F tot is the total magnetic free energy of the amorphous

eCoSiB film, expressed as, 

 tot = 

∫ 

V 

( f ms + f exch + f external + f uni , anis + f elastic + f mc ) dV (2)

here f ms , f exch , f external , f uni, anis , f elastic and f mc are magnetostatic,

xchange, external magnetic field (i.e., arising from H [100] = -45 Oe),

he initial uniaxial anisotropy along the [01-1] direction, elastic,

nd magnetocrystalline anisotropy energy densities, respectively.

mong them, magnetocrystalline anisotropy energy density ( f mc )

s neglected in the simulation because of the isotropic nature of

he amorphous FeCoSiB film. The periodic magnetostatic boundary

ondition is employed in the phase-field simulations. The math-

matical expressions and numerical solutions of the f ms , f exch ,

 external , f uni, anis and f elastic can be found in the literature [32] . 

Three-dimensional grids of 150 �x × 150 �y × 36 �z with real

rid sizes of �x =�y = 3 nm and �z = 2 nm are utilized to de-

cribe the bottom substrate layer ( = 10 �z ), its overlaying FeCoSiB

lm layer ( = 22 �z ) and the top air layer ( = 4 �z ). The simulated di-

ension for FeCoSiB film is 450 nm × 450 nm × 44 nm. The ma-

erial parameters of FeCoSiB film utilized for the simulations are

isted as follows: the saturated magnetization M s = 1.01092 × 10 6 

/m [33] ; elastic constants c 11 = 201.92 GPa, c 12 = 86.54 GPa, c 44 =
7.69 GPa [34,35] ; saturation magnetostriction λs = -25 ppm (ref.

s = -5 ppm (metal-glass, amorphous) [36] ; Gilbert damping coef-

cient α= 0.06 [33] ; gyromagnetic ratio γ 0 = 1 . 76 × 10 11 T −1 s −1 

37] ; and exchange constant A ex = 1 . 7 × 10 −11 J/m [37] . 

. Results and discussion 

.1. Characterization of basic properties 

To investigate shear-strain-mediated magnetoelectric effect,

u(3 nm)/FeCoSiB(44 nm)/Ta(3 nm)/PMN-PT (011) multiferroic het-

rostructures were prepared via magnetron sputtering. The mea-

urement configuration for the FeCoSiB/PMN-PT (011) multilayers

s shown in Fig. 1 a, in which electric fields are applied across the

MN-PT (011) substrates and the yellow arrows indicate the direc-

ion of the positive electric fields. The FeCoSiB/PMN-PT (011) mul-

iferroic heterostructures exhibit in-plane anisotropy, as illustrated

n Fig. 1 b. Derived from the magnetic hysteresis loops measured

y MOKE, the in-plane easy axis lies in the [01-1] direction of the

iezoelectric substrates, and the in-plane hard axis is along the

100] direction. 

The magnetization directions of magnetic domains are calcu-

ated by a commercial software based on the Kerr contrast change

f the domain patterns (see Experimental Section ) [30] . Due to the

omplex distribution of the magnetization directions, angles from

 ° to 360 ° are utilized to unravel the relative orientation of do-

ains, and the corresponding color wheel and scale bar of mag-

etic domain patterns are shown in the left of Fig. 1 c. When the

amples are saturated by positive and negative magnetic fields

long the [100] direction, the corresponding magnetization direc-

ions of magnetic domains are defined as 0 ° and 180 °, respectively.

ith magnetic fields lying in the [01-1] direction, the magneti-

ation directions under positive and negative saturated magnetic

elds are set as 90 ° and 270 °, respectively. Additionally, the an-

les rotate counterclockwise. The crystal orientation of the PMN-PT

011) substrates with respect to the angles around the color wheel

re also displayed in the left of Fig. 1 c. 

The dynamic magnetization reversal along the in-plane hard

xis (i.e., magnetic fields in the [100] direction) is shown in Fig. 1 c.

he magnetic domains of FeCoSiB are clearer with more regu-

ar shape, and the magnetic domain variations are better defined.
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Fig. 1. Structure of multiferroic heterostructures and characterization of basic magnetic properties. (a) Schematic of FeCoSiB/PMN-PT (011) heterostructures. (b) In-plane 

magnetic hysteresis loops with magnetic fields along [01-1] (black line) and [100] directions (red line), respectively. (c) Evolution of magnetic domains during a magnetization 

cycle with magnetic fields in the [100] direction. (For interepretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ith the magnetic fields decrease from 300 Oe to 0 Oe, the mag-

etization directions of magnetic domains gradually rotate from 0 °
o nearly 90 °. As the magnetic fields continue decreasing, mag-

etic domains with 225 ° magnetization directions nucleate from

he top-right corner and gradually expand with domain wall prop-

gation. At a magnetic field of -300 Oe, the magnetic domains ro-

ate to 180 ° uniformly, leading to a single domain state with the

agnetization direction lying along the direction of the magnetic

eld. For the in-plane easy axis along [01-1], the magnetization

witching process can be found in Fig. S1. 

Fig. 2 a displays the P-E hysteresis loop of PMN-PT single crys-

als. The used rhombohedral PMN-PT (011) single crystal substrates

ave four structural domains (r1, r2, r3, r4) where r1 and r2 mean

olarization along the out-of-plane direction, and r3 as well as r4,

efers to the polarization lying in the in-plane direction [38] . As

entioned in previous work [29,39] , when the electric field near

he coercive field of PMN-PT (011) substrates was applied, the po-

arization of PMN-PT (011) underwent 71 ° ferroelastic switching

rom r1 + to r3 + or r4 − and 109 ° ferroelastic switching from r1 + 

o r3 − or r4 + and 180 ° ferroelectric switching from r1 + to r1 −, as

llustrated in Fig. 2 b. Form our early work, both 71 ° and 109 ° fer-

oelastic switching cover up 90% of the entire poled area from the

eak intensity analysis of reciprocal space mapping [39] . Fig. 2 c

isplays the schematic of the linear and shear strain effects. The

inear strain is directly proportional to the applied field. However,

he shear strain effect is different, which is characterized by a

hear strain in the (011) plane accompanied with a normal strain

long the [01-1] direction, when the polarization of the PMN-

T (011) substrates undergoes 71 ° and 109 ° ferroelastic switch-

ng from the out-of-plane to the in-plane direction with an elec-
ric field equal to the coercive field of the piezoelectric substrates

29,40] . To induce an in-situ linear strain effect, the heterostruc-

ures are initially polarized by a positive electric field that is much

arger than the coercive field of the PMN-PT (011) substrates, and

n the subsequent regulation process, the polarity of the electric

elds is maintained. In contrast, to induce the shear strain effect,

lectric fields with opposite polarity are applied. To image the fer-

oelectric domains, out-of-plane PFM phase and amplitude images

nder different poling voltages are shown in Fig. 2 d-e. A two-step

1 ° and 109 ° ferroelastic switching makes the polarizations rotate 

rom the downward direction into the in-plane direction, and sub-

equently to the upward direction. In the poled area marked by

lue dashed lines, all polarization vectors point downwards under

he applied voltage as + 5 V. When a negative voltage of -2 V is

pplied on the tip, the polarization vectors rotate to an intermedi-

te state with most along the in-plane direction, and with the de-

rease of the voltage to -6 V, all of the polarizations point upwards.

he two-step 71 ° and 109 ° ferroelastic switching between in-plane

nd out-of-plane directions are utilized to provide the shear strain

ffect within size comparable to that of many micro MEMS de-

ices. Because the selected region (approximately 50 μm) is much

arger than the ferroelectric domains, the differences of magnetic

esponses to various ferroelectric domains can be ignored. 

.2. Linear strain effect mediated magnetoelectric effect 

Fig. 3 a shows the in-situ magnetic domain evolution induced

y the linear strain effect. A multi-domain region is taken as the

nitial state at -45 Oe along the [100] direction due to the rela-

ively simple magnetization distribution, which is suitable for the
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Fig. 2. Ferroelectric properties of PMN-PT(011) single crystals. (a) P-E loop. (b) Schematic of possible domain switching routes. (c) Schematic of the linear and shear strain 

effects. (d) The out-of-plane PFM phase images with electrically poled regions in the square area marked by the blue dashed lines. (e) The corresponding PFM amplitude 

images after being poled by different voltages. (For interepretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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analysis of the magnetic response to the electric fields, as shown

in Fig. 1 c. This magnetic field remains constant during the strain

modulation process. The magnetic domain patterns remain sta-

ble for over 10 min at 0 kV/cm, suggesting that the change of

the magnetization direction would only be caused by the strain-

mediated magnetoelectric effect rather than the magnetic field or

the environmental disturbance. As the electric field increases to

3 kV/cm, 225 ° magnetic domains cover nearly half of the view.

At 4 kV/cm, the electric field drives the 225 ° magnetic domains

to occupy the vast majority of the field of view. Under the linear

strain effect, magnetic domains gradually propagate with the se-

quential increase in the electric fields. The corresponding video of

the magnetization rotation process under the linear strain effect

can be found in Video S1 in the Supporting Information. Fig. 3 b

shows the hysteresis loops along [100] under the linear strain ef-

fect, measured by a vibrating sample magnetometer (VSM). With

the increase in electric fields, the initial hard axis becomes easier

for magnetizing. The normalized magnetization values (M/M s ) are

extracted from the hysteresis loops and displayed in Fig. 3 c, show-

ing an expected linear relationship between the magnetization and

the electric fields at both 0 Oe and -45 Oe. 

3.3. Shear strain effect mediated magnetoelectric effect 

Fig. 4 a illustrates the evolution of magnetic domains under the

shear strain effect with a magnetic field of -45 Oe along [100]

within the same area of Fig. 3 , right after the removal of the elec-

tric field of + 5 kV/cm. When the negative electric field decreases

from -1 to -1.8 kV/cm, the rotation angle of magnetization direc-

tion is more than 90 ° in some area, corresponding to the nonlin-

ear strain effect introduced by 71 ° and 109 ° ferroelastic switch-
ng near the negative electric coercive field of the piezoelectric

MN-PT (011) single crystals. According to the previous reports

29] , it was found that when an electric field near the coercive

eld was applied to drive the polarization to switch into the in-

lane direction (the (011) plane) through 71 ° and 109 ° ferroelas-

ic switching, the rhombohedral PMN–PT substrates would induce

 normal strain along the [01-1] direction and more importantly,

 shear strain within the (011) plane. This shear strain effect was

lso found in rhombohedral PZN-PT [40] , but hitherto it has been

arely mentioned. In order to eliminate the interference of residual

erroelectric domains to the magnetic vector analysis, MOKE im-

ge at an electric field of -1.8 kV/cm is displayed, which is slightly

arger than the coercive field. Additionally, when the electric field

ontinuously decreases to -4 kV/cm, magnetic domain patterns re-

ain mostly unchanged. In other words, compared with that mag-

etic domains vary gradually with the increase of electric fields

nder the linear strain effect, the shear strain effect induces the

rientation of magnetic domains to change abruptly at the coer-

ive field of the ferroelectric substrates and the rotation of magne-

ization directions over 90 ° in some local areas. The corresponding

OKE video is shown as Video S2 in the Supporting Information. 

To clearly reveal that the shear strain effect can drive magnetic

omains changing over 90 ° at -45 Oe, magnetic domain patterns

arked by gray lines in Fig. 4 a are magnified as illustrated. At 0

V/cm, the magnetization directions of magnetic domains are in

24.3 °, and at -1 kV/cm, the magnetization directions are parallel

o 222.1 °. When electric fields are sequentially decreased to -1.8

V/cm, the shear strain effect drives the magnetization directions

o change to 85.7 °. It means that electric fields drive the magne-

ization directions of magnetic domains to change 136.4 ° exceed-

ng 90 ° under the shear strain effect. As electric fields reduced to
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Fig. 3. Linear strain effect mediated magnetoelectric effect. (a) The response of magnetic domains to the electric fields. During the tests, a small magnetic field (-45 Oe) 

parallel to [100] is maintained. (b) Hysteresis loops at different electric fields with magnetic fields along [100]. (c) Normalized magnetization value (M/M s ) as a function of 

electric fields at 0 Oe (black line) and -45 Oe (orange line), respectively. (For interepretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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4 kV/cm, the magnetization directions remain approximately un-

hanged along 82.7 °. Pixel-by-pixel comparison of the shear strain

ffect induced magnetic domain variation between -1 kV/cm and

1.8 kV/cm is illustrated in Fig. S2, where most of the variation an-

les are located around 140 ° (orange regions), and the size of the

witching area is larger than 30 × 30 μm 

2 . 

The reversibility and reproducibility of the shear strain effect

nduced over 90 ° rotation of local magnetization are clarified as

hown in Fig. S3. With the magnetic field of -45 Oe unchanged,

hen the applied electric fields change to the opposite direction

positive electric fields), the shear strain effect induced over 90 °
otation of local magnetization can be observed again. The rotation

irection of magnetic domains changing more than 90 ° under posi-

ive electric fields is opposite to that under negative electric fields,

hich facilitates magnetic domains approximately restore after a

olarization cycle. 

Electric field control of hysteresis loops under the shear strain

ffect by VSM can be seen in Fig. 4 b. Like under the linear strain

ffect modulation, the multif erroic heterostructures become easier

or magnetizing along the initially hard axis direction under the

hear strain effect. More clearly, the normalized magnetization val-

es extracted from hysteresis loops are displayed in Fig. 4 c as a

unction of the absolute values of electric fields. The normalized

agnetization values under the linear strain effect are approxi-

ately linearly related to the electric fields, but a sudden increase
f it emerges at the coercive field of the substrates under the shear

train effect, that is, the maximum modulation of the values is ac-

uired at the coercive field rather than larger electric fields. 

Fig. 4 illustrates that several snapshots of magnetic domains for

he marked area within a size range of about 50 μm are uniform,

ut the switching dynamic processes of magnetic domains within

0 μm are non-uniform and incoherent because of both the dom-

nant magnetostatic energy (rather than exchange energy) and the

eterogeneous strain of ferroelastic polarization switching as seen

y the previous report [41] . The equilibrium magnetic domains ex-

erimentally observed are uniform, which is possibly because the

ocal uniform ferroeletric domain of PMN-PT after dynamic polar-

zation switching induced a relatively uniform strain region. It is

orth to be further studied in the future. 

At the same time, to demonstrate the credibility of the dis-

layed magnetic domain patterns under the shear strain effect

odulation, the variation of magnetic domains with magnetic

elds after the third test is exhibited in Fig. 5 . The magnetic fields

re continuously reduced along the same direction based on the

riginal applied magnetic field as -45 Oe. Like the dynamic mag-

etization process with magnetic fields along the [100] direction

hown in Fig. 1 c, the switching of magnetic domains is also com-

osed of domain wall motion and domain rotation. With the de-

rease of magnetic fields, magnetic domains whose magnetization

irections are approximately 90 ° are diminished with the expan-
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Fig. 4. Shear strain effect mediated magnetoelectric effect. (a) Electric-field-driven magnetic domain evolution under the shear strain effect. Magnified images of the marked 

area by gray lines show a large rotation angle of the local magnetization over 90 °. (b) Hysteresis loops at different electric fields with magnetic fields along [100]. (c) 

Normalized magnetization values as a function of the absolute values of electric fields. 

Fig. 5. The response of magnetic domains to magnetic fields after applying the shear strain effect. These images are taken in the same area as in Fig. 4 , but after releasing 

the sample from -5 kV/cm, showing recovery of local magnetization by magnetic fields. 
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sion of magnetic domains in other directions, and the magnetiza-

tion directions of magnetic domains in a large area gradually rotate

to 180 ° (the magnetic field direction). 

3.4. Phase-field simulations of electric field control of magnetic 

domains 

In order to further reveal the electric field control of magnetic

domains, phase-field simulations were performed during ferroelec-

tric polarization switching of PMN-PT (011) substrates. There exists
n initial anisotropy along the [01-1] direction from the magnetic

ysteresis loops in Fig. 1 b, and it is hard to directly obtain the

alue of the uniaxial anisotropy ( K anis ) or anisotropy field ( H ani )

rom Fig. 1 b. Hence, a K anis ( = H anis M s = 75 Oe × 1.01092 × 10 6 

/m = 7581.9 J/m 

3 ) along [01-1] was assumed during the simula-

ion. Fig. 6 a shows the initial state of a magnetic single-domain

t zero electric fields, which is obtained by the synergistic effect

f K anis and the external magnetic field H [100] = -45 Oe. When an

lectric field of + 5 kV/cm is applied to the PMN-PT (011), the po-

arization aligns downward, and it provides a linear anisotropic
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Fig. 6. Ferroelectric domain switching and distribution of the magnetization vectors at different electric fields under the corresponding ferroelectric/ferroelastic strains via 

phase-field simulations. The magnetic domain patterns and the average magnetization components ( < m [100] > and < m [01-1] > ) under (a-c) the linear strain effect and (d-g) 

the shear strain effect, respectively. The arrows represent the orientations of local magnetization vectors in (a-g), where magnetization directions along the [100] and [-100] 

directions are defined as 0 ° and 180 °, and that in the [01-1] and [0-11] directions are set as 90 ° and 270 °. 
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s  
iezo-strain of ε [01-1] - ε [100] = 583 ppm [42,43] . Due to the neg-

tive magnetostriction coefficient of the FeCoSiB film, the magne-

ization direction rotates to [-100] slightly under the linear strain-

nduced magnetoelastic anisotropy shown in Fig. 6 b. After remov-

ng the positive electric fields, the linear strain disappears, and the

agnetic domain state almost returns to the initial state, as illus-

rated in Fig. 6 c. 

Then, electric fields with the opposite polarity, that is, nega-

ive electric fields are applied to PMN-PT (011) piezoelectric sub-

trates. Fig. 6 d shows the magnetization distribution at 0 kV/cm.

hen the applied negative electric field approached the coercive

eld of PMN-PT (011) ( E c = -1.5 kV/cm), the out-of-plane polariza-
ion state becomes the metastable in-plane polarization state by

1 ° or 109 ° ferroelastic switching, generating a large ferroelastic

train of ε [01-1] - ε [100] = 1240 ppm [42] . Fig. 6 e reveals the cor-

esponding metastable magnetic single domain whose magnetiza-

ion direction is along [-100], that is, the magnetization direction

s switched clockwise by 70 ° approximately under the large ferroe-

astic nonlinear strain-induced magnetoelastic anisotropy. Once the

pplied electric field exceeds the coercive field, another ferroelas-

ic switching from the in-plane polarization state to the opposite

ut-of-plane polarization state occurs, and then the large ferroe-

astic nonlinear strain disappears. The magnetization direction is

witched clockwise by 70 ° approximately again via magnetization
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precession because of the positive average component of magneti-

zation (e.g., < m [01-1] > = 0.0016 > 0) with the synergistic effect of

K anis and the external magnetic field H [100] = -45 Oe, as shown in

Fig. 6 f. In other words, under the shear strain effect, it can be real-

ized that electric fields induced the magnetization rotation greater

than 90 ° (i.e., approximately 140 °) by the two-step switching of

the magnetization directions of magnetic domains. It is well ev-

idenced by the rotation of local magnetization over 90 ° (i.e., ap-

proximately 136.4 °) observed in the experimental results of the

shear strain effect control. The 140 ° instead of the expected 90 °
rotation of magnetic domains may be caused by the combination

of the shear strain effect and the application of a magnetic field

along [100]. When the negative electric field is decreased to -4

kV/cm in Fig. 6 g, the magnetization direction of magnetic domains

rotates slightly to [-100] compared to that at -1.8 kV/cm. Further-

more, the simulation of magnetic domain evolution with the shear

strains switched off can be found in Fig. S4, where the magneti-

zation vectors rotate clockwise by 37.5 ° rather than to the [-100]

direction. 

Here, magnetization rotation greater than 90 ° through the two-

step magnetization switching mediated by electric-field-induced

ferroelastic-strain is not deterministic. It is mainly attributed to the

second-step magnetization switching, which depends on magne-

tization precession after ferroelastic polarization switching to the

out-of-plane direction when the electric field is larger than the

coercive field. Once the time for ferroelastic polarization switch-

ing is controlled precisely, the local magnetization rotation greater

than 90 ° will be deterministic. Furthermore, the simulation could

be found in Fig. S5 for < m [01-1] > that has a small negative compo-

nent. 

It is illustrated in Fig. S6 that the variation of ferromagnetic res-

onance (FMR) fields with electric fields measured by in-situ elec-

tron spin resonance (ESR) when magnetic fields are in the [100]

direction. The linear strain effect induces FMR fields to gradually

move to the lower magnetic fields with the sequential increase of

electric fields, but under the shear strain effect, the maximum tun-

ability of FMR fields is acquired at electric fields near the coercive

field of the PMN-PT (011) substrates. Furthermore, the electric field

regulation of hysteresis loops and FMR fields with magnetic fields

along the [01-1] direction is presented in Fig. S7, and Fig. S8, re-

spectively. 

4. Conclusion 

In summary, direct visualization of the magnetic domain evolu-

tion induced by the linear strain effect and the shear strain effect

has been demonstrated in FeCoSiB/PMN-PT (011) multiferroic het-

erostructures utilizing quantitative MOKE microscopy. Under the

linear strain effect, magnetic domains gradually expanded with

electric fields. In contrast, under the shear strain effect, the ori-

entation of magnetic domains changed abruptly at the ferroelec-

tric coercive field of the PMN-PT (011) substrates and then re-

mained even if the absolute value of electric fields kept increas-

ing. It was observed that the rotation of local magnetization could

be as high as 136 ° induced by the shear-strain-mediated magneto-

electric effect, which was further confirmed by phase-field simu-

lations. The direct visualization of electric fields induced magnetic

domain propagation is significant for the applications of multifer-

roic heterostructures in low power spintronic devices such as mag-

netic memory and logic devices. 
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