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Electrically controlled non-volatile switching of
magnetism in multiferroic heterostructures via
engineered ferroelastic domain states

Ming Liu!?, Tianxiang Nan?, Jia-Mian Hu?, Shi-Shun Zhao!, Ziyao Zhou!, Chen-Ying Wang?>>,
Zhuang-De Jiang®>, Wei Ren!?, Zuo-Guang Ye'>%, Long-Qing Chen* and Nian X Sun!?

In this work we addressed a key challenge in realizing multiferroics-based reconfigurable magnetic devices, which is the ability
to switch between distinct collective magnetic states in a reversible and stable manner with a control voltage. Three possible
non-volatile switching mechanisms have been demonstrated, arising from the nature of the domain states in pervoskite PZN-PT
crystal that the ferroelectric polarization reversal is partially coupled to the ferroelastic strain. Electric impulse non-volatile
control of magnetic anisotropy in FeGaB/PZN-PT and domain distribution of FeGaB during the ferroelectric switching have been
observed, which agrees very well with simulation results. These approaches provide a platform for realizing electric impulse
non-volatile tuning of the order parameters that are coupled to the lattice strain in thin-film heterostructures, showing great
potentials in achieving reconfigurable, compact, light-weight and ultra-low-power electronics.
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INTRODUCTION

One of the central challenges in realizing non-volatile magnetic
memory devices lies in finding an energy-efficient way to switch
between distinct collective magnetic states in a reversible and stable
manner with a control voltage.l‘lo Multiferroic heterostructures,
simultaneously exhibiting ferromagnetism, ferroelectricity and
ferroelasticity, have attracted great interest due to the strong strain-
mediated magnetoelectric (ME) coupling and shown promising
applications for tunable magnetic devices.''2° More interestingly, in
these structures, a single control parameter of voltage is used to induce
a lattice strain through the converse piezoelectric effect in the
ferroelectric phase, which in turn tailors the magnetic properties in
the mechanically coupled magnetic phase through the magnetoelastic
effect.>30-41 Thus, devices made of such heterostructures are ultra-
fast, compact, quiet, energy efficient and susceptible to be integrated
into electronic circuits. Early efforts of developing novel multiferroic
heterostructures focused on the realization of a significant magnetic
tunability via a linear piezoelectric effect, whereby the lattice strain is
directly proportional to the applied voltage without ferroelastic
domain switching. Upon removing the voltage, the magnetic state
returns to the initial state.>%*?> This has been demonstrated in many

prototype ME systems, such as Y3FesO1,/PMN-PT [Pb(Mg;;3Nby/3)
O3-XPbTiO3],32 Terfenol-D/PZN-PT [Pb(an/3Nb2/3)O3-beTiO3],46
Ni/PMN-PT,¥ Fe;0,/PZN-PT(011),° Lay;Srg3C003/PMN-PT(011)*
and Lag ;Cag15Mng 1503/PMN-PT(001).4 Although these ME devices
point to a pathway for realizing the manipulation of magnetism with a
control voltage, reversible and non-volatile switching between distinct
magnetic states using lattice strain still remains a significant challenge.
In non-volatile switching, the magnetic state is retained in a stable
remnant state after the control voltage was turned off.!820:50-52
Furthermore, these remnant magnetic states need to be reversible
upon switching the voltage. Aiming at this goal, one may use voltage-
induced ferroelastic domain switching or structural phase transitions
in ferroelectrics to realize non-volatile tuning of magnetic properties in
multiferroic heterostructures.

There are two essential requirements to achieve non-volatile electric
switching of magnetism in multiferroic heterostructures. The first one
is to selectively control the ferroelastic switching pathway so as to
induce significant and homogeneous changes in the magnetic
properties. Second, the switched domain or the domain state after
undergoing the phase transition must be sufficiently stable. The first
point arises from the intrinsic nature of the domain states in the
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ferroic phases of perovskite structure like PZN-PT (with a centro-
symmetrical cubic prototype symmetry of Pm3m), which are ‘fully
ferroelectric/partially ferroelastic’ (according to Aizu’s notation®?). In
these crystals, some of the polarization reversals are associated with
ferroelastic domain switching, leading to lattice strains, whereas the
others are not coupled to any lattice change at all. The second
requirement is also important otherwise the strain will relax. In a
rhombohedral Pb(Zn;;3Nb,3)O0;3-xPbTiO5; (PZN-PT, x=0.07) single
crystal, there are eight possible polarization directions along the body
diagonals, corresponding to the four structural (ferroelastic) domains
(r1, r2, 13 and r4), as shown in the schematics in the Supplementary
Figure S1 (Supplementary Information). When the polarization is
switched by applying an electric field along various directions,
the PZN-PT either locally preserves the ferroelastic state with its
electric polarization undergoing a 180° ferroelectric switching to be
antiparallel to the original one or change to a different ferroelastic
state (71° or 109° ferroelastic switching) with a different strain.
Such ferroelectrically coupled ferroelastic switching will result in a
non-volatile tuning of magnetic properties in the mechanically
coupled magnetic films deposited onto PZN-PT crystal.

In this work, three possible approaches as illustrated in
Supplementary Figure S1 have been undertaken to address the critical
issues in realizing non-volatile switching of the magnetism in
FeGaB/PZN-PT multiferroic heterostructures by an electric control.
We reveal that the electric impulse-induced ferroelectric/ferroelastic
domain switching and structural phase transition allows the
production of two stable and reversible lattice strain states and thereby
lead to a robust tuning of the distinct magnetic states. The ferroelastic
switching is found to take place in 23% of the entire poled area in
FeGaB/PZN-PT (001) and in 80% in FeGaB/PZN-PT (011), pointing
to a more significant and homogeneous non-volatile ME coupling in
FeGaB/PZN-PT (011). In addition, a giant ME coupling across the
phase transition in PZN-PT (011) is obtained and non-volatile
switching of magnetism is realized in the FeGaB films. We also reveal
the changes in local magnetic domain configurations beneath the
changes of macroscopic magnetic states using phase-field modeling.
These results provide a platform for realizing electric field impulse-
controlled non-volatile tuning of the order parameters that are
coupled to the lattice strain in thin-film heterostructures, showing
great potentials in achieving reconfigurable, compact, light-weight and
ultra-low-power electronics.

MATERIALS AND METHODS

Magnetic films with the structure of Fe;Ga;gB1,(50 nm)/Ti(5 nm) are
deposited onto the single-crystal ferroelectric PZN-PT substrates using
the magnetron sputtering at room temperature. Phase-field simulations are
performed to obtain the equilibrium magnetic domain structures under the
average lattice strains resulting from ferroelectric domain switching or
phase transition. The governing kinetic equation is the classical Landau-
Lifshitz-Gilbert equation. A three-dimensional model of 1 pm x 1 pm x 120 nm
(corresponding three-dimensional discretional grids: 256Ax x 256 Ay X 60Az) is
utilized to describe the present film-on-substrate system, where the top 10Az
layer, the middle 25Az layer and the bottom 25Az layer in the constructed
model are designated as the air, FeGaB film and the PZN-PT substrate,
respectively. The cell size (Ax, Ay, Az)=(3.91, 3.91, 2 nm) is smaller than
the exchange length (lx~4.08 nm). The exchange length is calculated as

lex = y/A/ (1pM?/2) according the definition,”* where A is the exchange

stiffness constant, p is the vacuum permeability and M is the saturation
magnetization. For checking the dependence of cell size on the results, the
in-plane cell size (Ax=Ay) is varied from 391 to 2 nm (Az=2nm in all
testing cases) while the system dimension (1 pmX 1 pm X120 nm) remains
unchanged, and no difference was found (see details of testing results in
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Supplementary Figure S8). Periodic elastic and magnetostatic boundary
conditions are implemented to describe a continuous magnetic thin film.
Details of using phase-field simulations to model strain-stabilized magnetic
domain structure in continuous thin films can be found in ref. 55 Here we list
the necessary materials parameters for simulations as follows: Young’s modulus
Y=62.4 GPa, Poisson’s ratio v=0.44; Saturation Magnetostriction coefficient
s =65 p.p.m.;>® Saturation Magnetization M =978 e.m.u. cm ~> experimentally
measured through vibrating sample magnetometer; Exchange stiffness constant
of FeGa (A=1x10""Jm™1% is utilized as an approximation. To our
knowledge, the magnitude of the Gilbert damping coefficient for the present
amorphous FeGaB film is unavailable in the literature, however, this kinetic
coefficient should not affect the magnetic domain structure at equilibrium.

Experimental procedures

A high-resolution triple axis X-ray diffractometer was used to carry out the
reciprocal space mapping (RSM) measurements under various poling
conditions. The magnetic hysteresis loops were measured using a vibrating
sample magnetometer. The ferromagnetic resonance(FMR) was measured
using an x-band (9.3 GHz) electron paramagnetic resonance system. The
sample was placed in a rectangular cavity working at TE;j, mode. External
magnetic fields were sequentially applied along the [100] and [0-11] directions
of the PZN-PT substrate while an external electric field was applied along the
thickness direction. The angular dependences of the FMR spectra were
measured with different applied electric fields with an angle increment step
of 11.25°

RESULTS AND DISCUSSION

Magnetic films with the structure of (FegyGayg)ggB12(50 nm)/Ti(5 nm)
are deposited onto the ferroelectric PZN-PT single-crystal substrates
using magnetron sputtering. The FeGaB film has a large magnetos-
triction constant around 65p.p.m., which favors a strong ME
coupling. Figures la—c show the RSM patterns in the vicinity of the
(—113) reflections upon applying various electric fields along the [001]
direction of PZN-PT. Analysis of the RSM patterns suggests that the
PZN-PT substrate holds three domains of r1, r2 and r3, (Figure 1b)
and exhibits different intensities for each domain after the sample was
poled vertically by a positive (along the [001] direction ) electric field
of 8kVcm~!. The absence of the r3 domain structure might be
attributed to a slight mis-cut of the PZN-PT substrate, which is
evidenced by the spot intensity distribution in the RSM patterns,
where about 50% of polarizations stays as the r1 domain. Upon poling
the sample with a negative field of — 8 kV cm ™!, the polarization flips
from the upward to downward direction, exhibiting different RSM
patterns as shown in Figure lc. An additional high-intensity reflection
spot appears, corresponding to the r3 domain state. This suggests two
possible domain switching pathways from r1* to r3~ (71° polarization
reversal) and from r2*/r4* to r3~ (109° polarization reversal). The
reflection spot of r1 domain with a reduced intensity indicates that
180° ferroelectric switching also takes place from r1* to r1~. During
the polarization reversal, only the 109° ferroelastic switching produces
lattice strains in the (001) plane along the two diagonal axes and
thereby contributes to a sizable ME coupling. Analysis of the spot
intensity distribution in the RSM patterns of (=1 1 3) and (1 —1 3)
reflections (Supplementary Figure S2) suggests that the 109° ferro-
elastic switching (from r1* to r27/r4~ or from r2*/r4* to r37/r1")
occurs in up to 23% of the entire probed area.

By using this effect, the ferroelectric/ferroelastic domain switching-
induced strong ME coupling and non-volatile tuning of magnetism in
FeGaB/PZN-PT (001) are demonstrated as shown in Figures 1d-f. We
use the shift of the FMR field (H,) to quantitatively determine the
electric field-induced effective magnetic anisotropic field (Hcg), where
Heg=IAH,|. Details are described in Supplementary Information
(Supplementary Figures S5 and S6). As shown in Figure 1d, the
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Figure 1 Ferroelectric domain switching and non-volatile tuning of magnetism in FeGaB/PZN-PT(001). (a—c) Schematics of domain structures and reciprocal
space maps (RSMs) about the (-113) reflections of the FeGaB/PZN-PT(001) heterostructure under various electric poling states. (d) Angular dependence of
ferromagnetic resonance fields under various poling states. A large magnetic anisotropy appears after a negative electric impulse of —8 kV cm~! was applied.
(e) Effective magnetic fields along the [1-10] direction as a function of the switching electric impulses, indicating an effective magnetic field tunable range
of about 60 Oe. (f) Electric impulse non-volatile switching of effective magnetic anisotropy in FeGaB/PZN-PT (001).

angular dependence of the FMR fields in the FeGaB films deposited on
the positively poled (along the [001] direction) PZN-PT (001)
substrates exhibits an isotropic nature (red circle). However, as the
sample is poled by a negative electric field of — 8 kV ¢cm ™!, remarkable
changes in the FMR field take place and lead to a strong magnetic
anisotropy (black curve), indicating an electric impulse-induced
magnetic easy axis along the [110] and a hard axis along the [1-10]
directions, respectively. This is consistent with the domain structure
observation in Figure 1¢c, where the 109° ferroelastic switching results
in a strong lattice strain along the diagonal axes in the (001) plane.
We also investigate the effect of a reversed electric impulse on the shift
of the resonance fields in the FeGaB/PZN-PT multiferroic hetero-
structures. As shown in the Figure le, various negative switching
impulses enable the change in the resonance fields, implying that the
magnitude of the electric impulse influences the polarization switching
pathways. The robust electrically controlled non-volatile switching of

the resonance field is demonstrated by applying a positive impulse
of 8kVem~! along the [001] direction and a negative impulse of
—6kV cm™! alternatively (Figure 1f). A stable and repeatable tuning
of magnetic resonance field up to AH, =64 Oe is obtained, indicating
that the electric impulse can indeed non-volatilely switch the
magnetism in FeGaB/PZN-PT(001) via the 109° ferroelectric domain
switching. We anticipate such electric tuning of magnetism can still
remain robust after thousands of times of 109° ferroelectric domain
switching, according to a similar report in the CoFeB/PMN-PT (001)
heterostructure.'®

In the (011)-oriented PZN-PT substrates, the polarization switching
pathways are quite different from those permitted in the (001)-
oriented PZN-PT. As the ferroelastic domains r1/r2 and r3/r4 possess
the different reciprocal lattices along the [0HH] direction, these two
domain states can be distinguished by the spot location in the (022)
reflection. As the FeGaB/PZN-PT (011) heterostructure is vertically
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Figure 2 Ferroelectric domain switching and non-volatile tuning of magnetism in FeGaB/PZN-PT (011). (a—c) Schematic domain structures and reciprocal
space maps (RSMs) about the (022) reflection of the FeGaB/PZN-PT(001) under various electric poling states. (d) A hysteresis loop of the resonance field as
a function of applied electric fields. A and B represent two distinct magnetic remnant states. (e) Electric impulse-induced non-volatile switching of magnetic
anisotropy between the distinct states A and B. The magnetic resonance measurement was repeated five times for each applied impulse.

poled with a strong positive electric impulse of 8 kV cm ™!, the RSM
pattern of the (022) reflection displays a single spot with a lower
reciprocal lattice value, corresponding to the r1/r2 domain structure
(Figure 2a). This suggests a fully out-of-plane polarization. Upon
poling the sample with a small negative field of —2.5 kV cm~, which
is close to the coercive field of the PZN-PT (011) crystal, the
polarization is reversed from the out-of-plane direction to the
in-plane direction, indicating a 71° ferroelastic domain switching
from r1/r2 to r3/r4 (Figure 2b). In this process, strong lattice strains
along the [011] and [0-11] directions are produced, which is
confirmed by the distinct spot separation in the (022) reflection,
arising from the difference in the d-spacing between the rl1/r2 and
r3/r4 domain states. As a positive electric field of 8 kVem™! is
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reapplied, the polarization is switched back to the out-of-plane
direction and stays in the r1/r2 state (Figure 2c). Therefore, a stable
and reversible ferroelectric/ferroelastic domain switching pathway is
created and results in a large lattice strain along the [011] and [0-11]
directions. Based upon the analysis of the RSM patterns in the vicinity
of the (022) and (222) reflections (as shown in Supplementary
Figure S3), the 71° ferroelastic switching takes place in up to 80%
of the poled area. This switching is much more efficient than that
obtained in the (001)-oriented PZN-PT, where only 23% of the entire
probed area is involved to contribute a lattice strain.

Figure 2d shows the hysteresis loop of resonance field as a function
of electric field measured along the in-plane [0-11] direction. In the
beginning, the sample is negatively poled to saturation with the
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Figure 3 Voltage-induced ferroelectric phase change. (a—d) Schematics of domain structures and reciprocal space maps (RSMs) about the (022) reflections
of FeGaB/PZN-PT(011) with the application of various electric impulses. (e—g) Hysteresis loops of the lattice parameters as a function of the electric field
along the various directions of [022], [002] and [222], showing large lattice strains of 0.3%, 0.24% and 0.09%, respectively.

polarization pointing downward. Upon applying a positive electric
field on the sample, a remarkable resonance field jump takes place at
the coercive field of 2.5kVcm™ L. In this process, the polarization
switching from the out-of-plane to the in-plane direction enables a
strong lattice strain and ME coupling along the in-plane [0-11]
direction. As the electric field is ramped to the negative range, a
sudden drop of the resonance field takes place. Thus, a complete
bipolar electric field cycle leads to a hysteresis loop with two distinct
remnant states A and B, which are stable and switchable, reminiscent
of magnetic memory. Figure 2e shows the electric impulse non-volatile
tuning of the FMR field or magnetic anisotropy in FeGaB/PZN-PT
(011) under multiple cycles. As the sample was negatively poled with
an electric impulse of —2 kV cm ™1, the remnant state A remains and
shows a minimum resonance field of 680 Oe. Upon applying a positive
electric impulse of 2.5kVcm™ 1 the resonance field switches to
810 0e and remains in state B, with AH,=123 Oe Therefore,
electrically control of non-volatile switching of magnetic anisotropy
or resonance field is realized by properly alternating the polarity of the
applied electric impulse applied on to FeGaB/PZN-PT(011).

Electric field-induced phase transition is a common phenomenon in
single-crystal ferroelectrics. In (011)-oriented PZN-(6-7%)PT slab, a
rhombohedral-to-orthorhombic phase transition takes place under a
sufficiently high poling field applied along the [011] direction, with the
magnitude critical triggering electric field varying slightly with the
PbTiO5(PT) composition. The crystal would return to the rhombohe-
dral phase if the field was removed. Such electric field-induced phase
transition can generate large lattice strain for the switching of

magnetism in multiferroic FeGaB/PZN-PT (011) heterostructures.
Figure 3 shows the electric field dependence of the RSM patterns in
the vicinity of the (022) reflection and the lattice changes along various
crystallographic  directions of the PZN-PT(011). Electric field-
dependent RSM patterns of the (002) and (222) reflections are shown
in Supplementary Figure S4. In the initial state, the RSM patterns
suggest a thombohedral domain structure with the electric polariza-
tion pointing to the eight possible body diagonal directions
(Figure 3a). After positively poling the sample, the RSM patterns of
the (022) reflection exhibit a rhombohedral domain structure with the
electric polarization pointing to upward (Figure 3b). Upon increasing
the electric field to 5kV cm™!, an addition spot appears in the RSM
patterns, indicating the coexistence of an orthorhombic and the
rhombohedral phases (Figure 3c). Because PZN-PT(011) shows a
larger ¢ axis in its orthorhombic lattice, the spots with smaller
reciprocal lattice parameters represent the orthorhombic phase. Upon
increasing the electric field to 6kV cm ™!, the rhombohedral phase
disappears, leading to a pure orthorhombic phase as only one spot
remains in the (022) reflection (Figure 3d). In this process, the
polarization is completely switched from the body diagonal <111>
directions to the plane diagonal <011> directions. Figures 3d-f)
show the hysteresis loops of the lattice parameters as a function of the
electric fields along the [100], [011] and [111] directions, respectively.
As the electric field exceeds the threshold strength of 5 and 2kV
cm™~ !, sharp changes in the lattice parameters take place, reaching
0.3%, 0.23% and 0.08% along the [011], [001] and [111] directions,
respectively. This suggests that the field-induced phase transition from
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Figure 4 Tuning of magnetism by ferroelectric phase transition in FeGaB/PZN-PT (011). (a) Angular dependence of the ferromagnetic resonance field under
various poled states. (b) Hysteresis loops of resonance fields as a function of electric field applied along the [100] (red) and the [0-11] (blue) directions,
respectively. (c) Electric impulse switching of magnetism in FeGaB/PZN-PT (011).

the rhombohedral to orthorhombic phase in PZN-PT results in a
dramatic elongation in the [011] direction.

Figure 4 shows the structural phase transition-induced switching
of magnetization. According to the angular-dependent magnetic
resonance field, a uniaxial magnetic easy axis along the [0-11]
direction appears when the applied electric field is above the threshold
magnitude of phase transition (Figure 4a). Hysteresis loops of the
resonance field versus electric field measured along the [100] and
[0-11] directions are shown in Figure 4b, exhibiting a large magnetic
anisotropy field tunable range of up to 980 Oe. The fields needed to
switch between the distinct rhombohedral and orthorhombic phases
are determined to be 4.8 kV cm ™! (R-O) and 3.5kV cm ™! (O-R). In
the presence of a 4-kV cm ™! bias electric field, non-volatile switching
of magnetization is realized by applying electric impulses of 6 and
2kVem~! alternately on the sample of FeGaB/PZN-PT (011)
(Figure 4c). The change of resonance magnetic field, AH, =498 Oe,
is approximately four times larger than the 123 Oe induced by 71°
polarization switching in FeGaB/PZN-PT (011), and approximately
eight times larger than the 64 Oe induced by 109° polarization
switching in FeGaB/PZN-PT (001). E-field dependence of magnetic
hysteresis loops were investigated as shown in Figure S7. Table 1
summarizes the changes of resonance field for these three cases. For
the voltage-induced ferroelastic domain switching, the average in-
plane strains induced by 71° or 109° switching can be estimated by
multiplying the nominal lattice deformation associated with 71° or
109° switching by the percentage of ferroelectric domains that
experienced 71° or 109° switching, respectively. Such percentages are
extracted from RSM patterns. While in the case of voltage-induced
Rhombohedral to Orthorhombic (R-O) phase transition, the average
strain is calculated from the experimentally measured lattice deforma-
tion (Figures 3e—g). In particular, the change of effective magnetic
anisotropy field (AH) calculated based on these voltage-induced
strains agrees fairly well with the experimentally measured AH, (see
Table 1).

The voltage-induced average strains in these three cases are further
fed into a phase-field model (see Methods section) to computationally
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Table 1 Comparison of experimental and simulation results on
ferroelectric domain switching and phase transition-induced effective
magnetic fields

FeGaB/PZN-  FeGaB/PZN-PT (011)
PT (001) (Oe) domain switching (Oe)

FeGaB/PZN-PT (011)

phase transition (Oe)

AH, (experiment) 64 123 498
AHegt 68.93 120.29 416
(simulation)

visualize the possible changes in magnetic domain structure under
zero magnetic field, complementary to the experimentally observed
changes of magnetic properties.”® Note that the use of average strain as
the model input is reasonable only when the average size of one single
magnetic domain in the FeGaB film is sufficiently large to cover many
of the ferroelectric domains on the PMN-PT surface, otherwise one
may use the nominal domain switching-induced lattice deformation as
the input. Starting from random magnetization distribution, an almost
uniform magnetization distribution is obtained at equilibrium under
zero strain, and is further evolved to new equilibrium state upon
applying the strain transferred from the PMN-PT substrate. Figure 5
shows the initial magnetization distribution, and the stable
magnetization distributions corresponding to different polarization
rotation paths or the rhombohedral to orthorhombic (R-O) phase
transition. First, the 109° polarization rotation in PZN-PT (001)
would induce a non-volatile shear strain (average strain from the
entire PZN-PT surface, the same definition is applicable to the strain
mentioned below unless otherwise stated) of about —0.04% within
the (001) plane, which is equivalent to biaxial normal strains of
£[110] & — 0.04%, €[1.19) & 0.04% (represented by the dashed arrows in
the bottom panel of Figure 5a). Given the positive magnetostriction
coefficient of FeGaB, the magnetization would preferably align along
the [1-10] axis, consistent with the simulation results (the middle
panel of Figure 5a). Second, the 71° polarization rotation path in
PZN-PT (011) would induce a non-volatile normal strain of about
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Figure 5 Magnetic domain response to strains induced by ferroelectric domain switching/phase transition. Stable surface local magnetization distributions in
the amorphous FeGaB film after applying a downward electric field (E) to revere the polarization in the (a), (001)-oriented, and (b), (011)-oriented
rhombohedral PZN-PT crystals underneath and (c), to induce the rhombohedral to orthogonal (R-O) ferroelectric phase transition in the (011)-oriented
PZN-PT. The initial local magnetization distribution (1x 1 pm) is obtained starting from random magnetization distribution, and is then evolved to a new
stable structure upon applying various strains. The dashed arrows in the color wheels indicate the strain axes, where the double-headed (head-to-head) arrows
indicate tensile (compressive) strains. We assume the average size of the magnetic domain in such 50-nm-thick FeGaB film is considerably larger than the

average size of ferroelectric domain on the PZN-PT surface.

0.14% along the [0-11] axis, along with a non-volatile shear strain of
0.099% (or —0.099%) within the (011) plane. Specifically, if the
polarization rotates to r3 (r4), the shear strain would be negative
(positive). Such tensile normal strain and negative shear strains are
equivalent to the biaxial tensile (about 0.19%) and compressive (about
—0.05%) strains along the axes shown at the bottom of Figure 5b,
where the deviation angle (0) is about 27.4°. This is consistent with the
simulated local magnetization distribution (the middle panel of
Figure 5b). Local magnetization distribution after polarization rotation
to r4 would be a mirror-symmetry distribution of the present one with
[0-11] being the symmetric axis. Third, the electrically induced R-O
phase transition in PZN-PT (011) would induce a large, volatile
(bistable under a bias electric field, compare Figures 3e—g) strain in the
(011) plane (that is, £[o.11)%0.47% and e[190j= — 0.48%), as shown in
the bottom panel of Figure 5c. As a result, the local magnetization
vectors would rotate to the [0-11] axis. Note that these simulation
results only explore one possibility of the changes of local magnetiza-
tion distribution, by assuming that the average magnetic domain size
is considerably larger than ferroelectric domains and by neglecting the
influence of growth-induced strains in such relatively thick (50 nm)
and amorphous magnetic film. More accurate predictions can be
made with a known magnetic domain structure in the as-grown
magnetic film from experimental measurements.

In conclusion, three viable routes have been systematically demon-
strated, which allow us to realize electric field-induced non-volatile
switching of magnetism in the FeGaB/PZN-PT heterostructures via
electrically non-volatile ferroelastic domain switching. Various ferroe-
lastic domain switching pathways have been explored to achieve a strong
and homogeneous non-volatile ME coupling. The results show that the
109° ferroelastic/ferroelectric switching in the (001)-oriented FeGaB/
PZN-PT (001) only occurs in 23% of the entire probed area, which may
cause inhomogeneous in-plane strain with the lack of the switching
control due to the competition among the polarization reversals. In
contrast, in the FeGaB/PZN-PT (011), the 71° ferroelastic/ferroelectric
switching can occupy up to 80% of the entire probed area, leading to a
more homogeneous and controllable lattice strain with larger magnitude
on average and thereby a strong non-volatile ME coupling effect. In
addition, the electric impulse-induced ferroelectric phase transition in
the (011)-oriented PZN-PT is also able to switch the distinct magnetic
states in the mechanically coupled FeGaB films. In particular, the much
stronger non-volatile ME coupling, demonstrated by the much larger
changes in both the magnetic resonance field and magnetic domain
structure, is due to the large lattice deformation arising from the phase
transition. This work provides a platform for exploring the electrically
controlled non-volatile tuning of order parameters that are coupled to
the lattice strain in thin-film heterostructures.
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