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Cette revue consacrée aux pérovskites multiferroiques a base de bismuth BiBOs est scindée
en deux parties. La premiére est consacrée au cas de BiFeOs; et résume les progres
récents réalisés dans I'étude de son diagramme de phases pression-température et de
ses phénoménes de couplage magnéto-électrique. La seconde partie aborde de maniére
plus générale, a partir d’'un inventaire des composés récemment synthétisés, la question
de la stabilité des phases polaires - et multiferroiques - dans les pérovskites BiBO3 et la
compétition entre la ferroélectricité et les autres instabilités structurales.

© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Multiferroics are materials that possess simultaneously magnetic and ferroelectric order. Although found separately in a
large number of ABO3 perovskites (along with virtually the full scope of possible functional properties, including supercon-
ductivity, piezoelectricity, insulating/metal/semiconducting behavior etc.), the simultaneous combination of ferroelectricity
and magnetism in a single-phase ABO3 perovskite is rather scarce. The reason for this was rationalized in a seminal paper
by N. Hill, who pointed out that in most classical ferroelectrics, typically the titanates PbTiO3 and BaTiOs, the polar cation
shifts are caused by a second-order Jahn-Teller effect, or hybridization, involving B-site ions with d° electrons, whereas in
contrast, the presence of unsaturated d electrons is required for the transition elements to acquire a magnetic moment. In
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Fig. 1. (Color online.) Pressure-temperature diagram for bulk BFO, reproduced from Ref. [9]. The transition temperature to a cubic phase at ambient pressure
lies beyond the decomposition temperature and is a theoretical prediction [10].

order to waive this contradiction and reconcile ferroelectricity and magnetism, one therefore has to induce ferroelectricity
by other mechanisms. One such alternative is found in rare-earth manganites at low temperatures, where ferroelectricity
is induced by the cycloidal spin order; this has defined the so-called “type-II multiferroics” [1]. Another track that has
been followed in the recent years is to induce ferroelectricity and magnetism on two different crystallographic sites of the
perovskite, namely bismuth on the A-site and a magnetic transition metal (Fe, Mn, etc.) on the B-site. The ferroelectric off-
centering of the Bi** cation is favored by the 6s2 electron “lone pair”. This type of multiferroic is best exemplified in BiFeO3
(BFO), which has become a model system for so-called ‘type-I” multiferroics and has stimulated a significant international
research effort over the past years.

In our short review, we will in a first part discuss recent advances on BFO. For this, we will take a review published
in 2009 as a starting point [2] and focus on the progress made since then on the pressure-temperature phase diagram,
the magnetoelectric coupling, and exchange bias. In the second part, we shall move away from the special case of BFO and
address the issue of ferroelectricity in Bi-based perovskites in general, in the light of the recent progress in synthesizing
these compounds, especially with magnetic cations on the B-site, and subsequent studies.

2. BiFeO3 updated
2.1. Structural and ferroelectric properties

The room-temperature structure of BFO, also called o phase, is a distorted perovskite structure with a slight rhombo-
hedral distortion [3]. It exhibits both large octahedra tilts along the [111] pseudo-cubic direction and a strong ferroelectric
polarization, both treated as pseudo-proper order parameters. This is a major originality of the BFO structure as compared
to classical ferroelectrics. It notably contrasts with the typical compounds CaTiO3 and PbTiOs, where in both cases, the
cubic cell is calculated to be unstable upon both tilt and ferroelectric instabilities, but in practice, the crystal lowers its
energy by developing one instability only (tilts for CaTiOs, polar displacements for PbTiO3) while the second one is inhib-
ited. A consequence of these two interacting instabilities in BFO is a rather complex temperature-pressure phase diagram
that is characterized by multiple phase transitions as illustrated in Fig. 1. On the theory side, this richness is perhaps best
illustrated by the first-principles calculations by Diéguez et al. [4], who have found an unusually large number of (meta)sta-
ble structures for BFO with different ferroelastic, ferroelectric and magnetic properties, with the perspective of multiferroic
properties and strong magnetoelectric coupling at room temperature. Recent reports of a structural phase transition close to
room temperature in highly compressively strained BFO thin films add further support to this [5-7]. The recent advances in
thin-film structures, also of considerable interest, are out of scope here, but can be found in another chapter of this review
by Yang et al. and in Ref. [8].

Experimentally, the phase sequence with temperature has been a long-standing controversy. Two phase transitions from
the o to the so-called B and y phases have been identified some time ago at 825°C (1098 K) and 931 °C (1204 K) before
decomposition occurs just about 10°C above. The determination of the crystal structure of the B and y phases has been
very difficult and controversial, due to the proximity of the decomposition temperature. The most recent neutron studies
[11,12] indicate that both the B and y phases are paraelectric orthorhombic phases with Pnma structure, the oo — 3 then
corresponding to the Curie temperature T¢ and the B — vy transition being an isostructural transition, also associated with
an insulator-to-metal (IM) transition.
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The phase transition sequence under high pressure is even more complex with, remarkably, six-phase transitions in the
1 bar to 60 GPa range [9]. This again contrasts with the classical ferroelectrics and ferroelastics, which display in the same
pressure range one or two structural transitions [13-16]. An orthorhombic phase with Pnma symmetry is stable in a very
large pressure range between 11 and 38 GPa, and the experiments suggest that the structure changes very little in terms of
strain and tilt angle in this pressure range, and remains essentially identical to that of the B phase.

In the lower pressure range, four structural transitions at 4, 5, 7, and 11 GPa have been observed. In this range, BFO
displays complex domain structures and unusually large unit cells, with lattice parameters given by a ~ ﬁapc, b~ 3ﬁapc,
€ & 2apc, which suggests a competition between complex tilt systems and possibly off-center cation displacements. More-
over, it has been shown that non-hydrostatic shear stress strongly affects the observed phase sequence [17]. The detailed
structure of these phases remains unclear, but theoretical works have suggested the presence of “nanotwinned” structures,
with complicated tilt patterns that go beyond the classical description by Glazer [18]. In those phases, the tilt patterns are
not limited to being “in-phase” or “anti-phase” in adjacent layers, but can adopt more complex sequences with a longer pe-
riod (e.g., four unit cells or more), giving rise to complicated structures with very large unit cells, similar to those observed
experimentally.

In the very high pressure range, BFO becomes again unstable and shows two further pressure-induced phase transitions
at 38 and 48 GPa, which are marked by the doubling of the unit cell and by an increase in the total distortion. Resistiv-
ity measurements have revealed that the last transition around 48 GPa is also an insulator-to-metal (IM) one [19,20]. IM
transitions are also observed in rare-earth orthoferrites in the 40-50 GPa range [21], but follow a different pattern, with a
very strong volume drop explained by a high-spin to low-spin transition and an isostructural Pnma — Pnma transition. In
contrast, the transition in BFO is symmetry breaking and does not exhibit a significant volume drop [9].

One striking feature of the phase diagram as a whole is the absence of the simple cubic phase, both at high pressures
and high temperatures. At high temperatures, the transition to the cubic phase has been predicted by ab initio calculations
above 1400 K [10], i.e. above the decomposition temperature, so that it is not accessible experimentally. This contrasts
with lead-based ferroelectrics, where the cubic phase is always reached at “reasonable” temperatures. Under high pressure,
not only the cubic phase is absent, but, in addition, the total strain increases under pressure. In other words, the crystal
moves away from the cubic structure. This can be understood if the crystal structure becomes dominated by ferroelastic
antiferrodistortive instabilities.

Yet, the full phase diagram, being almost based on one isotherm and one isobar, remains hypothetical. There is no real
justification for the straight lines connecting the observed transitions. In particular, it is not at all clear whether or not the
region between 4 and 11 GPa at ambient pressure, with many complex and competing phases, extends up to Tc at ambient
pressure. But we note that, if it does, it would in part explain why the structure determination of the B phase has been so
problematic. Experimental investigations of the high-temperature high-pressure part of the phase diagram are desirable to
clarify this.

2.2. Magnetic properties and magneto-electric coupling

2.2.1. Magnetic structure

The most powerful means of studying the magnetic structure of bulk samples has been neutron diffraction, first on pow-
der samples and in more recent times on single crystals. Early powder diffraction measurements have established that BFO
is a G-type antiferromagnet [22,23]. The ordering of Fe3* jons is that of a nearest-neighbor antiferromagnetic arrangement,
a structure very easy to identify in neutron measurements because of the presence of peaks at the (:I:%, ﬂ:%, :I:%) vectors
in reciprocal (cubic) space. Single-crystal data can be more instructive in giving the exact magnetic configuration. Fig. 3
shows the 3D reciprocal space mapping of a crystal [24] where yellow peaks are of nuclear origin and the red peaks are
magnetic. In that spectrum, the four nuclear peaks in the pseudo cubic diagonals, the (111) and (111) reflections, are split
along directions following the long diagonals (dashed lines on the figure). This indicates the presence of two rhombohedral
twins, which is consistent with the existence of two ferroelectric domains in the crystal with polarization axes along (111)
and (111). One can also notice that the other (111) and (111) reflections are also split, but along the (101) direction. This
is due to the buckling of the crystal (schematically shown in the inset in Fig. 3), which slightly changes the angles fulfilling
the Bragg conditions. In this experiment, the neutron data were taken after the initially single ferroelectric state crystal was
driven into a bidomain state by applying a voltage in the (001) direction. This multi-domain state consists of stripe-like
regions with two different polarization directions that produce the double splitting of interest in the figure.

2.2.2. Magneto-electric coupling

When magnetic ions also participate in the ferroelectric order, the magnetoelectric coupling is said to be direct. An elec-
tric field will act on the dipolar moments and slightly change the angle of the bonds between magnetic and oxygen ions,
thus changing the exchange integral responsible for the magnetic order. This is a direct effect induced by an applied, or in-
ternal, field. Indeed, internal fields are also responsible for a coupling energy responsible for a ‘spontaneous magnetoelectric
effect’ [25]. In compounds where the electrical polarization is induced by the magnetic order, the two ordering temperatures
coincide and the ferroelectric is called ‘improper’. The polarization is generally at least 1000 times weaker than in a classi-
cal ferroelectric, but the magnetoelectric coupling is expected to be strong. The other type of magnetoelectric coupling, said
to be ‘indirect’, appears when magnetism and ferroelectricity are due to two different sublattices. The compounds can be
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Fig. 2. (Color online.) Mapping of the neutron intensity in reciprocal space. The yellow spots are purely nuclear intensities and red spots are purely magnetic.
Two sets of splitting appear for the nuclear intensity: one because of a difference in reticular plane distance due to the two rhombohedral distortions along
[111] and [111], and the second because of a physical buckling of the crystal induced by twinning. Magnetic peaks are further split because of the cycloids.
The patterns are consistent with the presence of two ferroelastic domains with P along [111] and [111]. Note that because splitting is small, the scale has
been magnified by a factor of 10 on each peak position. Reprinted from Ref. [24].
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Fig. 3. (Color online.) Neutron intensity around the ( % —%, %) Bragg reflection in the single-domain state. The two diffraction satellites indicate that the
cycloid is along the (101) direction. Reprinted from Ref. [24].

either one or two intimately mixed materials. In these compounds, the magnetic ions will be displaced by magnetostriction
and the interaction with the ferroelectric system is mediated by the elastic properties.

2.2.2.1. Direct coupling of polarization and magnetic orders The purely antiferromagnetic peaks of (:I:%, :I:%, ﬂ:%) type (in red
in Fig. 2) have been analyzed in more details [26]. They are composed of four spots, as shown in the zoomed region of Fig. 3.
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Fig. 4. (Color online.) Schematics of the planes of spin rotations and cycloids k vector for the two polarization domains separated by a domain wall (in
gray). Reprinted from Ref. [24].

These can be understood by considering first the ferroelastic effects evidenced in the nuclear peaks: the intensity from P11
and P,;; domains is obtained at a slightly different angle. The other splitting in the (101) direction corresponds to magnetic
satellites due to periodic incommensurate arrangements already seen in older powder diffraction data [22]. In single crystals,
splitting indicates directly the direction and value of the magnetic structures’ propagation vectors. The pattern is even
simpler for the monodomain crystal where, before the application of an electric field, Lebeugle et al. showed that there
existed only a single incommensurate structure (Fig. 4). Because of the presence of a threefold axis in the rhombohedral
cell, there are indeed three symmetry-equivalent propagation vectors for this structure: k; = (§ 0 —48), kp = (0 —6 §) and
k3 = (—§ 8 0), where § = 0.0225. In neutron diffraction, these different k domains lead to a splitting of magnetic peaks
along three different directions. In a powder sample, all three k domains are equally populated and the determination of
the modulated magnetic ordering is not unique. Indeed, pure cycloids, elliptical cycloids, and spin density waves give the
same diffraction pattern [23]. The exact nature of the periodic structure is an important parameter in antiferromagnetic
ferroelectrics, since recent models of the magnetoelectric coupling give non-vanishing electric polarization P for cycloids
and elliptic ordering and zero polarization for a spin-density wave [27,28]. This ambiguity can be eliminated using a single
crystal with a unique periodic structure as in Fig. 3, where high-resolution scans around the strongest magnetic reflections
of the (ﬂ:%, :l:%, ﬂ:%) type provide the necessary information. The measurements in Fig. 3 demonstrate that the modulated
structure has a unique propagation vector ki = +(§ 0 —§), while scans around the other AF positions confirm that the
crystal is in a single magnetic domain state. A fit of the intensity convoluted with the resolution function gives a modulation
period of 64(2) nm, in agreement with that reported for powder samples. Furthermore, the spin rotation plane can also be
determined. A quantitative analysis [26] of the integrated intensities of ten 6/26 magnetic reflections allows us to conclude
unambiguously that the structure is a circular cycloid with antiferromagnetic moments p(Fe) = 4.11(15)up lying in the
plane defined by k; = (8§ 0 —§) and the polarization vector P = (111). A consequence of the single k vector of the cycloid
is that the crystal symmetry is lowered. Indeed, the ternary axis is lost and the real average symmetry becomes monoclinic
with the principal axis along k (i.e. (110) directions).

After application of an electric field and the creation of the bi-domain state, the diffraction pattern of Fig. 2 indicates
that, in this particular case, the cycloids in both domains kept their original propagation vectors. However, there are now
two rotation planes of the AF vectors in the cycloids indicating that half of the crystal volume had switched its polarization
by 71°, and brought with it the plane of rotation of the Fe moments which toggled from the original (121) plane to (121).
The propagation vectors thus remained in the (101) direction and both cycloids lay in the plane defined by k and P. This
effect corresponds to an electric-field-induced spin flop of the antiferromagnetic sublattice and constitutes a direct proof
of the significant coupling between the polarization vector and the magnetic cycloid of the Fe>* moments. The resulting
schematic magnetic and electric configuration of the two domains is represented in Fig. 4.

Beside these intrinsic properties of BFO, it is important to notice that thin films strained on a substrate can show rather
different behaviors. Even though ferroelectric properties do not seem to be very affected, the cycloids often completely
disappear. Indeed, the presence of a strain induced anisotropy axis can destabilize the cycloidal arrangement. The magnetic
phase diagram of BFO films deposited on a number of substrates imposing different strains has recently been established
as shown in Fig. 5. While at high epitaxial strain the cycloidal modulation is destroyed, it is observed that non-collinear
orders are stable at low strain. Interestingly, the cycloidal wavevector can change direction at intermediate strain states and
spins progressively reorient from in-plane to out-of-plane as strain goes from compressive to tensile. The vast majority of
the published results on thin films are on SrTiO3 substrates inducing a large tensile strain where the cycloid disappears,
leaving a simple G-type antiferromagnetic order with a slight global spin canting of 0.7 ° [30]. Nevertheless, magnetoelectric
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Fig. 5. (Color online.) The energy of three magnetic states (bulk-like “type-1" cycloid with a propagation vector along (110) directions, “type-2” cycloid
with propagation vector along (110) directions, and collinear antiferromagnetic order with an antiferromagnetic vector close to [001]), relative to a fourth
magnetic state, corresponding to a collinear antiferromagnetic order with an antiferromagnetic vector along in-plane [110] directions. The stability regions
of the different states are shown in colors (blue: antiferromagnetic; red: type-1 cycloid; orange: type-2 cycloid). The different substrates used are located
on top of the diagram at their corresponding strain. Reprinted from Ref. [29].

coupling also exists, as demonstrated using synchrotron PEEM [31]. The coupling mechanism cannot be that due to the
incommensurate magnetic structure and it is probably of magnetostriction origin in this case.

2.2.2.2. Indirect effects based on interface exchange coupling Intrinsic magnetoelectric coupling in BFO can therefore lead to
a change in the direction of AF vectors, but possible applications require a global electrically controlled magnetization
switching. An appropriate solution can be found using the properties of exchange coupling between a soft ferromagnet
(FM) and the antiferromagnetic (AFM) order of BFO. Interface coupling between FM and AFM has been the object of an
important research activity in magnetism since its discovery almost 60 years ago [32,33]. The most obvious experimental
signatures associated with magnetic coupling through this interface are a change in the coercivity and a shift or “bias” of the
magnetization hysteresis loops of the ferromagnetic layer. An abundant literature has emerged, in which various mechanisms
for this coupling have been proposed (for reviews, see Refs. [34-36]). Even though the details of the coupling are not always
completely understood, it is clear that this effect represents a convenient way of addressing a net magnetization if one can
control the antiferromagnet via the magneto-electric effect. Soft FM layers like CoFeB or NiFe layers can be deposited on BFO
thin films [37-39] and single crystals [40]. A significant interface coupling is found to occur in the two systems, but these
differ qualitatively. In thin-film-based heterostructures on SrTiO3 substrates, both exchange bias and a twofold anisotropy
of the FM layer is observed, which does not depend on the particular directions of the BFO antiferromagnetic structure. In
contrast, no macroscopic bias is observed in NiFe films deposited on BFO crystals where the anisotropy direction is found to
be imposed by the underlying antiferromagnetic structure. There are therefore several important differences between BFO in
bulk and thin film forms including the single domain or multidomain state, the cycloidal or collinear G-type AFM structure
and the absence or existence of an uncompensated ferromagnetic moment. The last points are of major importance for the
exchange bias problem. Indeed, magnetic properties of the FM film in contact are attributed to a net magnetization in the
AFM close to the interface due to the presence of uncompensated spins and related to all imperfections including domain
walls, atomic steps, interface roughness, and atomic-scale disorder [41-44,27]. The uncompensated magnetic moment in
the AFM close to the interface is therefore expected to play a central role in establishing a bias field. The comparison of
the anisotropy of permalloy Py films on BFO monodomain crystals and of CoFeB or BFO multidomain films [45] reveals a
fundamental difference in the fingerprint of the BFO antiferromagnetic structures. The exchange couplings resulting from
these two systems are of completely different natures. In thin-film-based heterostructures, the magnetization is pinned in
the vicinity of the bias field direction, whereas the anisotropy is driven by the AFM domain structure in single crystals.
For multidomain films, the FM magnetic response depends on the rotation of the net magnetization in the BFO out of the
anisotropy axis set by field deposition. In single-crystal systems, an induced anisotropy in the FM layer along the propagation
vector of the cycloid in BFO is observed, irrespective of the presence and orientation of a field during deposition. The “bulk”
BFO AFM structure is in that case the relevant parameter determining the FM properties thanks to a large effective exchange
coupling. Indeed, the AF cycloids imprint their long-range structure into a wriggle in the FM layer [46] that induces a clear
anisotropy axis. For both systems it has been shown that it is possible to locally control ferromagnetism with an electric
field using the magneto-electric effect in BFO [26,47,40]. In crystals, this is done through a rotation of the interface induced
easy axis [47,48], while in films, the net exchange bias can drive magnetization rotation [49,47,50]. Several devices have
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Fig. 6. (Color online.) BFO/Cog gFeq 1 device allowing magnetization direction control of the soft FM magnetization with an in-plane electric field. On the left
are PFM images of the BFO domain structure and (middle), the XMCD of the soft magnet feature (middle) where an in-plane electric field can be applied
(blue arrows). Image (a) is the as-grown structure while (b) and (c) are the 1st and 2nd switches. On the right is a schema illustrating the correlation of
XMCD contrast to moment direction and the direction of the total moment (orange arrow). Reprinted from Ref. [49].

Table 1
Structural properties of various Bi- and Pb-based perovskites. The strain e is Aizu’s total strain defined as /Zeizj where the e;; are the components of

the spontaneous strain tensor.

SG at RT Polarity Magnetism Strain Ref.
Polarization Tc Order Ty or T¢ etot

BiFeOs3 R3c 100 pC-cm—2 1098 K AFM 643 K 1.4% [2]
BiAlO3 R3c 10 pC-cm—2 820 K - - 1.4% [51]
BiScO3 C2/c - - - - 1.9% [51]
BiCrO3 C2/c - - AFM 109 K 1.5% [51]
BiMnO3 C2/c - - M 100 K 1.9% [51]
BiCoO3 P4mm 120 pC-cm—2 > 600 K AFM 470 K 20.2% [51]
BiGag 4Fe( 603 Cm 116 pC-cm™2 > 873 K - - 19.2% [52]
BiGag 7Mng 303 Cm 102 pC-cm—2 > 770 K - - 18.8% [52]
BiGag 4Cro.603 R3c 58 puC-cm—2 850 K - - 0.6% [52]
BiNiO3 P1 - - AFM 300 K 1.6% [51]
BilnO3 Pna2; No data > 870 K - - 4.8% [51]
Naj2Bi1/2TiO3 Cc ~ 38 pC-cm—2 590 K - - ~1% [53]
PbTiO3 P4mm ~ 60 pC-cm—2 760 K - - 5.0% [54]
PbZrOs Pbam - - - - 1.0% [55]
PbHfO3 Pbam - - - - 0.8% [56]
PbVO3 P4mm > 100 pC-cm—2 ? AFM ~ 45 K 17.5% [57]
PbMnOs P4/mmm - - ? ? 1.4% [58]

been designed and operated on these principles (see the review in Ref. [49]). It is now possible to electrically switch the
soft FM layer’s magnetization direction (Fig. 6) using in-plane or out-of-plane electric fields, thus opening the door to new
device functionalities with ultra-low energy consumption.

3. Ferroelectric phases in bismuth-based perovskites
3.1. Two families of polar structures

In this second part, we go beyond the particular case of BFO and address the question of polar phases in Bi-based
perovskites in general, motivated by the peculiar chemistry related to the 6s? lone pair of electrons of the Bi**. This
lone pair is at the origin of a hybridization (leading to directional bonding), a high electronic polarisability (“electronic
flexibility”), and polar properties, which might combine with magnetic properties if a magnetic cation, e.g. Fe3* or Mn3t,
sits on the B site of the perovskite, thus offering an avenue to multiferroicity and interesting magnetoelectric coupling
phenomena.

The synthesis of the large Bi-based perovskite family remains a relatively young field, and in many cases even the struc-
ture at ambient conditions, not to mention more comprehensive phase diagrams, remains controversial. A recent review by
A. Belik [51] provides a good overview of the state-of-the-art in this field by discussing several significant Bi-based per-
ovskites. In Table 1, we compare the room temperature structures observed for different BiBO3 perovskites. For perovskites
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Fig. 7. (Color online.) Structure of BiCoO3 at 300 K from Ref. [64].

with magnetic cations, the magnetic order and the transition temperature are reported as well. Similarly, the Curie temper-
atures and polarization values at ambient conditions are reported when relevant. Some lead-based perovskites are given as
well for comparison.

A first interesting observation is that polar phases make up at most half of the phases reported, if not a minority, so that
the presence of Bi>* on the A site is by no means a way to ensure ferroelectricity. This however does not mean that the po-
lar activity of Bi*t is suppressed locally in the non-polar phases. The comparison with lead-based perovskites is useful here:
the non-polar PbZrO3; and PbHfO3 are known to be antiferroelectrics, a state usually described as an antiparallel arrangement
of switchable electric dipoles and characterized by the typical double hysteresis loop. It is plausible that antiferroelectric
properties show up in the non-polar Bi-based perovskites as well. In some rare-earth substituted BFO, this has indeed been
claimed [59,60], but experimental evidence is too scarce to allow more than speculations.

We now focus on the polar Bi-based perovskites in Table 1. They can be discriminated in two families according to
the values of their spontaneous strain. By spontaneous strain, we consider the total strain calculated using Aizu’s formula
[61,62], taking as a reference the lattice of the ideal cubic perovskite. This enables a quantitative comparison of strains
between all structures, even with different space groups. Other strain definitions are possible—which is why absolute values
may appear contradictory in the literature—but would lead to the same conclusions.

The first family gathers polar perovskites with “modest” strains (< 2%). It contains notably BFO and the isotructural
BiAlOs. Even though BFO is frequently described as a “strongly distorted” perovskite, its total strain appears moderate in
comparison with the other members of the family. In this rhombohedral structure, the strains result from both tilts of octa-
hedra and polar cation shifts. The values are very close to conventional ferroelectrics, and they exhibit an elongation along
the polarization direction that remains quite moderate (= 1-2%). BilnOs3, for which unfortunately only very few experimen-
tal data are available, can be attached to this family as well, although its total strain reaches almost 5%, because it does not
correspond to a strong elongation along the polarization direction, but is rather fairly isotropic. In a broader sense, we can
also include in this family the disordered perovskite Naj/;Biq/2TiO3 (NBT), its solid solutions with BaTiO3 (NBT-BT) and the
vast collection of compounds derived from them in the search for high-performance, lead-free piezoelectrics. In NBT, the
polar activity of bismuth is further complicated by the chemical disorder, but can be studied by experimental techniques
sensitive to the local environment of the cations. In a neutron pair distribution function study, Keeble et al. have shown
how the off-centering of bismuth changes with temperature and how its amplitude contrasts with the very small shifts of
the non-polar active Na* on the A-site [63]. The relation with the average crystal structure is more complex and out of the
scope of this review.

The second family of polar Bi-based perovskites gathers compounds that are very strongly distorted, with a total strain
of about 20%. The distortion corresponds essentially to a very strong elongation along the polar direction. In such phases,
the B cation is very strongly shifted away from the center of the octahedron, so that it bonds with five 02~ ions instead of
six, the last ion being shifted far away in the opposite direction (Fig. 7). Such structures are characterized by a very strong
polarization, as determined from structural measurements, but also usually higher dielectric losses. BiCoO3 can probably be
regarded as the archetype of such structures, with a space group (P4mm) only determined by the polar distortion. In the
other cases, smaller distortions occur that reduce the symmetry further to Cm, but the main structural feature remains the
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same. It is interesting to mention that such “supertetragonal” phases can also be observed in BFO thin films, and have been
investigated in detail by ab-initio calculations [4,65,66].

Such strongly distorted structures have their equivalent in lead-based perovskites, the archetype being polar PbVO3
[57,67]. It is important to stress that in most cases, polarization switching could not be demonstrated on the bulk material
due to large leakage currents and difficulties in sample preparation because of the giant strain [52]. Therefore, they can be
called “polar” in the strict sense, as described, e.g., by Kittel, or equivalently “pyroelectric”, but not “ferroelectric”, the very
definition of which implies the possibility to switch the polarization direction. Another consequence is that the experimental
values given for the polarization are only derived from structural refinements and point charge models, but not from classi-
cal polarization measurements involving polarization reversal. They are therefore compounds that are pretty different from
conventional ferroelectrics, and it is not clear whether their specific properties can actually be used in functional devices in
the same way as conventional low-strain ferroelectrics. This does not apply to supertetragonal BFO thin films, which can be
switched like any ferroelectric film [65,68,69].

Last, we want to stress that although we have separated the polar phases according to their strain (or elongation), and
explained how this strain corresponds to different coordinations of the cations, it is by no means excluded that interme-
diate cases exist that do not fall easily into these categories. This is best exemplified by the experimental studies of the
BiFe03-BiCo0s3 solid solution, which exhibits a continuous transition from the weakly distorted R3c to the strongly dis-
torted P4mm via a monoclinic Cm phase, in a picture that is strongly reminiscent of the monoclinic phases bridging the
tetragonal and rhombohedral phases in PZT and similar lead-based solid solution [70]. Further studies will be needed to
elucidate how this huge strain variation of the average structure is accommodated on a local scale.

In summary, it is clear that the family of Bi-based perovskites display a particularly remarkable diversity of structures,
with space groups belonging to nearly every possible crystal systems. We find polar and non-polar phases, and both may
combine not only polar or anti-polar shifts of the Bi ion, but also octahedra tilts, sometimes shifts of the B cation, cooper-
ative Jahn-Teller distortion, etc. The mere presence of bismuth on the A-site of the perovskite is not a sufficient condition
for ferroelectricity. Rather, ferroelectricity has to compete with other structural instabilities in the perovskite—notably tilt
instabilities, which gives rise to a great variety of structures determined by delicate energy tradeoffs. In this landscape, the
“model” compound BFO appears as an exception rather than the rule.

3.2. Coexistence of ferroelectricity and Jahn-Teller distortion: BiMnOs

After BFO, the most studied Bi-based perovskite is probably BiMnOs (BMO). Following the original discussion in N.
Hill's paper, its potential multiferroic properties have been widely discussed. The arguments for justifying its ferroelectric
properties were the same as those already given for BFO, but magnetic properties are different. The Mn>* cations carry 4ug,
against 5ug for Fe3*. BMO exhibits a net ferromagnetic moment below Ty ~ 100 K. This is original (as seen in Table 1) since
magnetic exchange in most of the oxides is generally due to antiferromagnetic superexchange, as in BFO. It is known that
the superexchange depends sensitively on the B-O-B angle, which allows considering the existence of an indirect coupling
between magnetism and ferroelectricity in such compounds, through a distortive mechanism. Importantly, the Mn3* ions
with a 3d*: tgge; configuration give rise to a strong tendency for Jahn-Teller distortion (JT), while none is expected for Fe3*
with 3d° :tggeé in BFO. All this made BMO a potentially interesting and complementary multiferroic material.

Experimental studies, however, have been difficult, mainly because of its demanding synthesis conditions, namely high-
pressure synthesis or strain in thin films, and the very structure and ferroelectric character have remained elusive for a long
time. Until recently [71], BMO was considered to be a “true” multiferroic, combining at low temperature both significant
ferroelectricity and ferromagnetism. The combination of electrical polarization hysteresis loops in polycristalline samples,
together with reports of a non-centrosymmetric space group C2 have fed the idea of ferroelectricity. However, more re-
cently, this viewpoint has been challenged by the report of the non-saturation of electric polarization loops reported, the
non-reproducibility of ferroelectric hysteresis curves in bulk samples, thus questioning BMO’s ferroelectric nature. Further to
this, recent studies of BMO's crystal structure by electron and neutron diffraction of polycrystalline samples do not confirm
a C2 space group, but rather suggest a centrosymmetric space group, C2/c, which excludes ferroelectricity. More details
on the controversy and the experimental pitfalls are given in [51]. Ironically, the consensus is now that bulk BiMnOs, the
very compound that was taken as a textbook example in N. Hill'’s seminal paper on polar Bi-based perovskite and in several
reviews thereafter [72,71], is non-polar and therefore not multiferroic.

Nonetheless, the tendency for BMO to develop polar phases does find experimental evidence. In spite of theoretical pre-
dictions that did not find any tendency for ferroelectricity under epitaxial strain [73], ferroelectricity has been demonstrated
in strained thin films with polarization values of 16-23 nC-cm~2 [74-76], and in Lag.1Bip.gMnOs films [77]. Another claim
was made in [78], but the hysteresis loops presented are dominated by dielectric losses and do not prove the ferroelectric
character. The role of strain requires deeper clarification though: ferroelectric polarization seems to emerge only for very
thin pseudo-cubic films, but not for thicker films where the structure relaxes back to the monoclinic structure [76]. More
recently, a polar phase has been suggested to occur in single crystals at very high pressure between 37 and 53 GPa [79].
Hysteresis loops cannot be measured at such high pressures, instead the polar character is suggested by a combined analysis
of synchrotron XRD and Raman spectroscopy, which leaves only the polar monoclinic space groups C2 and Cm as possible
candidates. It is also strongly suggested by the huge elongation of the unit cell along one direction: it reaches 8% at 53 GPa,
which is considerably larger than the distortions seen at lower pressure, larger than the distortion reported for ferroelectric
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BMO thin film (c/a = 1.03, et = 2% from Ref. [74]), and even larger than the distortion of the archetypal PbTiO3 at ambient
conditions. It admittedly does not reach the strain values of the “supertetragonal” polar phases—that can most probably
be accounted for by the considerable compression, but the overview given in Table 1 shows nonetheless that such a high
elongation is only found for polar phases, so that this example too confirms the general idea that a strong elongation of the
unit cell is a good indication for ferroelectricity.

Theoretical approaches will be needed in order to explain the emergence of this polar phase at high pressure in BMO—
and conversely why it does not appear in BFO in a similar pressure range. But some empirical comparison can be made,
based on the compounds reported in Table 1, on the issue of coexistence between polarity and cooperative JT distor-
tion. Indeed, it is remarkable that all strongly distorted polar phases reported in Table 1 have cations on their B site for
which JT distortion is expected to be non-existent (Fe3*, Cr3*, AP**, Ga®t) or weak (Co®*). Besides, the cooperative long-
range JT distortion is strongly reduced under hydrostatic pressure. Another interesting observation is that the solid solution
BiMn;_xGayx03 also shows the Cm polar phase, but only for x > 0.66, a composition for which the long-range cooperative JT
distortion can be expected to be completely suppressed by analogy with the LaMn;_xGayO3 system [80]. Those facts sug-
gest that a strong reduction, if not total suppression, of the cooperative JT distortion, either by hydrostatic pressure of cation
substitution, is an important condition for the emergence of this polar phase. This could also be obtained by a combina-
tion of pressure and chemical substitution, and such a polar phase should be therefore stable in the x-P phase diagram of
BiMn;_xGaxO3 in a much broader region than previously expected. This factor might as well play a role in the stabilization
of a ferroelectric phase by epitaxial strain in thin films, but the absence of detailed structural data on thin films does not
allow verifying such a conclusion.

In any case, it is clear that BMO, even non-multiferroic in its bulk form, is a fascinating playground for a detailed
understanding of the delicate energy competition that govern the structure and properties of Bi-based perovskites. It has a
potential to unravel the fundamental solid-state chemistry issues to be mastered if Bi-based multiferroics have to find their
way towards practical devices.

References

[1] D. Khomskii, Physics 2 (2009) 20.
[2] G. Catalan, J.F. Scott, Adv. Mater. 21 (2009) 2463-2485.
[3] D. Lebeugle, D. Colson, A. Forget, M. Viret, P. Bonville, ].F. Marucco, S. Fusil, Phys. Rev. B 76 (2007) 024116.
[4] O. Diéguez, O.E. Gonzilez-Vazquez, J.C. Wojdet, . [fiiguez, Phys. Rev. B 83 (2011) 094105.
[5] J. Kreisel, P. Jadhav, O. Chaix-Pluchery, M. Varela, N. Dix, S. Sdnchez, J. Fontcuberta, ]. Phys. Condens. Matter 23 (2011) 342202.
[6] W. Siemons, M.D. Biegalski, J.H. Nam, H.M. Christen, Appl. Phys. Express 4 (2011) 095801.
[7] LC. Infante, ]. Juraszek, S. Fusil, B. Dupé, P. Gemeiner, O. Diéguez, E. Pailloux, S. Jouen, E. Jacquet, G. Geneste, ]. Pacaud, ]. ffiiguez, L. Bellaiche, A.
Barthélémy, B. Dkhil, M. Bibes, Phys. Rev. Lett. 107 (2011) 237601.
[8] D. Sando, A. Barthélémy, M. Bibes, J. Phys. Condens. Matter 26 (2014) 473201.
[9] M. Guennou, P. Bouvier, G.S. Chen, B. Dkhil, R. Haumont, G. Garbarino, J. Kreisel, Phys. Rev. B 84 (2011) 174107.
[10] LA. Kornev, S. Lisenkov, R. Haumont, B. Dkhil, L. Bellaiche, Phys. Rev. Lett. 99 (2007) 227602.
[11] D.C. Arnold, K.S. Knight, ED. Morrison, P. Lightfoot, Phys. Rev. Lett. 102 (2009) 027602.
[12] D.C. Arnold, K.S. Knight, G. Catalan, S.A.T. Redfern, J.F. Scott, P. Lightfoot, F.D. Morrison, Adv. Funct. Mater. 20 (2010) 2116-2123.
[13] T. Ishidate, S. Abe, H. Takahashi, N. Mori, Phys. Rev. Lett. 78 (1997) 2397.
[14] P-E. Janolin, P. Bouvier, ]. Kreisel, P.A. Thomas, LA. Kornev, L. Bellaiche, W. Crichton, M. Hanfland, B. Dkhil, Phys. Rev. Lett. 101 (2008) 237601.
[15] M. Guennou, P. Bouvier, J. Kreisel, D. Machon, Phys. Rev. B 81 (2010) 054115.
[16] M. Guennou, P. Bouvier, B. Krikler, J. Kreisel, R. Haumont, G. Garbarino, Phys. Rev. B 82 (2010) 134101.
[17] M. Guennou, P. Bouvier, R. Haumont, G. Garbarino, ]J. Kreisel, Phase Transit. 84 (2011) 474-482.
[18] S. Prosandeev, D. Wang, W. Ren, J. Iiliguez, L. Bellaiche, Adv. Funct. Mater. 23 (2013) 234-240.
[19] A. Gavriliuk, V. Struzhkin, I. Lyubutin, M. Hu, H. Mao, JETP Lett. 82 (2005) 224-227.
[20] A.G. Gavriliuk, V.V. Struzhkin, LS. Lyubutin, L.A. Troyan, JETP Lett. 86 (2007) 197-201.
[21] G.K. Rozenberg, M.P. Pasternak, W.M. Xu, L.S. Dubrovinsky, S. Carlson, R.D. Taylor, Europhys. Lett. 71 (2005) 228.
[22] 1. Sosnowska, T.P. Neumaier, E. Steichele, J. Phys. C, Solid State Phys. 15 (1982) 4835.
[23] R. Przeniosto, M. Regulski, I. Sosnowska, J. Phys. Soc. Jpn. 75 (2006) 084718.
[24] D. Lebeugle, D. Colson, A. Forget, M. Viret, A.M. Bataille, A. Gukasov, Phys. Rev. Lett. 100 (2008) 227602.
[25] A.K. Agyei, J.L. Birman, J. Phys. Condens. Matter 2 (1990) 3007.
[26] V. Laukhin, V. Skumryev, X. Marti, D. Hrabovsky, F. Sanchez, M.V. Garcia-Cuenca, C. Ferrater, M. Varela, U. Liiders, ].F. Bobo, ]. Fontcuberta, Phys. Rev.
Lett. 97 (2006) 227201.
[27] L.C. Sampaio, A. Mougin, ]J. Ferré, P. Georges, A. Brun, H. Bernas, S. Poppe, T. Mewes, J. Fassbender, B. Hillebrands, Europhys. Lett. 63 (2003) 819.
[28] H. Béa, M. Gajek, M. Bibes, A. Barthélémy, J. Phys. Condens. Matter 20 (2008) 434221.
[29] D. Sando, A. Agbelele, D. Rahmedov, ]. Liu, P. Rovillain, C. Toulouse, I.C. Infante, A.P. Pyatakov, S. Fusil, E. Jacquet, C. Carrétéro, C. Deranlot, S. Lisenkov, D.
Wang, J.-M. Le Breton, M. Cazayous, A. Sacuto, ]J. Juraszek, A.K. Zvezdin, L. Bellaiche, B. Dkhil, A. Barthélémy, M. Bibes, Nat. Mater. 12 (2013) 641-646.
[30] H. Béa, M. Bibes, S. Petit, J. Kreisel, A. Barthélémy, Philos. Mag. Lett. 87 (2007) 165-174.
[31] T. Zhao, A. Scholl, F. Zavaliche, K. Lee, M. Barry, A. Doran, M.P. Cruz, Y.H. Chu, C. Ederer, N.A. Spaldin, R.R. Das, D.M. Kim, S.H. Baek, C.B. Eom, R. Ramesh,
Nat. Mater. 5 (2006) 823-829.
[32] W.H. Meiklejohn, C.P. Bean, Phys. Rev. 102 (1956) 1413-1414.
[33] W.H. Meiklejohn, C.P. Bean, Phys. Rev. 105 (1957) 904-913.
[34] A. Berkowitz, K. Takano, J. Magn. Magn. Mater. 200 (1999) 552-570.
[35] J. Nogués, LK. Schuller, J. Magn. Magn. Mater. 192 (1999) 203-232.
[36] R.L. Stamps, J. Phys. D, Appl. Phys. 33 (2000) R247.
[37] LW. Martin, Y.-H. Chu, M.B. Holcomb, M. Huijben, P. Yu, S.-J. Han, D. Lee, S.X. Wang, R. Ramesh, Nano Lett. 8 (2008) 2050-2055.
[38] H. Béa, M. Bibes, F. Ott, B. Dupé, X.-H. Zhu, S. Petit, S. Fusil, C. Deranlot, K. Bouzehouane, A. Barthélémy, Phys. Rev. Lett. 100 (2008) 017204.
[39] J. Dho, M.G. Blamire, J. Appl. Phys. 106 (2009) 073914.


http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4B686F6D736B696932303039s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib436174616C616E32303039s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4C65626575676C6532303037s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4469656775657A32303131s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4B72656973656C32303131s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib5369656D6F6E7332303131s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib496E66616E74653230313161s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib496E66616E74653230313161s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib53616E646F32303134s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4775656E6E6F753230313161s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4B6F726E65763230303761s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib41726E6F6C6432303039s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib41726E6F6C6432303130s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib497368696461746531393937s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4A616E6F6C696E32303038s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4775656E6E6F7532303130s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4775656E6E6F753230313061s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4775656E6E6F7532303131s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib50726F73616E6465657632303133s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib47617672696C69756B32303035s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib47617672696C69756B32303037s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib526F7A656E6265726732303035s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib536F736E6F77736B6131393832s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib50727A656E696F736C6F32303036s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4C65626575676C6532303038s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib416779656931393930s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4C61756B68696E32303036s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4C61756B68696E32303036s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib53616D7061696F32303033s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib42656132303038s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib53616E646F32303133s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib53616E646F32303133s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib42656132303037s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib5A68616F3230303661s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib5A68616F3230303661s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4D65696B6C656A6F686E31393536s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4D65696B6C656A6F686E31393537s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4265726B6F7769747A31393939s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4E6F6775657331393939s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib5374616D707332303030s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4D617274696E32303038s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4265613230303861s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib44686F32303039s1

192 M. Guennou et al. / C. R. Physique 16 (2015) 182-192

[40] D. Lebeugle, A. Mougin, M. Viret, D. Colson, L. Ranno, Phys. Rev. Lett. 103 (2009) 257601.

[41] WJ. Antel, F. Perjeru, G.R. Harp, Phys. Rev. Lett. 83 (1999) 1439-1442.

[42] H. Ohldag, TJ. Regan, ]J. Stohr, A. Scholl, F. Nolting, J. Liining, C. Stamm, S. Anders, R.L. White, Phys. Rev. Lett. 87 (2001) 247201.

[43] T.P.A. Hase, B.D. Fulthorpe, S.B. Wilkins, B.K. Tanner, C.H. Marrows, B.J. Hickey, Appl. Phys. Lett. 79 (2001) 985-987.

[44] U. Nowak, A. Misra, K. Usadel, ]. Magn. Magn. Mater. 240 (2002) 243-247.

[45] D. Lebeugle, A. Mougin, M. Viret, D. Colson, ]. Allibe, H. Béa, E. Jacquet, C. Deranlot, M. Bibes, A. Barthélémy, Phys. Rev. B 81 (2010) 134411.

[46] M.Elzo, http://dx.doi.org/10.1103/PhysRevB.91.014402, 2014.

[47] Y.-H. Chu, LW. Martin, M.B. Holcomb, M. Gajek, S.-]. Han, Q. He, N. Balke, C.-H. Yang, D. Lee, W. Hu, Q. Zhan, P.-L. Yang, A. Fraile-Rodriguez, A. Scholl,
S.X. Wang, R. Ramesh, Nat. Mater. 7 (2008) 478-482.

[48] Y.-H. Chu, LW. Martin, M.B. Holcomb, M. Gajek, S.-J. Han, Q. He, N. Balke, C.-H. Yang, D. Lee, W. Hu, Q. Zhan, P.-L. Yang, A. Fraile-Rodriguez, A. Scholl,
S.X. Wang, R. Ramesh, Nat. Mater. 7 (2008) 678.

[49] ].T. Heron, D.G. Schlom, R. Ramesh, Appl. Phys. Rev. 1 (2014) 021303.

[50] ]J.T. Heron, M. Trassin, K. Ashraf, M. Gajek, Q. He, S.Y. Yang, D.E. Nikonov, Y.-H. Chu, S. Salahuddin, R. Ramesh, Phys. Rev. Lett. 107 (2011) 217202.

[51] A.A. Belik, J. Solid State Chem. 195 (2012) 32-40.

[52] A.A. Belik, D.A. Rusakov, T. Furubayashi, E. Takayama-Muromachi, Chem. Mater. 24 (2012) 3056-3064.

[53] J. Rodel, W. Jo, K.T.P. Seifert, E.-M. Anton, T. Granzow, D. Damjanovic, J. Am. Ceram. Soc. 92 (2009) 1153-1177.

[54] M.E. Lines, A.M. Glass, Principles and Applications of Ferroelectrics and Related Materials, Clarendon Press, Oxford, UK, 1977.

[55] S. Teslic, T. Egami, Acta Crystallogr. B 54 (1998) 750-765.

[56] D.L. Corker, A.M. Glazer, W. Kaminsky, R.W. Whatmore, ]. Dec, K. Roleder, Acta Crystallogr. B 54 (1998) 18-28.

[57] K. Oka, I. Yamada, M. Azuma, S. Takeshita, K.H. Satoh, A. Koda, R. Kadono, M. Takano, Y. Shimakawa, Inorg. Chem. 47 (2008) 7355-7359.

[58] K. Oka, M. Azuma, S. Hirai, A.A. Belik, H. Kojitani, M. Akaogi, M. Takano, Y. Shimakawa, Inorg. Chem. 48 (2009) 2285-2288.

[59] C.-]. Cheng, D. Kan, S.-H. Lim, W.R. McKenzie, PR. Munroe, L.G. Salamanca-Riba, R.L. Withers, I. Takeuchi, V. Nagarajan, Phys. Rev. B 80 (2009) 014109.

[60] L Levin, M.G. Tucker, H. Wu, V. Provenzano, C.L. Dennis, S. Karimi, T. Comyn, T. Stevenson, R.I. Smith, LM. Reaney, Chem. Mater. 23 (2011) 2166-2175.

[61] K. Aizu, ]. Phys. Soc. Jpn. 28 (1970) 706-716.

[62] E.K.H. Salje, Phase Transitions in Ferroelastic and Co-elastic Crystals, Cambridge University Press, Cambridge, UK, 1993.

[63] D.S. Keeble, E.R. Barney, D.A. Keen, M.G. Tucker, ]. Kreisel, P.A. Thomas, Adv. Funct. Mater. 23 (2013) 185-190.

[64] A.A. Belik, S. likubo, K. Kodama, N. Igawa, S.-i. Shamoto, S. Niitaka, M. Azuma, Y. Shimakawa, M. Takano, F. Izumi, E. Takayama-Muromachi, Chem.
Mater. 18 (2006) 798-803.

[65] H. Béa, B. Dupé, S. Fusil, R. Mattana, E. Jacquet, B. Warot-Fonrose, F. Wilhelm, A. Rogalev, S. Petit, V. Cros, A. Anane, F. Petroff, K. Bouzehouane, G.
Geneste, B. Dkhil, S. Lisenkov, I. Ponomareva, L. Bellaiche, M. Bibes, A. Barthélémy, Phys. Rev. Lett. 102 (2009) 217603.

[66] RJ. Zeches, M.D. Rossell, ].X. Zhang, AJ. Hatt, Q. He, C.-H. Yang, A. Kumar, C.H. Wang, A. Melville, C. Adamo, G. Sheng, Y.-H. Chu, J.F. Ihlefeld, R. Erni, C.
Ederer, V. Gopalan, L.Q. Chen, D.G. Schlom, N.A. Spaldin, L.W. Martin, R. Ramesh, Science 326 (2009) 977-980.

[67] A.A. Belik, M. Azuma, T. Saito, Y. Shimakawa, M. Takano, Chem. Mater. 17 (2005) 269-273.

[68] H. Yamada, V. Garcia, S. Fusil, S. Boyn, M. Marinova, A. Gloter, S. Xavier, ]. Grollier, E. Jacquet, C. Carrétéro, C. Deranlot, M. Bibes, A. Barthélémy, ACS
Nano 7 (2013) 5385-5390.

[69] J.X. Zhang, Q. He, M. Trassin, W. Luo, D. Yi, M.D. Rossell, P. Yu, L. You, C.H. Wang, C.Y. Kuo, ].T. Heron, Z. Hu, RJ. Zeches, HJ. Lin, A. Tanaka, C.T. Chen,
L.H. Tjeng, Y.-H. Chu, R. Ramesh, Phys. Rev. Lett. 107 (2011) 147602.

[70] K. Oka, T. Koyama, T. Ozaaki, S. Mori, Y. Shimakawa, M. Azuma, Angew. Chem., Int. Ed. Engl. 51 (2012) 7977-7980.

[71] K. Wang, J.-M. Liu, Z. Ren, Adv. Phys. 58 (2009) 321-448.

[72] D. Khomskii, . Magn. Magn. Mater. 306 (2006) 1-8.

[73] AJ. Hatt, N.A. Spaldin, Eur. Phys. ]. B 71 (2009) 435-437.

[74] J.Y. Son, Y.-H. Shin, Appl. Phys. Lett. 93 (2008) 062902.

[75] H. Jeen, G. Singh-Bhalla, P.R. Mickel, K. Voigt, C. Morien, S. Tongay, A.F. Hebard, A. Biswas, ]. Appl. Phys. 109 (2011) 074104.

[76] G.M. De Luca, D. Preziosi, F. Chiarella, R. Di Capua, S. Gariglio, S. Lettieri, M. Salluzzo, Appl. Phys. Lett. 103 (2013) 062902.

[77] M. Gajek, M. Bibes, S. Fusil, K. Bouzehouane, J. Fontcuberta, A. Barthélémy, A. Fert, Nat. Mater. 6 (2007) 296-302.

[78] M.-H. Jung, L. Yang, Y. Jeong, ]. Korean Phys. Soc. 63 (2013) 624-626.

[79] M. Guennou, P. Bouvier, P. Toulemonde, C. Darie, C. Goujon, P. Bordet, M. Hanfland, ]. Kreisel, Phys. Rev. Lett. 112 (2014) 075501.

[80] J. Blasco, ]. Garcia, J. Campo, M.C. Sanchez, G. Subias, Phys. Rev. B 66 (2002) 174431.


http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4C65626575676C6532303039s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib416E74656C31393939s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4F686C64616732303031s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4861736532303031s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4E6F77616B32303032s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4C65626575676C6532303130s1
http://dx.doi.org/10.1103/PhysRevB.91.014402
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib43687532303038s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib43687532303038s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4368753230303861s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4368753230303861s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4865726F6E32303134s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4865726F6E32303131s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib42656C696B32303132s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib42656C696B3230313261s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib526F6564656C32303039s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4C696E657331393737s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib5465736C696331393938s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib436F726B657231393938s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4F6B6132303038s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4F6B6132303039s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4368656E6732303039s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4C6576696E32303131s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib41697A7531393730s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib53616C6A6531393933s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4B6565626C6532303133s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib42656C696B32303036s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib42656C696B32303036s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib42656132303039s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib42656132303039s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib5A656368657332303039s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib5A656368657332303039s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib42656C696B3230303561s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib59616D61646132303133s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib59616D61646132303133s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib5A68616E673230313161s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib5A68616E673230313161s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4F6B6132303132s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib57616E6732303039s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4B686F6D736B696932303036s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4861747432303039s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib536F6E32303038s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4A65656E32303131s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib44654C75636132303133s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib47616A656B32303037s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4A756E6732303133s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib4775656E6E6F7532303134s1
http://refhub.elsevier.com/S1631-0705(15)00009-2/bib426C6173636F32303032s1

	Bismuth-based perovskites as multiferroics
	1 Introduction
	2 BiFeO3 updated
	2.1 Structural and ferroelectric properties
	2.2 Magnetic properties and magneto-electric coupling
	2.2.1 Magnetic structure
	2.2.2 Magneto-electric coupling
	2.2.2.1 Direct coupling of polarization and magnetic orders
	2.2.2.2 Indirect effects based on interface exchange coupling



	3 Ferroelectric phases in bismuth-based perovskites
	3.1 Two families of polar structures
	3.2 Coexistence of ferroelectricity and Jahn-Teller distortion: BiMnO3

	References


