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Abstract

:

The crystal structure and magnetic state of the (1 − x)BiFeO3-(x)BiMnO3 solid solution has been analyzed by X-ray diffraction using lab-based and synchrotron radiation facilities, magnetization measurements, differential thermal analysis, and differential scanning calorimetry. Dopant concentration increases lead to the room-temperature structural transitions from the polar-active rhombohedral phase to the antipolar orthorhombic phase, and then to the monoclinic phase accompanied by the formation of two-phase regions consisting of the adjacent structural phases in the concentration ranges 0.25 < x1 < 0.30 and 0.50 ≤ x2 < 0.65, respectively. The accompanied changes in the magnetic structure refer to the magnetic transitions from the modulated antiferromagnetic structure to the non-colinear antiferromagnetic structure, and then to the orbitally ordered ferromagnetic structure. The compounds with a two-phase structural state at room temperature are characterized by irreversible temperature-driven structural transitions, which favor the stabilization of high-temperature structural phases. The magnetic structure of the compounds also exhibits an irreversible temperature-induced transition, resulting in an increase of the contribution from the magnetic phase associated with the high-temperature structural phase. The relationship between the structural parameters and the magnetic state of the compounds with a metastable structure is studied and discussed depending on the chemical composition and heating prehistory.
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1. Introduction


Functional oxides of transition metal ions possessing multiferroic properties have attracted the interest of researchers and have been studied during recent decades. The widely studied bismuth ferrite is a single-phase multiferroic with high temperatures of ferroelectric (1100 K) and magnetic (650 K) transitions [1,2,3]. Hence, the magnetic structure of bismuth ferrite is modulated G-type antiferromagnetic, and it can be disrupted either by a strong magnetic field [2,4] or by chemical substitution [5,6], thus leading to the stabilization of spontaneous magnetization at room temperature and a release of the linear magnetoelectric effect [7,8]. It is known that bismuth manganite is a magnetoelectric material with a perovskite structure, displaying monoclinic distortion of the unit cell, and the temperature of the magnetic transition, TC, is ~100 K. The ferromagnetic state of BiMnO3 is caused by orbital ordering of Mn3+ ions, which are stable up to ~475 K, wherein the type of magnetic coupling strongly depends on the chemical bond lengths, Mn–O–Mn, and the related bond angles, and can be modified by chemical doping or other factors. Above T ~ 770 K, there is a phase transition to the orthorhombic structure, described by the space group Pnma [9].



It is known that bismuth ferrite (BiFeO3) and bismuth manganite (BiMnO3) can form a solid solution in the entire composition range [10], while Mn-rich compounds can be prepared only by the high-pressure high-temperature (HPHT) synthesis method [2,11]. The crystal structure and magnetic state of the solid solution (1 − x)BiFeO3-(x)BiMnO3 strongly depends on the dopant content [12]. Thus, the crystal structure of the compounds changes from the polar rhombohedral single phasic specific for the initial BiFeO3 to the antipolar orthorhombic, and then to the monoclinic one (BiMnO3) via a stabilization of the respective two-phase regions. Chemical substitution of Mn3+ ions for Fe3+ ions in BiFeO3 causes a decrease in the temperature of the magnetic transition [13], which is accompanied by a transformation of the magnetic state from the antiferromagnetic to the long-range ferromagnetic one. Thus, the magnetic structure of the compounds changes upon the chemical substitution from the G-type antiferromagnetic one (BiFeO3), having spiral modulation, to the ferromagnetic structure, caused by the ordering of Mn dz2 orbitals (BiMnO3) [14,15].



Recently, it was noted that compounds of the solid solution (1 − x)BiFeO3-(x)BiMnO3 (0.2 < x < 0.5) are characterized by irreversible behavior of magnetization after being subjected to the external magnetic field above the magnetic transition temperature [16], and the authors suggested an “extrinsic” origin of the metastable magnetic state related to chemical inhomogeneities of the samples. The diffraction data also point to a metastable structural state of the compounds with a two-phase crystal structure at room temperature, i.e., the ratio of the coexisting phases is notably changed in the compounds subjected to temperature increases up to ~400–500 °C. The above-mentioned facts confirm a strong correlation between the structural transformation and the changes in the magnetic state of the compounds (1 − x)BiFeO3-(x)BiMnO3, while the available data are not enough to itemize an evolution of the magnetic structure depending on the structural parameters.



In the present study, the crystal structure and magnetic properties of the compounds BiFe1 − xMnxO3 have been investigated depending on the chemical composition and heating prehistory. The obtained results have allowed to reveal an origin of the magnetic state transformation as well as to correlate it with the changes that occurred in the structural state of the compounds depending on their chemical composition and heating prehistory.




2. Materials and Methods


Ceramic compounds (1 − x)BiFeO3-(x)BiMnO3 were prepared from the mixtures of simple oxides Bi2O3, Fe2O3, and Mn2O3 in a stoichiometric ratio using the conventional ceramic method (x < 0.5) [17] and the high-pressure high-temperature (HPHT) method (0.5 ≤ x ≤ 1) [10]. The HPHT synthesis was implemented utilizing a high-pressure device under a pressure of ~5 GPa, with a simultaneously applied temperature of 1600 K during 40 min, and the samples were sealed in platinum containers. After their synthesis, the samples were cooled down to room temperature with a simultaneous gradual decrease of pressure. The above-mentioned synthesis methods and conditions allowed to prepare ceramics with an average crystallite size of about a few hundred nanometers. Crystal structures of the ceramics were determined based on the diffraction results obtained by laboratory equipment (PanAlytical X’pert Pro diffractometer, Kraków, Poland, λ = 1.5406 Å), as well as synchrotron powder diffraction (KMC-2 instrument at BESSY-II, Berlin, Germany, λ = 1.5405 Å [18], and BL02B2 instrument at SPring-8, Osaka, Japan, λ = 0.4202 Å) in the temperature interval 300–900 K, with a heating rate of about 100 K per hour (samples were cooled in a furnace down to room temperature). The diffraction data were examined using FullProf software (Rietveld method) [19]. Magnetization measurements were performed using MPMS (Cryogenic Ltd., London, UK). Differential scanning calorimetry measurements and differential thermal analysis were performed using the Netzsch 204 F1 Phoenix setup in nitrogen gas with a heating/cooling rate of 10 K per min.




3. Results


Examination of the X-ray diffraction patterns obtained by the compounds BiFe1 − xMnxO3 by laboratory and synchrotron techniques confirmed the changes of the structure from the rhombohedral (sp. gr. R3c) to the orthorhombic (Pnma) and then to the monoclinic structure (C2/c) that occurred with the increase in the dopant concentration, which is in agreement with the results available in a previously published paper [10]. The declared sequence of the structural transitions was complemented by a gradual modification of the unit call parameters (Supplementary Materials, Figures S1–S4), leading to a decrease in the volume of the unit cell, and thus points at the formation of a continuous solid solution in the whole concentration range. Optimization of the synthesis method allowed to narrow the two-phase concentration region down to ~5 mol.%, where both the orthorhombic phase and the rhombohedral phase coexist, and to get rid of the impurity phases specific for this solid solution [12,20]. An increase of the concentration of the dopant ions up to 25 mol.% led to the stabilization of the orthorhombic phase (sp. gr. Pnma), described by the metric √2ap…4ap…2√2ap (ap—primitive perovskite parameter), which is four times larger than that of the conventional orthorhombic cell specific for orthoferrites with a perovskite structure [21,22]. The relatively large unit cell parameters are caused by additional distortion of the lattice because of the antipolar ordering of the dipole moments formed along the c-axis, in contrast to the polar order specific for the initial compound BiFeO3. The compound with x = 0.3 is characterized by the structural state with two phases, with the dominant orthorhombic phase and a minor amount (~10 mol. %) of the rhombohedral phase (the phases ratio, structural parameters, coordinates, unit cell volumes, etc., refined by the Rietveld method, are provided in the Supplementary Materials, Table S1). In the concentration range specific for the single-phase orthorhombic structure, the unit cell parameters changed in a different way, showing a decrease in the a- and c-parameters, whereas the magnitude of the b-parameter increased, which reflects a strengthening of antipolar distortion and enlargement of the related dipole moments. A stabilization of the monoclinic phase was observed in the concentration range of 0.5 ≤ x < 0.65, which was accompanied by a slight decrease in the volume of the unit cell.



The unit cell metric notably changed and became √6ap…√2ap…√6ap, thus leading to a rearrangement in the dipole moments as well as the formation of a new type of orientation of the magnetic moments. The temperature increase led to drastic modification of the compounds’ structure over the entire range of the solid solution. The rhombohedral compounds, i.e., those having an Mn content less than 25 mol.%, showed temperature-induced phase transition similar to that observed for the initial compound BiFeO3, i.e., from the polar-active rhombohedral phase to the orthorhombic phase with a non-polar character [12,23]. The solid solutions characterized by dominant orthorhombic or monoclinic structures at room temperature showed a non-monotonous evolution of the structure driven by temperature. The temperature-dependent diffraction patterns recorded for the compound with x = 0.3, with a dominant orthorhombic phase at room temperature above a temperature of T ~ 500 K, showed a notable increase in the intensity of the reflections specific for the rhombohedral phase (Figure 1). The amount of the rhombohedral phase increased at the expense of the orthorhombic phase, but this structural transition was not completed up to a temperature of ~750 K, and above this temperature, a chemical decomposition began. It should be noted that room-temperature diffraction data obtained for the compound with x = 0.3 before and after heating the sample up to 650 K showed notable differences, pointing to an increased amount of the rhombohedral phase, as seen by a rapid increase in the intensity of the reflection 006R specific for the rhombohedral phase (Figure 1, inset). The estimated phase ratio, O:R, was 9:1 and 5:1, before and after annealing, respectively (see the Supplementary Materials, Table S2). The scenario of the irreversible phase transition is also supported by the increased magnitude of the average unit cell volume observed for the compound after annealing. Temperature-dependent diffraction measurements of the compound with x = 0.5, with a dominant orthorhombic structural state and a minor amount of the monoclinic phase at room temperature, showed even more pronounced irreversible structural transformations. In particular, the diffraction patterns at elevated temperatures showed a drastic decrease in the orthorhombic distortion, thus leading to a stabilization of cubic-like phase, as declared in [10], while this transition was not completed up to an onset of the chemical decomposition. The room-temperature pattern recorded for the sample subjected to heating up to 700 K showed a stabilization of the two-phase structural state with a dominant cubic-like phase (Figure 2, inset).



The compound with x = 0.7 is single phasic with a monoclinic structure, and at room temperature, the diffraction patterns were successfully refined using the sp. gr. C2/c, which is specific for the extreme compound BiMnO3 [14,24] (see the Supplementary Materials, Table S3). Temperature-dependent diffraction data as well as DSC results recorded for the compound with x = 0.7, i.e., with a single-phase monoclinic structure, point at the phase transition to the antipolar orthorhombic state at temperatures above 650 K (Figure 3 and Figure 4, insets). The two-phase structural state remained stable up to 850 K, and in the narrow temperature range of 820–870 K, the compound became single phasic with an orthorhombic structure. At temperatures above 870 K, a new non-polar orthorhombic phase stabilized, and the compound remained single-phase orthorhombic up to the temperature of chemical decomposition of ~950 K (Figure 3). The room-temperature pattern recorded for the compound after heating up to 600 K showed a stabilization of the two-phase structural state with nearly equal amounts of the monoclinic and the antipolar orthorhombic phases.



The magnetic structure of the compounds also notably changed with the chemical doping, and one can assume three different concentration regions ascribed to the different magnetic states. The compounds with rhombohedral phase are characterized by a spatially modulated spin structure specific for the initial BiFeO3 [25]. Increases in the concentration of Mn ions led to a disruption of the modulated magnetic structure formed by Fe3+ ions, thus leading to a stabilization of the non-colinear antiferromagnetic structure accompanied by an appearance of the non-zero remanent magnetization in the solid solutions with 0.3 < x < 0.5. The changes in the magnetic structure of the doped compounds as compared to the initial BiFeO3 were evidently observed by the results of magnetization measurements (Figure 4). Further increases in the Mn content caused a frustration of the long-range antiferromagnetic structure, and the compounds within the concentration range 0.4 < x < 0.6 were characterized by the formation of a short-range magnetic order, as confirmed by magnetometry data. The compounds with Mn-rich chemical compositions (x > 0.6) were characterized by a notable increase in the low-temperature magnetization, thus denoting the formation of a new type of magnetic structure ascribed to the ferromagnetic state. The results of isothermal magnetization measurements of the compound with x = 0.7 showed a distinct hysteresis-like loop at a temperature of 5 K (Figure 4), while a long-range ferromagnetic order was not formed.



Taking into account the results obtained by the diffraction techniques, as well as magnetometry measurements, one can conclude that there was a strong correlation between the type of magnetic structure and the structural state of the solid solutions. The reduction in the magnetization value detected for the compound with x = 0.7 subjected to annealing at a high temperature was associated with a decrease in the amount of the monoclinic phase characterized by the long-range ferromagnetic structure (Figure 4), as compared to the weak ferromagnetic or frustrated magnetic order specific for the orthorhombic phase. A slight increase in the value of remanent magnetization was also observed for the compound with x = 0.3 after annealing, which was also caused by a change in the ratio of the coexisting structural phases. In particular, an increase in the amount of the rhombohedral phase, from ~10 mol.% before annealing up to ~25 mol.% after annealing, caused related changes in the magnetic state of the compound with x = 0.3 (Figure 4).



The results of the diffraction measurements as well as the data obtained by DSC/DTA methods and magnetometry obtained for the solid solutions BiMnO3-BiFeO3 have allowed the construction of the preliminary temperature (T)–composition (x) phase diagram (Figure 5). The T–x diagram denotes the dopant concentration and temperature ranges of the structural and magnetic phases ascribed to the compounds with different crystal symmetry and magnetic structures. The dopant concentration-induced structural transition from the polar rhombohedral phase to the antipolar orthorhombic phase observed for the compounds at room temperature was observed in the concentration range 0.25 < x1 < 0.30, and the phase boundary corresponding to the coexisting orthorhombic and monoclinic phases was located in the concentration range 0.50 ≤ x2 < 0.65. One should note that high-temperature transition to the non-polar orthorhombic phase is considered to have an extrinsic character, as it occurred at temperatures close to the chemical decomposition and was most probably triggered by a release of oxygen ions [12,23]. Heating of the samples below the temperature of the chemical degradation led to the irreversible phase transition, affecting both the structural and magnetic state of the compounds.




4. Conclusions


Analysis of the diffraction measurements data along with the results of magnetometry and DSC/DTA experiments allowed for clarifying the background of temperature- and concentration-driven structural and magnetic phase transitions in the solid solutions BiFe1 − xMnxO3. It was shown that the dopant concentration increase caused the phase transition from the rhombohedral to the orthorhombic structure, leading to a disruption of the modulated antiferromagnetic structure and the formation of the non-colinear antiferromagnetic structure associated with weak ferromagnetism. A further increase of the concentration of Mn ions led to the formation of an orbitally ordered ferromagnetic structure. Annealing of the compounds at high temperature (~700 K) caused irreversible transitions in the structural state of the compounds, thus leading to stabilization of the crystal structure specific for the high-temperature range. The magnetic states of the compounds significantly changed after thermal annealing, and the transformation of the magnetic state was caused by an increase in the amount of the appropriate structural phase. Thus, in the Fe-rich compounds, the changes in the magnetic state were associated with an increase of the rhombohedral phase characterized by weak ferromagnetism, while the magnetic state of the Mn-rich compounds was determined by an increased amount of the orthorhombic phase with a frustrated magnetic order.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nano12091565/s1, Figure S1: Visualization of the unit cells: the antipolar orthorhombic (O-phase, left image) and the rhombohedral one (R-phase, right image). Figure S2. DSC data for compound BiFe0.70Mn0.30O3. Figure S3: Visualization of the unit cells: the antipolar orthorhombic (O-phase, left image) and the mono-clinic one (M-phase, right image). Figure S4: Visualization of the monoclinic unit cell (M-phase). Table S1: Visualization of the monoclinic unit cell (M-phase). Table S2: BiFe0.50Mn0.50O3 (as-prepared sample, SPD data refined at T = 300 K). Table S3: BiFe0.30Mn0.70O3 (as-prepared sample, SPD data refined at T = 300 K).





Author Contributions


D.V.K.: supervision, conceptualization, investigation, writing—original draft; M.V.S., D.V.Z., S.I.L. and V.V.S.: investigation, data analysis; H.A.-G., A.H.A. and M.I.S.: supervision, conceptualization; A.A.B.: validation, conceptualization, editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Ministry of Science and Higher Education of the Russian Federation under contract No. 075-15-2021-1350, dated 5 October 2021 (internal number 15.SIN.21.0004).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article or supplementary material.




Acknowledgments


The authors acknowledge HZB/BESSY for the allocation of synchrotron diffraction measurements and HZB/BESSY staff (Daniel M. Többens) for the assistance with diffraction experiments. The authors express their gratitude to Princess Nourah bint Abdulrahman University Researchers Supporting Project number (PNURSP2022R28), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia. Some synchrotron radiation experiments were performed at SPring-8 with the approval of Japan Synchrotron Radiation Research Institute (proposal number: 2021A1334). We thank S. Kobayashi for his help at BL02B2 of SPring-8.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ederer, C.; Spaldin, N.A. Weak ferromagnetism and magnetoelectric coupling in bismuth ferrite. Phys. Rev. B 2005, 71, 060401. [Google Scholar] [CrossRef]

	



Sosnowska, I.; Schäfer, W.; Kockelmann, W.; Andersen, K.H.; Troyanchuk, I.O. Crystal structure and spiral magnetic ordering of BiFeO3 doped with manganese. Appl. Phys. A Mater. Sci. Processing 2002, 74, S1040–S1042. [Google Scholar] [CrossRef]

	



Spaldin, N.; Ramesh, R. Advances in magnetoelectric multiferroics. Nat. Mater. 2019, 18, 203–212. [Google Scholar] [CrossRef]

	



Lebeugle, D.; Mougin, A.; Viret, M.; Colson, D.; Ranno, L. Electric Field Switching of the Magnetic Anisotropy of a Ferromagnetic Layer Exchange Coupled to the Multiferroic Compound BiFeO3. Phys. Rev. Lett. 2009, 103, 257601. [Google Scholar] [CrossRef]

	



Karpinsky, V.D.; Troyanchuk, I.O.; Tovar, M.; Sikolenko, V.; Efimov, V.; Efimova, E.; Shur, V.Y.; Kholkin, A.L. Temperature and Composition-Induced Structural Transitions in Bi1 − xLa(Pr)xFeO3 Ceramics. J. Am. Ceram. Soc. 2014, 97, 2631–2638. [Google Scholar] [CrossRef]

	



Khomchenko, A.V.; Ivanov, M.S.; Karpinsky, D.V.; Paixão, J.A. Composition-driven magnetic and structural phase transitions in Bi1 − xPrxFe1 − xMnxO3 multiferroics. J. Appl. Phys. 2017, 122, 124103. [Google Scholar] [CrossRef]

	



Giraldo, M.; Meier, Q.N.; Bortis, A.; Nowak, D.; Spaldin, N.A.; Fiebig, M.; Weber, M.C.; Lottermoser, T. Magnetoelectric coupling of domains, domain walls and vortices in a multiferroic with independent magnetic and electric order. Nat. Commun. 2021, 12, 3093. [Google Scholar] [CrossRef] [PubMed]

	



Karpinsky, V.D.; Troyanchuk, I.O.; Mantytskaya, O.S.; Khomchenko, V.A.; Kholkin, A.L. Structural stability and magnetic properties of Bi1 − xLa(Pr)xFeO3 solid solutions. Solid State Commun. 2011, 151, 1686–1689. [Google Scholar] [CrossRef]

	



Kimura, T.; Kawamoto, S.; Yamada, I.; Azuma, M.; Takano, M.; Tokura, Y. Magnetocapacitance effect in multiferroic BiMnO3. Phys. Rev. B 2003, 67, 180401. [Google Scholar] [CrossRef]

	



Azuma, M.; Kanda, H.; Belik, A.A.; Shimakawa, Y.; Takano, M. Magnetic and structural properties of BiFe1 − xMnxO3. J. Magn. Magn. Mater. 2007, 310, 1177–1179. [Google Scholar] [CrossRef]

	



Belik, A.A.; Abakumov, A.M.; Tsirlin, A.A.; Hadermann, J.; Kim, J.; van Tendeloo, G.; Takayama-Muromachi, E. Structure and Magnetic Properties of BiFe0.75Mn0.25O3 Perovskite Prepared at Ambient and High Pressure. Chem. Mater. 2011, 23, 4505–4514. [Google Scholar] [CrossRef]

	



Selbach, M.S.; Tybell, T.; Einarsrud, M.-A.; Grande, T. Structure and Properties of Multiferroic Oxygen Hyperstoichiometric BiFe1 − xMnxO3+δ. Chem. Mater. 2009, 21, 5176–5186. [Google Scholar] [CrossRef]

	



Khomchenko, A.V.; Pereira, L.C.J.; Paixão, J.A. Structural and magnetic phase transitions in Bi1 − xNdxFe1 − xMnxO3 multiferroics. J. Appl. Phys. 2014, 115, 034102. [Google Scholar] [CrossRef]

	



Karpinsky, V.D.; Silibin, M.V.; Zhaludkevich, D.V.; Latushka, S.I.; Sikolenko, V.V.; Többens, D.M.; Sheptyakov, D.; Khomchenko, V.A.; Belik, A.A. Crystal and Magnetic Structure Transitions in BiMnO3+δ Ceramics Driven by Cation Vacancies and Temperature. Materials 2021, 14, 5805. [Google Scholar] [CrossRef]

	



Atou, T.; Chiba, H.; Ohoyama, K.; Yamaguchi, Y.; Syono, Y. Structure determination of ferromagnetic perovskite BiMnO3. J. Solid State Chem. 1999, 145, 639–642. [Google Scholar] [CrossRef]

	



Belik, A.A. Origin of Magnetization Reversal and Exchange Bias Phenomena in Solid Solutions of BiFeO3–BiMnO3: Intrinsic or Extrinsic? Inorg. Chem. 2013, 52, 2015–2021. [Google Scholar] [CrossRef] [PubMed]

	



Sosnowska, I.; Schäfer, W.; Troyanchuk, I.O. Investigations of crystal and magnetic structure of BiMn0.2Fe0.8O3. Phys. B 2000, 276–278, 576–577. [Google Scholar] [CrossRef]

	



Daniel, M.; Többens, S.Z. KMC-2: An X-ray beamline with dedicated diffraction and XAS endstations at BESSY II. J. Large Scale Res. Facil. 2016, 2, A49. [Google Scholar]

	



Rodríguez-Carvajal, J. Recent advances in magnetic structure determination by neutron powder diffraction. Phys. B 1993, 192, 55–69. [Google Scholar] [CrossRef]

	



Yang, C.-H.; Yildiz, F.; Lee, S.-H.; Jeong, Y.H.; Chon, U.; Koo, T.-Y. Synthesis of nanoscale composites of exchange biased MnFe2O4 and Mn-doped BiFeO3. Appl. Phys. Lett. 2007, 90, 163116. [Google Scholar] [CrossRef]

	



Karpinsky, D.V.; Troyanchuk, I.O.; Sikolenko, V.; Efimov, V.; Kholkin, A.L. Electromechanical and magnetic properties of BiFeO3-LaFeO3-CaTiO3 ceramics near the rhombohedral-orthorhombic phase boundary. J. Appl. Phys. 2013, 113, 187218–187223. [Google Scholar] [CrossRef]

	



Rusakov, D.A.; Abakumov, A.M.; Yamaura, K.; Belik, A.A.; Van Tendeloo, G.; Takayama-Muromachi, E. Structural Evolution of the BiFeO3−LaFeO3 System. Chem. Mater. 2010, 23, 285. [Google Scholar] [CrossRef]

	



Selbach, S.M.; Tybell, T.; Einarsrud, M.-A.; Grande, T. The Ferroic Phase Transitions of BiFeO3. Adv. Mater. 2008, 20, 3692–3696. [Google Scholar] [CrossRef]

	



Belik, A.A.; Kodama, K.; Igawa, N.; Shamoto, S.-I.; Kosuda, K.; Takayama-Muromachi, E. Crystal and Magnetic Structures and Properties of BiMnO3+δ. J. Am. Chem. Soc. 2010, 132, 8137–8144. [Google Scholar] [CrossRef]

	



Sosnowska, I.; Zvezdin, A.K. Origin of the long period magnetic ordering in BiFeO3. J. Magn. Magn. Mater. 1995, 140–144, 167–168. [Google Scholar] [CrossRef]








[image: Nanomaterials 12 01565 g001 550] 





Figure 1. Room-temperature synchrotron diffraction pattern of BiFe0.7Mn0.3O3. The left inset shows temperature-driven changes of the reflections attributed to the different structural phases (O—Pnma phase; R—R3c phase), and the right inset shows specific reflections at room temperature for the compound before and after annealing at ~650 K. 
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Figure 2. Room-temperature synchrotron diffraction pattern of BiMn0.5Fe0.5O3 with a two-phase structural state (upper vertical dashes denote Bragg positions specific for the orthorhombic phase, bottom vertical dashes denote the monoclinic phase). The left inset shows temperature-dependent changes of the reflections attributed to the dominant orthorhombic phase, and the right inset shows specific reflections before and after annealing of the compound at T ~ 700 K (O—Pnma phase). 
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Figure 3. Room-temperature synchrotron diffraction pattern of BiFe0.3Mn0.7O3. The inset shows temperature evolution of the reflections attributed to the monoclinic and the orthorhombic phases (M—C2/c phase; O2—Pnma phase with metric √2ap·4ap·2√2ap, ap—primitive perovskite unit cell parameter). 
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Figure 4. Isothermal-dependent magnetization curves of the compounds BiFe1 − xMnxO3 (x = 0.3, 0.7) recorded at temperature T = 5 K before and after annealing at T ~ 700 K. The insets show DSC curves of the compounds and field dependence of magnetization recorded at T = 5 K for the extreme compounds BiFeO3 and BiMnO3. 
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Figure 5. Preliminary structural and magnetic phase diagram of the solid solution BiMnO3-BiFeO3 depending on temperature and chemical composition. 
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