
Available online at www.sciencedirect.com
ScienceDirect

J Materiomics 1 (2015) 263e284
www.ceramsoc.com/en/ www.journals.elsevier.com/journal-of-materiomics/
Multiferroic heterostructures and tunneling junctions

Weichuan Huang a, Shengwei Yang a, Xiaoguang Li a,b,c,*
a Hefei National Laboratory for Physical Sciences at Microscale, Department of Physics, University of Science and Technology of China, Hefei 230026, China

b Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China
c Key Laboratory of Materials Physics, Institute of Solid State Physics, CAS, Hefei 230031, China

Received 18 June 2015; revised 22 July 2015; accepted 14 August 2015

Available online 24 August 2015
Abstract
Multiferroic heterostructures showing both electric and magnetic orders have attracted much attention because of their promising applications
in the next generation of memories, sensors, and microwave devices and so on. The complex electronic and magnetic orders at the interface in
multiferroic heterostructures will cause abundant physical phenomena due to the interplay among spin, charge, orbit, and lattice degrees of
freedom, and various prototype devices have been achieved. In this review, we summarize some recent progresses mainly in the strain- and
charge-mediated effects on the magnetic and electronic transport properties manipulated by electric/magnetic fields in multiferroic hetero-
structures. The recent advances in multiferroic tunnel junctions with ferroelectric barriers by using the spin polarized nature of magnetic
materials are particularly presented, which exhibit magnetoelectric coupling effects at the interface and multi-stable resistance states in a single
memory unit cell. Finally, the new inspiration for the design of spintronic devices having more energy efficiency and higher density is discussed.
© 2015 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Multiferroic materials [1,2], which simultaneously show at
least two ferroic orderings, such as ferroelectric and (anti-)
ferromagnetic as well as ferroelectric, have recently become
one of the hottest topics in condensed matter physics and
materials due to their novel physical phenomena and potential
applications as multifunctional devices such as spintronics and
multiple-state memories [3e10]. Among multiferroic order-
ings, the coexistence of ferroelectricity and ferromagnetism is
highly desired, and the coupling between the two different
orders can produce the magnetoelectric (ME) effect which has
been observed as an intrinsic effect in some natural single
phase materials [11], such as BiFeO3 (BFO), one of the most
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intensively investigated single phase multiferroics [12].
Despite the ongoing search for new intrinsic single phase
multiferroic compounds, there still exist so many questions,
for instance, ME coupling interactions i) are very weak for
type I single phase multiferroic materials in which the ferro-
electric and magnetic order are produced by different sub-
lattices or parts of the lattice [13e15], and ii) mostly exist at
low temperatures with a small value of polarization for type II
single phase multiferroics oxides where the ferroelectricity is
magnetically induced [15,16]. Up to now, none of the existing
single phase multiferroic materials has large, robust electric
and magnetic polarizations at room temperature.

Fortunately, a significant ME coupling effect can be ach-
ieved in multiferroic composites consisting of ferroelectric and
ferromagnetic phases through manipulating magnetization
rotation by electric control at room temperature [17e22]. The
multiferroic ME composites constructed as nanostructures
(e.g., 0e3 type particulate films, 2-2 type layered hetero-
structures, and 1e3 type vertical heterostructures) [17],
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Fig. 1. ME voltage vs. static magnetic field measured at temperatures of 50,

120, and 300 K in Pb(Zr0.3,Ti0.7)O3//La1.2Sr1.8Mn2O7 multiferroic hetero-

structure. The open (filled) symbols are the data taken with increasing

(decreasing) H. Reprinted by permission from Ref. [27]. The inset is the in-

plane magnetostriction [DLab(H )/Lab(0)] as a function of H measured at

selected temperatures, taken from earlier report [34].
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especially multiferroic heterostructures, have unique superi-
orities. More significant ME coupling can be realized and
effectively manipulated in limited heterostructure regions at
room temperature. More importantly, from the application
viewpoint, multiferroic heterostructures are promising candi-
dates for integrated magnetic/electric devices, such as highly
sensitive sensors, high-density memories, and spintronics, and
are easier to be fabricated by utilizing wide variety of growth
techniques, such as pulsed laser deposition, molecular beam
epitaxy, magnetron sputtering, spin coating and so on.

In this article, we review some recent progresses mainly in
electric-field manipulated magnetic and electronic transport
properties in virtue of strain- and charge-mediated ME effects.
The Secs. 2 and 3 focus on the ferromagnetic/ferroelectric
(FM/FE) multiferroic heterostructures and multiferroic tunnel
junctions (MFTJs), respectively, which have recently attracted
much attention as new concepts for information processing
and storage due to multi-states in a single memory unit cell.
Finally, in Sec. 4 the summary and outlook are given. Since
the research area is broad and rapidly developing, the exten-
sively amount of research on various multiferroic hetero-
structures have been published every year, so we apologize to
the authors of these in advance which have unfortunately not
been cited.

2. Multiferroic heterostructure
2.1. Strain-mediated ME coupling
Fig. 2. Magnetization of a 100 nm thick Ni film on BTO vs. the electric field

applied across the BTO substrate at different magnetic fields. Magnetization is

normalized to the value Mpol obtained at E ¼ þ4 kV/cm. Reprinted by

permission from Ref. [33].
The ME coupling effects can be divided mainly into two
categories: magnetic field (H ) control of electric polarization
(direct ME coupling) [23e27] and electric field (E ) control of
magnetism (converse ME coupling) [28e31]. The ME cou-
plings in multiferroic composites are generally caused through
the interaction between electric and magnetic orders from two
distinct phases. A magnetic or electric field induces strain in
the magnetic or ferroelectric constituent which is mechani-
cally transferred to the ferroelectric or magnetic constituent,
and it will result in a variation of ferroelectric polarization or
magnetization. Thus, in order to obtain a significant ME
coupling, it is necessary to employ ferroelectric materials with
large piezoelectric coefficients, magnetic materials with large
magnetostriction coefficients, and strong mechanical contacts
between the different phases in multiferroic heterostructures.

To reveal the magnetic field control of electric polarization,
T. Wu et al. investigated an epitaxial piezoelectric
Pb(Zr0.3,Ti0.7)O3 film grown on the magnetostrictive single
crystal La1.2Sr1.8Mn2O7, where a strong mechanical coupling
at the interface helped to achieve a considerable ME response
[27]. They obtained a maximum ME voltage output of DVME

~15 mVat 120 K in a magnetic field of 1 T as shown in Fig. 1,
and the ME coefficient is about 600 mV cm�1∙Oe�1. Such a
magnetic-field-induced ME coupling effect of the ME com-
posite thin films has potential applications as microsensors
[32]. While for the electric field control of magnetism it be-
comes a hot issue in the fields of ME heterostructures recently
due to their novel potential applications which have also been
reviewed in Ref. [32]. It is reported that, in the heterostructure
of 100 nm thick Ni film grown on BaTiO3 (BTO) single crystal
substrate, the reversible changes of magnetization (M ) up to
20% were observed as a function of electric fields with
butterfly-like ME loops under a constant magnetic field par-
allel to the Ni film plane, as shown in Fig. 2 [33]. This implies
that the strain induced by an electric field in BTO is trans-
ferred into the ferromagnetic Ni layer, it then affect the
magnetization of Ni due to the inverse magnetostriction.

To improve the ME effect, one may select materials with
larger piezoelectric coefficients such as Pb(Mg1/3Nb2/3)O3-
PbTiO3 (PMN-PT). Y. G. Zhao et al. reported a giant volatile
electrical manipulation of magnetization at room temperature
in a heterostructure composed of amorphous ferromagnetic
Co40Fe40B20 and (011)-cut PMN-PT as shown in Fig. 3(a)
[30]. A maximum relative magnetization change up to 83%
was observed. The (011)-cut PMN-PT has the optimized



Fig. 3. (a) Schematic illustration of the heterostructure, piezoresponse of the PMN-PT substrate and the easy axis of magnetization of the Co40Fe40B20 layer under

electric fields. (b) Polar graph of uniaxial anisotropy energy with E ¼ 17.5 kV/cm on (red circle) and off (black square). (c) and (d) Magnetic hysteresis loops

measured along the [100] and [011] directions at different electric fields, respectively. Insets of (c) and (d) show the expanded region ofM-H at low magnetic fields.

Reprinted by permission from Ref. [30].
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orientation and composition to achieve ultra-high in-plane
piezoelectric coefficients with d31 ~ �3100 pC/N along the
[100] direction and d32~1400 pC/N along the [011] direction
[35], respectively. The results of Magnetic Optic Kerr Effect
with a rotating field (Rot-MOKE) measurement shown in
Fig. 3(b) demonstrate a 90� rotation of the easy axis above
5 kV/cm due to the electric field induced in-plane strain
anisotropy related to ferroelectric polarization reorientation.
When electric fields increase from 0 kV/cm to 20 kV/cm, the
magnetization orientation of the heterostructure along the
[100] direction becomes harder and the remnant magnetization
reduces, as shown in Fig. 3(c). However, the situation along
the [011] direction is just the converse, with an increment of
the M-H squareness under large electric fields as shown in
Fig. 3(d). These results can be understood by the anisotropic
strain of the (011)-cut PMN-PT under electric fields as
mentioned above, which generates an in-plane magnetically
anisotropic field in Co40Fe40B20 film and achieves a 90�

rotation of the easy axis as well as a large magnetization
response to electric fields [30]. Furthermore, with the assis-
tance of a weak magnetic field (±5 Oe), a reversible and
deterministic magnetization reversal controlled by pulsed
electric fields has been achieved.

However, the volatile magnetization variations induced by a
strain effect mentioned above cannot be used for information
storage. Thus researchers start to peruse the electric controlled
nonvolatile magnetization variations. Fortunately, a possibility
of inducing 90� magnetization rotation controlled by electric
fields in arrays of strain coupled artificial Ni/PMN-PT(011)
multiferroic nanostructures was demonstrated by using X-ray
photoemission electron microscopy (X-PEEM) as shown in
Fig. 4 [36]. Fig. 4(b) depicts the in-plane anisotropic strain
provided by PMN-PT(011) with a peak at the coercive field
(Ec) of 0.15 MV/m. The X-PEEM results are shown in
Fig. 4(c). (i) For the ellipses circled in blue, the magnetic
contrasts in the nanoislands drop from the original value to
zero at Ec, indicating that the magnetizations of the ellipses
have rotated away from the long axis and lie parallel to the
ellipse short axis. By increasing the electric field up to
0.27 MV/m, no obvious changes in the magnetic configuration
are observed. (ii) The ellipses with green triangles show a
different behavior. After the 90� reorientation at Ec, the
magnetizations relax back to one of the two equivalent di-
rections parallel to the shape anisotropy easy axis after the
applied electric field further increased. (iii) The ellipses
highlighted with orange squares do not show any change under
different applied electric fields. The 90� reorientation results
from the strain-induced ME interaction between the ferro-
magnetic nanostructures and the ferroelectric crystal. The
above three strain-induced regimes of magnetization behaviors
are regarded to be related to the different ferroelectric domain
structures which can be changed by applied electric fields.
Interestingly, N. D. Mathur et al. have experimentally
demonstrated a nonvolatile electrically driven repeatable out-
of-plane magnetization reversal in Ni/BTO multilayer capac-
itors without magnetic fields [37]. A peak-to-peak phase shift



Fig. 4. (a) Schematic of the experiments (not to scale). (b) In-plane anisotropic strain vs. electric field curve measured with a strain gauge fixed on the sample after

poling. (c) Sequence of successive X-ray magnetic circular dichroism images of 200 � 100 nm2 ellipse array recorded at the Ni L3 edge at different electric fields.

Reprinted by permission from Ref. [36].
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of ~4� corresponding to the full (180�) magnetization reversal
was observed in magnetic force microscope by applying and
subsequently removing voltages to the multilayer capacitors.
These applied voltages also resulted in various ME responses
with volatile, non-volatile, repeatable, or non-repeatable ef-
fect, similar to those shown in Fig. 4 [36].

However, it is still the most pressing needs to achieve a
uniform, reversible and nonvolatile magnetization rotation in
large area of a heterostructure via a convenient method. Note
that the previously reported electrical manipulation for
magnetization reorientation employs a traditional out-of-plane
polarization configuration [38e40], in which a magnetic layer
also serves as a polarization electrode. In such a structural
configuration, the piezoelectric and ferroelectric field effects
coexist, and the electric field effect will somehow impact the
magnetism and inevitably complicate the physical processes
[40]. Taking these problems into account, a promising side-
polarization configuration is proposed to separate the polari-
zation electrode and the magnetic layer, which effectively
rules out the impact of ferroelectric field effect, and enables a
purely piezostrain-mediated ME coupling [41]. In addition,
this configuration can directly offer more impressive tensile
strain owe to a much larger d33 than d31 in PMN-PT(001)
[42,43].

In our recent work, a strain-mediated reversible and
nonvolatile 90� rotation of the magnetic easy axis (MEA) was
realized in a Co/PMN-PT heterostructure [41]. In order to
investigate the magnetic anisotropy manipulated by an in-situ
piezostrain, the detailed polarization history dependencies of
MEA demonstrated by angle dependencies of the remnant
magnetization ratio are shown in Fig. 5 via Rot-MOKE
method [44]. Fig. 5(a) indicates an asymmetric butterfly-like
piezostrain-electric field loop for the PMN-PT. Several
representative electric fields labeled with different colorized
symbols on the loop are chosen to clarify the rotation process
of MEA. The PMN-PT has been initially negatively polarized.
The MEA locates at 0�, namely along [010]/[010] of PMN-PT,
for the electric fields starting from E ¼ 0 kV/cm [red line in
Fig. 5(b)] to 1.5 kV/cm [Fig. 5(c)], changes to 30� at 3.5 kV/
cm [Fig. 5(d)], and finally rotates to 90�, namely along [100]/
[100], at 5 kV/cm [cyan line in Fig. 5(e)], demonstrating an
anticlockwise gradual rotation of MEAwith increasing electric
fields in positive polarizations. Then the MEA keeps stable
even after electric field falls back to 0 kV/cm [magenta line in
Fig. 5(e)], indicating a nonvolatile tuning of MEA. When the
electric field reverses to E ¼ �1 kV/cm [Fig. 5(f)], the MEA
rapidly turns back to 0� from 90�. During the negative po-
larization processes, the MEA gradually switches from 0� at
E ¼ �2 kV/cm [Fig. 5(g)] to �40� at E ¼ �8 kV/cm
[Fig. 5(i)] and then goes back to 0� again [olive line in
Fig. 5(b)]. The MEA-rotation processes can be well repeated
at 10 different random spots on the Co film at least. The 90�-
rotation of MEA comes from the competition between the
magnetoelastic anisotropy induced by the strain transferred



Fig. 5. (a) In-plane strain (ε11) e electric field loop along the [100] direction of PMN-PT. (bej) Rotation history of the MEA in the Co film with a sequence of

electric fields (labeled by corresponding symbols on the strain curve) applied to PMN-PT along the [100] direction in the order from (b) to (j). In (e), after a field of

5 kV/cm is switched off, the MEA does not go back to 0� but remains at 90�. Reprinted by permission from Ref. [41].

Fig. 6. (a) Pulsed electrical operation (black line) with Hau (blue line), and (b)

the corresponding magnetic moments measured in a magnetic field of 3 Oe

along [010]. The colorful numbers denote the stages 1e4. Reprinted by

permission from Ref. [41].
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from polarized PMN-PT and the interface anisotropy. The
asymmetric piezostrain-electric field loop accompanied with a
considerable residual strain at 0 kV/cm may be resulted from
the field induced phase transition in PMN-PT.

Further experimental results indicate there is a macro-
scopically maneuverable and non-volatile 180� magnetization
reversal without applied magnetic fields at room temperature
[41]. The magnetization measurements using superconducting
quantum interference device-vibrating sample magnetometer
to demonstrate a 180� magnetic rotation under periodic stimuli
sequences of ±5 kV/cm, as shown in Fig. 6(a and b). It is
clearly revealed that the magnetization switches by 180� from
stage 1 (M//[010]) to stage 3 (M//[010]) via stage 2 (M//[100])
with first þ5 kV/cm followed with �5 kV/cm, and then goes
back to stage 1 (M//[010]) via stage 4 (M//[100]) under a
stimuli sequence of þ5 kV/cm and �5 kV/cm together with a
very small auxiliary magnetic field Hau of 5 Oe. This electric-
field-driven reversible 180� rotation occurs in most of the
magnetic domains, which is much more than those in earlier
reports. It should be noted that corresponding to the non-
volatile 90�-rotation of MEA in Co film, a non-volatile
anisotropic resistivity switch also occurs [45].

The discovery of electric field-induced non-volatile,
repeatable magnetization rotation accompanied by the varia-
tion of anisotropic resistivity can be utilized to design
electromagnetic devices, such as a digital single-pole double-
throw switch and a three-state output gate as well as a spin
valve controlled by electric fields instead of magnetic fields
[41,45]. N. Lei et al. reported that magnetic coercivity could
also be electrically controlled at room temperature via strain-
mediated ME coupling in piezoelectric/ferromagnetic



Fig. 8. Influence of applied voltages on the temperature dependences of

magnetizations in FeRh/BTO. (a) Polarization vs. voltage loop collected at

300 Hz and room temperature. The sketches indicate the polarization of the

BTO pointing towards or away from FeRh (green rectangle), at negative or

positive voltage, respectively. (b) Temperature dependences of magnetizations

measured at 20 kOe for various voltages. (c) Differences of the magnetizations

between selected curves from (b). Reprinted by permission from Ref. [47].
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nanostructures with a similar side-polarization configuration
[46]. The side-polarization device geometry allows for an
efficient transfer of a strong local strain to the ferromagnetic
stripe as shown in Fig. 7(a and b). The ferromagnetic spin
valves consisting of MgO (2 nm)/free layer/Cu (4 nm)/Co
(4 nm)/Cu (0.3 nm)/IrMn (8 nm)/Pt (4 nm), where the free
layer was either Co40Fe40B20 (5 nm) or permalloy (5 nm)/
Co40Fe40B20 (5 nm), were constructed, in conjunction with the
piezoelectric material PbZr0.5Ti0.5O3. Fig. 7(c) shows a large
increase of the magnetic coercivity of the free layer under
piezostrain induced by the applied voltage across
PbZr0.5Ti0.5O3, which would affect the magnetization reversal
in free layer.

Magnetic variations driven by electric fields occur not only
in ferromagnetic (FM) films but also in anti-ferromagnetic
(AFM) materials. In FeRh/BTO heterostructure a moderate
electric field can produce a giant magnetization variation,
arising from the electric-field-induced transformation of FeRh
from an AFM state to a FM state as shown in Fig. 8 [47]. The
effect occurs just above room temperature and is mostly driven
by voltage-induced strain effect from BTO. The charge
accumulation and depletion effects related to the ferroelectric
polarization of BTO may contribute the magnetic variations as
well. Fig. 8(a) shows a typical ferroelectric loop for an FeRh/
BTO sample, measured at 300 Hz and room temperature. To
probe the influence of ferroelectricity on the magnetic
response of FeRh, the temperature dependent magnetization
measurements were performed with different applied voltages
Fig. 7. As-grown magnetization configurations in the magnetic stripe (a)

without and (b) with applied voltages. (c) Giant magnetoresistance loops with

different applied voltages, starting from a depolarized state of the

PbZr0.5Ti0.5O3 layer. Reprinted by permission from Ref. [46].
marked by numbers in a magnetic field of 20 kOe. The sig-
nificant magnetization enhancement with increasing temper-
ature in Fig. 8(b) represents the transition of FeRh from an
AFM state to a FM state, accompanied with thermal hysteresis
resulting from substrate-induced strain. For temperatures be-
tween ~350 and 400 K, the magnetization is drastically
changed by the applied voltage, with maximum variation
reaching DM ¼ 550 emu cm�3 at electric fields of E ¼ 0.4 kV/
cm in Fig. 8(c). This corresponds to a gigantic ME coupling
a ¼ m0DM/E ¼ m0 (550 emu cm�3)/(0.4 kV cm�1) ¼ 17
Oe cm V�1. It would be much more useful that the AFM-FM
transition can be achieved at room temperature via electric
field manipulation.
2.2. Charge-mediated ME coupling
Other than the strain effect that can be active in relatively
thick magnetic films of multiferroic heterostructures, the
charge effect is limited to a small screening length of magnetic
film, especially the magnetic metallic films with high carrier
density. M. Liu et al. have demonstrated the reversible and
non-volatile magnetization variations by charge-mediated ME
coupling through applying an electric voltage of 10 V in
Co0.3Fe0.7/Ba0.6Sr0.4TiO3/Nb:SrTiO3 (001) multiferroic heter-
ostructure [48]. The charge effect can exist only in ultra-thin
(~1 nm) magnetic films due to the Thomas-Fermi screening
effect. As the thickness of magnetic metallic film increases to
>>1 nm, the charge effect disappears rapidly [40,49,50].
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In order to investigate the effect of electric fields on mag-
netic properties of magnetic films with different thicknesses in
detail, the multiferroic heterostructure consisting of a mag-
netic film with continuously varied thickness is constructed as
shown in Fig. 9 [51]. The schematic side view of the sample is
depicted in Fig. 9(a). The electric polarization state of a
polymer ferroelectric thin film substantially alters the mag-
netic anisotropy of a wedge-shaped Co film with varying
thickness under P(VDF-TrFE), indicating the changes of the
magnetization easy axis from out-of-plane to in-plane for
sufficiently thin ferromagnetic films. The Co strip is 40 mm
long with a very shallow wedge angle of 2.7 � 10�6 deg. The
anisotropy of the wedge-shaped magnetic film goes from out-
of-plane at the thinnest end to in-plane at the thickest end,
undergoing a well-known spin reorientation transition at an
intermediate thickness. The ME effect shown in Fig. 9(b) in-
dicates that the out-of-plane magnetic coercivity measured by
MOKE for the up polarization is larger than that for the down
polarization. The effective uniaxial anisotropy constants Keff

for both polarization directions were calculated in Fig. 9(c),
and a positive value of Keff corresponds to out-of-plane
anisotropy. For the smallest Co thickness, switching the
ferroelectric polarization to the down state (positive interface
charge) alters the uniaxial anisotropy from positive to nega-
tive, allowing for electric field controlled switching of the
magnetization easy axis from out-of-plane to in-plane. The
Fig. 9. (a) Schematic side view of the sample: glass/(Pd or Pt)/Co (8.5e27.8 Å)
hysteresis loops at a Co thickness of 9.5 Å using polar magneto-optical Kerr effe

states. (c) Effective uniaxial anisotropy constants as a function of Co thickness for s

plane magnetic coercivity as a function of applied voltage. Reprinted by permissio
investigations of the magnetic coercivity at intermediate po-
larization states demonstrated that the magnetic coercive field
was proportional to the net ferroelectric polarization, as shown
in Fig. 9(d). This results indicate the central role of the
switchable polarization of the ferroelectric film, i.e., charge
effect, in the ME coupling.

As for the multiferroic heterostructures consisting of doped
manganite layers in contact with the ferroelectric materials,
the interfacial charge effect would induce magnetic re-
constructions driven by screening effect. D. Yi et al. reported
the ability to manipulate the competition between FM and
AFM through ME coupling at the BFO/La0.5Ca0.5MnO3 het-
erointerface [52]. The magnitudes of magnetizations in both
interfacial BFO and La0.5Ca0.5MnO3 change dramatically in
response to the ferroelectric polarization switch, which is
clarified by using a macroscopic magnetometry and element-
selective X-ray magnetic circular dichroism (XMCD) at the
Mn and Fe L edges. In Fig. 10(c), the black (line with solid
square), red (line with solid circle), and blue (line with half-
filled diamond) curves show the magnetizations of the H1
heterostructure on SrTiO3 (STO) substrate in Fig. 10(a) for the
as-grown state (P1, denotes the polarization points away from
the interface), the opposite state (P2, denotes the polarization
towards the interface) switched by positive voltage, and the
original state (P1) switched back by negative voltage. The
saturation-like behavior between 100 K and 200 K suggests
/30 monolayers P(VDF-TrFE) 70:30/Al (30 nm). (b) Out-of-plane magnetic

ct (PMOKE) depicting the change in coercivity for two different polarization

amples on a Pd seed layer for two opposite polarization directions. (d) Out-of-

n from Ref. [51].



Fig. 10. (a) Schematic of the BFO/La0.5Ca0.5MnO3 (structure H1) hetero-

structures on STO substrates for ferroelectric switching. (b) Schematic of

La0.5Ca0.5MnO3/BFO (structure H2) heterostructure used for XMCD mea-

surements. (c) Temperature dependences of magnetizations and the spin sum

rule of XMCD for Fe and Mn atoms taken at different polarization states.

Reprinted from Ref. [52].
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FM clusters or canted AFM ordering [53,54]. These data
clearly show that the AFM-FM transition can be reversibly
manipulated through ferroelectric switching. In order to
identify the contribution from La0.5Ca0.5MnO3 and BFO,
respectively, the element-specific XMCD was further utilized
to detect a reversed H2 heterostructure in Fig. 10(b). The
significant changes in both Fe and Mn L edges, as summarized
in Fig. 10(c), illustrate that the ferroelectric polarization
manipulated magnetizations are derived from both
La0.5Ca0.5MnO3 and BFO. Magnetizations taken with a
magnetometer show the same manipulation effects in the H2
heterostructure.

This reversible electric control of the magnetic property of
a colossal-magnetoresistance manganite was also observed in
PbZr0.2Ti0.8O3 (250 nm)/La0.8Sr0.2MnO3 (4.0 nm) hetero-
structure [55,56]. The magnetic response of the
La0.8Sr0.2MnO3 layer together with PbZr0.2Ti0.8O3 can be
switched by electric fields, as shown in Fig. 11. It is believed
that the large ME coupling effect found in these artificial
heterostructures results from an interfacial magnetic recon-
struction driven by the charge reversal in PbZr0.2Ti0.8O3 as
illustrated in Fig. 11(b).

From the results mentioned above, one can see that clari-
fying the characteristics of atomic resolution microstructure
become increasingly important because the interface situation
is crucial for the ME coupling effect. The precise atomically
resolved investigations of the interface in artificial hetero-
structure have risen up [57e60]. By using aberration-corrected
scanning transmission electron microscopy (STEM), Taher-
ifind et al. investigated the electric field effect on Mn ionic
valance, especially near the interface of the La0.7Sr0.3MnO3/
PbZr0.2Ti0.8O3 heterostructure [57]. In the ultrathin limit
(<4 nm), strain fluctuations in La0.7Sr0.3MnO3 are minimal
and charge-transfer screening drives the ME coupling. The
electron energy loss spectroscopy (EELS) maps at the
La0.7Sr0.3MnO3/PbZr0.2Ti0.8O3 interface in Fig. 12 reveal the
presence of a ~2 nm charge-transfer screening region that
gives rise to a change in the local 3d band occupancy of Mn,
resulting in a deviation from the nominal Mn3þ/Mn4þ ratio of
~3.3 [61,62]. Both samples with opposite polarization states
possess a bulk valence of ~3.4 (near the nominal 3.3), but at
the interface the value for the poled-up sample drops to ~2.63,
while that for the poled-down sample increases to ~4.26. The
valence change is spread over 3e4 unit cells at the interface,
with an average valence at ~3.02 for poled-down and ~3.89 for
poled-up. However, the magnitude of the induced magneti-
zation is inconsistent with the previous work shown in Fig. 11
[56], suggesting that other factors may be at work. Thus the
electric field manipulation on the magnetism of the magnetic
films in the multiferroic heterostructures is very complex, and
needs further deep investigations.
2.3. Electric field manipulation on the electronic
transport properties
In a multiferroic heterostructure, an electric field controls
not only the magnetism of magnetic films but also the varia-
tions of electronic transport properties. Employing a remanent
strain without ferroelectric polarization switching, M. Liu
et al. demonstrated that an electric-field-induced two-step
ferroelastic switching pathway in (011) oriented PMN-PT
substrates could be used to tune the in-plane resistances in
epitaxial Fe3O4 films [63]. A non-volatile resistance switching
in Fe3O4 was achieved, driven by two distinct, stable and
reversible ferroelastic strain states as shown in Fig. 13.
Fig. 13(a) shows in situ control of resistances using applied
voltages in Fe3O4/PMN-PT (011) at different temperatures.
Hysteretic changes in resistance were observed upon applying
appropriate unipolar electric fields across the PMN-PT sub-
strate, showing a large tunability up to 50% change in resis-
tance. This resistance changes manipulated by electric fields
could also be achieved at room temperature, as shown in
Fig. 13(b). With appropriate application of unipolar and bi-
polar electric fields, both the resistance hysteresis loop (blue)
and the butterfly-like curve (red) were observed. These results
provide a framework for realizing non-volatile switching be-
haviors of electronic transport coupled to lattice-strain in
epitaxial oxide heterostructures over a broad temperature
range, with potential device applications.

Besides the strain effect, the interfacial charges have an
important impact on the transport properties of magnetic films
in multiferroic heterostructures. H. N. Lee et al. fabricated



Fig. 11. (a) Magnetoelectric hysteresis curve at 100 K. Insets represent the magnetic and electric states of the La0.8Sr0.2MnO3 and PbZr0.2Ti0.8O3 layers,

respectively. Reprinted from Ref. [55]. (b) Schematic model of the spin configurations in La0.8Sr0.2MnO3 at the PbZr0.2Ti0.8O3 interface for the depletion and

accumulation states, showing the changes in the Mn and O orbital states and the expected changes in the magnetic moment per layer. The arrows indicate the spin

orientations in the Mn cations and n denotes the unit cell number below the PbZr0.2Ti0.8O3. Reprinted from Ref. [56].
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different heterostructures composed of the correlated electron
oxide La0.8Sr0.2MnO3 with various capping layers on STO
substrate as shown in Fig. 14(a), and investigated the elec-
tronic transport properties manipulated by interfacial charge
effect [64]. The hole accumulation in the ultrathin
La0.8Sr0.2MnO3 layer coming from the heterostructure with the
ferroelectric layer results in an obvious insulator-metal tran-
sition and lower resistivity as shown in Fig. 14(b). The
thickness dependent transport properties of La0.8Sr0.2MnO3
Fig. 12. High-angle annular dark field images and EELS maps of the La0.7Sr

PbZr0.2Ti0.8O3 sample. (c, d) Calculated Mn L3/L2 ratios and estimated Mn valences

to the edges. Reprinted by permission from Ref. [57].
films in Fig. 14(c) show that the significant transport differ-
ence between the La0.8Sr0.2MnO3 and PbZr0.2Ti0.8O3/
La0.8Sr0.2MnO3 heterostructure is strongly related to the
manipulation of charge carriers confined to the vicinity of the
interface by ferroelectric field effect. Vaz et al. further probed
the electronic valence state of Mn in the heterostructure by
near edge X-ray absorption spectroscopy as a function of the
ferroelectric polarization [56]. It is demonstrated that the large
ME response in electronic transport characterization originates
0.3MnO3/PbZr0.2Ti0.8O3 interface in (a) poled-up and (b) poled-down thick

from each row. Error bars correspond to the standard error of the Gaussian fits



Fig. 13. Non-volatile ferroelastic switching of resistivity in Fe3O4/PMN-PT (011). (a) Resistance hysteresis loops at different temperatures. (b) Resistance response

under unipolar and bipolar sweeping of electric fields at room temperature. Reprinted by permission from Ref. [63].

272 W. Huang et al. / J Materiomics 1 (2015) 263e284
from a modified interfacial spin configuration by ferroelectric
polarization reversal.

In fact, although the converse piezoelectric and field effects
are generally of coexistence, they can be sometimes distin-
guished. X. G. Li's group realized a programmable electric-
field polarizing sequence to separate the volatile and nonvol-
atile electroresistances related to the converse piezoelectric
induced strain and ferroelectric field effects, respectively, in
La0.7Ca0.3MnO3/SrTiO3/0.68Pb(Mg1/3Nb2/3)O3-0.32PbTiO3

heterostructures. The relative contributions of the two effects
on the in-plane resistance changes can be quantitatively
Fig. 14. (a) Left and right schematics represent PbZr0.2Ti0.8O3/La0.8Sr0.2MnO3 hete

for in-plane van der Pauw transport measurements were contacted to the La0.8Sr0
La1�xSrxMnO3. (b) Temperature-dependent resistivities for ultrathin (5 nm) La0.
resistivities for different thickness of La0.8Sr0.2MnO3 with or without 10 nm-thick

triangles. Reprinted from Ref. [64].
distinguished by “ON” and “OFF” modes, respectively. For
“ON” mode, the resistance of the La0.7Ca0.3MnO3 film is
measured with the polarization voltage applied on the sub-
strate. The ReE hysteresis loops in Fig. 15(aec) have asym-
metrical butterfly like shapes at all fixed temperatures, similar
to the in-plane piezoelectric curves, suggesting that the
manipulation of resistance is strain related. Besides the strain
effect, the nonvolatile ferroelectric field effect exists in this
mode because of the intrinsic ferroelectric nature of PMN-PT
substrate which is confirmed by the asymmetry of the ReE
loops. For “OFF” mode, the resistance measurement of the
rostructure and La0.8Sr0.2MnO3 thin film on STO, respectively. The electrodes

.2MnO3 layer. The image in the middle shows a part of the phase diagram of

8Sr0.2MnO3 with 10 nm different capping layers. (c) Temperature-dependent

PbZr0.2Ti0.8O3 capping layers. TC for La0.8Sr0.2MnO3 films are marked with



Fig. 15. (a)e(c) Resistances of the La0.7Ca0.3MnO3 films in “ON” and “OFF”

modes, respectively, as a function of polarization electric fields applied to

PMN-PT single crystal substrate in different temperatures, the arrows indicate

the directions of the sweeping fields. (d)e(f) Cycled polarization electric fields

dependencies of pure strain induced resistance changes of La0.7Ca0.3MnO3

obtained by subtracting data in “OFF” mode from that in “ON” mode.

Reprinted by permission from Ref. [65].

Fig. 16. Schematic view of the different types of tunnel junctions: (a) FTJ, (b)

MTJ, and (c) MFTJ. Ferroelectric (FE), metal (M), ferromagnetic (FM), and

insulating (I) layers are indicated where appropriate.
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La0.7Ca0.3MnO3 film begins 2 s after the polarization voltage
pulse (duration 1 s) is turned off. As the ReE loops in “OFF”
mode are induced by field effect while in “ON” mode the
loops are induced by both field and strain effects, therefore,
the strain effect related resistance change can be obtained by
subtracting the resistance values in “OFF” mode from the
values corresponding to the same electric field in “ON” mode
at the same sweeping direction. As shown in Fig. 15(def), the
observed symmetrical ReE curves are contributed purely by
the strain effect.

3. Multiferroic tunnel junctions

It is known that the electric fields can manipulate not only
in-plane resistivities in multiferroic heterostructures but also
out-of-plane transport properties, such as resistive switching in
switchable ferroelectric diodes or electron tunneling in mul-
tiferroic tunnel junctions. Resistive switching in epitaxial
ferroelectric heterostructures, which is arisen from the
manipulation of band alignment and contact resistance at the
ferroelectric/electrode interfaces by switchable ferroelectric
polarization, have captured immense interest due to their po-
tential applications such as in nondestructive readout nano-
electronic devices [66e70]. In these ferroelectric diodes, a
ferroelectric thin film with the thickness more than 10 nm is
sandwiched between two electrodes and the remnant polari-
zation is switched by applying an electric field between the
electrodes. As the ferroelectric layer thickness decreases to a
few nanometers, electronic conduction is greatly enhanced as
quantum-mechanical tunneling through the ferroelectric layer
becomes possible [15,71]. These devices in which two elec-
trodes sandwich a ferroelectric tunnel barrier are called
ferroelectric tunnel junctions (FTJs).

The basic concept of an FTJ was proposed by L. Esaki et al.
decades ago [72], and it aroused a considerable research in-
terest recently due to the fact that ferroelectricity can persist
down to the nanometer scale [73e75]. One of the key points
for an FTJ is the junction resistance switching based on the
ferroelectric polarization reversal, leading to the tunneling
electroresistance (TER) effect that can be expressed as follows

TER ¼ ðRhigh � RlowÞ=Rlow ð1Þ

where Rhigh and Rlow are defined as the high and low re-
sistances corresponding to the opposite ferroelectric polari-
zation directions, respectively, for an FTJ schematically shown
in Fig. 16(a). Taking the advantages of scanning probe tech-
nique [76], large TER effects have recently been demonstrated
on bare surfaces of ultrathin ferroelectrics such as BTO
[77e80] and PbZrxTi1�xO3 [81e83] ferroelectric films using a
conductive atomic force microscope tip as top electrode. More
importantly, the giant TER ratios at room temperature have
been demonstrated in the FTJs with a capacitor-like geometry
[84e86], which is very important for practical applications in
memory cells.

For quantum-mechanical tunneling nanojunctions, mag-
netic tunnel junctions (MTJ), which consists of two ferro-
magnetic metal layers separated by a thin insulating barrier,
see Fig. 16(b), have aroused considerable interest and been
most widely used in spintronic devices such as computer read
heads, sensors, and memories [87e90]. The parallel (P) and
antiparallel (AP) magnetization alignments of the two mag-
netic electrodes in an MTJ, representing two logic states with
different resistances, has the tunneling magnetoresistance
(TMR) effect as

TMR ¼ ðRAP � RPÞ=RP ð2Þ

where RP and RAP denote the resistances in the parallel and
antiparallel magnetic configurations, respectively [91].
Recently, the electric field driven magnetization switching has
been realized in an MTJ without an applied magnetic field
utilizing ME coupling at the interface, which may provide a
pathway of electric filed manipulated transport across heter-
ostructures [92].



Fig. 17. (a) Schematic illustration of atomic structure of the SRO/BTO/SRO MFTJ with asymmetric interfaces. (b) Transmission in the two-dimensional Brillouin

zone of the MFTJ. (c) Conductance of the SRO/BTO/SRO MFTJ. The four conductance states are distinguished by polarization in the barrier pointing to the left

()) or right (/) and magnetizations of the electrodes being parallel ([[) or antiparallel ([Y). The diagram on the top schematically shows the four resistance

states and the table on the bottom gives the related TMR and TER ratios. Reprinted by permission from Ref. [97].
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Based on the progresses mentioned above, multiferroic
tunnel junctions, namely, MFTJs, which refer to MTJs with
ferroelectric barriers or the FTJs with ferromagnetic elec-
trodes, are proposed [93,94], as illustrated in Fig. 16(c). Such a
ferromagnetic/ferroelectric/ferromagnetic (FM/FE/FM) MFTJ
is expected to be characterized by the TMR and TER simul-
taneously, and such an MFTJ thus exhibits four resistance
states in a single memory unit cell, which inevitably receives
much attentions as the next generation of information storages
[15,95,96].
3.1. Four resistance states in MFTJs
In 2009, J. P. Velev et al. theoretically predicted that an FM/
FE/FM MFTJ, such as SrRuO3/BaTiO3/SrRuO3 (SRO/BTO/
SRO) heterostructure, should be of four resistance states [97].
Fig. 17(a) illustrates the atomic structure of the predicted
MFTJ with a tunneling barrier BTO film having different
interface terminations, i.e., BaO at the left and TiO2 at the
right interface. Thus, the different interface terminations have
different energies for two polarization states, making the po-
tential profile asymmetric. In other words, the asymmetric
interfaces will provide a necessary requirement for observing
the TER effect even with two same electrodes. While for the
TMR in SRO/BTO/SRO MFTJ, it depends on the magnetic
configurations of two ferromagnetic SRO electrodes. In a
parallel magnetic configuration, the majority-spin and
minority-spin channels contribute to the conductance, whereas
in antiparallel magnetic configuration the conductance is
strongly suppressed due to symmetry mismatch, resulting a
TMR effect. The transmission in the two-dimensional Brillouin
zone of the SRO/BTO/SRO MFTJ is shown in Fig. 17(b). It is
obvious that the transmission strongly depends on polarization
states and magnetic configurations. Correspondingly, the
schematic illustration and calculated values of four conduc-
tance levels are given in Fig. 17(c). The calculated TMR and
TER ratios depend on the polarization and magnetization
states, respectively, indicating the signature of a true multi-
functional device.
3.2. ME coupling in MFTJs

3.2.1. MFTJs with oxide/metal interface
Soon after the theoretical predictions, such FM/FE/FM

MFTJs with four-state resistances were experimentally
investigated. By means of a Fe indentation technique, V.
Garcia et al. had fabricated the nanoscale Fe (or Co)/BaTiO3/
La0.7Sr0.3MnO3 FM/FE/FM MFTJs on the NdGaO3 substrate
with the tunneling barrier BTO having thickness of 1 nm and
demonstrated the control of spin polarization by electrically
reversing the ferroelectric polarization [98]. The typical
resistance vs. magnetic field curves measured at 4.2 K and
�50 mV bias voltage show that the MFTJ with the ferro-
electric barrier BTO poled up has a negative TMR about
�17%, as shown in Fig. 18. More interestingly, when
switching the ferroelectric polarization of a tunnel barrier with
voltage pulses, the TMR value was depressed to a low one
about �3%. Because the spin polarization of half-metallic
La0.7Sr0.3MnO3 is insensitive to the ferroelectric polarization
direction, a large interfacial modifications of the spin polari-
zation are expected through ab initio calculations of 3d elec-
tronic states of Fe at the Fe/BTO interface [99,100]. Thus, the
change in TMR is closely related to the variations of spin
polarization of the Fe/BTO interface induced by the ferro-
electric polarization. To quantificationally evaluate the inter-
facial ME coupling effect in MFTJs, the tunnel
electromagnetoresistance (TEMR) is proposed as

TEMR ¼ ðTMRhigh � TMRlowÞ=TMRlow ð3Þ

where TMRhigh and TMRlow denote the high and low TMR
ratios corresponding to the opposite ferroelectric polarization
directions, respectively. Accordingly, the obtained TEMR



Fig. 18. (a) Device schematic with horizontal and longitudinal arrows to indicate magnetizations and ferroelectric polarization directions, respectively. (b) ReH

curves for Fe/BaTiO3/La0.7Sr0.3MnO3 MFTJ after poling the ferroelectric up or down at T ¼ 4.2 K. (c) XRMS vs. H for Mn, Fe, Ti and O for the Fe/BTO sample.

Reprinted by permission from Ref. [98]. (d) Out-of-plane piezoresponse phase loop of a BaTiO3 (1.2 nm)/La0.7Sr0.3MnO3 sample, and the insets show the

corresponding amplitude and extracted piezoelectric coefficient (d33). Reprinted by permission from Ref. [101].
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~450% suggests the presence of a strong interfacial ME
coupling in the MFTJ.

This interfacial ME coupling effect at Fe/BTO interface in
Fe/BaTiO3/La0.7Sr0.3MnO3 can be confirmed by using soft X-
ray resonant magnetic scattering (XRMS) and piezoresponse
force microscopy (PFM) [101]. It is revealed that, at the
interface with Fe, ultrathin films of the archetypal ferroelectric
BTO simultaneously possess the magnetizations and the po-
larizations at room temperature in the MFTJs. Fig. 18(c)
shows the magnetic field dependencies of XRMS signals at
selected energies. All signals show clear hysteresis loops as
the functions of magnetic fields. It is noteworthy that Ti and O
signals reverse at the same magnetic field as Fe, indicating that
the magnetic moments carried by the Ti and O ions are
coupled to the Fe at the interface. Fig. 18(d) shows the out-of-
plane piezoresponse of a similar BaTiO3 (1.2 nm)/
La0.7Sr0.3MnO3 sample as a function of the applied voltages,
confirming a ferroelectric character in the ultrathin BTO film.

By means of atomically resolved real-space spectroscopic
techniques STEM and EELS, L. Bocher et al. further probed
the nanoscale structural and electronic modifications at the Fe/
BTO interface in Fe/BaTiO3/La0.7Sr0.3MnO3 MFTJs, as shown
in Fig. 19 [102]. It was found that there is an additional FeO
monolayer intercalated between BTO and Fe, which is
different from the previously theoretical prediction [99]. Based
on this accurate observation of the interface, an atomistic
model for the Fe/BTO interface was proposed, as shown in
Fig. 19(a). This ultrathin oxidized iron layer sandwiched be-
tween BTO and Fe was also reported by G. Radaelli et al.
through XMCD [103]. It was demonstrated that the magneti-
zation of the oxidized iron layer at the Fe/BTO interface can
be electrically and reversibly switched “on” and “off” at room
temperature by reversing polarization of BTO. As shown in
Fig. 19(b), the dichroic signal of FeOx has been suppressed for
poling ferroelectric polarization downward (Pdn) compared to
that for poling upward (Pup). The results indicate that for Pdn

the FeOx interface will undergo a magnetic transition towards
an AFM (or paramagnetic) state, while for Pup the FeOx

interface remains robustly FM state.
Due to the ME coupling at such a multiferroic interface, the

magnitudes and the signs of the TMR could be changed by
ferroelectric switching as reported in Co/PbZr0.2Ti0.8O3/
La0.7Sr0.3MnO3 MFTJs by D. Pantel et al. [104]. Fig. 20(a)
shows the resistance vs. magnetic field curves for the MFTJ
with an appropriate PbZr0.2Ti0.8O3 thickness of 3.2 nm
measured at VDC ¼ 10 mV and 50 K. When switching the
polarization from pointing towards Co (polarization poled up)
to pointing towards La0.7Sr0.3MnO3 (polarization poled down)
by applying a voltage pulse, besides the resistance of the
junction is modified, the TMR is switched from inverse (�3%)
to normal (þ4%). Although the values of TMR are low
possibly because of the defects within the barrier or different
interface structures at the Co/PZT interface with the large
junction area (4000 mm2), the corresponding TEMR reaches



Fig. 19. (a) The high-angle annular dark-field images and the interface model of Fe/BTO heterostructure. Reprinted by permission from Ref. [102]. (b) The

schemes of the Fe/BTO interfaces for Pup and Pdn, and the XMCD signals in the FeeL3 energy region for BTO polarization Pup (blue circles) and Pdn (red squares)

for capacitors at 300 K. Reprinted from Ref. [103].
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about �230%, providing potential for electrically controlled
spintronic devices. Furthermore, the signs of the TMR could be
reversibly inverted by switching ferroelectric polarization of
the barrier, as summarized in Fig. 20(b). This effect is most
probably related to the strong ME coupling at Co/
PbZr0.2Ti0.8O3 interface, which could be ascribed to the hy-
bridization at the interface, or spin-dependent screening in the
magnetic electrode, but not observed at the PbZr0.2Ti0.8O3/
La0.7Sr0.3MnO3 interface.

Another way to obtain multi resistance states in a single
device unit cell is to employ a single phase multiferroic ma-
terial as the tunnel barrier. Taking the advantages of the
coexistence of electric and magnetic orders in the singular
multiferroics La0.1Bi0.9MnO3, M. Gajek et al. [105] had
experimentally demonstrated a kind of MFTJ, Au/
La0.1Bi0.9MnO3 (2 nm)/La0.7Sr0.3MnO3. In this MFTJ, the
TMR arises from the spin filtering effect and the TER origi-
nates from the reversing of the ferroelectric polarization of
La0.1Bi0.9MnO3. Owing to the coexistence of TMR and TER
effects, the MFTJ shows a four-state resistance which could be
Fig. 20. (a) Resistance vs. magnetic field curves for a Co/PbZr0.2Ti0.8O3 (3.2 nm)

pointing upward (black curve) and downward (red curve). (b) Resistance (black squa

at 10 K. Reprinted by permission from Ref. [104].
switched by both electric and magnetic fields. When the
ferroelectric polarization of La0.1Bi0.9MnO3 point towards
La0.7Sr0.3MnO3, two resistance states of “1” and “2” were
obtained in such a MFTJ when the magnetization of
La0.1Bi0.9MnO3 was set parallel and antiparallel to that of
La0.7Sr0.3MnO3, respectively, as shown in Fig. 21. After
reversing the ferroelectric polarization of La0.1Bi0.9MnO3, the
entire ReH curve shifts so that both P and AP resistances
switched to different values to form the other two resistance
states of “3” and “4”.

3.2.2. All-perovskite-type MFTJs
From the results mentioned above, we note that metals (Fe

and Co) tend to be oxidized to form a dielectric layer at the
electrode/barrier interface, which, to some extent, can provide
a significant contribution to the behaviors of resistance versus
ferroelectric polarization in MFTJs [102,103]. In addition,
such a metallic oxide dielectric layer may present an antifer-
romagnetic state [103], which suppresses spin-dependent
tunneling and thus TMR effect. On the other hand, the
/La0.7Sr0.3MnO3 junction measured at 50 K with the ferroelectric polarization

res) and TMR (red circles) after successive switching with ±3 V voltage pulses



Fig. 21. (a) Tunnel magnetoresistance curves at 3 K at VDC ¼ 10 mV in the

Au/La0.1Bi0.9MnO3 (2 nm)/La0.7Sr0.3MnO3 MFTJ after applying voltages of

þ2 V (filled symbols) and �2 V (open symbols). (b) Schematic of different

magnetization and polarization states for the corresponding four resistance

states. Reprinted by permission from Ref. [105].

Fig. 22. (a) Side view of the stack showing the BFO barrier sandwiched with

La0.67Sr0.33MnO3 electrodes and surrounded by insulating SiO2. (b) TMR from

a junction showing the interface-mediated magnetoelectric effect after

±200 mV bias pulses. Reprinted by permission from Ref. [110].
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fatigue, aging, and imprint of ferroelectric thin films grown on
normal metal bottom electrodes give rise to the consequence
that the devices would not have reliable performances for a
long time due to the nonideal interfaces between ferroelectric
layers and normal metal electrodes [106]. To avoid the defi-
ciency mentioned above, the lanthanum manganites
La1�xAxMnO3 (A ¼ Ca, Sr) have been chosen as electrodes
for the epitaxial perovskite heterostructures, owning to their
lattice matched with perovskite ferroelectrics and metallic
conductivity [67,107e109]. Therefore, a MFTJ composed of
full-perovskite-type oxides offers an ideal platform for
investigating the interplay between electrical polarization and
tunneling magnetoresistance.

The all-perovskite-type MFTJ with four resistance states
related to the magnetization alignment of the electrodes (TMR)
and the polarization orientation in the ferroelectric barrier
(TER) was first experimentally observed by M. Hambe et al.
[110]. They chose BFO as the ferroelectric barrier and half-
metallic manganite La0.67Sr0.33MnO3 as the top and bottom
ferromagnetic electrodes to form entirely all-oxide
La0.67Sr0.33MnO3/BiFeO3 (~3 nm)/La0.67Sr0.33MnO3 MFTJ,
as shown in Fig. 22(a). In an initial state, the observed TMR
ratio is about 48% in a 22 mm2 MFTJ measured at a constant
bias current of 5 mA and T ¼ 80 K. The voltage pulses of
±200 mV applied across the junction lead to considerable
variations of the TMR ratios as well as the resistances at
parallel electrode magnetizations indicating a interface-
mediated magnetoelectric effect [97], as shown in
Fig. 22(b). The TMR ratios of the junction are 69% and 61% at
pulses with þ200 mV and �200 mV, respectively, and the
corresponding TEMR ratio is about 13%.

It should be pointed that due to the interfacial exchange
coupling effect, the antiferromagnetic order in BFO makes it
possible to have exchange bias effect in ferromagnetic/BFO
heterostructures [111,112]. However, in MFTJ trilayer heter-
ostructure fabricated by M. Hambe et al. [110], no exchange
bias effect had been found probably because of very thin BFO
(2.6 nm) film. In order to confirm the exchange bias phe-
nomenon in BFO-based junction, X. G. Li's group had fabri-
cated high quality epitaxial La0.6Sr0.4MnO3 (25 nm)/BiFeO3

(10 nm)/La0.6Sr0.4MnO3 (50 nm) MFTJs on (001) (LaA-
lO3)0.3(SrAl0.5Ta0.5O3)0.7 substrates by a magnetron sputtering
technique [113]. It is clear that, besides four resistance states,
the exchange bias effect was found in the junctions. Fig. 23(a)
shows the M-H loops of the as-grown trilayer La0.6Sr0.4MnO3/
BiFeO3/La0.6Sr0.4MnO3 with a magnetic field of 5000 Oe
cooling from 400 K to different selected temperatures. A
negative exchange bias field HEB about �60 Oe at 10 K was
observed. Fig. 23(b) shows the exchange bias fields HEB are
about �74 Oe for negative polarized state and �72 Oe for
positive polarized state, respectively, in the MFTJ with the size
of 10 � 10 mm2. The TMR values are 6.6% and 5.6% for the
negative and positive polarization states, respectively, and the
corresponding TEMR ratio is 18% which is larger than that of
the similar MFTJ with BFO as the ferroelectric barrier in
earlier report [110]. However, the values of TEMR in the BFO-
based junctions are much smaller than that of Fe/BaTiO3/
La0.7Sr0.3MnO3 [98] and Co/PbZr0.2Ti0.8O3/La0.7Sr0.3MnO3

[104], which may be ascribed to the antiferromagnetic order
and high leakage current of BFO barrier.

In spite of that all of MFTJs mentioned above work only at
relatively low temperatures, fortunately, a room-temperature
four-nonvolatile state device had been reported in an all-
perovskite-type oxides La0.7Sr0.3MnO3/(Ba, Sr)TiO3/
La0.7Sr0.3MnO3 MFTJ (~10 mm � 20 mm in area) [114].
Fig. 24(a) shows the magnetic field dependences of the junc-
tion resistances for the MFTJ with two opposite ferroelectric



Fig. 23. (a) Magnetic hysteresis loops at different temperatures for the

unpatterned La0.6Sr0.4MnO3/BiFeO3/La0.6Sr0.4MnO3 trilayers with magnetic

field of 5000 Oe cooling from 400 K to selected temperatures. (b) ReH curves

of the La0.6Sr0.4MnO3/BiFeO3/La0.6Sr0.4MnO3 MFTJ measured at 10 K with

positive (olive downward-pointing arrows) and negative (red upward-pointing

arrows) polarizations. The black horizontal arrows indicate the directions of

magnetizations for the two FM electrodes, and the dashed lines are guide to

the eyes. Reprinted by permission from Ref. [113].

Fig. 24. R vs. H between (a) ±100 Oe, and (b) ±30 Oe for a La0.7Sr0.3MnO3/

(Ba, Sr)TiO3/La0.7Sr0.3MnO3 MFTJ measured at 10 mVand 280 K after poling

the ferroelectricity upward (red) and downward (blue). The horizontal arrows

indicate the directions of the electrode magnetizations and the vertical arrows

indicate the directions of the barrier polarization. Reprinted by permission

from Ref. [114].
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polarization states measured at 10 mV and 280 K. A sharp
resistance change between parallel and antiparallel magneti-
zation alignments suggests an almost entire flip of the mag-
netic domains. One can see that the entire ReH curve shifts
when switching the ferroelectric polarization orientations,
namely, the resistances for both parallel and antiparallel
magnetization alignments switch to different values and four
resistance states appear. Standard MTJ memory loops, as
shown in Fig. 24(b), can also be obtained for both polarization
states. These four distinct states observed at zero magnetic and
electric fields indicate a non-volatile MFTJ memory with four
states in a single memory cell is achieved. Fig. 25 shows the
resistances (measured at 10 mA bias and 295 K) with different
magnetization alignments in response to applied voltage pul-
ses, indicating that the junction resistances can be repeatedly
switched by reversing barrier polarization.

3.2.3. Magnetoelectrically enhanced TER in MFTJ
Actually, the small TER ratio of 2% in La0.7Sr0.3MnO3/(Ba,

Sr)TiO3/La0.7Sr0.3MnO3 MFTJ shown in Fig. 24 is too small to
be applicable. To enhance the TER effect in all-perovskite
MFTJs, Yin et al. [115]. had designed and fabricated
epitaxial La0.7Sr0.3MnO3 (30 nm)/
La0.5Ca0.5MnO3(0.4e1.2 nm)/BaTiO3 (3 nm)/La0.7Sr0.3MnO3

(50 nm) MFTJ with a inserted thin layer La0.5Ca0.5MnO3

between the ferromagnetic La0.7Sr0.3MnO3 top electrode and
ferroelectric BTO barrier according to the theoretical predic-
tion proposed by Burton and Tsymbal [116], as schematically
shown in Fig. 26(a). For the polarization pointing to the thin
La0.5Ca0.5MnO3 layer [see Fig. 26(b)], the screening electron
accumulation or hole depletion will change the doping level of
La0.5Ca0.5MnO3 to x < 0.5 side which is in ferromagnetic
metallic phase [117]. While at the other side of BTO barrier,
because the stoichiometry of La0.7Sr0.3MnO3 is far away from
the phase boundary, the theoretical calculation demonstrated
that the magnetic reconstruction will not occur [118]. If the
polarization pointing away from La0.5Ca0.5MnO3 film, the
electron depletion or hole accumulation will change
La0.5Ca0.5MnO3 to x > 0.5 side and push it into antiferro-
magnetic insulating phase. A few unit-cells of antiferromag-
netic La0.5Ca0.5MnO3 may act as an atomic-scale spin valve by
filtering spin-dependent current and change the junction re-
sistances a great deal. Thus, a much larger TER effect could be
observed.



Fig. 25. (a) Applied voltage pulses and (b) repeatable switching of the junction

resistances (measured at 10 mA) for a La0.7Sr0.3MnO3/(Ba, Sr)TiO3/

La0.7Sr0.3MnO3 MFTJ at parallel (red) and antiparallel (blue) states. Reprinted

by permission from Ref. [114].
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Fig. 26(c) shows the resistance memory loop as a function
of pulsed poling voltage for an MFTJ with 2 unit cells
La0.5Ca0.5MnO3 inserted, labeled as S1. Each datum point in
the hysteresis curve was collected at a fixed bias voltage of
10 mVafter applying a voltage pulse (Vpulse) at 40 K. The TER
Fig. 26. (a) Schematic diagram of the MFTJ device configuration. (b) Schematic

ferroelectric polarization orientations in the BTO layer. (ced) The resistance memo

with (c) and without (d) La0.5Ca0.5MnO3 inserted. The solid lines are the guide to

dependent TER for junctions S1 and S2 measured at 10 mV. Reprinted by permis
ratio reaches up to ~5000% and is much larger than those in
the previous reported MFTJs [98,110,114,119]. For compari-
son, the R-Vpulse loop of another junction without
La0.5Ca0.5MnO3 inserted, labeled as S2, was also measured,
and the TER ratio for this junction is only ~30% which is
much smaller than S1, as shown in Fig. 26(d). Besides, the
TER values for the both junctions decrease with increasing
temperature and become very small (a few per cent) above
180 K. The drop of TER with increasing temperature is related
to the following aspects: i) the defect-mediated inelastic
tunneling enabled at temperatures above 180 K [120]. ii) the
unsaturated ferroelectric state and a decrease in the polariza-
tion amplitude.

4. Prospect
4.1. Ferroelectric controlled MTJ
Based on the discussions mentioned above, one can see
that the electric writing of the magnetic and electric infor-
mation in spintronic devices, such as MTJs, would be a
promising future memory. J. M. Hu et al. [121] used phase-
field simulations to study the piezoelectric and ME re-
sponses in a three dimensional multiferroic nanostructure
consisting of a perpendicularly magnetized nanomagnet Ni
illustration of the screening charge accumulation in electrodes for opposite

ry loops as the functions of pulsed poling voltages (Vpulse) at 40 K for MFTJs

the eyes. The arrows indicate the direction of pulse sequence. (e) Temperature

sion from Ref. [115].



Fig. 27. (Left panel) Spatial trajectories of precessional magnetization switching in polycrystalline Ni upon applying electric-fields across the multiferroic het-

erostructure. (Middle panel) Schematic illustration of a perpendicularly magnetized MTJ, consisting of a dielectric tunnel barrier sandwiched by a pinned layer

with a fixed perpendicular magnetization and a free layer where the perpendicular magnetization reversal occurs. (Right panel) Schematic diagram of a prototype

device with MTJ deposited on a ferroelectric substrate. Reprinted by permission from Ref. [121].
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with an in-plane long axis and a juxtaposed ferroelectric
nanoisland Pb(Zr,Ti)O3, as shown in Fig. 27. A nonvolatile,
repeatable and electrically driven perpendicular magnetiza-
tion reversal is modeled by applying an electric field pulse
with a certain duration. The proposed reversal path by suc-
cessive precession and damping is achieved based on the
strain-mediated volatile electrically induced reorientation of
the perpendicular easy-axis to the in-plane long axis of a
nanomagnet. In contrast to previous reports [37,122e124],
the advantages of this three dimensional multiferroic nano-
structure are as follows. i) Neither static nor dynamic mag-
netic fields are required for this reversal. ii) Because only
unipolar electric fields are applied across ferroelectrics, there
is no full polarization reversal, hence the ferroelectric fa-
tigues can be greatly alleviated [125]. Furthermore, a wide
Fig. 28. An MTJ prototype device controlled by electric fields with three resist

perpendicular state and (c) antiparallel state. Reprinted by permission from Ref. [
tunable range (from 1.3 ns up to 31 ns, or even longer under
smaller damping coefficients) of the electric field pulse
duration is exhibited, providing great flexibility for experi-
mental verifications and device designs.

Fig. 28 shows a strain mediated multi-memory state MTJ
[41]. It is noted that the magnetization of the strain controlled
Co layer (MS) can be manipulated by a voltage Vwrite, while
the magnetization of another Co layer (MS

0) pinned by an
antiferromagnetic layer is hardly rotated, thus the device forms
three resistance states revealed by measuring Vread. Via electric
field control, the MS will reversibly change between parallel
and perpendicular states with respect to the MS

0, where the
symbol “5” shown in Fig. 28(b) denotes theMS perpendicular
to the MS'. In addition, via a small auxiliary magnetic field (5
Oe), the antiparallel alignment can also be achieved, which
ance states due to three magnetization configurations: (a) parallel state, (b)

41].
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results in an electrically controlled tri-state MTJ to enhance
the storage density. If MgO barrier layer in Fig. 28 is replaced
by a ferroelectric, then the device should have at least six
resistance states in this MFTJ.
4.2. Octonary resistance states in MFTJs
The demands for faster, smaller, and non-volatile elec-
tronic devices have led to an emergent need to develop new
concepts for information processing and storage. Theoreti-
cally, combining the spin-filter effect and the screening of
polarization charges between two ferromagnetic electrodes
through a general spintronic tunneling, eight different logic
states can be produced by using single phase multiferroic
materials as tunneling barriers in MFTJs [126]. Compared to
the binary memory, the octal codes using the eight-resistance-
state MFTJ can greatly increase the capacity of data storage.
However, most of the single phase multiferroic materials
show antiferromagnetism [13]. Thus, to realize the applica-
tions of MFTJ with eight-resistance-state, on the one hand it
is in urgent need to exploit new-type multiferroic materials,
and on the other hand, we note that the principle of MTJ
allows more magnetic states with different TMR values by
selecting ferromagnetic layers with more easy-axes
[92,127e129]. It implies that the multi-state memory de-
vices with an enhanced capacity of information storage
would be achieved through integrating the features of non-
collinear magnetization alignments with the ferroelectric
polarization switching, such as octonary resistance states in
La0.7Sr0.3MnO3/BaTiO3/La0.7Sr0.3MnO3 MFTJs, which could
be operated by magnetic and electric fields [130]. It is
obviously different from the ferroelectric memristors where
the multi-states could be obtained by varying the maximum
voltage pulse amplitude related to the ferroelectric polariza-
tion switching with ferroelectric domain nucleation and
growth [131].

Using ferromagnetic manganites as electrodes, one can
realize ferroelectric and magnetic fields controlled electric and
magnetic properties of multiferroic heterostructures. Owing to
the interplay among spin, charge, orbit, and lattice degrees of
freedom as well as the interfacial ME coupling effect, these
multiferroic heterostructures with new physical properties
could be used to design novel functional devices. For example,
the MFTJs with four nonvolatile states and even eight resis-
tance states are the new-types of the potential multi-functional
devices. Despite all these studies, there are lots of open
questions for multiferroic heterostructures and tunneling
junctions such as: i) for magnetic field control of electric
polarization, how to achieve a giant ME effect at room tem-
perature in low magnetic fields, ii) for electric field control of
magnetism, how to experimentally achieve a reversible non-
volatile magnetization rotation over a large area of hetero-
structure without an assistant magnetic fields, and iii) for
electric field manipulation on the electronic transport proper-
ties, how to simultaneously achieve large TER and TMR values
at room temperature in MFTJs. Thus, further studies are
needed for exploring new materials and new technologies to
improve the potential applications of the multiferroic hetero-
structures and tunneling junctions.
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