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The substitution on either the A-or B-site of ferroelectric perovskites by aliovalent elements has a profound influence on their properties. Donor doping "softens" ferroelectrics, whereas acceptor doping "hardens" them. The charge compensation mechanisms are reviewed, as well as the models describing their effects. The focus of this review is doped-BaTiO 3 , a model lead-free ferroelectric. The effects of aliovalent doping on its dielectric, ferroelectric, and piezoelectric properties are reviewed and illustrated in the case of Cu (acceptor) doping.

I. INTRODUCTION

Ferroelectric materials are characterised by a spontaneous polarisation (P s ) that can be switched reversibly between at least two different orientations under the application of an electric field. [START_REF] Malcolm | Principles and applications of ferroelectrics and related materials[END_REF][START_REF] Sm Said | Ferroelectrics and their applications[END_REF][START_REF] Damjanovic | Hysteresis in piezoelectric and ferroelectric materials[END_REF][START_REF] Chilibon | Ferroelectric ceramics by sol-gel methods and applications: a review[END_REF] Since the first ferroelectric crystals were produced in 1935 by Bush and Scherrer [START_REF] Malcolm | Principles and applications of ferroelectrics and related materials[END_REF], ferroelectric materials have attracted much attention from a wide community due to their numerous properties including dielectric, piezoelectric, pyroelectric, electrocaloric etc. As a consequence, ferroelectric materials are used not only in the fields of information memory, energy storage, and optical devices but also as resonators, transducers, sensors, actuators, and capacitors. [START_REF] Sm Said | Ferroelectrics and their applications[END_REF][START_REF] Scott | Applications of modern ferroelectrics[END_REF][START_REF] Yang | Perovskite lead-free dielectrics for energy storage applications[END_REF][START_REF] Hao | A review on the dielectric materials for high energy-storage application[END_REF][START_REF] Setter | Ferroelectric ceramics: tutorial reviews, theory, processing, and applications[END_REF] New ferroelectric materials were gradually discovered and synthesized to satisfy various application needs, such as lead zirconate titanate (PbZr 1-x Ti x O 3 ), lead lanthanum zirconate titanate (Pb 1-3y La 2y Zr 1-x Ti x O 3 or Pb 1-y La y (Zr 1-x Ti x ) 1-0.25y O 3 ), and barium titanate (BaTiO 3 ). BaTiO 3 is a promising candidate for lead-free perovskite oxide (ABO 3 ) ferroelectrics. The Ba 2+ cation occupies the A site at the corners of the perovskite unit cell and each A-site cation is 12-fold coordinated with the oxygen anions. At the center of the cell (on the B site), the Ti 4+ is surrounded by an oxygen octahedron (6-fold coordination). Doping on either the A site [START_REF] Liu | Charge effects in donor-doped perovskite ferroelectrics[END_REF][START_REF] Colin L Freeman | Energetics of donor-doping, metal vacancies, and oxygen-loss in a-site rare-earth-doped batio3[END_REF][START_REF] Sareein | Dielectric aging behavior in a-site hybrid-doped batio3 ceramics[END_REF], B site [START_REF] Noguchi | Ferroelectrics with a controlled oxygen-vacancy distribution by design[END_REF][START_REF] Liu | Ferroelectric aging effect in hybrid-doped ba ti o 3 ceramics and the associated large recoverable electrostrain[END_REF][START_REF] Zhang | In situ observation of reversible domain switching in aged mn-doped batio 3 single crystals[END_REF] or both [START_REF] Lu | A novel high-k 'y5v'barium titanate ceramics co-doped with lanthanum and cerium[END_REF][START_REF] Fu | Comparative studies of nickel doping effects at a and b sites of batio3 ceramics on their crystal structures and dielectric and ferroelectric properties[END_REF] to tune BaTiO 3 properties has been extensively investigated. Indeed, adding suitable dopants to BaTiO 3 , even in minute quantity, has a dramatic influence on its electrical properties. For example, M. Acosta et al. reviewed the improved piezoelectric properties of doped BaTiO 3 , [START_REF] Acosta | Batio3-based piezoelectrics: Fundamentals, current status, and perspectives[END_REF] and dielectric propertyies of rare-earth doped BaTiO 3 were summarized by F. Ismail et al. [START_REF] Ismail | Review on dielectric properties of rare earth doped barium titanate[END_REF] Recently, S. Hao et al. investigated the change in optical absorption of co-doped BaTiO 3 ceramics. [START_REF] Hao | Optical absorption by design in a ferroelectric: co-doping in batio3[END_REF] Here, we shall review the effects of doping on Ba-TiO 3 ceramics in terms of dielectric, ferroelectric, and * Pierre-Eymeric.Janolin@centralesupelec.fr piezoelectric properties. Moreover, various ferroelectric behaviors of acceptor-doped BaTiO 3 will be systematically illustrated with Cu-doped BaTiO 3 .

First, BaTiO 3 -based solid solutions should be distinguished from M -doped BaTiO 3 based on whether the M -based compound can adopt the perovskite structure. If M TiO 3 (e.g. SrTiO 3 ) or BaM O 3 (e.g. BaZrO 3 ) form a stable perovskite then a solidsolution is usually formed. This is generally the case with isovalent substitution on either the A or B site of the perovskite and can be predicted based on the Goldschmidt tolerance factor and the octahedral factor. [START_REF] Li | Formability of abx3 (x= f, cl, br, i) halide perovskites[END_REF] On the contrary, if M TiO 3 or BaM O 3 do not form a stable perovskite phase, then there is a maximum amount of M that can be introduced in the perovskite structure of BaTiO 3 (usually a few atomic percents). The resulting compounds constitute the M -doped BaTiO 3 that are the topic of this review.

Substitutional aliovalent (a.k.a heterovalent) doping is the intentional introduction of dopants with a different valence than the ion for which they substitute in the base material. Common dopants for BaTiO 3 and their valence are shown by green stars (A-site doping) and blue circles (B-site doping) in Figure .1. Aliovalent dopants can be more or less positively charged than the host ion, therefore defining respectively donors or acceptors.

Doping ferroelectrics with donors (e.g. Rare-Earth ions RE 3+ substituting for Ba 2+ ) "softens" them. The "soft" ferroelectrics are characterized by a higher mobility of their domain walls. This is ascribed to the following two mechanisms: the relieved internal stress caused by Ba or Ti vacancies (V Ba or V Ti ) [START_REF] Damjanovic | Ferroelectric, dielectric and piezoelectric properties of ferroelectric thin films and ceramics[END_REF][START_REF] Morozov | Charge migration in pb (zr, ti) o 3 ceramics and its relation to ageing, hardening, and softening[END_REF][START_REF] Gerson | Variation in ferroelectric characteristics of lead zirconate titanate ceramics due to minor chemical modifications[END_REF] and electrons transfer between ionized Ba and Ti vacancies [START_REF] Morozov | Charge migration in pb (zr, ti) o 3 ceramics and its relation to ageing, hardening, and softening[END_REF][START_REF] Eyraud | Interpretation of the softening effect in pzt ceramics near the morphotropic phase boundary[END_REF][START_REF] Daniels | Electrical conductivity at high temperatures of donor-doped barium titanate ceramics[END_REF]. The relative importance of each mechanism remains to be determined. In addition, the primary charge compensation mechanism in donor-doped ferroelectrics (Ba vacancies, Ti vacancies, free electrons, changes of valence state of Ti ions...) [START_REF] Liu | Charge effects in donor-doped perovskite ferroelectrics[END_REF][START_REF] Colin L Freeman | Energetics of donor-doping, metal vacancies, and oxygen-loss in a-site rare-earth-doped batio3[END_REF][START_REF] Ganguly | Characterization and rietveld refinement of a-site deficient lanthanum doped barium titanate[END_REF] remains as well an open question [START_REF] Ang | Piezoelectric and electrostrictive strain behavior of ce-doped batio 3 ceramics[END_REF].

Oppositely, acceptor doping hinders the movement of the domain walls. Ferroelectrics consequently become "hard" [START_REF] Damjanovic | Hysteresis in piezoelectric and ferroelectric materials[END_REF]. The two main models put forward to explain this are the volume and surface effects.

The volume effect attributes the stabilization of the domain structure to the oxygen vacancies, [START_REF] Smyth | Barium titanate. The Defect Chemistry of Metal Oxides[END_REF] accompanying acceptor doping through the formation of defect dipoles (M -V O ), as shown by EPR measurements on Mn 2+ . [START_REF] Zhang | Reorientation of (mn ti -vo••)× defect dipoles in acceptor-modified batio 3 single crystals: An electron paramagnetic resonance study[END_REF] These dipoles act as an internal bias field that pins the domains and therefore stiffens the walls. [START_REF] Zhang | In situ observation of reversible domain switching in aged mn-doped batio 3 single crystals[END_REF][START_REF] Carl | Electrical after-effects in pb (ti, zr) o3 ceramics[END_REF][START_REF] Arlt | Internal bias in ferroelectric ceramics: origin and time dependence[END_REF] According to the symmetry-conforming principle of point defects, the symmetry of defect dipoles conform to the surrounding crystal symmetry at thermodynamic equilibrium. [START_REF] Ren | Giant electric-field induced strain in ferroelectric crystals by point-defect mediated reversible domain switching[END_REF][START_REF] Ren | Universal symmetry property of point defects in crystals[END_REF] With oxygen vacancies hopping between neighboring positions next to dopants, defect dipoles achieve reorientation. [START_REF] Pv Lambeck | The nature of domain stabilization in ferroelectric perovskites[END_REF][START_REF] Eichel | Defect structure of oxide ferroelectrics-valence state, site of incorporation, mechanisms of charge compensation and internal bias fields[END_REF] The surface effect postulates that the oxygen vacancies move to the domain walls or grain boundaries where they fix the domain walls. [START_REF] Carl | Electrical after-effects in pb (ti, zr) o3 ceramics[END_REF][START_REF] Genenko | Mechanisms of aging and fatigue in ferroelectrics[END_REF][START_REF] Stadler | Etched hillocks in batio3[END_REF] The aging observed in Mn-doped BaTiO 3 single-domain crystal [START_REF] Zhang | Aging behavior in single-domain mn-doped batio 3 crystals: implication for a unified microscopic explanation of ferroelectric aging[END_REF] (devoid of domain walls) or with controlled domain structures [START_REF] Pv Lambeck | The nature of domain stabilization in ferroelectric perovskites[END_REF] strongly supports the volume effect as the main hardening mechanism in ferroelectrics. To illustrate the volume effect at play and the interactions between the defect dipoles and the spontaneous polarisation of the crystal matrix, Cu was chosen as a dopant for its stable vacancy especially in octahedral symmetry. Substituting for Ti, it is therefore an acceptor and will harden BaTiO 3 .

II. CHANGING DIELECTRIC PROPERTIES A. Effect on the permittivity

In ferroelectrics, the domain walls motion is a major contributor to the dielectric properties. The dielectric response is significantly improved by enhancing the 180 • domain wall (Figure .2(a)) mobility in tetragonal BaTiO 3 without introducing large dielectric losses, which are mostly caused by 90 • domain wall (Figure .2(b)) motion [START_REF] Zhang | Direct evaluation of domain-wall and intrinsic contributions to the dielectric and piezoelectric response and their temperature dependence on lead zirconate-titanate ceramics[END_REF] and electronic conduction [START_REF] Colin L Freeman | Energetics of donor-doping, metal vacancies, and oxygen-loss in a-site rare-earth-doped batio3[END_REF]. When BaTiO 3 is doped with donors, A-site vacancies [START_REF] Liu | Charge effects in donor-doped perovskite ferroelectrics[END_REF][START_REF] Yao | Structure and dielectric behavior of nd-doped batio3 perovskites[END_REF], B-site vacancies, [START_REF] Nowotny | Defect structure, electrical properties and transport in barium titanate. vii. chemical diffusion in nb-doped batio3[END_REF][START_REF] Helen M Chan | Compensating defects in highly donor-doped batio3[END_REF] and/or electrons [START_REF] Helen M Chan | Compensating defects in highly donor-doped batio3[END_REF] are induced for charge balancing. This is the case for example when La 3+ substitutes for Ba

2+ : 3 Ba × Ba V Ba + 2 La Ba in Ba 1-3x La 2x TiO 3 , Ba × Ba + 1 4 Ti × Ti La Ba + 1 4 V Ti in Ba 1-y La y Ti 1-y/4 O 3 ,

and Ba ×

Ba

La Ba + e -in Ba 1-z La z TiO 3 . [START_REF] Liu | Charge effects in donor-doped perovskite ferroelectrics[END_REF] Due to the softening mechanism of donor doping, the permittivity increases. [START_REF] Damjanovic | Hysteresis in piezoelectric and ferroelectric materials[END_REF][START_REF] Sun | Crystalline structure, defect chemistry and room temperature colossal permittivity of nd-doped barium titanate[END_REF][START_REF] Liu | Understanding doped perovskite ferroelectrics with defective dipole model[END_REF] For example, the relative permittivity reaches 11 800 for A-site Nd 3+ -doped BaTiO 3 [START_REF] Yao | Structure and dielectric behavior of nd-doped batio3 perovskites[END_REF] and 36 000 for Asite La 3+ -Zr 4+ co-doped BaTiO 3 [START_REF] Anthony R West | Novel high capacitance materials:-batio3: La and cacu3ti4o12[END_REF] compared with to 4 500-10 000 in pure BaTiO 3 . [START_REF] Buscaglia | Batio3-based ceramics: Fundamentals, properties and applications[END_REF][START_REF] Lee | Roles of ba/ti ratios in the dielectric properties of batio3 ceramics[END_REF] In addition, the induced electrons from donor doping increase the conduction, resulting in an increase of dielectric losses [START_REF] Colin L Freeman | Energetics of donor-doping, metal vacancies, and oxygen-loss in a-site rare-earth-doped batio3[END_REF][START_REF] Sareein | Dielectric aging behavior in a-site hybrid-doped batio3 ceramics[END_REF].

In acceptor-doped BaTiO 3 , positively charged oxygen vacancies are induced for charge compensation, [START_REF] Eichel | Defect structure of oxide ferroelectrics-valence state, site of incorporation, mechanisms of charge compensation and internal bias fields[END_REF][START_REF] Zhang | Aging behavior in single-domain mn-doped batio 3 crystals: implication for a unified microscopic explanation of ferroelectric aging[END_REF][START_REF] Dang | Structural, optical and magnetic properties of polycrystalline bati1-xfexo3 ceramics[END_REF][START_REF] Li | The effect of cuo doping on the microstructures and dielectric properties of batio 3 ceramics[END_REF] [START_REF] Meric | Influence of aging on electrocaloric effect in li+ doped batio3 ceramics[END_REF]. The existence of oxygen vacancies decreases the mobility of domain walls, contributing to the decrease of the permittivity. [START_REF] Zhang | Aging behavior in single-domain mn-doped batio 3 crystals: implication for a unified microscopic explanation of ferroelectric aging[END_REF] For example, with Fe or Mn concentrations increasing to 1 at%, the permittivity of B-site-doped BaTiO 3 decreases to 1 800 or 1 000, respectively; [START_REF] Hagemann | Loss mechanisms and domain stabilisation in doped batio3[END_REF] Ce 3+ -Gd 3+ co-doped BaTiO 3 (on the B site) also exhibits a decreased permittivity as the doping concentration increases. [START_REF] Yan | Ferroelectric aging effects and large recoverable electrostrain in ceria-doped batio3 ceramics[END_REF] This is also the case for the incorporation (still on the B-site) of Zn 2+ in BaTiO 3 that decreases the permittivity value by almost 1 000. [START_REF] Caballero | Zno-doped batio3: microstructure and electrical properties[END_REF] Even though it is not the case for BaTiO 3 doped with 0.4 at%Cu, permittivity decreases with Cu concentrations increasing to 1.6 at% (Figure.4(a)). Moreover, oxygen vacancies may also contribute to the conductivity, thereby increasing dielectric losses. [START_REF] Salhi | Impedance spectroscopy analysis of ca doped batio3 ferroelectric ceramic manufactured with a new synthesis technique[END_REF] For example, the oxygen-deficient BaTiO 3-δ eventually crosses an insulator-metal transition when δ exceeds 0.25, while retaining its ferroelectric character. [START_REF] Jeong | Structural evolution across the insulator-metal transition in oxygen-deficient batio 3-δ studied using neutron total scattering and rietveld analysis[END_REF] In our work, 1.6 at%Cu(acceptor)-doped BaTiO 3 shows higher dielectric loss than undoped sample, as shown in Figure .4(b).

such as 3 Ti × Ti 2 Ti 3+ + Ni Ti + 2 V O in BaTi 1-x Ni x O 3 ,[16] and Ba × Ba Li Ba + 1/ 2 V O in Ba 1-x Li 2x TiO 3 .

B. Shifting phase transitions

In addition to affecting the permittivity of BaTiO 3 , doping can also change the transition temperatures. At high temperature (above the Curie temperature T C ), BaTiO 3 is paraelectric with a centrosymmetric cubic symmetry (Pm 3m). It undergoes a series of phase transitions to ferroelectric phases: first to a tetragonal (P 4mm) at T C =395 K, then to an orthorhombic (Amm) phase at T T-O =280 K and finally to a rhombohedral (R3m) phase at 185 K[1, 3] (see Figure .3).

FIG. 3. A real part of the relative permittivity of BaTiO 3

as function of temperature. The insets depict the unit cell, its space group and crystalline systems together with a representation of the polarisation direction.

The phase transitions of BaTiO 3 are mostly displacive and have been interpreted by the displacement of Ti cations relative to O 6 cage. Precisely, the direction of this displacement is determined by the competition between short-range interactions (Pauli repulsion) and long-range interactions (Coulomb attraction, dipole-dipole). [START_REF] Damjanovic | Ferroelectric, dielectric and piezoelectric properties of ferroelectric thin films and ceramics[END_REF][START_REF] Liu | Intrinsic dielectric frequency dependent spectrum of a single domain tetragonal batio3[END_REF] Because dopants have an ionic radius that differs from the one of the host ions, the oxygen octahedron surrounding a dopant is distorted and changes in phase transition temperatures are therefore expected. When smaller ions substitute for Ba 2+ on the A site (r Ba 2+ = 149 pm), the surrounding oxygen ions displace towards the dopant, resulting in a more open space enabling the larger displacement of Ti. Such displacement is favored along the 111 axes rather than along the 100 axis. [START_REF] Jn Lin | Effects of isovalent substitutions on lattice softening and transition character of batio3 solid solutions[END_REF] As a consequence the tetragonal phase is destabilized and T C decreases. For example, the T C of Ce-doped BaTiO 3 (r Ce 3+ = 115 pm) decreases to 313 K for a Ce concentration of 3 at%. [START_REF] Yasmm | Effect of cerium doping on microstructure and dielectric properties of batio3 ceramics[END_REF] The other phase transition tem-peratures may also be affected. In A-site La-doped BaTiO 3 (Ba 1-x La2x /3 TiO 3 with r La 3+ = 117.2 pm) T C decreases while T T-O increases with increasing La concentration until x=0.06, resulting in an overall narrower temperature range for the tetragonal phase. [START_REF] Ganguly | Characterization and rietveld refinement of a-site deficient lanthanum doped barium titanate[END_REF] Besides the effects on the A-site, replacing Ti ions (r Ti 4+ = 74.5 pm) on the B site by dopants with different radii also distorts oxygen octahedra. A destabilization of the tetragonal phase occurs when larger ions substitute for Ti. These larger ions push the adjacent oxygen anions toward the neighboring octahedra, reducing the space for the displacement of Ti ions along 100 axis. Consequently, the cubictetragonal transition (at T C ) is shifted to lower temperatures. The tetragonal-orthogonal phase transition (at T O-T ) may also be changed. [START_REF] Jn Lin | Effects of isovalent substitutions on lattice softening and transition character of batio3 solid solutions[END_REF] For example, the T C and T O-T of (1-x)BaTiO 3 -xLiF ceramics (r Li + = 90 pm) are decreased to 334 K and increased to 298 K respectively with increasing x (over the 2-5 at% range). [START_REF] Yang | High piezoelectric properties of batio3-xlif ceramics sintered at low temperatures[END_REF] Adding 1 wt% of Zn (r Zn 2+ = 88 pm) lowers the Curie temperature of BaTiO 3 by 7 K. [START_REF] Caballero | Zno-doped batio3: microstructure and electrical properties[END_REF] In BaTi 1-x Mn x O 3 with 1.3 at% Mn (r Mn 2+ = 97(81) pm and r Mn 3+ = 78.5(72) pm for high (low) spin), the Curie temperature decreases to 383 K. [START_REF] Chen | Effect of the mn doping concentration on the dielectric and ferroelectric properties of different-routes-fabricated batio3-based ceramics[END_REF] In the case of Cu 2+ (r Cu 2+ = 87 pm) doping on the B site, as shown in Figure .4, we observed a decrease of both T C and T O-T for doping levels from 0.4 to 1.6 at%. The lower permittivity of the pure BaTiO 3 sample compared to the 0.4 at%Cudoped sample is due [START_REF] Petzelt | Dielectric grain-size effect in high-permittivity ceramics[END_REF]63] to the lower grain size of the pure BaTiO 3 sample (<1µm, measured by SEM) compared to the 0.4 at%Cu-doped sample (tens of µm). The doping-induced decrease of the permittivity is therefore over-compensated in the doped sample by the larger grain size.

The destabilisation of the tetragonal phase occurs as well when smaller ions substitute on the B-site. Doping with smaller ions such as Al 3+ (r Al 3+ = 67.5 pm) on the B site, the octahedra around the dopant shrink and the movement of Ti ions along the 100 axes is hindered as a consequence. For example, BaTi 0.9992 Al 0.0008 O 3 has a slightly lower T C of 390 K and an increased T O-T of 324 K compared to pure BaTiO 3 . [START_REF] Vani | Evolution of dielectric and ferroelectric relaxor states in al3+-doped batio3[END_REF] In summary, the domain walls movement significantly affect the dielectric properties of BaTiO 3 ceramics. Donor doping increases the domain walls mobility and permittivity increases as a consequence. Oppositely, the hardening mechanism of acceptor doping impedes domain rotation, resulting in the decrease of permittivity. In addition, oxygen vacancies induced by acceptor doping and electrons induced by donor doping both contribute to conduction. Dielectric losses increase as a consequence. Due to the different ionic radii between dopants and host ions, distortion of oxygen octahedra in the lattice are induced and displacements of Ti ions along 100 axis are reduced. Consequently, the Curie temperatures of doped-BaTiO 3 are shifted to lower temperatures and the tetragonal phase is destabilized.

III. CHANGING FERROELECTRIC PROPERTIES A. Softening or hardening ceramics

The hysteresis loop (P-E loop) is the defining characteristic of ferroelectric materials. It presents the polarisation response to an external electric field. Figure .5 shows the hysteresis loop of pure BaTiO 3 ceramics with schematics of the corresponding domains arrangements.

After sintering, BaTiO 3 ceramics exhibit a zero net polarisation, due to the random orientation of the ferroelectric domains. Upon increasing external electric field, domains gradually align through domain walls movement. The polarisation gradually increases and then saturates (up to P s ) under high fields. Upon removal of the external field, not all domains switch back to their original orientation, resulting in a remanent polarisation (P r ) in the ceramic. The area decorated by diagonal stripes in Figure .5 represents the recoverable energy (W reco ). It corresponds to the total electric energy brought to the system minus the part used in the polarisation process of the ceramic, represented by the solid blue area inside the hysteresis loop.

Ferroelectrics have higher saturation polarisations and breakdown strengths than other bulk dielec-tric ceramics, [START_REF] Hao | A review on the dielectric materials for high energy-storage application[END_REF][START_REF] Peddigari | Linear and nonlinear dielectric ceramics for high-power energy storage capacitor applications[END_REF] which are beneficial to the total stored energy (W total , solid blue area in Figure .5). However, their W reco is lower due to the high value of the remanent polarisation. Doping can be used to decrease the remanent polarisation while keeping a high saturation polarisation, thereby decreasing the hysteresis losses (or increasing W reco ) while keeping a high W total . [START_REF] Wang | Enhanced energy-storage density by reversible domain switching in acceptor-doped ferroelectrics[END_REF] FIG. 5. Hysteresis loop of pure BaTiO 3 at room temperature with corresponding dipoles orientation (inserts). The initially randomly-oriented dipoles are gradually aligned by the increasing external electric field. BaTiO 3 goes from state 1 ("virgin" state) to state 2 (polarised state). Under removal of the field, dipoles partially switch back (state 3 with remanent polarisation P + r ). At the coercive field (Ec -) the orientations of the dipoles cancel each other. The total stored energy (W total ) is presented by solid blue area and the diagonal-stripe area corresponds to the recoverable energy (Wreco).

Donor-doping presents the advantages of "soft" materials: higher domain-wall mobility, slimmer hysteresis loops, lower coercive fields, all contributing to the decrease of energy losses and therefore to the increase of W reco . [START_REF] Peng | Improvement of the recoverable energy storage density and efficiency by utilizing the linear dielectric response in ferroelectric capacitors[END_REF][START_REF] Ye | Effect of eu doping on the electrical properties and energy storage performance of pbzro 3 antiferroelectric thin films[END_REF][START_REF] Venkata | Crystal structure, dielectric, ferroelectric and energy storage properties of la-doped batio 3 semiconducting ceramics[END_REF] Through the volume effect, acceptor doping not only "hardens" ferroelectrics with decreased domain-wall mobility but can also result in pinched hysteresis loops. The resulting lower remanent polarisation, higher coercive field, and lower saturation polarisation [START_REF] Yy Guo | Kinetics controlled aging effect of ferroelectricity in al-doped and ga-doped batio 3[END_REF][START_REF] Ahmad | Aging-induced dielectric relaxation in barium titanate ceramics[END_REF] of such double loops compared to the open loop of pure BaTiO 3 are illustrated in Figure .6 for Cu-doped BaTiO 3 . Significantly, the much smaller remanent polarisation increases W reco despite a small decrease of the saturation polarisation. [START_REF] Wang | Enhanced energy-storage density by reversible domain switching in acceptor-doped ferroelectrics[END_REF][START_REF] Zechao | Improvement of energy storage of ferroelectric by defect dipoles configuration[END_REF] At thermodynamic equilibrium, the defect dipoles created by acceptor doping are aligned with the crystal symmetry (insert for state 1 in Figure .6), a feature described by the symmetry-conforming principle. [START_REF] Ren | Giant electric-field induced strain in ferroelectric crystals by point-defect mediated reversible domain switching[END_REF] The orientation of the defect dipoles is not modified by the application of the electric field [START_REF] Zhang | Reorientation of (mn ti -vo••)× defect dipoles in acceptor-modified batio 3 single crystals: An electron paramagnetic resonance study[END_REF][START_REF] Liu | Understanding doped perovskite ferroelectrics with defective dipole model[END_REF] as it would necessitate the diffusion of the oxygen vacancies from one site to another. [START_REF] Noguchi | Ferroelectrics with a controlled oxygen-vacancy distribution by design[END_REF] The random distribution of defect dipoles produces a restoring force that accelerates the domain back-switching to their original state (state 1) in which the ceramics have a zero net polarisation. [START_REF] Hao | A review on the dielectric materials for high energy-storage application[END_REF][START_REF] Damjanovic | Ferroelectric, dielectric and piezoelectric properties of ferroelectric thin films and ceramics[END_REF] The resulting pinching of the hysteresis loop enhances W reco . The positive electric field gradually aligns the intrinsic dipoles and moves the domain walls except around the defect dipoles, as shown from state 1 to state 2. When the external field is removed, the defect dipoles produce a restoring force that switches intrinsic dipoles back to their initially random orientations and ceramics have a near zero net polarisation. The same behaviour happens under the negative electric field (between state 1 and state 5).

Hence, both the slimmer hysteresis loops caused by donor doping or the pinched hysteresis loops induced by acceptor doping are promising methods to increase the recoverable stored energy in doped-ferroelectric ceramics. [START_REF] Wang | Enhanced energy-storage density by reversible domain switching in acceptor-doped ferroelectrics[END_REF][START_REF] Zechao | Improvement of energy storage of ferroelectric by defect dipoles configuration[END_REF] 

B. De-aging and re-aging

The hysteresis loop pinching process is also called aging, which is different from degradation. Degradation is an irreversible exhaustion-type process characterised by decreasing spontaneous and saturation polarisations values. [START_REF] Promsawat | Electrical fatigue behavior of lead zirconate titanate ceramic under elevated temperatures[END_REF] On the contrary, ageing is a reversible process. [START_REF] Wang | Enhanced energy-storage density by reversible domain switching in acceptor-doped ferroelectrics[END_REF][START_REF] Zhao | Aging rate of cerium doped ba (ti0. 99mn0. 01) o3[END_REF][START_REF] Bradt | Aging in tetragonal ferroelectric barium titanate[END_REF] The reverse process, de-aging, corresponds to the re-opening of a pinched hysteresis loop. A de-aged sample exhibits a classical ferroelectric P-E loop. This transformation from pinched to open loop (deaging) is also referred to as from "clamped" to "free" [START_REF] Plessner | Ageing of the dielectric properties of barium titanate ceramics[END_REF] or "unclamped" [START_REF] Af Devonshire | Theory of ferroelectrics[END_REF]. As oxygen vacancies migrate and disorder, the defect dipoles temporarily disappear [START_REF] Wl Warren | Alignment of defect dipoles in polycrystalline ferroelectrics[END_REF][START_REF] Wl Warren | Defect-dipole alignment and tetragonal strain in ferroelectrics[END_REF][START_REF] William L Warren | Oxygen vacancy motion in perovskite oxides[END_REF]. Domains are therefore released, resulting in the de-aging process. Two methods can be used to de-age an aged sample (i.e. to open pinched loops): quenching and fatigue treatment.

Quenching consists in heating the sample in its paraelectric phase (over the Curie temperature), where intrinsic dipoles do not exist and oxygen vacancies are disordered (i.e. are not necessarily nearest-neighbors to dopants) before quickly cooling the sample to room temperature. After quenching, defect dipoles are not immediately created as the oxygen vacancies need time to diffuse to positions nearestneighbor to dopants. The ferroelectric domains are therefore not pinned by the defect dipoles and the hysteresis loop is akin to the one of an un-doped sample. Figure. The other procedure to open a pinched loop is the fatigue treatment where an oscillating electric field is applied numerous times on the sample. As a result, oxygen vacancies disorder, causing the defect dipoles to disappear. As shown in Figure .7(b), the remanent polarisation of 0.4 at%Cu-doped BaTiO 3 increases from the first to the 10 3 cycles (from black curve to green curve) and the hysteresis loop is fully open after 10 5 cycles (red curve). The fatigue characteristics depend on the nature of the ferroelectric material itself, the type of dopants and their concentration, the temperature, and the field profile, among other parameters. [START_REF] Scott | Oxygen-vacancy ordering as a fatigue mechanism in perovskite ferroelectrics[END_REF][START_REF] Maxim | Hardening-softening transition in fe-doped pb (zr, ti) o 3 ceramics and evolution of the third harmonic of the polarization response[END_REF][START_REF] Zhang | Large recoverable electrostrain in mn-doped (ba, sr) ti o 3 ceramics[END_REF][START_REF] Glaum | Temperature and driving field dependence of fatigue processes in pzt bulk ceramics[END_REF][START_REF] Balke | Fatigue of lead zirconate titanate ceramics. i: Unipolar and dc loading[END_REF] If a pinched loop can be opened, the inverse is also possible: it is called re-aging. As shown in Figure .8 a 0.4 at%Cu-doped BaTiO 3 sample exhibits a pinched hysteresis loop once thermodynamic equilibrium is reached, i.e. when oxygen vacancies have had enough time to reach positions that are nearest neighbor to dopants, forming defect dipoles. The re-aging pro-cess not only involves the nucleation and growth of domains [START_REF] Bradt | Aging in tetragonal ferroelectric barium titanate[END_REF], but is also driven by the reorientation of defect dipoles. Hence, the ability to re-age doped ferroelectrics depends on the type of dopants, their concentration, and thermal activation. [START_REF] Robels | Domain wall clamping in ferroelectrics by orientation of defects[END_REF][START_REF] Doru C Lupascu | Aging in ferroelectrics[END_REF] FIG. 8. Re-pinched hysteresis loops of 0.4 at%Cu-doped BaTiO 3 . The open loop ("quenching", dotted black curve) is measured immediately after quenching the sample from above TC and results from the disordering of the oxygen vacancies. Keeping this quenched sample for two weeks at room temperature, the disordered oxygen vacancies diffuse to positions nearest-neighbor to dopants, which forms defect dipoles and pinches the hysteresis loop (violet curve). Cooling the sample from 500°C (over TC) in air also gives enough time for the diffusion of oxygen vacancies and the formation of defect dipoles, pinching the hysteresis loop (blue curve) as a consequence.

C. Shifting hysteresis loop

Hysteresis loops of doped ferroelectrics are sometimes shifted along the field axis, as shown in Figure.9(a) where the negative coercive field is larger than the positive one ( E - c >E + c ). This phenomenon is related to the preferential orientation of the defect dipoles that pin the surrounding intrinsic dipoles alongside them.

The preferential orientation of defects dipoles acts as an effective internal bias field. [START_REF] Carl | Electrical after-effects in pb (ti, zr) o3 ceramics[END_REF][START_REF] Ren | Large electric-field-induced strain in ferroelectric crystals by point-defect-mediated reversible domain switching[END_REF] As a consequence, a larger opposite external field is needed to switch the polarisation, thereby increasing the corresponding coercive field and shifting the whole hysteresis loop horizontally (Figure.9(a)). [START_REF] Damjanovic | Hysteresis in piezoelectric and ferroelectric materials[END_REF][START_REF] Ren | Large electric-field-induced strain in ferroelectric crystals by point-defect-mediated reversible domain switching[END_REF] Such a shift can be induced through a field-cooling procedure (polarizing ceramic from high temperature (over T C ) to room temperature) in order to align the intrinsic domains. According to the symmetry-conforming defect principle, once equilibrium is reached, the defect dipoles are aligned as well. This is illustrated by the schematics in Figure .9.

The effect of field cooling is evidenced by the nonzero initial polarisation, almost equal to the remanent polarisation. As the defect dipoles eventually point along the direction the field was applied during field-cooling, they do not provide a perpendicular restoring force. As a consequence, the polarisation loop measured along that direction is not pinched. However, in the direction perpendicular to the poling field direction (Figure.9(b)), the initial polarisation is almost zero. This is because few intrinsic dipoles point perpendicularly to the direction of the poling field. And for those who do, they have a random orientation in that plane. What is more, the few defect dipoles present in that plane adopt a random orientation through the symmetry conforming principle, resulting in the slight pinching of the hysteresis loop measured in that plane. A reduced saturation polarisation is also measured as the majority of defect dipoles still point along the poling direction and therefore hinder the rotation of their surrounding (intrinsic) domains to follow the applied field.

Several days after the field-cooling procedure, the shifted hysteresis loop gets further distorted. An hummingbird-like loop eventually appears, as shown in Figure .10. This is ascribed to the increasing amount of polarised defect dipoles (reaching an equilibrium configuration) leading to stronger pinning effect of the surrounding domains. Such loop is characterised by an asymmetry with the "beak" indicating the majority orientation of the defect dipoles. Under positive electric field (i.e. along defect dipoles majority orientation) domains rotation is facilitated, resulting in a smaller value of the coercive field and reduced hysteresis losses. Under reverse electric field, domain reversal is sluggish with larger hysteresis losses and requires a higher coercive field value.

In summary, the shape of the hysteresis loop can be manipulated through the control of defect dipoles. A pinched loop is induced when the oxygen vacancies are nearest-neighbors to aliovalent dopants, thereby FIG. 10.

Humming-bird-like hysteresis loop for 0.4 at%Cu-doped BaTiO 3 caused by the preferential orientation of defect dipoles. Under positive electric field (majority orientation of defect dipoles), domains rotation is easy (small Ec) with low hysteresis loss. Under reverse electric field, domain reversal is sluggish with larger hysteresis losses and higher coercive field.

creating defect dipoles. These defect dipoles provide a restoring force pinching the hysteresis or even inducing a double hysteresis loop akin the ones of antiferroelectrics. The sample nevertheless remains ferroelectric as the low field state is similar to the "virgin state" of undoped samples after synthesis. Such pinched hysteresis is beneficial, e.g. for energystorage properties. [START_REF] Wang | Enhanced energy-storage density by reversible domain switching in acceptor-doped ferroelectrics[END_REF][START_REF] Zechao | Improvement of energy storage of ferroelectric by defect dipoles configuration[END_REF] A classical, open, ferroelectric hysteresis loop can nevertheless be induced in such samples by disordering the oxygen vacancies.

This can be achieved immediately after having quenched the sample from its paraelectric phase to room temperature or through fatigue measurements. The induced states (akin to classical ferroelectrics) are nevertheless only metastable and will lead, at thermodynamic equilibrium, to a pinched loop once the oxygen vacancies have had the time to reach positions nearest-neighbor to dopants and form defect dipoles.

In addition to a shape change of the hysteresis loops, doping can also shift the hysteresis loops along the field axis. This shift is due to the internal bias field induced by a preferential orientation of the defect dipoles. Such effect is exacerbated when the sample is poled through field cooling, thereby aligning the majority of the intrinsic dipoles. When thermodynamic equilibrium is reached, most defect dipoles align with the polarised ferroelectric domains and a hummingbird-like hysteresis is generated, with the "beak" along the direction of the majority defect dipoles.

IV. CHANGING ELECTROMECHANICAL PROPERTIES

Doping can also influence the piezoelectric properties of BaTiO 3 . The contributions to strain-electric field relationship are a very complex problem. Apart from the intrinsic lattice strain, domain walls movement account for as much as 50% of the electromechanical effect on ferroelectric materials. [START_REF] Ei Bondarenko | The role of 90 domain wall displacements in forming physical properties of perovskite ferroelectric ceramics[END_REF][START_REF] Damjanovic | Contribution of the irreversible displacement of domain walls to the piezoelectric effect in barium titanate and lead zirconate titanate ceramics[END_REF] In addition, large nonlinear and recoverable electrostrains are most often experimentally observed due to the existence of non-180 • domain walls. [START_REF] Malcolm | Principles and applications of ferroelectrics and related materials[END_REF][START_REF] Damjanovic | Ferroelectric, dielectric and piezoelectric properties of ferroelectric thin films and ceramics[END_REF][START_REF] Li | Electrostrictive effect in ferroelectrics: An alternative approach to improve piezoelectricity[END_REF][START_REF] Tsurumi | 90°d omain reorientation and electric-field-induced strain of tetragonal lead zirconate titanate ceramics[END_REF] Thus, the factors affecting the domain walls motions have a major influence over the electromechanical response of BaTiO 3 . These factors include the symmetry of the crystal structure, dopants, defects, local variations in the composition, and external excitations such as temperature and electric field. [START_REF] Zheng | Recent development in lead-free perovskite piezoelectric bulk materials[END_REF][START_REF] Narayan | Electrostrain in excess of 1% in polycrystalline piezoelectrics[END_REF] Compared to the pinned domain walls in "hard" ferroelectric, "soft" ferroelectrics have more mobile domain walls that result in higher electric-fieldinduced strain. [START_REF] Morozov | Charge migration in pb (zr, ti) o 3 ceramics and its relation to ageing, hardening, and softening[END_REF][START_REF] Eyraud | Interpretation of the softening effect in pzt ceramics near the morphotropic phase boundary[END_REF][START_REF] Zheng | Recent development in lead-free perovskite piezoelectric bulk materials[END_REF][START_REF] Jaffe | Piezoelectric ceramics[END_REF] As shown in Table I, the "soft" lead zirconate titanate (PZT-5A, PZT-5H) ceramics have larger piezoelectric coefficients than the "hard" PZT (unaged). [START_REF] Thomas | Lead-free piezoelectric ceramics: Alternatives for pzt?[END_REF] Unaged "hard" Ce-doped BaTiO 3 exhibits a lower piezoelectric coefficient than pure BaTiO 3 (d 33 = 190 pm V -1 ). [START_REF] Acosta | Batio3-based piezoelectrics: Fundamentals, current status, and perspectives[END_REF][START_REF] Ang | Piezoelectric and electrostrictive strain behavior of ce-doped batio 3 ceramics[END_REF] FIG. 11. The polarisation hysteresis loop and strain vs electric field curve of 0.4 at%Cu-doped BaTiO 3 . In the lower field range (0 -5 kV cm -1 or -5 -0 kV cm -1 ), the strain curve is almost flat with a corresponding piezoelectric coefficient of 22 pm V -1 . With decreasing electric field from 8(-8) to 5(-5) kV cm -1 ,, strain drastically and linearly decreases with a piezoelectric coefficient of about 1561 pm V -1 .

As shown before, the defect dipoles in the aged state provide a restoring force that eases the domain rotation back to the zero net polarization (virgin) state, pinching the hysteresis loop. Consequently, the apparent piezoelectric coefficient (d 33 ) is drastically increased. [START_REF] Liu | Ferroelectric aging effect in hybrid-doped ba ti o 3 ceramics and the associated large recoverable electrostrain[END_REF][START_REF] Acosta | Batio3-based piezoelectrics: Fundamentals, current status, and perspectives[END_REF][START_REF] Ren | Large electric-field-induced strain in ferroelectric crystals by point-defect-mediated reversible domain switching[END_REF] As shown in Figure.11, the slope of the strain response of 0.4 at%Cudoped BaTiO 3 corresponds to a very large piezoelectric coefficient (d 33 ) of 1561 pm V -1 for electric fields in the range of 5 to 8 kV cm -1 . Similarly, a d 33 of 2100 pm V -1 for electric fields from 2.5 to 3.5 kV cm -1 has been reported for aged Ba-TiO 3 doped with 0.3 at%Mn. Single crystals of aged 0.02 at%Fe-doped BaTiO 3 also present large strain (7.5 × 10 -3 ) at low electric field (2 kV cm -1 ), corresponding to a d 33 of 3750 pm V -1 [88] about 10 times larger than conventional piezoelectric PZT (see Table I) and Pb(Zn 1/3 ,Nb 2/3 )O 3 -8 %PbTiO 3 (PZN-PT) ceramics [START_REF] Park | Ultrahigh strain and piezoelectric behavior in relaxor based ferroelectric single crystals[END_REF]. In summary, the enhanced mobility of domain walls enhances the piezoelectric properties of "soft" ferroelectrics compared to their un-doped counterparts. In aged hard ferroelectrics the restoring force induced by the defect dipoles accelerates the domain rotation back to their initial orientation. As a result, the piezoelectric coefficients of aged BaTiO 3 are significantly increased, reaching values over 1500 pm V -1 (this work and Refs. [START_REF] Zhang | In situ observation of reversible domain switching in aged mn-doped batio 3 single crystals[END_REF][START_REF] Ren | Large electric-field-induced strain in ferroelectric crystals by point-defect-mediated reversible domain switching[END_REF]). This defect dipolesdomains interaction created by acceptor doping provides a promising method to realize applications based on enhanced electromechanical properties of BaTiO 3 .

V. CONCLUSION

Doping provides a promising opportunity to tune the dielectric, ferroelectric, and piezoelectric properties of environmentally-friendly BaTiO 3 ceramics.

Because of the different ionic radii between dopants and host ions, the oxygen octahedra of the perovskite structure distort and the displacement of Ti ions along the 100 axis is affected, which results in the destabilization of the tetragonal phase and a decrease of the Curie temperature compared to pure BaTiO 3 . Donor doping improves the mobility of domain walls and BaTiO 3 is consequently "softened". The "softening" mechanism is ascribed to the reduced internal stress caused by Ba or Ti vacancies and to electron transfer between Ba and Ti vacancies. [START_REF] Damjanovic | Ferroelectric, dielectric and piezoelectric properties of ferroelectric thin films and ceramics[END_REF][START_REF] Morozov | Charge migration in pb (zr, ti) o 3 ceramics and its relation to ageing, hardening, and softening[END_REF][START_REF] Gerson | Variation in ferroelectric characteristics of lead zirconate titanate ceramics due to minor chemical modifications[END_REF][START_REF] Eyraud | Interpretation of the softening effect in pzt ceramics near the morphotropic phase boundary[END_REF][START_REF] Daniels | Electrical conductivity at high temperatures of donor-doped barium titanate ceramics[END_REF] Macroscopically, permittivity is increased and slimmer hysteresis loops with lower coercive fields are measured, increasing the energy storage performance. Another advantage of "soft" materials is their higher piezoelectricity compared to un-doped counterparts.

For acceptor-doped BaTiO 3 , the volume effect (defect-dipoles created by oxygen vacancies nearestneighbors to dopants) as the primary hardening mechanism decreases mobility of domain walls, which has a contribution to decrease permittivity. According to the symmetry-conforming principle, the defect dipoles formed by oxygen vacancies accompanying acceptor dopants are aligned by crystal symmetry at thermodynamic equilibrium. Hence, aging process results in double hysteresis loops thereby increasing the recoverable energy storage. Through the control of the defect dipoles orientation, the shape of the hysteresis loop can be manipulated including pinching, opening, re-pinching, shifting, even distorting to a hummingbird-like hysteresis loop. Moreover, aged doped-BaTiO 3 shows higher piezoelectric coefficients due to the restoring force of the defect dipoles.

FIG. 1 .

 1 FIG. 1. The radii[21] of common dopants for BaTiO 3 . The host ions (Ba 2+ and Ti 4+ ) are presented by square symbols and the aliovalent dopants for A site (coordination 12) and B site (coordination 6) of BaTiO 3 are shown by green stars and blue circles respectively.

FIG. 2 .

 2 FIG. 2. Schematic of the formation of 180 • (a) and 90 • (b) domain walls in BaTiO 3 . Cooling below the phase transition temperature, the spontaneous polarisation of BaTiO 3 induces surface charges which cause a depolarizing field. As a result, 180 • -domains with opposite polarisation are created in order to minimize the corresponding electrostatic energy; (b) Simultaneously, 90 • domains are created to minimize the mechanical stresses caused by the phase transition.

FIG. 4 .

 4 FIG. 4. Doping effect on the real part of the relative permittivity (a) and dielectric losses (b) of Cu-doped BaTiO 3 with different doping concentration (at 10 kHz) as function of temperature, compared to the un-doped BaTiO 3 .

FIG. 6 .

 6 FIG. 6. Hysteresis loop pinching process for 0.4 at%Cudoped BaTiO 3 (solid blue line) compared to the open loop of pure BaTiO 3 (dotted black line) at room temperature.The positive electric field gradually aligns the intrinsic dipoles and moves the domain walls except around the defect dipoles, as shown from state 1 to state 2. When the external field is removed, the defect dipoles produce a restoring force that switches intrinsic dipoles back to their initially random orientations and ceramics have a near zero net polarisation. The same behaviour happens under the negative electric field (between state 1 and state 5).

  FIG. 7. De-aging processes of a 0.4 at%Cu-doped BaTiO 3 ceramic: (a) Only intrinsic dipoles exist after quenching and the hysteresis loop is open, starting from a "virgin" state with zero net polarisation, (b) Fatigue treatment randomizes the dipoles in the direction of external fields and defect dipoles are almost eliminated due to disordered oxygen vacancies; the pinched hysteresis loop (black curve) gradually opens (green curve) before reaching a stable open shape after 10 5 cycles (red curve).

FIG. 9 .

 9 FIG. 9. Hysteresis loops of field-cooled 0.4 at%Cu-doped BaTiO 3 measured (a) along the direction of the poling field (E pol ) and (b) along an orthogonal direction. Preferentially-oriented defect dipoles (a) shift the hysteresis loop along the poling field axis and (b) cause a slight pinching of the hysteresis loop measured with a measuring field along an orthogonal direction.

TABLE I .

 I Comparison of piezoelectric coefficient (d33) values between soft and hard ferroelectrics (PZT: lead zirconate titanate and BT: barium titanate) at room temperature.

	Compo-	Soft PZT	Hard PZT (unaged)	Hard BT (unaged)	Hard BT (aged)
	sition	PZT-5A PZT-5H	PZT-2 PZT-4 PZT-8	2 at%Ce	0.3 at%Mn 0.02 at%Fe
	d33 (pm V -1 )	375	590	152	290	225	116	2100	3750
	Reference	[96]	[96]	[93]	[96]	[96]	[28]	[14]	[88]