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The field of multiferroics has experienced a rapid progress resulting in the discovery of 
many new physical phenomena. BiFeO3 (BFO) compound, which is one of the few room-
temperature single-phase multiferroics, has contributed subsequently to this progress. As a 
result, significant review articles have been devoted specifically to this famous system. This 
chapter is dedicated to the strain effects on the structure stability and property changes of 
BFO thin films. It is a short and non-exhaustive topical overview that may be seen as an 
invitation for interested readers to go beyond. There is a very active and prolific research 
in this field and we apologize to the authors whose relevant work is not cited here. After a 
short introduction, we will thus review the effect of strain on BFO films by describing the 
consequences on the structure and the phase transitions as well as on polar, magnetic and 
magnetoelectric properties.

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

r é s u m é

Le domaine des matériaux multiferroïques a connu un progrès rapide qui a permis la 
découverte de nombreux phénomènes physiques nouveaux. Le composé BiFeO3 (BFO), 
qui est l’un des rares multiferroïques intrinsèques à température ambiante, a contribué 
à ce progrès de manière conséquente. Ainsi, des articles de revue ont déjà été consacrés 
spécifiquement à ce système moèle. Ici, cet article traite des effets de la déformation sur 
la stabilité structurale et sur les changements de propriétés dans le cas de films minces 
de BFO. Il s’agit d’un descriptif court et non exhaustif du sujet, qui peut se concevoir 
comme une invitation auprès des lecteurs intéressés à aller au delà. Du fait de la recherche 
très active et productive dans ce domaine, nous présentons par avance nos excuses aux 
auteurs dont les travaux ne sont pas cités ici. Après une courte introduction, nous allons 
ainsi passer en revue l’effet de la déformation sur les films de BFO, en décrivant les 
conséquences de cette dernière sur la structure et les transitions de phase ainsi que sur 
les propriétés polaires, magnétiques et magnétoélectriques.

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

Multiferroics, also known as ferroelectromagnets, are materials possessing simultaneously two or more primary ferroic-
like properties, such as electric polarization, elasticity, magnetization and/or toroidicity, within the same phase [1–5]. The 
richness of multiferroics arises from the cross-coupling between the present ferroic orders as they enhance the number 
of properties and thus functionalities within the same system. Focusing on magnetic and ferroelectric orders, it is thus in 
principle possible in these materials to control magnetization using an electric field and conversely electric polarization 
with a magnetic field through magnetoelectric coupling. This particular topic has raised increasing interest in recent years 
[6–10], the research community enthusiasm being explained by the need for revealing the microscopic mechanisms behind 
the polarization–magnetization coupling as well as for practical application purposes. Such effect can be very attractive 
for instance for designing novel multifunctional devices within spintronics by limiting the detrimental and inherent Joule 
heating associated with the use of magnetic field in contrast with electric field [11,12].

Among multiferroics, BiFeO3 (BFO) is the most widely considered compound because both polarization and magnetic 
orders coexist at room temperature [13,14]. Indeed, below the Curie temperature TC ∼ 1100 K [15,16], bulk BFO becomes 
ferroelectric, exhibiting a polarization value of ∼100 ◦C/cm2 along the 〈111〉C cubic-like directions [17]. The structure is 
described by the rhombohedral R3c space group [18,19], which allows antiphase octahedral tilts and ionic displacements 
from the centrosymmetric positions about and along the same polar [111]C direction. Bulk BFO exhibits also a G-type 
antiferromagnetic order below the Néel temperature TN ∼ 640 K [20,21], where the Fe magnetic moments are coupled 
ferromagnetically within the pseudocubic {111}C planes and antiferromagnetically between first neighbors. An additional 
long-range spin cycloid modulation is superimposed on this antiferromagnetic order, resulting in a rotation of the spin 
axis through the crystal with a long period λ ∼ 62 nm [22,23]. Because of the presence of this cycloid, magnetoelectric 
coupling arises from a quadratic term and remains weak [24,25]. When the cycloid is destroyed using a 20-T magnetic field, 
a small canting of the spin moments through the oxygen octahedra tilts gives rise to a weak magnetization, and a linear 
magnetoelectric coupling appears [26].

Interestingly, all these structural, polar and magnetic features are strain sensitive and thus BFO appears as a fantastic 
playground for strain engineering, where the strain can be exerted in a controlled manner in thin films through the dif-
ferences in lattice parameters and thermal-expansion behaviors between the film and the underlying substrate. This strain 
engineering is now considered as a powerful means of tuning functionalities [27–29] and its emergence is explained by 
i) the maturity of epitaxial growth techniques with atomic control, in particular Pulsed Laser Deposition and Molecular 
Beam Epitaxy, ii) the easy availability of various high-quality substrates allowing a wide range of imposed misfit strain, 
iii) the high accuracy in predicting properties in films using state-of-the-art modeling tools, and iv) the desire to go towards 
ultrathin films and heterostructures with controlled properties in devices. A lot of progress has been made, especially in 
the case of the BFO system. Let us just mention here some of the difficulties the researchers have had to overcome when 
considering BFO films. Firstly, during BFO films growth, the high volatility of Bi should be considered to prevent any para-
sitic phase to appear. Secondly, the large number of degrees of freedom coexisting in BFO (polar mode, oxygen octahedra 
tilts, magnetic moment, effect of strain...) can easily make calculations a real nightmare. Furthermore, the weak structural 
distortions and the “heavy” and “light” atoms constituting BFO require an accurate and combined use of complementary 
techniques as synchrotron X-ray and neutron radiation facilities. Magnetic measurements are very challenging as any weak 
amount of impurities within the film and/or the substrate depicting paramagnetic or ferromagnetic signals can mask the 
response of the BFO film itself. Finally, in the case of dielectric and ferroelectric properties, the leakage is the main obstacle 
and requires particular attention. Despite all these difficulties, the efforts and ingenuity of researchers have succeeded to 
reveal some of the hidden and unexpected features of this multiferroic model system that we are going to present in the 
following.

2. Structure and phase transitions

The perovskite structure of BFO is rather singular, as both strong polar displacements (polarization of ∼100 μC/cm2) and 
oxygen octahedra tilts (rhombohedral tilt angle of ∼13◦) coexist. These two degrees of freedom offer a plethora of possible 
symmetries for BFO (see Fig. 1) and also generate unexpected behaviors, as we shall see later on. Before describing the 
effect of epitaxial misfit strains on BFO films, let us first recall the complex situation in bulk BFO and the structures it 
can adopt. At ∼1100 K, bulk BFO undergoes a first-order phase transition from its R3c ferroelectric phase towards a high-
temperature paraelectric phase that was experimentally ascribed as cubic Pm3m [30], orthorhombic-to-cubic Pm3m [31], 
rhombohedral R3c [32], monoclinic P 21/m [33], or orthorhombic Pbnm [34] from different bulk forms and techniques 
(Raman spectroscopy, laboratory X-ray, synchrotron and/or neutron diffraction on single crystals, powders, and ceramics). 
Besides, results from first-principles calculations suggested a high-temperature transition towards indistinguishable rhom-
bohedral R3c and cubic Pm3m phases [35] or to a phase depicting tetragonal I4/mcm [36] or orthorhombic Pnma [37]
(Pnma and Pbnm are equivalent and just differ by their settings) space group. Today there is rather a consensus for claim-
ing that this high-temperature phase should be orthorhombic. Nevertheless, the situation could be much more complicated 
than believed, as other exotic phases that are difficult to evidence experimentally despite some signatures have also been 
proposed. For all the above-mentioned space groups, except the cubic and rhombohedral ones, the phase transition is ac-
companied by both a loss of the center of symmetry and a change in the oxygen octahedra tilt system. As a matter of fact, 
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Fig. 1. (Color online.) Symmetry-strain dependence for epitaxial BFO thin films (from [14]).

the oxygen octahedra tilts existing within the rhombohedral phase may be seen as the primary order parameters driving 
this high temperature phase transition, thus BFO can be considered as a rather unusual improper ferroelectric [38]. Above 
∼1200 K, another isosymmetric orthorhombic-to-orthorhombic phase transition has been proposed to be accompanied by 
an insulator-to-metal transition [39]; the latter was previously observed at room temperature under high hydrostatic pres-
sure above ∼50 GPa [40]. Indeed, BFO is very sensitive to the application of an external pressure. Overall, above ∼10 GPa, 
the pressure stabilizes a Pnma orthorhombic phase at room temperature. Below this critical pressure of ∼10 GPa, several 
phases (orthorhombic and monoclinic) have been theoretically [41–43] and experimentally [44–48] reported to be stable, 
showing the pressure instabilities of the bulk BFO structure and presaging structural changes in BFO films, as typically the 
stress felt within the plane of growth within these epitaxial films can be of the order of several GPa.

Epitaxy refers to the continuation of a single crystalline thin layer (film) on top of a thick single crystal (substrate), with 
the particularity that ideally the in-plane lattice parameters of the film should coincide with those of the substrate [49]. 
When BFO film is deposited onto a substrate of another crystal formula, i.e. in case of a heteroepitaxial growth, there is 
a mismatch of the corresponding lattice parameters inducing a misfit strain on the film, which is technically forced to 
grow clamped onto the substrate surface. The strain energy usually accumulates rapidly when the film thickness increases 
until a critical thickness (of few tens of nanometers) where the strain energy is relaxed through formation of misfit edge 
dislocations, elastic domains, twins, etc. Depending on the conditions of growth and obviously on the strength of the misfit 
strain, the BFO films may be obtained fully strained. This latter situation typically corresponds to thicknesses smaller than 
30–70 nm when grown along the [001]C cubic-like direction for a wide range of misfit strains. This critical thickness is 
unusually large and can be explained by the rather “flexibility” of BFO structure where both strong cationic shifts and 
oxygen octahedra tilts can absorb the epitaxial stress. The misfit strain is then strong enough to deviate the BFO structure 
from its bulk rhombohedral symmetry and even to induce novel highly distorted phases. For thicker BFO films, the structure 
starts to relax and tends towards the bulk-like rhombohedral symmetry.

Most of the available substrates allow the growth of BFO films along the [001]C cubic-like direction, typically on cubic 
(001)C or on the pseudocubic surface of crystals that are similar to SrTiO3 (STO), like weakly rhombohedral ones such as 
LaAlO3 (LAO) or orthorhombic ones as DyScO3 (DSO) by taking the equivalence between (110)-orthorhombic and (001)-cubic 
planes. The possibility to explore a wide range of misfit strains from compressive (negative) to tensile (positive) on different 
materials [28,29] has been facilitated by the commercial availability of aluminate and scandate substrates like YAlO3 (YAO), 
LAO, (LaAlO3)0.3–(Sr2AlTaO6)0.7 (LSAT), DSO, GdScO3 (GSO), SmScO3 (SSO), NdScO3 (NSO) or PrScO3 (PSO) respectively im-
posing a misfit strain to BFO of ∼ −6.5%, −4.5%, −2.6%, −0.5%, −0.1%, +0.2%, +0.9%, +1.2%. Note that active piezoelectric 
substrates like Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN–PT) can be also used to tune the misfit strain in a more continuous way 
through the inverse piezoelectric effect by using an applied voltage on the substrate [50]. Bottom electrodes like SrRuO3
(SRO), La2/3Sr1/3MnO3 (LSMO) or LaNiO3 (LNO) inserted in between the film and the substrate can allow electrical measure-
ments while not strongly affecting the misfit strains and thus strain-related properties when growth is properly adapted to 
deposit BFO/electrode heterostructures. It is worth mentioning that, in the following, we will consider the film as a homoge-
neous object neglecting any additional effect due to the presence of strain gradients (or flexoelectricity), defects (impurities, 
dislocations, oxygen vacancies...), interfaces or roughness that should be taken into account for better describing the behav-
ior of the film properties.

At room temperature and typically under moderate strain (see Fig. 1), say between −3% and +2%, BFO adopts a 
monoclinic phase of space group Cc [51–54] which is the expected phase when the bulk R3c phase is clamped on a 
(001)C substrate [55–57], usually referred to as the R-phase. The Cc phase conserves the anti-phase oxygen octahedra 
rotation with a tilt system (a–a–c–) in Glazer’s notation [58], while it is (a–a–a–) for the R3c space group. Pushing 
further the strain and towards larger values implies the removal of the oxygen octahedra tilts, thus the monoclinic Cc
phase transforms into a Cm one while keeping the main feature of the monoclinic structures [56,59,60]. In detail, the 
symmetry of {011}C planes of these monoclinic phases allows the polarization vector to lie anywhere within one of 
these monoclinic planes and thus to rotate from the [111]C direction in the bulk rhombohedral unit cell either towards 
the [001]C direction by compression (tetragonal deformation, main polarization projection perpendicular to the film sur-
face), which is usually referred to as MA-type in that case, or towards the [011]C direction by tension (orthorhombic 
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deformation, main polarization projection lying within the film surface), which is typically referred to as MB-type in 
that case [51,52,61,62]. This nomenclature was borrowed from the field of ferroelectrics and especially from the mor-
photropic phase boundary (MPB) in piezoelectric solid solutions [63,64]. These different monoclinic phases are also stable 
when BFO films are deposited following other growth directions [65,66], where the imposed anisotropic strain planes 
can facilitate stabilizing even triclinic phases [66]. Actually, such monoclinic Cc phase is also the one that bridges nat-
urally the tetragonal and orthorhombic phases in most of the ferroelectrics in their temperature-misfit phase diagram, 
as the polarization vector can adjust itself easily to the substrate clamping. In this monoclinic phase of BFO, the c/a
axial ratio that corresponds to the out-of-plane to in-plane lattice parameters ratio varies continuously with the misfit 
strain [67,68]. It increases roughly linearly under compressive strain until a critical misfit strain value of ∼4.5%, cor-
responding typically to BFO films deposited onto a LAO substrate where a consequent jump of the c/a ratio arises 
reaching unexpectedly high values of the order of 1.23 [67,69] (for comparison, the classical most distorted tetrago-
nal PbTiO3 ferroelectric has a c/a of ∼1.06 at room temperature). This jump marks the occurrence of a new phase 
having a strong tetragonality (high c/a ratio) that has been referred to as the T-phase or called the super-tetragonal 
phase.

The transition from R- to T-phase was first thought to be an isosymmetric Cc–Cc transition [55,57,70]. However, it was 
shown actually that the oxygen octahedra tilts disappear [56,60,71]. As a consequence, the only remaining structural way 
for the structure to relax is through an out-of-plane shift and thus a sudden enhancement of the c/a ratio is observed [56,
67–69]. Therefore, alternatively, non-tilted space groups having close values in the energy landscape have been proposed, 
like the monoclinic Cm and Pm space groups as well as the pure P 4mm tetragonal phase. The Pm symmetry is also referred 
to as MC-phase in analogy with the MPB systems as it bridges the [001]-tetragonal phase and the [110]-orthorhombic phase 
through a {100}-cubic like plane. Note that a continuous cross from the {011}C planes of the MA and MB monoclinic phases 
to the {100}C plane of the MC one requires triclinic phases that have also been reported in BFO films [72]. A pure tetragonal 
T-phase can be obtained for films with typical thickness of 10 nm and high enough misfit strain, for example using a YAO 
substrate [73]. This feature can be ascertained using piezoforce microscopy (PFM) measurements that demonstrate no lateral 
component of the polarization in contrast to Pm or Cm phases. Note that high misfit strain is not a necessary condition to 
get the T-phase and a buffer layer like β-Bi2O3 can be used to stabilize the super-tetragonal phase on a STO substrate [74]
having a misfit strain of only ∼ −1.4%. Interestingly by playing on the growth conditions, the film thickness and the nature 
of the substrate, it is possible to obtain a coexistence of both R-phase and T-phase; such coexistence is investigated for 
getting enhanced electromechanical properties as in MPB systems. For instance, growing BFO on LAO and increasing the 
film thickness to release the strain favors such phase mixture [75]. It is worth recalling that R-like and T-like structures 
have very different c/a ratio and thus, to coexist, both structures should accommodate through misalignment with respect 
to the [001] perpendicular to the film direction and/or in-between phases with lower symmetry (triclinic phase) that can 
reduce the stored elastic energy.

The richness of the structures, the phase coexistence and associated functional properties are widely explored in the 
compressive misfit strain side of BFO films. In contrast, the tensile side is only poorly regarded, mainly because of the 
lack of appropriated substrates. An orthorhombic phase with an mm2 symmetry group has been revealed in 15-nm-thick 
BFO deposited onto NSO substrate, making the polarization vector lying in a 〈011〉 direction within the film plane [76]. An 
attempt to deposit BFO onto MgO has shown that BFO structure is rotated by 45◦ with respect to the substrate [77] to relax 
the huge nominal misfit strain (∼ +6.6%). The structure is consistent with tilts of oxygen octahedra doubling the unit cell, 
and an orthorhombic with at maximum an Fm2m space group has been proposed. First-principles calculations have shown 
that indeed an orthorhombic phase is predicted under tensile strain. While an orthorhombic phase with an Ima2 space 
group was firstly predicted to occur at 0 K above ∼ +8% misfit strain [78], another orthorhombic phase of lower energy 
with Pmc21 space group [79] has been suggested to emerge already above ∼ +5%. In both previous space groups, peculiar 
cation displacements combining in-phase and anti-phase polar shifts have been found, revealing unexpected features in BFO, 
including antiferroelectric-like behavior or charge ordering.

One may wonder now whether the various phase transitions of BFO are changed by the misfit strain as this latter 
strongly affects the structure. Temperature-driven phase transitions have been explored in both R-like and T-like phases. In 
the R-phase of fully strained or partially relaxed BFO films, the most remarkable finding concerns the unexpected decrease 
of the temperature TC of the ferroelectric phase transition [68] when the strength of the misfit strain is increased (see 
Fig. 2). In classical ferroelectrics like the textbook examples BaTiO3 and PbTiO3, TC increases with epitaxial strain. The 
experimentally observed decrease of TC in BFO R-like films is understood by the interplay between polar shifts and oxygen 
octahedra tilts revealed by first-principles-based calculations [68]. Indeed, somehow the epitaxial stress is also absorbed by 
the octahedral tilts in contrast to classical ferroelectrics where only polar shifts play this role. Reciprocal space maps analysis 
have demonstrated that this phase transition takes place between a doubled monoclinic MA-type phase and a primitive 
monoclinic one. At higher temperature, another phase transition towards a non-cubic phase has been also proposed [52]. 
While the critical ferroelectric point decreases with the misfit strain, that of the antiferromagnetic order, i.e. TN, is only 
weakly changed [68]. Knowing that TC is above TN, then by increasing the strength of the misfit strain, one should make 
both critical points intercept and thus enhanced magnetoelectric coupling might be expected as both the dielectric and 
magnetic susceptibilities would diverge at the same temperature. Interestingly, in the T-phase when BFO is deposited on 
LAO, a structural phase transition occurs close to room temperature at ∼380 K, where both ferroelectric and magnetic 
transitions take place [80–82]. While the antiferromagnetic order clearly disappears, the exact ferroelectric nature of this 
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Fig. 2. (Color online.) Temperature versus misfit strain phase diagram for R-like BFO films (from [68]). Effective Hamiltonian evaluation at 300 K of (a) tetrag-
onality (c/a ratio), and (b) antiferrodistortive angles ω along x, y, and z axes (ωX and ωY , red line, and ωZ , blue line). (c) Theoretical results on BFO film 
transition temperatures (TC, blue line, and TN, green line) as a function of misfit strain. The activation temperatures for the antiferrodistortive oxygen tilting 
along the z direction (tetragonal distortion T001, black line), for the antiferrodistortive oxygen tilting within the x–y plane (orthorhombic distortion T110, 
red line), and for the tilting along [uuv] direction (monoclinic distortion Tuuv , orange line) are also plotted. Experimental TC (circles) and TN (squares and 
triangles) values. Vertical error bars for TN values correspond to symbol size and for TC values result from maximum variation of TC that may be obtained 
between different fitting processes using the mean field function. Below TC, for any considered strain, the simulations predict that the crystallographic 
phase is Cc, with a polarization along a [uuv] direction while the oxygen octahedra rotate about a [u0u0 v0] axis.

above-380-K phase is not clear yet. Above 700 K, another structural transition is evidenced. This phase transition sequence 
for the T-phase has been proposed to correspond to a first-order transition from monoclinic MC to monoclinic MA phase 
and followed by a transition towards a pure tetragonal one [80]. In mixed R/T-phases samples, it looks that each phase 
evolves independently.

Beyond the most widely used (001) orientation we described previously, it is worth mentioning that (111) and (110) 
orientations using STO and DSO substrates, for instance, as well as unusual ones in between (110) and (001), giving rise 
to triclinic phases for BFO, have also been considered [83,66]. Besides, vicinal substrates like (001) STO crystal with few 
degrees of miscut have been also used [84,85]. Actually, the strategy here is much more related to the change and control 
of the morphology and size of the domains. Indeed, very recently the domain configuration and more especially the nature 
of the domain walls separating domains of two different polarization directions appear as an emerging field with a novel 
paradigm because the active element is the domain wall and not the domain itself. Indeed, the domain walls in BFO referred 
to as 71◦ , 109◦ and 180◦ (angles between the different domain variants in R-phase) have been suggested to be at the heart 
of the strong conductivity [86] or photovoltaic [87] behavior of BFO. While the intrinsic or extrinsic (defect-based) nature of 
these effects is not established yet [88], promising novel perspectives for BFO application are envisioned. An active research 
is thus currently underway and, while interesting, is out of the scope of this chapter. As we already mentioned, BFO is 
a ferroelectric. Thus, when it is deposited as a thin film, to avoid very large depolarizing fields which fight against the 
polarization perpendicular to the film surface in very thin films and to relax the epitaxial strain, for relatively thick film, 
the film tends to split into ferroelectric or ferroelastic domains, respectively. The scaling laws that relate the size of the 
domains with crystal thickness (Kittel’s law for instance) are valid down to very low thickness, which implies that the size 
of the domains can be tuned down to a few nanometers by decreasing film thickness [89,85]. Actually, not only the size of 
the domains can be changed with thickness, but also the deposition on different miscut or type substrates, as well as with 
different electrical boundary conditions, has allowed controlling the type of domain walls present in the film as well as its 
morphology from fractal to stripe-like [90,91].

Based on the above description, it appears that the misfit strain strongly affects the structure and phase transition of 
BFO films. Therefore, it is legitimate to look now how the functional properties are in turn modified.
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3. Polar properties of BFO thin films

The strategy of strain engineering in ferroelectrics is to enhance the out-of-plane polarization value [92]. Indeed stretch-
ing within the plane the unit cell, thanks to the substrate clamping, pushes upward the component of the polarization that 
is perpendicular to the plane. Therefore, one may expect a polarization value for BFO films higher than its bulk value, i.e. 
∼100 μC/cm2 along the [111] pseudo-cubic direction. However, in the R-type phase, whatever the growth direction is, i.e. 
along [001], [111] or [011], the polarization value projected along the [111]-cubic direction varies only weakly of about 15% 
(without mentioning the uncertainty of the measurement) with respect to the 100 μC/cm2 bulk value [93–96]. Actually, in 
the R-phase, which is of Cc symmetry (i.e. monoclinic MA- to MB-type from compressive to tensile strain), the polarization 
vector is free to rotate within the monoclinic {011}-plane as similar to MPB systems. First-principles calculations have also 
demonstrated that suppressing the oxygen octahedra tilts makes the amplitude of the polarization increasing while the 
presence of the tilts favors rather the rotation of polarization vector without enhancement of its amplitude [54]. Therefore, 
once again, the interplay between polar shifts and oxygen octahedra rotations is revealed to be a key structural feature 
in BFO, as it is also responsible for the weak enhancement of the polarization value. When the tilts are turned off in the 
calculations, there is then a strong enhancement of the polarization as it reaches a value of ∼150 μC/cm2. This value is 
reported experimentally for the so-called super-tetragonal T-phase [65].

The typical dielectric constant reported for bulk BFO is ∼40 at room temperature [97]. This rather low value can be 
partially explained by the fact that the ferroelectric phase transition takes place at high temperature (TC ∼ 1100 K). In the 
case of BFO thin films, dielectric constant measurements are scarce and typical values between ∼100 to ∼350 are reported 
at room temperature in the radiofrequency range [98–100]. It is not obvious to tell if such enhancement is due to the misfit 
strain, as the measurements are very difficult due to Maxwell–Wagner-like relaxations that arise from non-negligible con-
ductivities at interfaces, defects, etc., which pollute the data. In order to improve the insulating properties of the films and 
limit the leakage current, doping BFO is the winning strategy. However, it affects also the other properties like magnetism 
and structure (for example [101]). This wide topic, i.e. doped-BFO and BFO-based solid solutions, is out-of-the scope of 
this chapter. Note finally that for microwave applications, a dielectric tunability (variation of the dielectric constant under 
electric field) of a few percent has been also reported in the GHz regime [102].

Interestingly, the piezoelectric properties (i.e., strain induced under applied electric field) that are reflected through the 
so-called d33, which is the effective piezoelectric coefficient measured using PFM perpendicular to the film surface, appear 
to be much strain sensitive than the polarization. Indeed, in the R-phase, by varying the misfit strain by ∼3.5%, d33 increases 
from ∼20 pm/V to ∼50 pm/V, which corresponds to an enhancement of ∼250% [95]. These experimental values are in good 
agreement with theoretical predictions [57]. When the T-phase is reached, the d33 value remains of the same order and 
reaches about 30 pm/V [80]. Nevertheless, for mixed R/T phases, giant piezoelectric responses [67] are achieved with a d33
value of ∼120 pm/V and associated strains of the order of 2%, which are comparable or higher than for the best piezoelectric 
systems like PMN–PT. Such strong values are explained like in MPB system by the closeness of both R- and T-phase in 
the energy landscape. The external electric field can easily rotate the polarization vector from R-phase to T-phase and 
generate strong electromechanical properties. Domain re-distribution with domain wall displacements is also assumed to 
participate in this enhancement [103,104]. Searching for other equivalent MPB regions in the BFO system is also undertaken 
in the tensile side between the monoclinic and orthorhombic phase or also through the use of temperature-driven phase 
transitions or the use of solid solutions giving rise to other structural phases [105,106]. It is worth noting that, in BFO, strain 
can be induced by the application of an electric field, but also through light illumination via the so-called photostriction 
effect [107,108]. This topic is also currently under investigation.

4. Strain effect on magnetism in BiFeO3 films

It is well known that two different magnetic structures have energies that are very close to each other in BiFeO3 (BFO) 
bulk. As shown in, e.g. Refs. [17,22,23], the first structure is a magnetic cycloid that propagates in a plane spanned by the 
polarization (which lies along the pseudo-cubic 〈111〉C directions) and the cycloid propagation direction (which is oriented 
along a second nearest-neighbor direction that is perpendicular to the polarization, such as the [1−10] direction). Such a 
structure has been proposed to originate from (i) Lifshitz-invariant energetic terms that are linear in electrical polarization 
and that involve the antiferromagnetic vector as well as its gradient [109–111], or (ii) from the (converse) spin–current 
model for which the corresponding energy is also linear in polarization and involves a cross-product between magnetic mo-
ments at different lattice sites [17,112–114]. These energies therefore predict that the formation of the magnetic cycloid is 
driven by the electrical polarization in BFO bulk. It is also worthwhile to realize that recent experimental and computational 
works [112,115] reported the occurrence of an out-of-plane spin density wave that is superimposed to the (in-plane) mag-
netic cycloid, therefore highlighting the complexity of the overall ground-state magnetic structure of BFO bulk. The second 
known magnetic structure is the so-called spin-canted state. It consists of a coexistence of a large G-type antiferromagnetic 
vector with a weak magnetization [116,117]. This weak magnetization originates from a Dzyalonshinskii–Moriya interaction 
involving the oxygen octahedral tilting (rather than the electrical polarization) [116–118].

Applying a physical factor to BFO bulk can lead to the transformation from one magnetic structure to the other [112]. For 
instance, an external magnetic field of around 20 T induces the transition from the magnetic cycloid to the (spin-canted) 
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Fig. 3. Magnetic phase diagram of strained BFO films (from Ref. [120]). The energy of three magnetic states (bulk-like ‘type-1’ cycloid with propagation 
vector along [110] directions, ‘type-2’ cycloid with propagation vector along [110] directions, and collinear antiferromagnetic order with antiferromagnetic 
vector close to [001]), relative to a fourth magnetic state, corresponding to a collinear antiferromagnetic order with antiferromagnetic vector along in-plane 
[110] directions. The stability regions of the different states are shown in color (blue: antiferromagnetic; red: type-1 cycloid; orange: type-2 cycloid). 
The different substrates used i.e. (LaAlO3)0.3–(Sr2AlTaO6)0.7 (LSAT), SrTiO3 (STO), DyScO3 (DSO), GdScO3 (GSO), SmScO3 (SSO), NdScO3 (NSO) and PrScO3

(PSO) are located on top of the diagram at their corresponding strain. Their color corresponds to the magnetic state determined from the Mössbauer 
measurements. The sketches represent the different magnetic states, with spins shown in green. For interpretation of the references to color, see the online 
version of this article.

G-type antiferromagnetism [119]. It is therefore legitimate to wonder what is the effect of epitaxial strain on the magnetic 
arrangements in BFO films.

To address this question, the authors of Ref. [120] grew (001) BFO films on top of different substrates, allowing the cor-
responding misfit strain to range between −2.6% (compressive strain) to +1.0% (tensile strain). Note that the corresponding 
structural state is the so-called R phase for this strain window. Using Mossbauer and Raman spectroscopies combined with 
Landau–Ginzburg theory and effective Hamiltonian calculations, it was found that (see Fig. 3), for compressive strains rang-
ing between 0 and −1.5%, the aforementioned cycloid persists in the film. On the other hand, the magnetic ground state 
becomes the (spin-canted) G-type antiferromagnetic phase for compressive strains larger in magnitude than 1.5% and tensile 
strain larger than 0.5%. Interestingly, the direction of the antiferromagnetic structure was further discovered to rotate with 
the epitaxial strain from the in-plane [110] direction at large compressive strain to the out-of-plane [001] direction at the 
largest investigated tensile strain. The resulting reorientation of spins was also proposed [120] to provide a handle for tuning 
exchange interactions with adjacent ferromagnets and spin valves. It should be noted that the fact that the antiferromagnetic 
vector was found (by Mössbauer spectroscopy, Landau–Ginzburg phenomenology, and effective Hamiltonian simulations) to 
lie along the [001] direction for large tensile strain in Ref. [120] contrasts with the results of another experiment [121]
and some first-principles computations [78] reporting that the crystallographic direction of the antiferromagnetic vector is 
[110]. Such difference emphasizes the difficulty of precisely extracting and measuring intrinsic properties of BFO films, as 
well as the unusual challenge that this material provides for theorists (as evidenced by, e.g., the fact that Diéguez et al. [37]
demonstrated that several properties of BFO strongly depend on details of calculations, such as the choice of the function-
ality in the density-functional theory). Another controversial issue concerns the magnitude of the magnetization associated 
with the spin-canted structure in BFO films. For instance, it was predicted to be of the order of 0.03 Bohr magneton in 
Ref. [117] for BFO films grown on SrTiO3 substrate. This is consistent with measurements of Refs. [122,123,13,124], but 
disagrees with the pioneering work of Ref. [125] (which led to the revival of multiferroics) that indicates that the magne-
tization can be as large as 1 Bohr magneton. Note that this large value of Ref. [125] was later suggested to be of extrinsic 
rather than intrinsic nature [122,123,13]. Furthermore, the authors of Ref. [120] also reported the unexpected existence of a 
novel type of magnetic cycloid in (001) BFO films when these latter are under a small tensile strain ranging between 0 and 
0.5%. In this new type of cycloid, the magnetic moments rotate in a plane that still contains the electrical polarization and 
a propagation vector that is still along a second-nearest neighbor direction, but this latter is not perpendicular anymore to 
that polarization. For instance, the propagation can be along the pseudo-cubic [110] direction, while the polarization is close 
to lie along the pseudo-cubic [111] direction. It is also interesting to realize that the Néel temperature (at which magnetic 
ordering occurs) was mostly found to be insensitive to the misfit strain, and thus nearly always equal to 620–640 K, in 
Ref. [68], despite these magnetic rearrangements. Note also that the discovery of the new type of cycloid in (001) BFO films 
bears similarity with the prediction of Ref. [126] that BFO systems can indeed adopt different types of magnetic cycloid, but 
this latter prediction arises from the variation of the strength of the spin–current energetic interaction rather than from the 
change in magnitude and sign of the epitaxial strain.
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As indicated above, all the aforementioned results about magnetic ordering in (001) BFO films pertain to the so-called 
R structural phase of these films. However, it is now well documented that BFO films can also adopt another type of 
crystallographic state, when the magnitude of the compressive strain is larger than around 4.5% (such strain corresponds 
to the growth of BFO on LAO substrates). This structural state is commonly termed the T-phase [67]. One may thus ask 
if such change in structure affects magnetic ordering and/or yields novel magnetic phenomena. The first-principles studies 
of Refs. [37,67,55,57,127] provided an answer to this question by predicting that the T-phase (when it is the ground state) 
typically and slightly energetically prefers, at low temperature, a C-type antiferromagnetic ordering rather than the G-type 
antiferromagnetic structure adopted by the R phase. Refs. [57,128] further indicated that the antiferromagnetic ground state 
of the T-phase is of G-type for smaller compressive strain and then becomes of C-type for compressive strains of the 
order of −5%, with further increasing the magnitude of the compressive strain stabilizing even more this C-type ordering 
(that is, it enlarges the difference in energy between the C-type and G-type antiferromagnetic structures). Interestingly, 
Escorihuela-Sayalero et al. [128] also predicted that a strong competition between magnetic interactions, and even magnetic 
frustration, should occur in the strain region around the G-to-C-type magnetic transition. Another interesting phenomenon 
for BFO films with similar strain is the observations and prediction that BFO grown on LAO undergo both a structural 
transformation and an antiferromagnetic-to-paramagnetic transition for temperatures around 340–370 K [80–82]. In other 
words, coupled ferroic transitions occur near room temperature! Another work conducted on BFO films grown on LAO also 
yielded technologically-promising results: He et al. [129] reported that these systems exhibit a structural organization at the 
nanoscale between R and T regions, with the R regions possessing a significant magnetization (about five times larger than 
those of films solely made of the R phase), which is further controllable by the application of an external electric field.

5. Magnetoelectric effect in BiFeO3 systems

Magnetoelectric (ME) effects have been experimentally and theoretically investigated in BiFeO3 bulks, as well as in films 
experiencing small misfit strains [17,112,117,57,24,25,36,130–133]. Typically, the ME effect is expressed as Pi = ∑

αi j H j +∑
βi jk H j Hk or Mi = ∑

αi j E j +∑
γi jk E j Ek , where P is the electric polarization, M is the magnetization, E and H are electric 

and magnetic field, α is the linear ME coefficient, and β and γ are two different quadratic ME coefficients. Interestingly, both 
linear (α = 4.1 ×10−7 C/T m2) and quadratic ME coefficients (β = 1.9 ×10−8 C/T2 m2) have been experimentally determined 
in BiFeO3 systems [24,25]. More precisely, the quadratic, but not the linear, ME coefficient was found in BFO bulks under 
a magnetic field of less than 20 T. On the other hand, the linear ME coefficient was both reported in BFO bulks under a 
magnetic field larger than 20 T and in BFO films subjected to a large-enough epitaxial strain. The reason for this difference 
is related to the magnetic structure [26]: as indicated in the previous section, BFO bulks under magnetic fields smaller than 
20 T exhibit a magnetic cycloid. Such a cycloid prevents the occurrence of the linear ME effect, but allows the existence of a 
non-vanishing β coefficient. On other hand, this magnetic cycloid is destroyed in favor of a spin-canted magnetic structure 
(possessing a weak ferromagnetism) in BFO bulks under larger magnetic field or in strained thin films made of BFO. This 
spin-canted structure can possess a linear magneto-electric coefficient, in addition to a quadratic one. Interestingly, the 
effective Hamiltonian-based work of Ref. [117] reveals that the weak magnetization inherent to the spin-canted structure 
(and which is induced by the tilting of oxygen octahedral) is essential for the linear ME effect to occur.

Another phenomenon related to magnetoelectricity is the ability to control the direction of the magnetic ordering by 
applying an electric field. Such an effect was indeed experimentally found in BiFeO3 bulks [17,131] and thin films [132]. To 
understand it, let us recall that the magnetic cycloid of BiFeO3 bulk propagates in the magnetic easy plane that is spanned 
by the polarization direction (P ‖ [111]pseudocubic) and the cycloid propagation vector (k ‖ [101]pseudocubic). As a result, ap-
plying an electric field that results in the change of the direction of the polarization by 71◦ or 109◦ automatically leads to 
the rotation of the easy plane of the magnetic cycloid [17,131]. Similarly, in thin films for which the spin-canted structure 
exists, the magnetic easy plane is inherently connected to structural features. For instance, this magnetic plane has first 
been proposed to be perpendicular to the electrical polarization [116] and perpendicular to the axis about which the oxy-
gen octahedron tilts [134] (note that this latter axis is identical to the direction of the polarization in BFO systems under 
no strain and no electric field, but can be different if some misfit strain or electric field is applied). As a result, modifying 
these structural features (such as the direction of the polarization) by applying an electric field in BFO films can lead to a 
re-orientation of the magnetic order parameter. Moreover, using a combination of piezoelectric-force microscopy and X-ray 
photoelectron microscopy, Zhao et al. [132] have managed to simultaneously visualize the ferroelectric and antiferromag-
netic domains, establishing that both types of domains are completely correlated with each other. Again, the easy magnetic 
plane can be changed by switching polarization under electric field by 71◦ and 109◦ , rather than by 180◦ .

The ME effects indicated above typically pertain to BFO systems under zero or relatively small strains. Let us now 
discuss ME effects under large compressive strain. Wojdeł et al. [57] and Prosandeev et al. [130] used two different but 
complementary ideas, resulting from the analysis of first-principles-based results, to tackle such issue. Wojdeł et al. [57]
argued that structural softness can drive a giant ME effect, this softness being associated with materials in which the 
force-constant matrix (K) or elastic tensor (C) had vanishingly small eigenvalue for a soft mode. They found, by using a novel 
first-principles method to compute magneto-electric coefficients [135,136], that the linear ME coefficient (α) of the R-phase 
of BFO is enhanced (as compared to its zero-strain value) in the compressive strain ranging from −3% to −6%. Moreover, 
a very large α was indeed found, as a result of a very soft K eigenvalue, for a strain of −6%, at which the R-phase is a 
metastable state rather than the ground state (the T-phase is the ground state for that large strain). Moreover, Prosandeev 
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et al. [130] provided general analytical expressions of both the linear and quadratic ME coefficients in terms of polarization, 
as well as dielectric and magnetic susceptibilities, based on two different free-energy terms. Consistently with the work of 
Wojdeł et al. [57], both linear (α) and quadratic (β) ME coefficients were found to be enhanced under compressive strain, 
especially in the strain region for which the R-phase is a metastable state. This enhancement was explained by the increase 
in dielectric permittivity (which is expected if the material becomes soft). In other words, the two studies of Refs. [130]
and [57] both predicted a strain-induced enhancement of magneto-electricity or electric-magnetism, with the explanations 
for their intrinsic origin being consistent with each other.

It is worthwhile to realize that a novel ME switching mechanism can also exist in strained BFO films. This was demon-
strated in Ref. [133] where the authors studied the Pmc21 phase of BFO that has been predicted to occur at large tensile 
strains [79]. This phase is characterized by the existence of a polarization (P), an antiferroelectric vector (A), and an in-phase 
oxygen octahedral tilting (ω). Its magnetic structure consists of a primary G-type antiferromagnetic vector (G) that coexists 
with a secondary, weak A-type antiferromagnetic vector (AAFM). Strikingly, two trilinear energetic terms, �E1 = −C1 P Aω
and �E2 = −C2ω · (G × AAFM) where C1 and C2 are positive coefficients, were found in the Pmc21 phase of BFO [133]. 
The first energy term [118] implies that ω can be switched by reversing P under an electric field (whereas it is difficult to 
switch A because of an associated large energy barrier). Moreover, the second energetic term implies that the switching of 
ω naturally leads to the reversal of AAFM (whereas G is difficult to switch because of another large energy barrier). In other 
words, the magnetic order parameter (AAFM in this case) can be switched by electric field as a two-step process involving 
two original trilinear terms. This is also consistent with a recent work on superlattices made of BiFeO3 and LaFeO3 [137].

Let us also mention that other novel ME effects can occur too in BFO systems. For instance, a recent study predicted that 
applying curled electric fields in BFO nanodots can lead to a control of not only the magnitude, but also of the direction 
of the magnetization [138]. This phenomenon was termed “Magnetotoroidic effect”. Similarly, an even more recent work 
predicted that the chirality of the magnetic cycloid of BFO bulks can be switched by applying an electric field that is opposed 
to the initial polarization direction, via the existence of short-lived striking intermediate magnetic states [139] and as a 
consequence of the spin–current model. It was also predicted that applying an electric field can result in the transformation 
of the magnetic cycloid into the spin-canted structure, with the orientation of the weak ferromagnetic moment being 
controllable by the direction of the applied electric field [140]. Such an effect originates from a special kind of magnetic 
anisotropy that is linear in the applied electric field [140].

Interestingly, spin–wave frequency can also be influenced by the application of an electric field in BiFeO3 because of 
linear magneto-electric effects, as nicely demonstrated in Refs. [110,141,142] on a theoretical level (based on a dynamical 
Ginzburg–Landau theory involving coupled magnetic and ferroelectric orders) and by measuring low-energy Raman scatter-
ing spectra. One remaining open question related to dynamical coupling between electric and magnetic degrees of freedom 
is whether the so-called electromagnons [143,144] exist or not in BFO. Different opinions have been expressed on such a 
question [141,145,146]. Finally, let us point out that, in our minds, studying and understanding how strain affects the cross-
coupled electromagnetic susceptibility defined in Ref. [147] (and which characterizes the appearance of time-dependent 
magnetization when applying an ac electric field or, conversely, the occurrence of a time-dependent polarization under an 
ac magnetic field) is an interesting venue to explore in epitaxial BFO thin films in the near future.
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