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TOPICAL REVIEW — Spin manipulation in solids

Magnetism manipulation in ferromagnetic/ferroelectric
heterostructures by electric field induced strain∗

Xiaobin Guo(郭晓斌), Dong Li(李栋), and Li Xi(席力)†

Key Laboratory for Magnetism and Magnetic Materials of Ministry of Education, School of Physical Science and Technology,
Lanzhou University, Lanzhou 730000, China

(Received 27 April 2018; revised manuscript received 9 June 2018; published online 28 August 2018)

Magnetization manipulation by an electric field (E-field) in ferromagnetic/ferroelectric heterostructures has attracted
increasing attention because of the potential applications in novel magnetoelectric devices and spintronic devices, due to
the ultra-low power consumption of the process. In this review, we summarize the recent progress in E-field controlled
magnetism in ferromagnetic/ferroelectric heterostructures with an emphasis on strain-mediated converse magnetoelectric
coupling. Firstly, we briefly review the history, the underlying theory of the magnetoelectric coupling mechanism, and the
current status of research. Secondly, we illustrate the competitive energy relationship and volatile magnetization switching
under an E-field. We then discuss E-field modified ferroelastic domain states and recent progress in non-volatile manipula-
tion of magnetic properties. Finally, we present the pure E-field controlled 180◦ in-plane magnetization reversal and both
E-field and current modified 180◦ perpendicular magnetization reversal.

Keywords: electric field, volatile and non-volatile, magnetization switching
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1. Introduction
Magnetic tunnel junctions (MTJs) with an AlOx or MgO

insulating barrier have been widely used in many fields, such
as the read heads of hard disk drives (HDD), weak mag-
netic field detection, and sensitive magnetometers.[1–4] The
essence of MTJs is the identification of parallel and anti-
parallel magnetization of two ferromagnetic electrodes, with
low-resistance and high-resistance states, respectively. This
has been regarded as an outstanding example of the commer-
cialization of scientific research.[5] At present, in both the
cases of traditional HDD and the developing magnetic random
access memory (MRAM), the question of writing magnetic in-
formation to represent “0” and “1”, i.e., the manipulation of
the two distinguishable magnetization states in MTJs, is still a
challenging issue with respect to an in-depth understanding of
the physical mechanism involved and the realization of practi-
cal applications. In a traditional magnetic field based MRAM,
the magnetization orientation of the free layer in the MTJs
is controlled by magnetic fields produced by two orthogonal
conducting lines. The approach is hindered by several tech-
nical bottlenecks, which include:[5,6] (i) the conducting lines
occupy a significant amount of space and the broad magnetic
field distribution could disturb the adjacent memory cell; and
(ii) when the size of memory cells is decreased further to im-
prove storage density, a high current density (∼ 107 A/cm2) is
required. In recent years, based on the spin transfer torque

(STT) effect[7–9] and spin–orbit torque (SOT) effect,[10–12]

STT-MARM has entered a stage of industrialization,[13] and
the SOT-MRAM has been realized in the laboratory.[14] How-
ever, they also face some technical difficulties, such as how to
decrease the threshold current density (Jc) to about 105 A/cm2

and realize magnetization switching without the assistance of
an in-plane magnetic field in SOT-MRAM.[15] In addition to
the magnetic field and current induced relevant effects, light,
strain, phase transition, and electric field (E-field) are also able
to effectively regulate magnetism.[16–19] Among them, E-field
control of magnetic properties not only is able to significantly
decrease the Joule heating effect, but also can realize non-
volatile, reversible, and high-density data storage with low
power consumption.

Generally, in the area of E-field control of mag-
netism, candidate materials primarily include magnetic
semiconductors,[20] ferromagnetic metals,[21] and multiferroic
materials.[22] The propagation of domain walls (DWs) and the
modification of magnetic properties are promising approaches
for the realization of high-density magnetic memory and mag-
netic logic elements. Lei et al. demonstrated that DW motion
can be electrically controlled through strain-mediated magne-
toelectric coupling in piezoelectric/ferromagnetic nanostruc-
tures at room temperature, and that the energy barrier for DW
motion can be doubled under reasonable electric fields.[23]

Rushforth et al. demonstrated that voltage induced strain can
∗Project supported by the National Natural Science Foundation of China (Grant No. 51671098) and the Program for Changjiang Scholars and Innovative
Research Team in University, China (Grant No. IRT16R35).

†Corresponding author. E-mail: xili@lzu.edu.cn
© 2018 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

097506-1

http://dx.doi.org/10.1088/1674-1056/27/9/097506
mailto:xili@lzu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 27, No. 9 (2018) 097506

effectively regulate magnetic anisotropy, anisotropic mag-
netoresistance, and nonvolatile switching of the magnetiza-
tion direction in a (Ga,Mn)As device bonded to a piezo-
electric transducer. Meanwhile, calculations based on the
mean-field kinetic exchange model of (Ga,Mn)As facilitate
a microscopic understanding of the measured effect.[24] Li
et al. reported that the piezo voltages manipulate the mag-
netic properties of the Fe/n-GaAs/piezoelectric heterostruc-
ture. By measuring the magnetic hysteresis loops under the
piezo voltages, the manipulation of two-jump to one jump
magnetization switching can be realized. These findings could
be very important for future metal-semiconductor spintronic
applications.[25] In comparison, many investigations have fo-
cused on multiferroic materials combined with ferroelectric-
ity, ferromagnetism, and ferroelasticity. The three ferroic or-
der interactions can lead to diverse phenomena. For exam-
ple, the ferroelectricity and ferroelasticity present the piezo-
electric effect, ferromagnetism and ferroelasticity present the
piezomagnetic effect, and ferroelectricity and ferromagnetism
present the magnetoelectric (ME) effect. Magnetism could
be manipulated by the converse ME coupling effect with an
applied E-field, which is a promising method to fabricate
energy-efficiency spintronic devices.[26–28] Single-phase mul-
tiferroic materials are rare and only present ME coupling ef-
fects well below room temperature.[29] BiFeO3 is a unique ex-
ample of such a material that has already been proved to ex-
hibit ferroelectricity and weak anti-ferromagnetism (AFM) at
room temperature.[30] For artificial ferromagnetic/ferroelectric
(FM/FE) heterostructures with coupling between the ferro-
magnetic layer with a high magnetostrictive effect and a fer-
roelectric layer with a large piezoelectric effect, the mag-
netic properties of the FM can be effectively adjusted by the
converse ME coupling effect. The coupling mechanisms in
such FM/FE heterostructures mainly include the charge me-
diated effect through charge accumulation/dissipation at the
FM/FE interface, the exchange bias mediated effect resulting
from the AFM properties of the FE layer, the strain medi-
ated effect by means of transferring strain from the FE layer
to the FM layer, as well as the emergent mechanisms of or-
bital reconstruction and the electrochemical effect in ultra-
thin films. It should be noted that the aforementioned cou-
pling mechanisms may coexist, and the main features of the
last one are highlighted in previous reviews.[27,31] Among
them, the strain-mediated mechanism has received a lot of
attention in recent years, because this method is particularly
convenient and effective at room temperature. Moreover, the
incorporation of FE materials is optional for this purpose,
given the large piezoelectric coefficients and/or the piezoelec-
tric memory effect. For example, BaTiO3,[32] Pb(Zr1−xTix)O3

(PZT),[33] [Pb(Mg1/3Nb2/3)O3]x-[PbTiO3]1−x (PMN-PT),[34]

and [Pb(Zn1/3Nb2/3)O3]x-[PbTiO3]1−x (PZN-PT)[35] are usu-
ally used as FE layers in the FM/FE heterostructures. Alterna-
tive materials which exhibit magnetostriction effects that serve
as FM layers can be widely chosen from the amorphous to
single crystal phase, and from the magnetic isotropic to the
magnetic anisotropic materials. So far, E-field induced strain-
mediated orientation of magnetization, magnetic anisotropy,
coercivity, and ferromagnetic resonance frequency have been
realized in ferromagnetic/piezoelectric actuator hybrid struc-
tures or FM/FE heterostructures.[36–40]

In this context, we will review some exciting research
on E-field control of magnetism by means of strain-mediated
magnetoelectric coupling. In Section 2, we will examine the
volatile magnetization switching of magnetic thin films with
in-plane isotropic or uniaxial magnetic anisotropy (UMA).
In particular, the impact of E-field induced additional UMA
on the magnetic anisotropy competitive relationship is de-
scribed. In Section 3, the non-volatile magnetization manipu-
lation in FM/PMN-PT with ferroelectric domain switching is
presented. Based on the epitaxial FM film on a single crys-
tal FE substrate, we introduce E-field controlled non-volatile
and reversible magnetization switching in epitaxial FM/PMN-
PT heterostructures. In Section 4, we discuss 180◦ magne-
tization switching based on the pure E-field method and the
combination of the E-field and current effects for FM films
with in-plane magnetic anisotropy and perpendicular magnetic
anisotropy (PMA), respectively.

2. Volatile magnetization switching
Compared to the interface charge mediated effect, trans-

ferring the strain from FE to FM film usually leads to giant
magnetic property modification in thick FM films. In normal
(001) PMN-PT materials,[41] the E-field dependence on the in-
plane strain (S–E) curve shows symmetric butterfly-like vari-
ation. After removing the applied E-field, the residual stress
vanishes, i.e., the in-plane strain is volatile. When an isotropic
magnetic films is fabricated on the (001) PMN-PT substrate,
its volatile magnetic response shows a similar behavior to the
S–E curve. In CoFe2O4/(001) PMN-PT heterostructure,[42]

as shown in Figs. 1(a) and 1(b), the in-plane and out-of-
plane relative changes in the magnetization [∆M/M(0)] as
a function of the E-field present an opposite butterfly shape
with a maximum in-plane ∆M/M(0) of approximately 6%,
and the magnetization returns to its initial state when the
E-field is switched off. Volatile magnetization manipula-
tion was also reported in La0.7Sr0.3MnO3/(001)PMN-PT[43]

and Co40Fe40B20/(011)PMN-PT[44] heterostructures with the
maximum change of the in-plane ∆M/M(0) reaching 25% and
83%, respectively. Notably, a reversible 90◦ magnetic easy
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axis (EA) rotation was simultaneously observed for the ap-
plied E-field.

For the amorphous or polycrystalline FM films with
UMA, the hysteresis loop (M–H) along the EA direction
is square, whereas the hysteresis loop along the hard axis
(HA) direction is slanted with a fairly small remanence ra-
tio (Mr/Ms). In such FM/FE heterostructures, the total free
energy can be written as the sum of the UMA and the addi-
tional magnetoelastic energy, assuming that the strain induced
UMA is along the original HA direction. This can be repre-
sented expressed as follows:

F =
V [−µ0MsHKsin2(φ)−3λsσ cos2(φ)]

2
, (1)

where V is the volume of the FM film, Ms is the saturation
magnetization, HK is the effective UMA field, λs is the satura-
tion magnetostriction, σ is the mechanical stress, and ϕ is the
angle between the magnetization and HA. The angular depen-
dence of the free energy can be presented as shown in Fig. 2(a).
The magnetic EA is always along the direction in which the
free energy is a minimum. From Fig. 2(a), it can be seen that

EA is along the 90◦ and 270◦ direction without applying any
strain. When a compress strain is applied, i.e., negative stress,
the original magnetic EA remains. When applying a positive
stress, the energy value at all angles is constant, i.e., isotropic
magnetic properties can be observed. Once the positive stress
is further increased, the minimum free energy direction ap-
pears at 0◦ and 180◦, indicating a feasible 90◦ magnetic EA
rotation.[45]

Fig. 1. (color online) (a) In-plane ∆M/M(0)–E loop, the magnetic field
is 0.05 T. (b) Out-of-plane.∆M/M(0)–E loop, the magnetic field is 0.2 T
(from Fig. 4 in Ref. [42]).

(a) (b)

(c) (d)

Fig. 2. (color online) (a) Theoretical calculation of the angular dependence of the free energy for different applied stresses parallel to the
initial hard axis of the FeNi film according to Eq. (1). In this polar pattern, the energy decreases from the inner circle to the outer circle (from
Fig. 2 in Ref. [45]). (b) M–H loops of FeNi (15 nm)/piezoelectric actuator for different applied voltages (from Fig. 3(c) in Ref. [45]). (c)
Voltage dependence of the HK of FeCo (10 nm)/PI heterostructures. The left and right insets show the M–H loops and the coercivity along the
original EA direction at different applied voltages (from Fig. 4 in Ref. [47]). (d) Thickness-dependent remanence ratios at 0 and 110 V of the
piezoelectric actuators along the original hard axis directions (from Fig. 6 in Ref. [47]).
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A piezoelectric actuator can be used to produce direc-
tional stress that is proportional to the applied voltage. Pos-
itive and negative voltages could induce tensile and compres-
sive stress, respectively.[46] By applying strain along the initial
HA direction of the FM films, Xi et al. reported a 90◦ shift of
the magnetization in 15 nm thick FeNi/glass film under the ap-
plication of a voltage of 110 V by magneto-optical Kerr effect
measurements (Fig. 2(b)). The film-thickness dependence of
the EA rotation angle was explained by the thickness depen-
dent magnetostriction of FeNi films.[45] In order to avoid the
clamping effect between the substrate and piezoelectric actu-
ator as well as to further improve the strain transmission effi-
ciency, flexible polyamides (PI) were used to replace the glass
substrate. In FeCo/PI/piezoelectric actuator heterostructures,
a 90◦ rotation of the UMA was achieved in 50 nm thick FeCo
films under a voltage of 70 V. Figures 2(c) and 2(d) show the
voltage dependence of the UMA field and the coercivity for a
10 nm thick FeCo film, as well as Mr/Ms against thickness for
110 V and 0 V with the values obtained by measuring the M–H
curves at corresponding conditions.[47] Since the piezoelectric
actuator produced strain exhibits linear variation under an ap-
plied E-field, the magnetism modification at different voltages
is also volatile.

3. Non-volatile magnetism manipulation
In the volatile FM/FE heterostructures, the changed mag-

netic state will return to the original state once the applied
E-field is removed. Obviously, volatile magnetism manip-
ulation cannot meet the requirements of magnetic informa-
tion storage.[31,48,49] Thus, non-volatile magnetism manipu-
lation by the E-field in FM/FE heterostructures has attracted
intensive attention due to the significant scientific value of
the procedure and the technological breakthrough of novel
ME devices. Despite the non-volatile magnetization rever-
sal in ultrathin FM films based on the charge-mediated mech-
anism, strain-mediated non-volatile magnetization and mag-
netic anisotropy modifications were also reported in FM/FE
heterostructures. Among these literatures, the (001) and (011)
oriented single crystalline PMN-PT or PZN-PT with their ex-
cellent piezoelectric effects are the widely used FE substrates
due to their in-plane residual stress induced by the unique fer-
roelectric domain switching.

3.1. E-field controlled magnetism in FM/(011) PMN-PT
heterostructures

In 2011, Wu et al. reported on unipolar poling E-field
controlled reversal and permanent magnetization reorienta-
tion in Ni/(011) PMN-PT heterostructures[50] and studied
the piezoelectric strain response in (011) PMN-PT single
crystals.[51] Due to the non-180◦ ferroelectric polarization
switching from the out-of-plane to in-plane direction under a

critical E-field (or near the coercive E-field), the strain state
will not change after reduction of the critical E-field to zero,
and the strain shows noticeable changes until the converse E-
field is large enough. Thus, two stable and reversible remanent
strain states are observed as represented by points E and C in
the inset of Fig. 3(a). When the strain is transferred to the in-
plane magnetic isotropic Ni film, it causes an obvious mag-
netic remanence change of approximately 50% and a mag-
netic anisotropy field at approximately 300 Oe in the M–H
loops (Fig. 3(a)). Moreover, in FeCo/Ru/(011) PMN-PT,[52]

the initial magnetic EA (HA) of the FeCo films is along the
[100] ([01-1]) direction of the (011) PMN-PT substrate. Af-
ter applying an E-field of 4 kV/cm, the magnetic EA (HA)
is along the [01-1] ([100]) direction. Interestingly, the UMA
occurs at a 90◦ rotation, and the magnetic anisotropy varia-
tion is non-volatile (Fig. 3(b)). Considering the FeCo films
with two reversible and stable UMA states under ±2 kV/cm,
a determinate high (low) resistance state occurs and is main-
tained after removal of the −2 kV/cm (2 kV/cm) E-field.
This indicates that the data bits cells were demonstrated in
FeCo/Ru/(011)PMN-PT heterostructures. Furthermore, the E-
field induced non-volatile strain response of the (011) PMN-
PT substrate was also used to control the dynamic magnetic
properties of FM films. In FeCoB/(011) PMN-PT heterostruc-
tures with an amorphous state of FeCoB,[53] a strong tensile
strain is generated along the in-plane [0-11] direction of (011)
PMN-PT and results in a non-volatile ferromagnetic resonance
(FMR) frequency change of 2.3 GHz in FeCoB film when the
E-field changes from −6 kV/cm to 1.5 kV/cm. Figure 3(c)
shows the reversible and non-volatile FMR frequency manip-
ulation for a pulse E-field. In addition to the aforementioned
observation, it can be seen that the −6 kV/cm and 1.4 kV/cm
pulsed E-fields can also give rise to an FMR frequency vari-
ation of approximately 1.5 GHz. This provides a framework
for realizing non-volatile, reversible, and energy efficient mag-
netic microwave devices. At the same time, the ferroelas-
tic domain switching process is also analyzed by reciprocal
space mapping (RSM) in (011) PMN-PT and PZN-PT.[49,53]

Liu et al. summarized the ferroelastic domain switching of the
(011) PZN-PT. When the applied E-field varies from the neg-
ative saturated E-field to the positive coercive E-field along
the [011] direction, the ferroelectric domain switches from
the out-of-plane direction to in-plane direction. In this pro-
cess, only the 71◦ ferroelectric switching makes a contribu-
tion to a strong lattice strain along the [011] and [100] direc-
tions (Fig. 3(d)), and the 71◦ ferroelastic switching takes place
in 80% of the entire poled area of (011) PZN-PT. The ferro-
electric domain switching can completely explain the expected
giant and non-volatile switching mechanism in FeCoB/(011)
PZN-PT.[49]
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(a) (b)

(c)
(d)

Fig. 3. (color online) (a) Normalized Kerr rotation hysteresis curves along the ȳ-direction under different E-fields. The inset shows the in-
plane strain difference (εy − εx) as a function of the E-fields (from Fig. 3 in Ref. [50]). (b) Angular dependence of Mr/Ms with E = 0 (open
square), 4 kV/cm (open circle), and after releasing 4 kV/cm (open triangle) E-fields. The inset gives the M–H loops without the E-field
and after releasing 4 kV/cm E-fields (from Fig. 2 in Ref. [52]). (c) Voltage-impulse-induced non-volatile switching of FMR frequency in
FeCoB/(011) PMN-PT heterostructures (from Fig. 1(f) in Ref. [53]). (d) Schematics of the E-field-induced ferroelectric/ferroelastic domain
switching pathways in (011) oriented PZN-PT single crystal substrates (from Fig. S1(b) in Ref. [49]).

3.2. E-field controlled magnetism in FM/(001) PMN-PT
heterostructures

In 2012, Zhang et al. first reported on loop-like
and non-volatile magnetization manipulation in amorphous
CoFeB/(001) PMN-PT by a bipolar poling E-field.[54] Fig-
ure 4(a) shows the reversible and remarkably high/low magne-
tization states along the [110] direction for a ±8 kV/cm E-field
pulse. Since the thickness of CoFeB is 20 nm, the interface
charge-mediated effect is ignored. Based on the RSM mea-
surement under different E-fields, they found that a 25% rel-
ative change of the magnetization switching can be attributed
to the 26% change of the 109◦ ferroelastic domain switching
in (001) PMN-PT. The loop-like converse ME response is to-
tally different from the volatile E-field controlled magnetism
in previous FM/(001)PMN-PT or PZN-PT.[42,43,55,56]

In order to determine the underlying mechanism of the
distinct modification behaviors, Yang et al. studied the strain
response of the special type of (001) PMN-PT under continu-
ous and pulsed E-field modes. This resulted in an asymmet-
ric butterfly-like strain–electric (S–E) curve (Fig. 4(b)) for a
continuous E-field and a bipolar loop-like S–E curve for a
pulsed E-field.[41] Interestingly, the butterfly-like S–E curve

is composed of symmetric butterfly-like and loop-like com-
ponents, and the RSM measurement shows approximately a
20% change of the 109◦ ferroelastic domain switching. On
the contrary, in the normal (001) PMN-PT with the same nom-
inal composition, the S–E curve is symmetric and volatile.
The RSM indicates the absence of the 109◦ ferroelectric do-
main switching under an applied E-field, accompanied by
volatile magnetization modification. It should be mentioned
that whether the (001) PMN-PT exists or not, the aforemen-
tioned 109◦ ferroelectric domain switching may be related
to defects during the crystal growth. The above ferroelec-
tric properties of PZN-PT are similar to those of PMN-PT.
Figure 4(c) shows the schematics of the ferroelastic domain
switching pathways in (001) PZN-PT. When the E-field is
along the [001] direction, only 109◦ polarization switching
leads to a strong lattice strain along the diagonal direction in
the (001) plane. This leads to a non-volatile tuning of the mag-
netic properties in the mechanically-coupled magnetic films
deposited onto the (001) PZN-PT substrate. In FeCoB/(001)
PZN-PT heterostructures, a non-volatile and reversible FMR
field of 64 Oe is obtained under alternatively pulsed E-fields
of 8 kV/cm and −6 kV/cm.[49]

097506-5



Chin. Phys. B Vol. 27, No. 9 (2018) 097506

(a) (b)

(c)

Fig. 4. (color online) (a) Repeatable high/low magnetization states (open circle) switched by pulsed E-fields (blue line) in CoFeB/(001)PMN-
PT (from Fig. 1(d) in Ref. [54]). (b) S–E curves along the [110] direction of (001) PMN-PT measured by continuous measurement (from
Fig. 2(a) in Ref. [41]). (c) Schematics of the E-field-induced ferroelectric/ferroelastic domain switching pathways in (011) oriented PZN-PT
single crystal substrates (from Fig. S1(a) in Ref. [49]).

3.3. Magnetism manipulation in epitaxial FM/PMN-PT
heterostructures

Epitaxial ferromagnetic film exhibits magnetocrystalline
anisotropy, which originates from the spin–orbit coupling and

(a)

(b)

]

Fig. 5. (color online) Theoretical calculations on the angular depen-
dence of the free energy for strain-induced UMA energy along [010]
(a) and [100] (b) directions (from Figs. 2(c) and 2(d) in Ref. [58]).

correlates with the symmetry of the lattice structure. Com-
pared to amorphous magnetic films with uniaxial magnetic
anisotropy, iron-based epitaxial ferromagnetic films present
biaxial magnetic anisotropy and the unique magnetization
switching processes under magnetic fields.[57] Furthermore,
FM films with cubic magnetocrystalline anisotropy (CMA)
provide a pathway to realize multi-states magnetic informa-
tion storage as long as one can precisely control the magneti-
zation switching among the magnetocrystalline anisotropy de-
termined energy minimum positions. Supposing a strain in-
duced additional magnetic anisotropy is added to the film with
CMA, the magnetic free energy without the external magnetic
field is calculated. The simulated curves under different strain
induced UMA clearly demonstrate that the magnetic easy axis
rotates 90◦ from the initial direction (Fig. 5).[58]

Parkes et al. reported on a 90◦ non-volatile magnetization
switching in epitaxial (001)FeGa/(001)GaAs/piezoelectric
transducer heterostructures through transducer trans-
ferred strain when a voltage is applied.[59] In epitaxial
(001)FeSi/(001)PMN-PT heterostructures with epitaxial re-
lationships of FeSi(001)[100]//PMN-PT(001)[110], the mag-
netic anisotropy transition from four-fold CMA dominated to
two-fold UMA dominated can occur subsequent to the ap-
plication of negative E-fields in Fe86Si14/(001)PMN-0.32PT
heterostructures. Unfortunately, the magnetic anisotropy tran-
sition is non-volatile and irreversible.[60] After modifying the
composition of the ferromagnetic layer and the ferroelectric
substrate, the angular dependence of the remanence (ARM)
curves changes rapidly from the original four-fold to two-fold
symmetries under E-fields in epitaxial Fe80Si20/(001)PMN-
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0.3PT. Moreover, the non-volatile and reversible 90◦ magne-
tization switching with the dominated UMA under ±6 kV/cm
is also observed. By measuring the micro-areas with a focused
magneto-optical Kerr magnetometer under an E-field, the in-
ternal competitive relationship between the CMA energy and
the UMA energy is confirmed by changing the shape of the
M–H loop, as shown in Figs. 6(a) and 6(b). It illustrates that
the strain-induced UMA overcomes the original HA barrier
of the CMA of epitaxial Fe80Si20 films and switches the mag-
netization direction with MEA switching to the [010] ([100])
direction after the application of a −6 kV/cm (+6 kV/cm)
pulse.[58] In Co2FeAl/GaAs/PZT heterostructures, the strain
induced planar Hall voltage of Co2FeAl films can also be reg-
ulated by applied voltages. Moreover, based on the one and
double piezo voltages control of the planar Hall effect, the
logic operation architectures of NOT and NOR logic gates
were proposed and demonstrated at room temperature without
additional magnetic fields.[61,62]

(a)

(b)

Fig. 6. (color online) Normalized Kerr M–H loops along [100] direc-
tion under negative (a) and positive (b) E-fields in Fe80Si20/(001)PMN-
0.3PT (from Figs. 4(a) and 4(b) in Ref. [58]).

In Fe86Si14/(001)PMN-0.32PT and Fe80Si20/(001)PMN-
0.3PT heterostructures, a feasible method for recovering
the original CMA state is to anneal the heterostructures at
a temperature of 150 ◦C.[58,60] However, in the epitaxial
Fe80Si20/(011)PMN-0.3PT heterostructure at 300 ◦C post an-
nealing, the release of interface strain leads to the reorienta-
tion of the dominated CMA when the E-field changes from
−2.5 kV/cm to 8 kV/cm or from 2.5 kV/cm to −8 kV/cm.
Conversely, when the E-field changes from 8 kV/cm to

−2.5 kV/cm or from −8 kV/cm to 2.5 kV/cm, the two-fold
dominated UMA changes back to four-fold CMA. Both kinds
of magnetic anisotropies transitions are non-volatile and re-
versible (Fig. 7(a)). Combined with E-field induced 90◦ mag-
netization switching and the auxiliary magnetic field, this
demonstrates that non-volatile 180◦ magnetization switching
is accompanied by two successive 90◦ magnetization reversal
processes (Fig. 7(b)).[63]

(a)

(b)

Fig. 7. (color online) (a) ARM curves with a continuously changing
E-field as well as a pulsed E-field (from Fig. 3(a) in Ref. [63]). (b) E-
field-induced magnetization variation with the assistance of a magnetic
field (from Fig. 4(a) in Ref. [63]).

4. 180◦ magnetization switching with E-field
In MTJs, the parallel/anti-parallel magnetization of two

ferromagnetic electrodes gives rise to distinguishable low/high
resistance states. However, manipulating full 180◦ magnetiza-
tion reversal of the free layer without external magnetic fields
is a challenge in MRAM design with the low-power require-
ments. Given the rapid development of E-field control 90◦

magnetization reversal, intense attention has been directed at
E-field controlled 180◦ magnetization switching in FM films
with the in-plane or perpendicular magnetic anisotropy.

4.1. In-plane 180◦ magnetization switching

In addition to the expected non-volatile 90◦ rotation of
EA under E-fields, non-volatile in-plane 180◦ magnetization
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reversal in Co/(001) PMN-PT with the aid of a small auxil-
iary magnetic field was also achieved at room temperature.
As shown in Fig. 8(a), the magnetization first switches from
the [010] (stage 1) to [-100] direction (stage 2) under the
application of a +5 kV/cm pulse, and then switches to the
opposite [0-10] direction (stage 3) under the application of
a −5 kV/cm pulse without the assistance of magnetic fields.
Then the +5 kV/cm pulse causes the magnetization to switch
to the [-100] (stage 4) direction, and a subsequent −5 kV/cm
pulse switches the magnetization to the [010] (stage 1) direc-
tion with the assistance of an auxiliary magnetic field pulse
of 3 Oe. Thus, the 180◦ magnetization reversal process can
be achieved using the described electric and magnetic pulse
sequence.[64] However, in FM/AFM/PMN-PT(or PZN-PT)

(a)

(b)

(c)

Fig. 8. (color online) (a) Pulsed electrical operation with Hau (top) and
the resulting magnetization (bottom) measured in a magnetic field of
3 Oe along [010] (from Figs. 4(a) and 4(b) in Ref. [64]). (b) Angu-
lar dependence of M with and without an E-field at the zero magnetic
field. (c) M–H loops at β = 37◦ with the E-field of 0 and 8 kV/cm,
respectively. (from Figs. 5(b) and 5(c) in Ref. [66]).

heterostructures, in-plane 180◦ magnetization switching could
be realized using the exchange bias effect in FM/AFM struc-
tures instead of an external magnetic field.[65,66] For exam-
ple, in CoFeB/IrMn/(011)PMN-PT heterostructures, the E-
field induced converse ME coupling effect could change the
ratio between the strain induced UMA field and the unidirec-
tional exchange bias field. When the measured direction β ,
which is the angle of deviation of the [100] direction of PMN-
PT, is in the middle of the dark gray region of the angular de-
pendences of the remanent magnetization curves under differ-
ent E-fields as shown in Fig. 8(b), magnetization reversal can
be obtained at zero magnetic fields. Figure 8(c) shows the M–
H loops under 8 kV/cm and 0 kV/cm with β = 37◦. One can
see that an obvious separation at the zero magnetic field ap-
pears, indicating that the E-field controlled in-plane 180◦ mag-
netization reversal is achieved under zero magnetic field by
optimizing the anisotropy configuration in an exchange biased
system.[66] The reversible E-field controlled magnetization re-
versal at zero magnetic fields in FM/AFM/FE heterostructures
is greatly important for practical ultralow power consump-
tion spintronic devices. Alternatively, Wang et al. proposed
a simple and novel method to realize magnetization switch-
ing in nanomagnets with four-fold symmetric anisotropy. The
flower-shaped nanomagnets deposited on an FE layer, and the
E-field induced magnetoelastic axis cants an appropriate angle
with respect to the EA of the nanomagnets. Using phase field
simulations and thermodynamic analysis, in-plane 180◦ mag-
netization switching controlled by pure E-fields can be accom-
plished by two successive and deterministic 90◦ switching.[67]

4.2. PMA modification and 180◦ perpendicular magneti-
zation reversal

Compared with FM films with in-plane magnetic
anisotropy, FM films with perpendicular magnetic anisotropy
(PMA) have useful applications in STT-MARMs and SOT-
MRAMs because they can effectively enhance the storage
density.[68,69] It is accepted that PMA mainly originates from
the interfacial magnetic anisotropy in ultrathin films, and
the in-plane magnetic anisotropy results from the bulk mag-
netic anisotropy including the magnetocrystalline, random
anisotropy or shape anisotropy. Therefore, the spin reorien-
tation transition (SRT) is usually modified by changing the
thickness of the films.[70–72] In (Co/Pt)3/(011)PMN-PT het-
erostructures, both the interface and the bulk contributions to
anisotropy coexist at a critical Co layer thickness range. Sun
et al. first reported on E-field manipulation of the interface
magnetic anisotropy and SRT of (Co/Pt)3 multilayer at the
critical thickness.[73] E-field modified variation of the first or-
der volume anisotropy and interface anisotropy are 0.88% and
−5.2%, respectively, whereas the E-field effect on the second-
order volume anisotropy and interface anisotropy is very weak
(Fig. 9(a)). This indicates that the E-field driven SRT is mainly
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attributed to the strain controlled interface anisotropy. The re-
sults can be understood in terms of the E-field induced tensile
strain which increases the distance between Pt and Co atoms.
This, in turn, could reduce the hybridization between Pt 5d and
Co 3d electrons, and weaken the PMA of (Co/Pt)3/(011)PMN-
PT. Meanwhile, Peng et al. demonstrated E-field controlled
switching between the in-plane and out-of-plane magnetiza-
tion in (Co/Pt)3/(011) PMN-PT at room temperature.[74] The
E-field controlled the strength of the PMA, and subsequently
resulted in SRT in ultrathin films which are bound to acceler-
ate the application of the low power ME devices.

(a)

(b)

Fig. 9. (color online) (a) Plots of t × K̃1 vs. t (t × K̃2 vs. t) with and
without an E-field and the corresponding linear fitting. (b) Schematic
for strain-induced lattice changes at the Co/Pt interface (from Figs. 4(c)
and 4(d) in Ref. [73]).

Recently, heavy metal/FM (HM/FM) bilayers with PMA
received significant attention because they can utilize current
induced SOT to realize magnetization switching.[12,75] Due
to the strong SOC effect in HMs, their in-plane charge cur-
rent can be converted to a pure spin current or interfacial
spin accumulation by the spin Hall effect or Rashba effect,
from the inversion asymmetry interface. The spin diffuses
into the adjacent FM layer and switches the magnetization ori-
entation through the SOT effect. In this process, a small in-
plane assisted magnetic field is necessary to realize the 180◦

perpendicular magnetization reversal.[11,76] This is not con-
venient for practical applications. Thus, many investigations
are focused on the realization of deterministic magnetization
switching without any magnetic fields.[77–79] Cai et al. demon-
strated deterministic magnetization switching in the symmet-
ric Pt/Co/Ni/Co/Pt/(001) PMN-PT heterostructure combined
with the E-field effect and the current effect.[80] As shown

in the measurement schematic of Fig. 10(a), after the appli-
cation of voltage values of +500 V (−500 V), a clockwise
(anticlockwise) loop of the magnetization switching was ob-
served (Figs. 10(b) and 10(c)). Meanwhile, after applying
+500 V voltage, the reversible and non-volatile magnetiza-
tion between up and down (180◦ magnetization reversal) can
be modified by the in-plane current of −0.3 mA and +0.3 mA
(Fig. 10(d)). Since the piezoelectric strain effect and inter-
face Rashba effect are excluded, the E-field induced extra gra-
dient spin density torque on the magnetization is the critical
factor for the magnetization switching without external mag-
netic fields. The progress on deterministic 180◦ magnetization
switching will be significant in the future design of spintronic
and logic devices with low power consumption.

(a)

(b) (c)

(d)

Fig. 10. (color online) (a) Schematic diagram of the measurement
set-up. The voltage is applied to the PMN-PT substrates along the x-
direction with a distance of 1 mm between the two electrodes. The ap-
plied voltage of VPMN-PT was removed during the current switching
measurements. (b), (c) The current-induced magnetization switching
after the polarization with the voltages of +500 V and −500 V on the
PMN-PT substrate. (d) The deterministic magnetization switching by
a series of current pulses applied to the device with 3-nm-thick bottom
Pt layer. A small current IM (∼ 0.1 mA) was applied to measure the
Hall resistance to distinguish the magnetization state (from Fig. 2 in
Ref. [80]).

5. Conclusion and perspectives
In this review, we provided a summary of E-field con-

trolled magnetization switching and magnetic anisotropy tran-
sition with an emphasis on the strain-mediated magnetism
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in FM/FE heterostructures. By considering volatile to non-
volatile magnetization switching, isotropic to UMA to CMA
variations, and in-plane UMA to out-of-plane PMA materials,
we discussed the developments of E-field controlled macro
scale magnetism variation based on special experimental or
theoretical results for electric field generated strain in FM/FE
heterostructures. However, some outstanding issues still need
to be solved, which range from understanding the fundamen-
tal physical mechanism of an operation to the realization of
practical applications.

(I) Since materials like PMN-PT used by many research
groups are nominally the same, the observed E-field controlled
converse ME responses were multifarious. Hence, more atten-
tion should be paid to the repeatability and the stability of the
experimental results, as well as the intrinsic physical mecha-
nism of the electric field induced magnetization switching.

(II) E-field controlled magnetization switching paves the
way to a new generation of spintronic devices. However, the
existing difficulties need to be addressed with regards to inte-
gration and miniaturization for magnetic storage applications,
such as MRAM combined with the GMR or TMR effect.
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