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Fig. 1. (Color online.) Schematic illustration of strain mediated converse magnetoelectric coupling. An electric field induces strain on the ferroelectric
material which is mechanically transferred to the magnetic material leading changes in the magnetization via the piezomagnetic effect [11].

Multiferroic materials [1], after almost 40 years of hibernation, have been subject of a renewed interest in the early
2000s [2,3]. In particular magnetoelectric multiferroics presenting coupled magnetic and ferroelectric order parameters have
attracted a lot of attention. From a fundamental point of view since magnetism and ferroelectricity tends to exclude each
other [4], new paths have to be found to stabilize both coupled orders in the same compound. Another attractive trait
of these materials is their potential applications for the next generation of electronic devices based on the control of the
magnetic state by an electric field and vice versa. Such multifunctional materials could be used in solid-state transformers,
magnetic field sensors or actuators. In the particular field of spintronics, they should enable a local control of magnetization
to design electrically writable non-volatile magnetic memories with low-power consumption. Despite an intense activity
in the field, the grail of a ferromagnetic-ferroelectric multiferroic with large magnetoelectric (ME) coupling at room tem-
perature has not yet been found [3]. This scarcity of room temperature multiferroics with large ME coupling has spurred
intensive research on composite multiferroics combining ferroelectric (FE) or piezoelectric materials and ferromagnets (FMs).
These two-phase compounds have been elaborated as nanoparticles of one compound embedded in a matrix of the other
compound, vertical nanopillar-based heterostructures or multilayers. Good reviews on the subject can be found in refer-
ences [5-8]. Here, we will focus synthetically on the third geometry, i.e. on thin-film-based heterostructures in which a
magnetic film is in contact with a FE or piezoelectric one. We will show how the electric control of magnetic properties can
be achieved in such heterostructures—more extensive reviews can be found in references [9] and [10]. This electric control
either results from a strain-induced ME coupling, a charge-driven ME effect, or a modulation of the interfacial exchange-bias
interaction.

1. Strain-mediated magnetoelectric multiferroics

In strain-mediated magnetoelectric multiferroics (Fig. 1), when a magnetic film is in contact with a ferroelectric one,
an external electric field yields a change in the size of the FE lattice parameter through the converse piezoelectric effect.
The resulting strain induced on the magnetic material in contact, changes its magnetic properties notably its anisotropy by
magnetostriction. The corresponding converse ME coupling thus results from the product of the magnetostrictive effect in
the magnetic phase and the piezoelectric effect in the FE one. It is defined as [8,12]:

Mechanical Magnetic

Converse ME effect = - X ,
Electric Mechanical

= piezoelectric x magnetostrictive

AM =aAE

This mechanism allows us to obtain a ME coupling, defined by the « coefficient, by far larger than in single-phase multi-
ferroics in which it is limited by the square root of the product of the magnetic and electric susceptibilities [2]. This ME
coupling has been observed in a large number of systems, unfortunately, it does not generally produce two different mag-
netic states at electrical remanence. Indeed, the voltage dependence of the magnetic properties reflects that of the strain, as
evidenced by the electric field dependence of the strain and magnetization presented in Fig. 2A and B [13].

In heterostructures combining a FE with large piezoelectric coefficients with a soft FM, large magnetostatic energy
can be generated by modest voltages which results in a control of its magnetic anisotropy, i.e., its magnetization easy
axis. Pertsev [16] used a phenomenological approach to predict an abrupt (progressive) rotation of CoFe;04 (Ni) easy-axis
magnetization from in-plane to out-of-plane, and vice versa, in heterostructures combining these magnetic materials with
PbZn1,3Nb;/303-PbTiO3 (PZN-PT) or PbMg1,3Nb;,303PbTiO3 (PMN-PT) ferroelectric relaxors. Hu and Nan [17] confirmed
these predictions, extended the study to other combinations of FE (BaTiO3 (BTO), PbZrTiO3 (PZT)) and FM (Fe, Fe304) mate-
rials, and discussed the possibility of an in-plane reorientation of the magnetization.

From an experimental point of view, most effort has been devoted to the combination of a FM, from either the transition
metal or oxide families with BTO, PMN-PT or PZN-PT materials. For FM materials grown on BTO substrates, several groups
reported the observation of jumps or kinks in the temperature dependence of the magnetization (see an example in Fig. 2C)
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Fig. 2. (Color online.) A) In-plane piezoelectric strain versus applied electric field of a Pb(Mg;,3Nb3/3)0.72Tip.2803 (PMN-PT) substrate [13]. B) Magnetization
M vs. electric field E curve for a field applied to the PMN-PT substrate of Lag7Sro3MnO3/PMN-PT heterostructures [13]. C) Temperature dependence of
the magnetization of a Fe layer grown on BaTiO3 (BTO) substrates, in magnetic fields of 20, 45 and 60 Oe along [100]. The letters R, O and T represent
the rhombohedral, orthorhombic and tetragonal phases of BTO respectively [14]. D) Top: normalized magnetization curves of a Fe/BTO heterostructure
for a magnetic field applied along the [100] (black) and [010] (red) directions at (a) room temperature, (b) 230 K, and (c) 150 K. Bottom: polar plots
of the normalized remanent magnetization (M;/Ms) at (d) room temperature (T phase), (e) 230 K (O phase), and (f) 150 K (R phase) [15]. E) In-plane
magnetic hysteresis loops M(H) of Ni films for different electric fields applied across the BTO substrate at room temperature [27]. F) In-plane magnetization
versus electric field of Ni films deposited on Pb(Zr,Ti)O3 (PZT)-based actuators, for two different voltages Vp applied across the actuator. For Vp =30V,
a rectangular shape is observed characteristic of a magnetic easy axis along the applied field, while for Vp = —30 V, the s-shaped loop reflects a hard axis
magnetization direction [29]. G) Strain-mediated E-field control of exchange bias due to the competition between exchange-bias-induced unidirectional
anisotropy and strain-dependent uniaxial anisotropy in FeMn/NigoFezo/FeGaB/PZT(011) heterostructures. 6 is the angle between the applied magnetic field
and the magnetization easy axis [01-1]. From [30]. H) Variation of the magnetization with the electric field of a FeypsRhgs film deposited on a BTO
substrate. The electric field applied across the substrate progressively drives a transformation from a mixed state of a- and c-type ferroelectric domains to
a homogeneous c-state (inset) [48].

at the temperatures corresponding to the structural transition temperature of BTO (see for instance references [14,18-23]
and [24]). This behavior reflects changes in the magnetic anisotropies induced by the different strain states imposed by the
phases of BTO (as evidenced by the polar plot of the remanent magnetization presented in Fig. 2D). Thus, it evidences an
efficient elastic coupling between the FM film and the substrate.

A resulting strain-mediated electric control of the magnetic properties has been reported in systems combining ferrites,
manganites, transition metals and alloys, or Terfenol-D (Tb;_xDyxFe,) as FM compounds and BTO, PZT, PMN-PT, PZN-PT,
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BiScO3-PbTiO3 or polyvinylidene fluoride (PVDF) as ferroelectric materials. In some cases, this strain-mediated mechanism
was assisted by a charge-mediated mechanism [25,26].

To reveal the efficiency of this converse magnetoelectric coupling, a simple method consists in measuring the magneti-
zation versus magnetic field loops with a vibrating sample magnetometer, SQUID or Kerr effect, while applying an electric
field. Prototypical examples corresponding to the electrical control of the magnetic state of Ni are presented in Fig. 2E and
F. In the case of Ni deposited on BTO substrate shown in Fig. 2E, the decrease of the electric field from +4 kV/cm to
—0.6 kV/cm induced a change of the ferroelectric domain configuration from a single c-domain state (out-of-plane polariza-
tion) to a mixed a- (in-plane polarization) and c-domain configuration [27]. This modification corresponds to two different
strain states and consequently modifies the magnetic anisotropy resulting in two different values of the magnetization at
magnetic remanence and saturation field. Larger effects have been observed in PZT-based actuators combined with Ni film
[28,29]. An illustration is given in Fig. 2F. The rectangular to s-like variation in the shape of the magnetic hysteresis loop
reveals the rotation of the magnetization while changing the voltage applied to the PZT actuator from +30 V to —30 V
[29]. In these experiments, the magnetic easy axis of the Ni film rotated reversibly by 55° at room temperature. Liu et
al. observed the strain-mediated control of the magnetization of a FeMn/NiFe/FeGaB trilayer deposited on a PZN-PT(011)
substrate due to the elastic tuning of the uniaxial anisotropy of the NiFe/FeGaB bilayer in competition with unidirectional
anisotropy due to exchange bias at the NiFe/FeMn interface (Fig. 2G) [30]. They also reported on a nearly 180° deterministic
magnetization switching induced in these heterostructures under the application of an electric field at suitable angle and a
small additional magnetic field.

Interestingly, whereas the strain vs electric field butterfly loop shows no remanence when the applied electric field range
overcomes the coercive field, a remanent strain can be obtained for a smaller range of electric field and could be exploited
to obtain a bistable magnetization state [29,31].

An alternative way to probe the change in magnetic anisotropy while varying the strain induced by different ferroelectric
configurations is to measure the shift of the ferromagnetic resonance (FMR) signal under the electric field. For example, in
FeGaB/PZN-PT heterostructure, a large electric (E)-field-induced change in the FMR spectra (with a FMR field shift of about
750 Oe) was evidenced by Lou et al. and associated with the large E-field-induced strain tuning of the magnetic anisotropy
[32]. Similar results were reported for other systems with an 860 Oe FMR shift in Fe304/PZN-PT ([33]) and up to 3500 Oe
in Terfenol/PZN-PT heterostructures [34].

Another approach to evidence magnetoelectric coupling is to show the correlation between ferroelectric domains and
magnetic ones. This may be achieved either by using optical microscopy (birefringent contrast revealing ferroelectric
domains while magneto-optical Kerr contrast allows to image ferromagnetic domains), or by combining magnetic force
microscopy (MFM), Lorentz force microscopy or X-ray magnetic circular dichroism photoelectron microscopy (XMCD-PEEM)
and X-ray linear dichroism photoelectron microscopy (XLD-PEEM) or piezoresponse force microscopy (PFM) to image fer-
romagnetic and ferroelectric domains respectively. For example, Chung et al. evidenced the E-field-induced change in the
ferromagnetic domain configuration of a Ni film deposited on a PZT film sandwiched between two conductive Pt electrodes
by MFM (Fig. 3A) [35]. More recently, Lahtinen et al. demonstrated the ferroelectric-to-ferromagnetic pattern transfer of a
BaTiOs substrate in a thin CoFe film by optical microscopy as presented in Fig. 3B [36,37]. The ferroelastic al-a2 domain
structure consists of stripes wherein the elongation of the unit cell is in the substrate plane. It induces a uniaxial lattice
strain and thus magnetoelastic anisotropy in the overlaying CoFe film. The 90° rotation of the elongated c axis at the domain
boundaries realigns the uniaxial magnetoelastic anisotropy axis and results in a modulation of the magnetization direction
of the ferromagnetic film (see Fig. 3B, a and b). Application of a perpendicular electric field (E = 10 kV/cm) transforms
the ferroelectric microstructure into alternating al and ¢ domains with in-plane and out-of-plane polarization, respectively
(see Fig. 3B, c). These ferroelastic modifications are accompanied by changes in the local strain, which is transferred to the
CoFe film, and in turn, results in the erasure (on top of al domains) and conservation (on top of ¢ domains) of the original
ferromagnetic stripe pattern (Fig. 3B, d). Similarly, Chopdekar et al. evidenced that at room temperature, the c-axis-oriented
BTO domain, which has its ferroelectric axis along the surface normal, yields a fourfold symmetric strain state in the epi-
taxial film, whereas the a-axis-oriented BTO domain, whose ferroelectric axis lies within the plane of the substrate, yields
a twofold symmetric strain state in the film [38]. By changing the orientation of the ferroelectric axis of domains in the
BTO substrate via temperature cycling, they evidenced a variation in the magnitude and symmetry of the film strain and
the corresponding large changes in the magnetic anisotropy of CoFe;04 and NiFe;04 thin films on top [38]. Interestingly, it
was predicted that the abrupt rotation of the ferroelectric polarization at FE domain walls (DWs) and the concurrent instant
change of magnetic anisotropy in the adjacent FM strongly pins the magnetic DWs onto their ferroelectric counterparts. This
pinning between magnetic and FE DWs allows us to drag the magnetic DWs when an applied electric field moves the FE
ones at a time-averaged velocity equal to the FE DW velocity [39], which is promising for future magnetic memories [40]
and logic devices [41].

The E-field control of the magnetic properties via strain effects is more complex in manganites. In this case, changes
induced in the magnetic and transport properties are related to the modification of the Mn-O-Mn bond angle and bond
lengths under piezoelectric strain. A strain-mediated modulation of the magnetization or/and Curie temperature has been
reported for Laj_,SryMnOs [13,18,19,42-44], Laj_xCayMnOs [13,45], Lagg75Bap125Mn0O3 [46] and PrggCag4MnOs3 [47] films
deposited on BTO or PMN-PT substrates. Notably, Thiele et al. reported an E-field-induced 25% modulation of the magne-
tization of Lag7Srg3MnOs films at 330 K (see Fig. 2B) that perfectly mimics the strain response. A large change in the
Curie temperature (19K) was also reported [13]. Eerenstein et al. observed similar effects for Lap7Srp3MnOs3 films on
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Fig. 3. (Color online.) A) E-field-induced change in the magnetic domain pattern of a Ni film deposited on PZT revealed by MFM. Two different ferromag-
netic domain configurations are observed at 0 V (a) and 10 V (b) [35]. B) Ferroelectric (left) and magnetic (right) domain pattern of a CoFe/BTO multiferroic
heterostructure imaged by optical polarization microscopy. The al/a2 ferroelectric domain stripe pattern of the BTO substrate (a) induces a uniaxial mag-
netoelastic anisotropy that rotates by 90° from one domain to another (b) (black arrows indicate the direction of the ferroelectric polarization; white
arrows indicate the orientation of the strain-induced magnetic easy axis). The out-of-plane (10 kV/cm) electric field turns the a2/al ferroelectric domain
configuration into a c/al one (c) and results in a local 90° rotation of the magnetization (d) [37].
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Fig. 4. (Color online.) A) Magnetization versus magnetic field (left) and GMR (right) of an IrMn/CosgFes0/Cu/CosgFeso spin valve upon application of a
voltage to the PZT substrate. The strain changes the anisotropy of the CosoFeso free layer, resulting in a change of the coercive field [52]. B) GMR of a
CoFeB/Cu/Co/IrMn spin valve on PZT for different voltages applied to the substrate. The change reflects the large increase in the coercive field of the CoFeB
free layer under stress [53].

BTO substrates and reported sharp and persistent changes in the magnetization when an electric field was applied [19],
corresponding to a ME coefficient of up to 2.3 x 10~7 sm~!. In the case of ProgCag4Mn0Os, Chen et al. reported a 60%
enhancement of the magnetization at low temperature under the application of an electric field to the PMN-PT substrate,
which was attributed to the E-field-induced change in the phase separation of this magnetic compound [47].

Recently, this strain strategy has been applied to tune the magnetism of FegsRhgs films deposited on BTO substrates
close to room temperature [48]. At equiatomic composition, FegsRhg 5 presents a transition from an antiferromagnetic order
to a ferromagnetic one at T* =350 K. Cherifi et al. showed that the application of an electric field to the BTO substrate
induces a very large variation in the magnetization, arising from the E-field induced transformation from the AFM to the
FM order. The E-field dependence of this variation, presented in Fig. 2H, mimics that of the strain, with an additional slight
asymmetry that may be ascribed to polarization-charge effects.

The potential of this strain strategy for a low-power E-field control of a magnetization in heterostructures for spintronics
such as spin valves or magnetic tunnel junctions (MT]Js) used in non-volatile magnetic random access memories (MRAMs)
has been also explored theoretically [49-51] and experimentally [52,53]. In spin valves or MT]Js, the resistance depends on
the relative orientation (either parallel or antiparallel) of the magnetizations of the two FM electrodes separated by either
an ultrathin metallic (spin valves) or an insulating (MT]s) layer. This corresponds to the giant magnetoresistance (GMR)
and to the tunnel magnetoresistance (TMR) in spin valves and MT]Js, respectively. Using phase-field simulations, Hu et al.
predicted an ultra-low writing energy (0.16 f]/bit) together with a high storage density, a good thermal stability and a fast
writing speed for E-field controlled MRAMs deposited on (011)-oriented PMN-PT [51].

Experimentally, Cavaco et al. demonstrated voltage-controlled changes in the resistance of an IrMn/CosgFesq/Cu/CosgFesg
spin valve [52]. The GMR curve they measured showed signs of exchange bias due to the presence of an IrMn film in
contact with the hard magnetic CoFe layer. Upon application of an electric field, the coercivity of the CosgFeso free layer
is changed, whereas the exchange bias is unaffected, as shown in Fig. 4A. Lei et al. evidenced similar changes in the GMR
curves of a CoFeB/Cu/Co/IrMn spin valve deposited on PZT due to the large increase of the coercivity of the free layer under
stress (Fig. 4B) [53]. Interestingly, Novosad et al. proposed a new concept of MRAM based on this strain strategy [54]. It is
composed of an array of magnetostrictive ferromagnetic particles formed on a grid-patterned piezoelectric film in which a
rotatable stress generated in the selected memory cell leads to the magnetization reversal of the particles.
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Fig. 5. (Color online.) A) Spin-polarized local density of states projected onto the Ru 3d orbitals for polarization pointing toward (right interface) or away
from (left interface) the SRO layer in SRO/BTO(001) heterostructures. The shaded surface is the Ru 3d density of states in the bulk. Adapted from [58]. B)
Minority-spin charge density (in arbitrary units) at the Fe/BTO interface for two opposite polarizations direction in BTO (indicated by the white arrow).
The overlap between the Ti and Fe electronic clouds is much stronger when the FE polarization points toward Fe than in the opposite case, which reflects
a stronger hybridization for the former. From [61]. C) Spin-resolved DOS of Ti (top) and O (middle) in the surface BTO layer at the interface with one
monolayer of Fe for polarization pointing towards (lines) or away from (shaded gray surfaces) Fe, as well as the bulk DOS (bottom) of BaTiOs. From [62]
D) Electrically-induced magnetic reconstruction at the LagsA05MnOs3/BTO interface (A = Ca, Sr, or Ba); The arrangement of the magnetic moments at Mn
sites (small arrows) changes from FM to A-type antiferromagnetic as the FE polarization (large arrows) of the BTO is reversed. From [73].

However, strain-mediated ME coupling generally results in a less-than-90° rotation of the magnetization, whereas
MRAMs are based on the 180° deterministic control of the magnetization. As such, strain-mediated ME coupling seems
more promising for E-field tunable microwave magnetic devices.

2. Electronic effect in magnetoelectric multiferroics

Whereas a butterfly-shaped loop of magnetization vs. electric field mimicking that of strain vs. electric field, and re-
vealing the elastic nature of the ME coupling, is observed in (La,Sr)MnOs (20 nm)/PMN-PT heterostructures (Fig. 2A) [13],
a totally different square shape is obtained in (La,Sr)MnO3 (4 nm)/PZT heterostructures (Fig. 6C) [55]. Indeed, for small
thicknesses of the ferromagnetic film, interface-charge-mediated ME coupling was predicted to dominate the changes in the
magnetic properties by polarization reversal [56]. For (La,Sr)MnOs, a critical thickness of 4.2 nm was predicted to switch
from strain-mediated to charge-mediated ME coupling.

The second type of ME coupling allowing an electric control of the magnetic properties in ferroelectric/magnetic bilayers
is thus related to the influence of the FE polarization direction on the electronic structure of the ferromagnet at the interface.
Interestingly, such electronic effects depend on the FE polarization direction and can produce two different magnetic states
at electrical remanence. This electronically-driven ME coupling is thus not only interesting from a fundamental point of
view, but is also highly promising for applications. However, while the elastic interaction can extend over several hundreds
of nanometers, the field effect operates over distances of the order of the Thomas-Fermi screening length (Atp), which is
one or two unit cells for metals and few nanometers for semiconductors. Fortunately, in magnetic materials, changes in the
magnetic properties may be perceived over distances set by the exchange interaction length, lex, which is usually larger than
Ate and can approach 10 nm [57].

Several mechanisms take place to electronically drive changes in the magnetic properties.

The first mechanism is related to the spin-dependent screening in the FM of the interface-bound charges of the FE. In
FM metals, due to the different density of states for spin up and spin down electrons at the Fermi level, the screening is
spin dependent. This spin-dependent screening leads to notable changes in the surface magnetization and surface magne-
tocrystalline anisotropy. Such changes were predicted for the SrRuO3 (SRO)/BTO system [58], for example. Fig. 5A shows the
modification in the spin-polarized density of states (DOS) of SRO depending on the direction of the BTO FE polarization
(right (left) interface corresponds to a polarization pointing to (away from) SRO). The change in the magnetic moment re-
lated to polarization reversal is 0.31 g corresponding to a surface magnetoelectric coefficient o = 2.3 x 10710 Oe-cm?.v~!
[58]. Cai et al. proposed to exploit this mechanism to obtain large magnetoelectric effects in normal-metal/FE/FM-metal het-
erostructures due to the combination of broken inversion symmetry at both interfaces and spin-dependent screening in the
FM [59]. Nevertheless, this large effect, larger than strain-mediated magnetoelectric coupling, is localized at the interface
and superlattices have to be considered to obtain a sizable change in the measured magnetic moment [60].

The second contribution to the ME effect is due to a change in the electronic bonding at the interface between the FE and
the FM. The displacements of atoms in the FE due to the polarization reversal alter the overlap between the orbital of the
FE and FM compounds at the interface. This results in different charge transfers, which affects the interface magnetization,
anisotropy, and spin polarization (see Fig. 5B). This interface-bonding-mechanism-ME effect has been predicted to play a
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significant role for Fe/BTO or Fe/PbTiO3 (PTO) [61-63], Co,MnSi/BTO [64], Fe304/BTO [65], Co/BTO [66] and Co/PVDF [G7].
A large ME coupling coefficient defined as as = oAMs/E of the order of 1072 Oe-cm-V~! was found in the case of 1
monolayer (ML) Fe/BTO or Fe/PTO [61]. Theoretical studies on Fe/(BTO, PTO) systems also predicted a sizable magnetic
moment on the Ti cation (Fig. 5C) [61,62]. This was confirmed recently by X-ray resonant magnetic scattering experiments
[68,69]. This Ti moment is sensitive to ferroelectric displacement and should thus change depending on the direction of the
FE polarization [61,62].

Large changes in magnetocrystalline anisotropy, of up to 50%, associated with the variation in the orbital occupancy upon
polarization reversal were also reported in Fe/BTO [70] and FePt/BTO [71] systems.

Interestingly, similar modulations of the magnetic moment and magnetocrystalline anisotropy were predicted for
Co/PVDF [67] and Fe/PVDF [72], with a possible switch from in-plane to out-of-plane magnetization easy axis.

Another magnetoelectric effect at the ferromagnet/ferroelectric interface is related to the magnetic reconstruction in-
duced by the switching of the ferroelectric polarization. Although the driven force is also based on screening charges,
the change in surface magnetization does not result from a variation in the magnitude of local magnetic moments, but
instead from a change in how these magnetic moments are ordered near the interface. Such effect is particularly appeal-
ing in materials such as manganites possessing very rich phase diagrams, with competing magnetic phases, as a function
of carrier doping. In this case, the change in the magnetic state results from the competition between superexchange
interaction, which promotes antiparallel alignment of neighboring Mn magnetic moments, and the double-exchange in-
teraction, which favors their parallel arrangement. This effect has been predicted using first-principles calculations for
the La;_xAxMnOs3/BaTiO3 (001) interface for a concentration (x = 0.5) close to the ferromagnetic-antiferromagnetic phase
transition [73]. For this bilayer, a ferromagnetic configuration is stabilized at the interface when the polarization in BTO
points toward the interface (depleted hole state), whereas an antiferromagnetic phase extending over two unit cells is sta-
bilized when the FE polarization points away from the manganite (accumulated hole state) (Fig. 5D). As a result of this
ferroelectrically-driven magnetic reconstruction, a very large magnetoelectric coefficient resulting from the large change in
magnetic moment is deduced: os = 5.3 1079 Oe-cm2.V~! [73]. Magnetic phase transitions induced by polarization reversal
were also predicted in FE-field effect transistors (FE-FET) with a magnetic electrode [74].

The electronically-driven ME coupling could thus induce changes in the saturation magnetization, the interface magne-
tocrystalline anisotropy, the magnetic state at the interface and its possible combinations. Interestingly, even if the change
in the magnetization is small and localized at the interface and thus difficult to exploit, the modulation of the spin polariza-
tion can also be large. Since the interfacial spin-polarization controls the amplitude of the TMR, a clever way to exploit the
modification in the DOS at the Fermi level depending on the ferroelectric polarization direction is to build ferromagnetic
tunnel junctions, including a ferroelectric tunnel barrier [75].

Charge-driven magnetoelectric coupling is particularly efficient in ferromagnets in which the magnetism is carrier-
mediated, such as diluted magnetic semiconductors (DMS) or manganites. Experimentally, following the first demonstration
of an electric control of the magnetic state of the carrier mediated FM material (In,Mn)As by applying a gate voltage to
an (In,Mn)As channel in a field effect transistor (FET) [76], a non-volatile E-field tuning of the magnetic configuration from
a ferromagnetic state (accumulation) to a paramagnetic (depletion) one was demonstrated a few years later by replacing
the dielectric gate by a FE one [77] (see Fig. 6A top). In this FE/DMS architecture, the control of the Curie temperature of
the 7-nm (Ga,Mn)As channel over a few kelvins was also shown through a shift of the maximum in the resistance ver-
sus temperature curve induced by reversing the polarization direction of the polyvinylidene fluoride with trifluoroethylene
(PVDF-TIFE) gate (see Fig. 6A, bottom). The mechanism at the origin of the effect is the polarization-induced depletion or
accumulation of holes in the channel at the origin of the magnetic interaction in the channel.

Similar studies were performed on manganites, compounds in which the rich-phase diagram strongly depends on the car-
rier doping concentration [78]. This control can be anticipated from the changes observed in the metal-insulator transition
temperature [79] or from the room-temperature modulation of the resistance [80] in manganite-based field effect transis-
tors. For example, Kanki et al. [81] evidenced modifications in the magnetic moment amplitude of a 10-nm Lag g5Bag15Mn03
channel by XMCD experiments close to the metal-insulator transition temperature (see Fig. 6B, top panel). This modulation
was associated with changes induced in the carrier concentration of the channel depending on the direction of the PZT ferro-
electric gate polarization at remanence, as revealed by the resistance dependence presented in Fig. 6B (bottom panel). Lu et
al. observed 10% modulations of the magnetization by polarization reversal in Lagg7Srp33Mn0O3 (10nm)/BTO bilayers grown
on SrTiO3(001) substrates [82]. The large change in magnetization, inversely proportional to the Lagg7Srg33Mn0Os3 thickness,
was attributed to both, the carrier modulation and the shift in the metal-insulator transition close to room temperature
due to carrier doping. Interestingly, the third mechanism, i.e., an electrically induced magnetic transition, has been clearly
identified to play a drastic role in LaggSrg>MnO3 (4-nm)/PZT bilayers [55]. Important modifications in both the Curie tem-
perature (see Fig. 6C) and magnetization amplitude at 100 K probed by Kerr magnetometry (insert of Fig. 6C) were reported
in this system. These changes correspond to a large magnetoelectric coupling of the order of 10~3 Oe.cm-V~!. Additional
experiments using X-ray absorption near-edge spectroscopy revealed the charge-induced change by polarization switching
in the valence state of Mn atoms (0.1 electrons per Mn atom) in the LaggSro2MnOs layer [83]. From combined spectro-
scopic, magnetic, and electric characterizations of this system, Vaz et al. concluded that the magnetic spin configuration of
the LaggSro2MnOs3 at the PZT interface changes from ferromagnetic in the depletion state to A-type antiferromagnetic in
the accumulation state (increase of hole doping) and that this interface-charge-driven ME coupling is at the origin of the
effect [84]. In the accumulation state, the interface layer consists of strongly depopulated, antibonding 3d eg322—r2 states,
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Fig. 6. (Color online.) A) Top: Ry vs. magnetic field at 60 K of a PVDF-TrFE/(Ga, Mn)As FE-FET. In the depletion state, the hysteresis cannot be resolved
(paramagnetic state), whereas in the accumulation state, it is clearly observed in agreement with carrier-mediated ferromagnetism in DMS. Bottom: Resis-
tance vs. temperature for a PVDF-TrFE/(Ga, Mn)As FE-FET. The maxima indicate the Curie temperature (T¢). In the depletion state, the T¢ shifts toward
lower temperatures. From Ref. [77]. B) Changes in the amplitude of the magnetic moment revealed by XMCD measurements (top) and electrical properties
(bottom) at FE remanence due to repetitive switching of the ferroelectric polarization in PZT/LaggsBap15MnO3 heterostructures. From [81]. C) Temperature
dependence of the magnetization of a 4-nm LaggSrg2MnOs3 film on PZT. A 20-K variation of T¢ is observed between the two FE polarization states. Inset:
Magnetoelectric hysteresis at 100 K during ferroelectric polarization reversal. From [55]. D) Out of plane hysteresis loops of a 0.95 nm Co layer deposited
on 30 unit cells of PVDF-TrFE after switching the FE polarization up (black curve) or down (red one). From [86].

resulting in a weakening of the double-exchange interaction at these orbitals. An antiferromagnetic coupling to the adjacent
layers ensures that the 3d egx2— y2 orbitals are energetically privileged, favoring the superexchange interaction and a tran-
sition from a ferromagnetic state to an antiferromagnetic one, in agreement with theoretical predictions for similar systems
[73]. More recently, Ma et al. [85] revealed a large change (by one order of magnitude) in the in-plane and out-of-plane
magnetizations at the Lagg7Srg33Mn0O3/PZT interface related to the appearance of an antiferromagnetic spin alignment by
hole doping. They used magnetic second-harmonic generation, a technique sensitive to the interface, at 78 K.

To obtain an electric control at room temperature, transition metals and alloys have to be considered instead of strongly
correlated materials. Experiments showing the electrical control of magnetic anisotropy via electronic effects on transition
metals are scarce and a full FE control of the magnetization easy axis has not been provided. Nevertheless, a substantial
variation of the coercive field, reflecting changes in the magnetic anisotropy, was reported in ultrathin Co films combined
with a PVDF-TrFE ferroelectric gate. The hysteretic behavior, observed in the coercive field versus the electric field (Fig. 6D),
mimics that of the polarization [86]. Changes in the magnetization by polarization reversal in the Fe/BTO model system
has not been demonstrated experimentally, but the predicted variations of the magnetic moment are small, 0.1 pg/Fe and
localized at the interface [61,62]. Nevertheless, the related modulation of the spin polarization at the interface has been
successfully evidenced in Lagg7Srg33Mn0O3/BTO/Fe multiferroic tunnel junctions [75]. In these junctions, the electric mod-
ulation of the transport properties arises from two effects [87-89]. The first one is the modulation of the tunnel barrier
height by the polarization reversal [90,91], giving rise to large tunnel electroresistance phenomena [92-97]. This large mod-
ulation of the tunneling current together with the large readout current densities are appealing skills of these ferroelectric
tunnel junctions to design a new generation of non-volatile FE memories with non-destructive readout [92]. Furthermore,
the multistate resistance correlated with the FE domain configuration is another appealing attribute of these junctions that
can be considered as a new kind of memristor [98,99] that could act as artificial synapses in neuromorphic architectures.
The second one is the electrically controlled change in the spin polarization at the interface that sets the amplitude of
the tunnel TMR. Garcia et al. (Fig. 7A) showed that in these multiferroic tunnel junctions, the reversal of the ferroelectric
polarization in the barrier induces a sizable modification in the amplitude of the TMR effect by 450%, reflecting the FE
non-volatile modulation of the spin polarization of Fe at the interface with BaTiO3 [75]. Similar results were obtained in
Lag g7S10.33Mn03/BTO/Co [69] and Lagg7Sro33Mn03/PZT/Co systems [100]. In the latter case, Pantel et al. reported an in-
version in the sign of the TMR—associated with the sign inversion of the spin polarization of Co—induced by polarization
switching (see Fig. 7B). Because these tunnel junctions contain a half-metallic Lagg7Srg33MnO3 bottom electrode that loses
its spin polarization just below 300 K [101], these results were obtained at low temperatures. These multiferroic tunnel
junctions thus allow one to obtain four resistance states and provide an interesting alternative way to control spin polariza-
tion, i.e. no more with a magnetic field, but with an electric one.

3. Other mechanisms based on intrinsic multiferroics
Another way to electrically control magnetization is offered in heterostructures combining a multiferroic or magnetoelec-

tric material and a FM coupled by exchange-bias interaction. Most multiferroic materials are ferroelectric antiferromagnets
(AFMs). The ME coupling in these materials thus links the AFM and FE orders and allows an electric control of the AFM
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Fig. 7. (Color online.) A) Resistance vs. magnetic field (TMR) of a Lagg7Sro33Mn0O3/BTO/Fe tunnel junction measured at electrical remanence and 4 K,
after switching the FE polarization up or down. The large variation of the TMR reflects changes in the interfacial Fe spin polarization due to FE polarization
reversal. From [75]. B) Resistance vs. magnetic field at 50 K in the as-grown state of a Lag g7Sr9.33Mn0O3/PZT/Co junction (black squares) and after polarization
switching (red circles). From [100]. The FE polarization states of the barrier as well as the magnetization directions in the electrodes are shown by arrows.

spin configuration. Cooling FM/AFM heterostructures in the presence of a magnetic field across the Néel temperature of the
AFM induces a shift of the hysteresis loop of the FM [102]. The magnitude of this shift is the exchange-bias field, which
is generally in the opposite direction to the cooling field. The mechanism for this exchange-bias interaction is still subject
to debate, but is generally attributed to uncompensated spins at the interface between the AFM and the FM. Interestingly,
the E-field control of the exchange bias could result in a 180° magnetization direction change of the FM and enables
novel concepts of electrically-controlled magnetic memories [103-105]. The first demonstration of an electric control of the
exchange-bias interaction was reported using the magnetoelectric Cr,03 [106]. Cr,03 is an AFM magnetoelectric material
with a Néel temperature Ty = 307 K. Below Ty, the application of an electric field across Cr,03 induces a net magnetiza-
tion, whose direction depends on the sign of the electric field. This net magnetization can be used to electrically manipulate
the magnetization of an exchange-coupled FM film [107]. This was first demonstrated for a Pt/Co bilayer deposited on a
Cry03 (111) crystal. Either a positive or negative shift of the hysteresis was observed after complicated cooling processes
across Ty that implicated both electric and magnetic fields [106]. Each sign reversal of the exchange-bias field required new
magnetoelectric annealing. Reversible and isothermal control of the exchange bias using Cr,03 was later demonstrated for a
Co/Pd/Cr,03 heterostructure at constant magnetic field using the sign of the electric field to control the AFM domain state
and switch the exchange-bias field [108].

More promising for application is the electric control of exchange bias directly using an antiferromagnetic-FE multifer-
roic since it allows one to control magnetization at electrical remanence. This route was explored for YMnOs/NiFe bilayers
by Laukhin et al. [109]. In bulk, hexagonal YMnOs is a robust ferroelectric (with a T¢ of 900 K) that presents an AFM be-
havior below 90 K with coupled order parameters at DWs [110]. Fig. 8A shows magnetization loops under various biasing
voltages, at 2 K after cooling the sample from 300 K under an applied field of 3 kOe. The clear shift of the loops reflects
the existence of a large exchange-bias field that gradually disappears upon application of the biasing voltage and cancels
out at 1.2 V. This suppression was confirmed by the transition from a sin 6 to a sin®6 dependence of the anisotropic mag-
netoresistance when the voltage was applied. Unfortunately these changes were not reversible. Later on, the same group
extended the investigations toward the non-ferroelastic FE-AFM LuMnOs3 and reported the E-field control of the magnetiza-
tion of a coupled NiFe film at 5 K [111]. Under the application of a magnetic and of an electric field of suitable amplitude
and duration, the exchange bias could be restored, making the effect reversible. The observed effect was independent of the
polarity of the applied voltage, but depended on the duration of the pulse. These results were interpreted in terms of the
electric-field-pulse-induced declamping of coupled AFM-DWSs/FE-DWs [110] in this multiferroic material, and the resulting
change in the exchange bias related to the coupling of the magnetic moment of NiFe with pinned uncompensated moments
at the AFM-DW.

To obtain such control at room temperature, several groups explored the potential of BiFeOs (BFO), one of the only
multiferroic material at room temperature with a robust antiferromagnetic (Ty = 643 K) and FE (T¢ = 1100 K) orders and
a very large polarization along the [111] direction (100 pC/cm?) [112]. Whereas in bulk the net magnetic moment resulting
from a Dzyaloshinskii-Moriya interaction is averaged to zero by an additional cycloidal modulation [113], it is non-zero
in thin films [114,115]. In BFO thin films, a strong internal magnetoelectric coupling locally links the net moment to the
direction of the FE polarization and allows a switching of the AFM domains when the FE polarization in BFO rotates by
109° or 71° [116]. BFO is thus a promising material to obtain a room-temperature electrically controllable exchange-biased
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Fig. 8. (Color online.) A) Magnetization loops of NiFe/[YMnO3/Pt heterostructures, measured at 2 K, after cooling the sample from 300 K in a 3-kOe field,
under various biasing-voltage (V.) values. Adapted from Ref. [109]. B) Microscopic evidence for magnetoelectric coupling: a) in-plane PFM image showing
the FE domain pattern of a BFO thin film; b) corresponding FM domain pattern of a CoggFeg film grown on BFO revealed by XMCD-PEEM. From [120]. C)
Anisotropic magnetoresistance of a CoggFeg; layer coupled to BFO after applying a £+ 130 kV/cm electric field across the FE. The 180° shift of the signal
indicates the reversal of the CoggFep; magnetic moment [121]. D) GMR curves of an Au 6-nm/Co 4-nm/Cu 4-nm/Cog 72 Feg0gBo20 4-nm spin valve deposited
onto a BFO/BFO:Mn bilayer after applying different E-fields across the FE. Adapted from [117]. E) Electric control of the exchange bias at 5.5 K in a field
effect device with a Lag7Sro3MnO3 channel and a gate of BFO. The normalized exchange bias was determined from magnetoresistance measurements after
pulsing the gate with voltage V. From [127].

system when coupled with FMs possessing large Curie temperatures, such as transition metals Fe, Co, Ni [117], or alloys
such as NiFe [118,119], FeCo [120,121], or CoFeB [122]. Two distinct types of interactions, i.e. a large shift of the hysteresis
loop (exchange bias) or/and an enhancement of the coercive field, have been observed in these heterostructures depending
on the morphology of the films [123]. Whereas for stripe-like ferroelectric domains in BFO, only an increase of the coercive
field is observed, in mosaic-like domains a clear shift of the hysteresis loop is observed, revealing a large exchange bias. This
exchange bias arises from the coupling between the magnetization of the FM layer and uncompensated spins at FE-AFM
DWs [124], more precisely at 109° DWs [123,125]. Using stripe-like domains, Chu et al. [120], and more recently Heron et
al. [121] combined PFM and XMCD-PEEM to provide direct evidence of the nearly perfect matching between the FE domains
of BFO and the FM ones in a top CoggFep; thin film with submicrometer resolution (see Fig. 8B). They also evidenced that in
a planar geometry, the direction of the magnetization of the CoggFep1 could be switched electrically and reversibly at room
temperature by modifying the FE domain structures of BFO. This was evidenced from the anisotropic magnetoresistance
measurements presented in Fig. 8C [121] with a voltage induced inversion of the sin 6 dependence, reflecting a macroscopic
switch of the net magnetization direction by 180°.

Exploiting the large exchange bias existing in mosaic-like BFO/FM, Allibe et al. optimized the exchange bias, the ferro-
electric properties and the GMR of CoFeB/Cu/Co spin valves on BFO/BFO:Mn bilayers [126] and demonstrated the control of
the GMR response upon the application of a modest voltage across the multiferroic resulting in a strong reduction of the
exchange bias at room temperature (Fig. 8D) [117]. However, the effect proved to be irreversible.

Reversible electric control of the exchange bias was also reported in BFO/Lag 7Srp3MnOj3 field-effect heterostructures. As
shown in Fig. 8E, the sign of the exchange bias at 5.5 K can be reproducibly modified by switching the ferroelectric po-
larization of BFO [127]. As it was independent of the ferroelectric DW type and density, the exchange bias in this system
has been linked to the formation of a ferromagnetic moment in BFO that is coupled to the magnetism of the adjacent
Lag.7Srp3MnO3 layer [128]. This induced magnetic moment was predicted to result from the competition between ferro-
magnetic double-exchange and antiferromagnetic super-exchange interactions. The balance between these ferromagnetic
and antiferromagnetic tendencies is strongly affected by the interfacial electronic charge density that can be controlled by
the direction of the BFO FE polarization [129].

4. Concluding remarks
In this review, we summarized the progress in the field of artificial multiferroic heterostructures combining ferroelectric

and ferromagnetic materials, which expanded tremendously during the past ten years. Very large magnetoelectric couplings,
much larger than those of intrinsic multiferroics, were measured due to either strain-mediated or electronic effects at inter-
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faces or a combination of thereof. This large ME coupling has been successfully exploited to obtain an electric control of the
magnetization amplitude, anisotropy, spin polarization, or Curie temperature. To obtain an electrically-induced 180° rotation
of the magnetization of interest for spintronics, the electronic strategy seems more promising, even if not yet demonstrated.
Another strategy developed to obtain an electric control of magnetization was to exploit the exchange bias at the interface
between antiferromagnetic-ferroelectric intrinsic multiferroics and ferromagnets. This latter strategy seems promising, since
pure electric switching of the magnetization of a transition metal alloy has been demonstrated in a planar geometry. Future
work in a vertical one should allow us to obtain the desired electric control of a spin valve compatible with MRAMs design.
On route towards this goal, several other interesting phenomena appeared such as the opportunity to electrically tune the
spin polarization of a ferromagnet that can be exploited in magnetic tunnel junctions with a ferroelectric tunnel barrier.
Another is the demonstration of the electrical control of a magnetic phase transition. Additionally, the field of research con-
cerning the electrical control of a perpendicular magnetization based upon the Rashba spin-orbit interaction in asymmetric
heterostructure is of great promise and rapidly expanding.
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