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A highly topical set of materials are those ABO3 perovskite oxides, in which multiferroicity is chemically engineered by placing ferroelectrically and magnetically active cations in Aand B-site, respectively. This is the case of the BiFeO3 and BiMnO3 perovskites, and also of the solid solutions they form with PbTiO3. Interest in these binary systems is fostered by the presence of distinctive morphotropic phase boundaries (MPBs); multiferroic in the case of BiFeO3-PbTiO3, for which a high magnetoelectric response has been anticipated. Here, new compositions belonging to the ternary system BiFeO3-BiMnO3-PbTiO3, and specifically along the line that joins the former MPBs, have been prepared by mechanosynthesis to accomplish a thorough analysis of their multiferroic nature. Nanocrystalline powders with perovskite-type structure were obtained in the entire range of compositions, which all exhibited polymorphic phase coexistence allowing a line of MPBs to be established. The variation of the perovskite structural characteristics along this line has been defined, and correlated with those of the magnetic and electrical properties. A set of novel and promising multiferroic materials has been found for BiFeO3 rich compositions.

Introduction

Multiferroic magnetoelectric materials have become the focus of intensive research, driven by potential applications in novel multifunctional devices, such as spintronics, sensors, and perhaps the most appealing, the next generation of non-volatile memories. 1,2 The interest in these materials is growing rapidly and focuses in the search of novel approaches to obtain multiferroics with room-temperature (RT) magnetoelectricity. 3,4 One of the most promising approaches is the engineering of the functionality on a site-by-site basis in systems such as ABO3 perovskites. In this structure, one can make use of the stereochemical activity of an Asite cation with lone pair (i.e., 6s 2 electrons in Bi 3+ or Pb 2+ ) to induce the required distortion for ferroelectricity, while magnetism can be achieved with the incorporation of a magnetic Bsite cation. 5 This is the case of BiMO3 (M = Cr, Mn, Fe, Co, Ni), although only a few of these Bi-containing perovskites can be prepared by conventional methods, and usually highpressure techniques are required. 6 Among them, BiFeO3 is the most topical multiferroic material, for it is perhaps the only compound that shows both magnetic ordering and proper ferroelectricity at RT. 7 Another topical material is BiMnO3, the only oxide among the abovementioned that has a true ferromagnetic state with ordering temperature of TC 100 K, yet there is no consensus about its ferroelectricity. [8][9][10] A number of studies have come forth in the last years that aimed at enhancing the stability of BiFeO3 and BiMnO3 perovskites, while maintaining or even enhancing its properties, by doping or the preparation of solid solutions. [11][12][13][14] In particular, attention has been put on the solid solutions they form with the tetragonal PbTiO3 perovskite. Interest in these binary systems (BiFeO3-PbTiO3 and BiMnO3-PbTiO3) is fostered by the presence of morphotropic phase boundaries (MPBs) which are potentially multiferroics. Ferroelectric materials at these phase instability regions exhibit an enhancement of properties like dielectric permittivity and piezoelectric coefficients that makes them of special interest for applications. 15 Moreover; high magnetoelectric response has been anticipated for such multiferroic MPBs originated from electric field-driven phase-change phenomena. 16 In the case of BiFeO3-PbTiO3, the MPB is characterized by coexistence of rhombohedral R3c and tetragonal P4mm polymorphs for compositions around 0.7BiFeO3-0.3PbTiO3, [17][18][19] which would be then isostructural with the edge ferroelectric oxides of the binary system.

The extent of R3c/P4mm phase coexistence region is dependent on the processing conditions and thermal history, which seems to be a characteristic feature of the system associated with its degeneracy at the MPB. 20 Moreover, evidences of an intermediate MPB phase that bridges the R3c and P4mm phases were provided by electron diffraction, 21 and latest Rietveld refinements of X-ray diffraction (XRD) data have indicated it to be monoclinic Cc. 22 A number of reports have addressed the magnetic properties across its MPB. [23][24][25] Both, Gtype antiferromagnetic (AFM) spin configuration and the Néel temperature (TN) were found dependent on the crystal symmetry, the latter being at 473 K for the R3c phase and below RT (210 K) for the P4mm one. Moreover, monoclinic phase also presents a second magnetic anomaly in their susceptibility below TN, which has been described as a spin reorientation transition between two G-type AFM states, wherein the canted-ferromagnetic component undergoes a spin flop. 26 Outstanding ferroelectric properties have been reported at the MPB.

The occurrence of phase-change between the rhombohedral (or monoclinic) and tetragonal polymorphs under high electric field results in a remnant polarization of 63 C cm -2 (perhaps the highest reported for a ceramic material) with a relatively low coercive field. 27,28 Strong magnetoelectric responses could be thus anticipated, associated with this phase-change phenomena, even so the ferromagnetic component is weak.

For the BiMnO3-PbTiO3, the MPB region has been set around 0.4BiMnO3-0.6PbTiO3, 29 and separates the tetragonal P4mm and orthorhombic Pnma polymorphs. 30 However, very few reports have addressed their magnetic and ferroelectric properties across the MPB. Spin-canted AFM order with very low ordering temperature of 11 K was suggested which would originate from the superexchange interaction between Mn 3+ cations mediated by the oxygen, forming a net of interacting ions diluted by modification with the nonmagnetic PbTiO3. 29 In contrast, the ferroelectric characterization has been challenging due to conductivity issues. 31 In this work, we present a study of the BiFeO3-BiMnO3-PbTiO3 ternary system, in the search of novel multiferroic MPBs that may show RT magnetoelectricity. Specifically, a number of compositions along the whole line connecting the respective MPBs of the binary systems (i.e., from 0.7BiFeO3-0.3PbTiO3 to 0.4BiMnO3-0.6PbTiO3), as illustrated in Fig. 1, were investigated. Mechanochemical route was chosen for the synthesis, which has been demonstrated optimal for the preparation of both BiFeO3, BiMnO3, and their solid solutions with PbTiO3. 9,18,30 Results here clearly show that coexistence of polymorphic phases takes place along the whole line, which is thus a line of MPBs. Results from the dielectric and magnetic characterization allow accomplishing a thorough analysis of the actual multiferroic nature of the line of MPBs along the ternary system.

2

Experimental section

Synthesis of nanopowders and ceramic processing

The compositions respond to the general formula Bi0.7-0.3xPb0.3(1+x)Mn0.4xFe0.7(1-x)Ti0.3(1+x)O3, obtained from x(0.4BiMnO3-0.6PbTiO3) -(1-x)(0.7BiFeO3-0.3PbTiO3), with x equals to 0, 0.15, 0.25, 0.325, 0.425, 0.5, 0.575, 0.675, 0.75, 0.85, 1, as illustrated in Fig. 1. Powdered samples were prepared by mechanochemical route from stoichiometric mixtures of analytical grade Bi2O3, Fe2O3, Mn2O3, PbO and TiO2. Details of the procedure and of the mechanisms taking place during the mechanical treatments can be found elsewhere. 18,30 Initial mixtures were homogenized in an agate mortar, and then 10 g of each mixture were mechanically treated in a Pulverisette 6 (Fritsch) planetary mill operating at 300 rpm. Grinding vessels of 250 cm 3 with seven balls of 2 cm in diameter and 63 g in weight each (powder-to-ball weight ratio of 1:44) were used all made of tungsten carbide (WC). After mechanical treatments and for specific studies, the powders were thermally treated at 950 ºC for 2 h followed by fast cooling (quenching) in air down to RT to increase crystallinity.

Ceramic materials of the whole range of compositions were prepared by hot-pressing of the nanocrystalline powders obtained by mechanosynthesis. Powders were uniaxially pressed into 12 mm diameter discs and hot-pressing was carried out in the temperature range between 850 and 950 ºC for 1 h under 60 MPa, using heating and cooling rates of 3 ºC min -1 . Density of the samples was measured by Archimedes's method in distilled water after polishing.

Structural and microstructural characterization

The phase evolution during the mechanical treatment and after the thermal treatments was followed by powder X-ray diffraction (XRD) with a Bruker AXS D8 Advance diffractometer in the range of 15º to 70º (2θ), in steps of 0.05º and counting time of 1.5 s per step. Cu Kα doublet (λ=1.5418 Å) was used in these experiments. Lattice parameters, corresponding to samples mechanosynthesized and subsequently thermally treated at 950 ºC, were calculated from XRD data using a least-square refinement method (CELREF). [START_REF] Laugier | CELREF V3 Program[END_REF] The morphology of the nanopowders was examined by transmission electron microscopy (TEM) using a Philips CM20FEG microscope working at 200 kV. Specimens for TEM were prepared from suspensions ultrasonically dispersed in ethanol, a drop of which was placed on a copper grid covered with a holey carbon film for observation. 

Magnetic and dielectric characterization

Magnetic measurements were carried out on powder samples with a Quantum Design MPMS-XL5 SQUID magnetometer between 2 and 400 K under zero field cooling (ZFC) and field cooling (FC) conditions to evaluate the magnetic behavior of the compound and to identify the magnetic transitions. First, samples were cooled down to 2 K under zero field, and then, a magnetic field of 500 Oe was applied and maintained during a following heating (ZFC) and cooling (FC) cycle. Isothermal magnetization measurements M(H) were recorded at 2 and 300 K, with increasing and decreasing fields between -50 kOe and +50 kOe.

Electrical characterization was carried out on ceramic discs, on which Ag electrodes were painted and sintered at 800 ºC. The temperature dependence of the dielectric permittivity and losses (tan ) were dynamically measured under heating/cooling cycles at 1.5 ºC min -1 , with a HP4284A precision LCR Meter in the frequency range between 100 Hz and 1 MHz.

Results and discussion

Synthesis and structural characterization

The process of mechanosynthesis of the binary systems BiFeO3-PbTiO3 and BiMnO3-PbTiO3 has already been described to take place in two steps; 18,30 the starting reagents are readily amorphized during the first hours of mechanical treatment along with severe particle size reduction, stage after which perovskite formation takes place with increasing milling time.

The perovskite could successfully be isolated as a single phase after 24 and 18 h of milling for compositions at the MPBs of BiFeO3-PbTiO3 and BiMnO3-PbTiO3, respectively. 18,30 A similar procedure was followed in this work to optimize the synthesis of the compositions belonging to the ternary system under study. The stoichiometric mixtures of the reactants were mechanically treated for different times depending on the compositions: 24 h of milling time was required to fully crystallize the perovskite phase for compositions with high amount of BiFeO3, i.e., with 0 ≤ x ≤ 0.5, while 18 h of milling time was enough to completely isolate the perovskite phase for the BiMnO3-rich edge compositions, that is, with 0.5 < x ≤ 1. These milling times were rather short as compared to those usually required for mechanosynthesis, and thus negligible contamination resulted. Contamination levels typically found were below 35 and 500 ppm of Co and W, respectively, as measured by inductively coupled plasma (ICP)

-elemental analysis (WC grinding media are actually WC-Co cermets).

Figure 2(a) shows the phase evolution with the milling time of the starting mixture corresponding to sample with x = 0.15, taken by way of example. The two steps mentioned above during the milling process can be clearly observed: reagents are roughly amorphized and particle size is reduced after 18 h of milling, though diffraction peaks corresponding to the perovskite phase can already be detected, while single-phase perovskite could be fully crystallized after 24 h of milling, and remains stable with further increase of the milling time.

The mechanosynthesized powder consisted of submicron-sized agglomerates of nano-sized crystals, as displayed in the TEM image of Fig. 2(b). The Feret´s diameter distribution, also included in the figure, was obtained by measuring more than 150 particles. An average size of 35 nm and standard deviation of 18 nm resulted. Similar powder morphology and average crystal sizes were achieved in all compositions under study.

Figure 3 shows the XRD patterns of different compositions indicating that the perovskite could successfully be isolated as single phase by mechanosynthesis, either after 18 or 24 h of milling time, as outlined above. It is evident that symmetries other than pseudo-cubic cannot be identified from these patterns, due to the nanocrystalline nature of the mechanosynthesized powders. In order to increase the crystallinity of the powders to study the phase stability and phase coexistence, thermal treatments at different temperatures were carried out. Figure 4 shows the XRD patterns of the different perovskites after mechanosynthesis and subsequent thermal treatment at 950 ºC for 2 h. In all cases, the powders were successfully crystallized into the perovskite-type structure (no secondary phases were found), in which symmetries lower than pseudo-cubic can be assessed. Phase coexistence is found along the entire line of compositions, in which two compositional ranges may be differentiated.

For compositions close to the BiFeO3-PbTiO3 end member, i.e., 0 ≤ x ≤ 0.325, coexistence of two polymorphs with tetragonal and rhombohedral (or monoclinic) symmetries is clearly observed, the latter being the major phase, in agreement with the MPB of the BiFeO3-PbTiO3 binary system (see Fig. 4(b) for comparison). [17][18][19][20] It should be noted that it is unfeasible to discriminate between the rhombohedral and monoclinic symmetries from our standard XRD data, for which a Rietveld study would be required, and even then it is not straightforward as illustrated by the contradicting previous reports. With increasing the amount of BiMnO3 the tetragonal phase starts to prevail over the R3c/Cc one, which is hardly discernible above x = 0.425. Nevertheless, phase coexistence is still present for all compositions up to the BiMnO3-PbTiO3 edge member (see also Fig. 4(b)), wherein the MPB must involve polymorphs with tetragonal and orthorhombic symmetries, according to the MPB described for the binary system. 30 Although coexisting polymorphic phases are being assumed isostructural with the edge binary systems, it must be remarked again that our XRD data do not allow symmetry to be unambiguously ascertained.

The lattice parameters were determined by least-square refinement method from the XRD data for the tetragonal phase, and their evolution with the composition is shown in Fig. 5 (standard deviation is represented as 3σ). The tetragonal P4mm space group was used for the calculation. Again, two compositional ranges may be clearly differentiated, i.e., below and above x = 0.5. The huge tetragonality (ratio of the cell parameters, c/a) exhibited for the MPB 0.7BiFeO3-0.3PbTiO3 composition (c/a 1.18), though still high for compositions close to the end member, decreases significantly with increasing BiMnO3 content and spontaneous strain (c/a-1) becomes 3 times lower (c/a 1.06) for x = 0.5. At this composition, the ternary system shows roughly the same c/a ratio than PbTiO3. For compositions x > 0.5, the tetragonality continues decreasing, but at a different rate, reaching a minimum for the MPB 0.4BiMnO3-0.6PbTiO3 composition (c/a 1.03). Note that in ferroelectrics perovskites, large tetragonality (spontaneous strain) means large polarization and high TC, but also high coercitivity which makes polarization switching difficult, needing very-high electric fields. In addition, the processing of high-quality ceramics is highly challenging for such large tetragonalities. A reduction of the c/a ratio in some extent could be even advantageous for optimal processing and better functionality, in particular for MPB systems.

For PbTiO3-based piezoelectric materials, the highest performance occurs at the MPB, in which rhombohedral (or monoclinic) polymorphs coexist with a tetragonal one that exhibits typically c/a  1.025. [START_REF] Qi | [END_REF] For these materials, c/a ratio typically decreases from 1.064 (value for PbTiO3) on approaching the MPB, while no significant change takes place in the lattice volume across it, like the cases of Pb(Zr,Ti)O3 or Pb(Mg1/3Nb2/3)O3-PbTiO3 among many others. The solid solution of BiFeO3-PbTiO3 present a different MPB, and it is perhaps the only ferroelectric perovskite with a polymorphic MPB region that shows increasing c/a ratio with decreasing PbTiO3, and also an abrupt change in the lattice volume at the MPB when moving from one polymorph to other. 18,22 Its tetragonality is perhaps the highest reported in ferroelectric MPB systems. In relation to the ternary system under study, an evolution from this latter type of MPB to the former one seems to happen. Therefore, the slope change in the c/a vs. x curve at composition with x 0.5, might indicates this evolution. Experimental and theoretical studies have shown the key role of the hybridization between (Bi,Pb)(6s,6p) and O(2p) orbitals for the huge tetragonality of MPB BiFeO3-PbTiO3. 34 However, tetragonality is strongly coupled to the B-cation displacement and weakly coupled to the A-cation one, [START_REF] Qi | [END_REF] so the role of the substitution of Mn 3+ by Fe 3+ in covalency effects should also be considered.

Magnetic behavior of nanopowders and crystallized phases

The strength of the magnetic interactions was investigated by classical ZFC/FC cycles.

Figure 6 shows the temperature dependence of the molar magnetic susceptibility (M/H ratio)

for the mechanosynthesized perovskites with different compositions. The nanocrystalline powders showed magnetic interactions in all cases, yet large differences were observed at low-temperature with increasing BiMnO3 content. For the BiFeO3-rich compositions, i.e., x ≤ 0.425 (Fig. 6(b)), the curves display mainly an overall paramagnetic behavior, yet a manifest irreversibility between the ZFC and FC curves can be observed. This extends up to the maximum measuring temperature, ca. 400 K, and might indicate the presence of magnetic frustration in a system of weakly interacting nanoparticles.

However, upon increasing the amount of BiMnO3 in the mechanosynthesized powders, i.e., x ≥ 0.5 (Fig. 6(a)), several features can be distinguished. First, the irreversibility of the ZFC/FC curves vanishes above a temperature as low as 15 K in all cases, indicating a clear paramagnetic behavior and the absence of any, even weak, magnetic order at higher temperatures. Secondly, the susceptibility, and therefore the strength of magnetic interactions at 2 K, increases by an order of magnitude between both extremes of the series, due to the increasing content of Mn 3+ ions in B-sites. And finally, the ZFC curves exhibit a cusp-like feature, along with a divergence of the ZFC and FC curves below 10 K, which is nearly independent on composition, whereas FC ones steadily increases on cooling. These features may be reminiscent of systems undergoing spin glass-like transitions or may well suggest the presence of magnetic frustration in interacting nanocrystalline particles, and the anomaly in the ZFC curves corresponds to the blocking temperature, TB. 35,36 The isothermal hysteresis loops (M-H) recorded at 2 K, and shown in the inset of Fig. 6 for two selected compositions, indicate a weak ferromagnetic contribution with similar coercitivity of 1 kOe, a feature that is rather consistent with a spin-glass-like behavior.

The overall magnetic behavior differs also widely from the BiFeO3-rich to the BiMnO3rich compositional regions in the thermally treated (950 °C / 2 h followed by quenching) powdered materials. Figure 7 shows the temperature dependence of the molar magnetic susceptibility (M/H ratio) in ZFC/FC cycles for various compositions, in which several features are worth noticing. The magnetization behavior of the 0.7BiFeO3-0.3PbTiO3 (x = 0) composition is given in Fig. 7(a). Note the presence of a magnetic anomaly at about 394 K, below which large divergence between the ZFC and FC curves is observed. TN for R3c/Cc phases around the MPB of the BiFeO3-PbTiO3 system has been reported to be at 473 K. 23,25 The observed anomaly at 394 K must be associated with the spin-reorientation transition, TSRO, wherein the ferromagnetic component undergoes a spin flop. 26 It is remarkable the further divergence of the ZFC and FC magnetizations below TSRO that indicates a larger net magnetic moment from the spin-canting. This ferromagnetic component, although small, is measurable and can be very useful in the search of room-temperature magnetoelectric effects.

Upon adding small amounts of BiMnO3 in the ternary system, i.e., x = 0.15 and 0.25 (Figs.

7(b) and 7(c), respectively), the TSRO shifts towards lower temperature, at 305 and 222 K, respectively. Above the anomaly, irreversibility of the ZFC/FC curves persists and indicates the system still presents the AFM ordering temperature above the measuring range (above 400 K). For the material with x = 0.15, the gap between ZFC and FC curves below the TSRO increases, and indicates larger magnetization than that for x = 0. For the system with x = 0.25, the TSRO shifts below RT and the gap between ZFC and FC curves decreases and therewith the spin-canted ferromagnetic component. Here, the magnetic phenomenon seems to coexist with the paramagnetic contribution of a new anomaly with ordering temperature close to 2 K.

Both, the AFM ordering and spin-reorientation phenomena observed in the BiFeO3-rich compositions are certainly related with a superexchange pathway that involves nonmagnetic cations of the type Fe 3+ -O 2--Ti 4+ -O 2--Fe 3+ , wherein addition of BiMnO3 further increases the chemical disorder at the Fe 3+ magnetic sublattice. This should lead to competing interactions that results in the lowering of the ordering temperatures, and therefore, the vanishing of the spin-canted ferromagnetic component at RT. Figure 8 shows the isothermal M vs H curves recorded at 300 K for BiFeO3-rich compositions, in which the suppression of the RT ferromagnetic component with increasing BiMnO3 content is evidenced. In spite of the hysteresis loops still showing some irreversibility for compositions up to x = 0.325, remnant magnetization is negligible and coercive fields of only few hundred Oe are obtained.

The magnetic behavior changes for BiMnO3-rich compositions, i.e., x ≥ 0.5, as shown in Figs. 7(d-f). The ZFC/FC curves indicate the absence of proper long-range order, marked by an overall paramagnetic behavior down to very low temperatures. The magnetization curves for the 0.4BiMnO3-0.6PbTiO3 composition (x = 1), given in Fig. 7(f), show a cusp-like feature in ZFC and an almost constant magnetization below 10 K, which is typical of systems undergoing spin glass-like or cluster glass-like transitions, and may well suggest the presence of magnetic frustration with competing short-range FM or AFM interactions. BiMnO3 is an orbitally ordered ferromagnetic insulator that is chosen in the ternary system due to its tendency to form ferromagnetic couplings below ca. 105 K. 37 However, in this case, superexchange pathways involving nonmagnetic cations of the type Mn 3+ -O 2--Ti 4+ -O 2--Mn 3+ , avoid the development of a full long-range magnetic order. It is known that a random orientation of frozen spins can occur when the concentration of magnetic ions is diluted or the magnetic exchange interactions are frustrated. 35,36 No significant differences were observed at some lower content of BiMnO3, as shown for the x ≥ 0.75 materials (see Fig. 7(e)), except a decrease of the susceptibility at 2 K due to the further dilution of the Mn 3+ ions. For middle compositions, i.e., x = 0.5, the magnetization curves seem to indicate a behavior in between those described above, as shown in Fig. 7(d).

In this case, two anomalies can be differentiated in the susceptibility curves (inset of Fig.

7(d))

, which seem to indicate the coexistence of magnetic orderings, perhaps associated to separate superexchange of Mn 3+ and Fe 3+ interacting ions. The anomaly at lower temperature, at about 10 K, could be related with the TB of the spin-glass state, whereas the anomaly at about 23 K, for which a divergence of the curves is obtained, could be the TN of the AFM ordering associated with the magnetic Fe sublattice. It should be noted, that tetragonal is the predominant phase in this compositional range, according to XRD data (see Fig. 4), so the magnetic response should be associated with this phase. TN was reported to be at 220 K for the P4mm phase at the MPB of the BiFeO3-PbTiO3 system. 24 Results therefore indicate the frustration of the magnetic interactions and a spin-or cluster-glass-type behavior for the tetragonal phase in the BiMnO3-rich compositions.

At high temperatures (150 -300 K, well above the magnetic ordering), the linear increase of the inverse susceptibility with increasing temperature is related to the Curie-Weiss

paramagnetic behavior ( = C (T-θ)
), where C is Curie constant and  is Weiss constant, from which the overall effective moment can be extracted (eff = (8C) 1/2 ). An effective moment per nominal Mn content eff/Mn of 4.67B (B = Bohr magneton) was obtained for the 0.4BiMnO3-0.6PbTiO3 composition. This value is less than that expected for a full Mn 3+ contribution [(Mn 3+ ) = 4.90B], and suggests the presence of a mixed valence 3+/4+ for Mn atoms at the magnetic sublattice [(Mn 4+ ) = 3.87B]. Upon adding BiFeO3, an effective moment eff/(Mn+Fe) of 4.75B, normalized to the Mn+Fe content, was calculated for the composition with x = 0.75. This value largely differs to that expected by considering the corresponding amount of Fe 3+ [(Fe 3+ ) = 5.92B], for which eff/(Mn+Fe) = 5.25B would be anticipated by considering only Mn 3+ and Fe 3+ , and suggests mixed-valence states for both Mn(3+/4+) and Fe(3+/2+) cations at B-site. This would be disadvantageous as it could enable electron hopping-type conductivity that prevents making use of the ferroelectric properties.

XPS analysis was carried out to confirm the oxidation states of Fe and Mn. Figure 9(a)

shows the narrow scan XPS spectra of the Fe 2p line for 0.7BiFeO3-0.3PbTiO3 (x = 0) and that for composition with x = 0.75, for comparison. The Fe 2p orbital is divided into Fe 2p3/2 at ~710 eV and Fe 2p1/2 at ~723.5 eV, and a satellite of Fe 2p3/2 is also observed in-between. 38 The sub peaks can be de-convoluted into two peaks in both samples, which are associated to the presence of Fe 3+ and Fe 2+ attending to the binding energies. The peaks splitting are hardly observed for the 0.7BiFeO3-0.3PbTiO3 material, for which peaks corresponding to Fe 3+ dominate the spectrum, yet small peaks associated to the presence of Fe 2+ are necessary for successful fitting. The presence of some Fe 2+ in the binary system is not unexpected, and indeed might be the origin of relaxations reported in the dielectric properties. 28 Results are in a good agreement with previous reports in thin-film and nanoparticles. 39,40 A clear XPS signal associated with Fe 2+ is observed for the sample with x = 0.75, for which the presence of a mixture of Fe 3+ and Fe 2+ oxidation states can be stated. A large Fe 2+ /Fe 3+ ratio of 0.57 was obtained from the relative area under the peaks obtained from the fitting.

On the other hand, similar analysis was performed using the narrow scan XPS spectra of the Mn 2p line for the 0.4BiMnO3-0.6PbTiO3 (x = 1) and the composition with x = 0.75, as shown in Fig. 9(b). This orbital also contains doublet component which can be assigned to Mn 2p3/2 and Mn 2p1/2 lines at 642 eV and 653 eV, respectively, which could also be deconvoluted into two peaks each. 41,42 In this case, the fits also take into account the peak for Pb 4p3/2 at 645 eV. Both the binding energy values and energy difference between the two peaks for each orbital indicate the presence of Mn 4+ and Mn 3+ oxidation states in the samples.

The Mn 4+ /Mn 3+ ratio was found to be 0.26 for the binary system, e.g., in a good agreement with previous reports in BiMnO3, 9 which might be the reason behind the shift in the onset of conductivity to very low temperatures. 31 The ratio increases slightly up to 0.31 for the sample with x = 0.75. Results demonstrate the presence of mixed-valence states for both Fe and Mn cations, which increases and compensates each other in the ternary system.

Microstructural and dielectric characterization of ceramic materials

High-density materials are a requirement for the proper study of the dielectric properties and applications. Conventional sintering methods were unable to provide dense materials of the ternary system under study, and secondary phases appear due to the poor stability of these perovskites derived from BiMnO3 and BiFeO3 phases during sintering at high temperatures. 43 Nanopowders obtained by mechanosynthesis were used to prepare high-quality and singlephase ceramics of the whole ternary system by hot-pressing at moderate temperatures. This allowed high densifications (above 97% of the theoretical density) to be achieved for all compositions, with grain sizes in the submicron range. Figure 10(a) shows a representative SEM micrograph of the ceramic with x = 0.25 prepared at 950 ºC. This material showed full densification (above 99%), wherein porosity or traces of secondary phases were not detected.

The amplification of this image (see Fig. 10(b)) allowed the observation of twinning planes on the grain surface. This topographic feature is caused during surface polishing and etching, and reflects typical ferroelastic domain configuration, i.e., non-180º domain walls. [START_REF] Tagantsev | Domains in ferroic crystals and thin films[END_REF] It is not possible to accurately determine the nature of these ferroelastic domains from this image, that is, whether they correspond to {110} planes of the tetragonal phase (i.e., for 90º domains) or to those for the rhombohedral one (i.e., {110} planes for 109º and {001} for 71º domains). [START_REF] Ricote | [END_REF] The tendency to develop a herringbone-like configuration, as the one shown in the image, is typical of ferroelectric perovskites regardless the crystallographic phase.

Tailored microstructures with similar features were obtained for all compositions at the BiFeO3-rich region, that is, up to x = 0.425, making these materials very suitable for the study of the ferroelectric properties. Figure 11(a) shows the temperature dependence of the real (K')

and the imaginary (K'') components of the dielectric permittivity at several frequencies during heating for the ceramic with x = 0.25, taken by way of example. The anomaly associated with the transition from the ferroelectric to the paraelectric phase can be observed in K' curves at TC = 850 K on heating. The presence of low-frequency dispersion at high temperature makes difficult determining TC but for highest frequencies. Non-negligible conductivity is clearly indicated by the temperature dependence of K'', as shown in the inset of the figure, in which the ferroelectric transition cannot be detected. These features indicate the response to be dominated by electrical conduction in this temperature range.

A step-like increase in K' at moderate temperatures and close to RT (around 300 -500 K), whose height decreases and the position shifts to high temperatures with frequency, is also present. This seems to be a Maxwell-Wagner type relaxation associated with the existence of significant but inhomogeneous electrical conduction in the material. This effect accounts for charge accumulation at interfaces, which may be originated in ceramics from various sources, e.g., sample/electrode interfaces, grain boundaries, or even twin boundaries. 46 Indeed, this effect has been demonstrated key for high dielectric permittivity in numerous materials. 47 Below this relaxation, dispersion in K' is negligible, so it can be considered as the onset of electronic conductivity. This is a main issue in the research on multiferroic perovskite oxides, which makes the characterization of their ferroelectric properties difficult and, for several compounds, even impossible to state the ferroelectric nature. Conductivity in the ternary system under study seems to be associated with electron hopping linked to the presence of cations with mixed-valence states (e.g., Fe 3+ /Fe 2+ or Mn 3+ /Mn 4+ ).

Maxwell-Wagner effects were found in BiFeO3-PbTiO3 compositions, although takes place at higher temperatures (500 -700 K). 28 The onset of conductivity is then decreased by the addition of Mn, and occurs below RT for compositions above x = 0.25. This result was expected considering the onset of conductivity in BiMnO3 ceramics, located at very low temperatures, ca. 80 -100 K. 9 The study of the dielectric properties was then focused on the compositions at the BiFeO3-rich region (up to x = 0.425), for which conductivity is not an issue to distinguish the anomaly associated with the ferroelectric transition.

Figures 11(b,c) show the temperature dependence of K' and dielectric looses, tan  (ratio K''/K'), during a thermal heating/cooling cycle, for several compositions. Measurements at the highest frequency (1 MHz) are given to minimize the extrinsic conduction contributions.

Dielectric anomalies typically of first-order ferroelectric transitions are found in all cases, at temperatures that decrease with increasing BiMnO3 content. The linear dependence of the TC with composition in both heating and cooling runs is shown in the inset of Fig. 11(b). The substitution of Mn by Fe in B-sites reduces the tetragonality, i.e., the c/a ratio (see Fig. 5), and hence the lattice distortion, which results in the decrease of TC.

The significant thermal hysteresis at the ferroelectric transition, with a difference in TC between heating and cooling runs (TC) of 25 K, is nearly independent on composition.

This was already reported for the BiFeO3-PbTiO3 binary system, for which an anomalous large TC value was found at the MPB. 28 The compositions under study show similar MPB features, in which phase coexistence between P4mm and R3c/Cc polymorphs takes place. The thermal hysteresis is most likely the consequence of a different sequence of polymorphic transitions on heating and cooling, due to the large difference in strains between these two polymorphs, 22 which is obviously affected by the evolving ceramic stresses. This sequence seems to be likely from the tetragonal phase on heating and to the R3c/Cc one on cooling, as indicated by XRD before and after the measurements. It is remarkable the evolution of the maximum in K' with composition, which indicates a significant reduction of the polarizability with increasing Mn content. Nevertheless, the actual permittivity, free of conduction artifacts, can only be assessed below the onset of conductivity, which was set well below RT with increasing BiMnO3 content. This is also indicated in the tan  curves, as shown in Fig. 11(c).

Summary and conclusions

This work shows the existence of multiferroic compositions belonging to the ternary system BiFeO3-BiMnO3-PbTiO3 that are liable to show RT magnetoelectricity. Mechanosynthesis, that is: the synthesis by mechanochemical route was demonstrated optimal for the preparation of nanocrystalline powders with perovskite-type structure by ball milling in a planetary mill.

Nanopowders were also successfully used to prepare high-density ceramics of the whole ternary system by hot-pressing. Multiferroicity was indicated for a series of ceramic materials that show coexistence of at least two different polymorphs depending on composition, and are thus at the MPB (actually a line of them). In these materials, the nuclear (polar) and magnetic structures are correlated with the crystal symmetry and therefore changes through the MPB can be anticipated. Indeed MPBs are found along the entire line of compositions, i.e., from 0.7BiFeO3-0.3PbTiO3 to 0.4BiMnO3-0.6PbTiO3, in which two compositional ranges are differentiated according to their crystal and ferroic features.

For the BiFeO3-rich compositions, coexistence of polymorphs with P4mm and R3c/Cc symmetries is observed with huge tetragonality. Tetragonal distortion decreases significantly when approaching x = 0.5, for which the system shows roughly the same c/a ratio than model PbTiO3. In this compositional range, the magnetic structure exhibits AFM ordering and TN For the BiMnO3-rich compositions, crystallized powders show low tetragonality with c/a ratio similar to those of many MPB ferroelectrics. In this compositional range, the magnetic behavior considerably changes, and spin glass-like or cluster glass-like behavior was found with TB of 10 K, nearly independent on composition, suggesting the presence of magnetic frustration with competing short-range interactions. The dielectric characterization in this case was nonetheless difficult, in spite of the tailored microstructure, due to the exceptionally high-conductivity even at low temperatures, associated with electron-hopping, due to the presence of mixed valence states of both the Fe and Mn cations. Fig. 8 Isothermal magnetization vs magnetic field loops recorded at 300 K of selected compositions with x = 0, 0.25 and 0.5, after mechanosynthesis and thermal treatment. 

Figure captions

  above 400 K, and what it is more relevant, a spin-reorientation transition between two AFM states, below which a ferromagnetic component appears by spin-canting. With increasing BiMnO3-content, this transition shifts below RT and therewith the ferromagnetic component vanishes at RT. The dielectric characterization indicates the ferroelectric transition takes place at temperatures that linearly decrease in the 750 -950 K range with increasing BiMnO3.
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