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Bismuth ferrite (BiFeO3) particles are prepared by a combined mechanochemical−thermal processing of a Bi2O3 + α-Fe2O3 mixture. Structural, magnetic, hyperfine, morphological and chemical properties of the as-prepared BiFeO3 are studied using X-ray diffraction (Rietveld refinement), 57Fe Mössbauer spectroscopy, SQUID magnetometry, electron microscopy and energy dispersive X-ray spectroscopy. It is revealed that the structure of the ferrite exhibits the long-range distortion (significantly tilted FeO6 octahedra) and the short-range disorder (deformed FeO6 octahedra). Consequently, these structural features result in the suppression of a space modulated cycloidal spin arrangement in the material. The latter manifests itself by the appearance of only single spectral component in the 57Fe Mössbauer spectrum of BiFeO3. The macroscopic magnetic behavior of the material is interpreted as a superposition of ferromagnetic and antiferromagnetic contributions with a large coercive field and remanent magnetization. Taking into account the average particle size of the as-prepared BiFeO3 particles (∼98 nm), exceeding the typical period length of cycloid (∼62 nm), both the suppression of the spiral spin structure in the material and its partly ferromagnetic behavior are attributed to the crystal lattice distortion caused by mechanical stress during the preparation procedure.
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INTRODUCTION
Multiferroics have been the focus of numerous investigations because of their fascinating properties and potential applications. In particular, BiFeO3 has attracted considerable attention due to its unique multiple functionalities (Castillo et al., 2013). It exhibits a strong coupling of electric, magnetic, and structural order parameters, giving rise to simultaneous ferroelectricity, antiferromagnetic G-type order at reasonable high temperatures, and ferroelasticity (Park et al., 2007; Da Silva et al., 2011; Bai et al., 2005). BiFeO3 possesses a rhombohedrally distorted perovskite structure (space group R3c) with Bi3+ and Fe3+ cations displaced along the hexagonal [001]-axis (Figure 1). The material exhibits ferroelectric Curie temperature of about 1100 K. Magnetic moments of Fe3+ cations show a canted antiferromagnetic G-type ordering, which is a space long-wave modulated below the Néel temperature of 640 K (Yang et al., 2009; Fischer et al., 1980; Landers et al., 2014). The spin ordering manifests itself as an incommensurate cycloidal structure with a typical wavelength (λ) of about 62 nm along the hexagonal [001]-axis. Thus, the antiferromagnetic vector is locked within the cycloid, averaged to zero over λ (Bai et al., 2005).
[image: Figure 1]FIGURE 1 | Crystal structure of BiFeO3 (space group R3c, No. 161) consists of Fe3+ cations octahedrally coordinated by oxygen ions. Bi3+ cations are excentrically located in the cavities formed by FeO6 octahedra.
It is known that the particle size reduction of BiFeO3 below the typical period length of ∼62 nm can lead to the suppression of its spiral spin structure, resulting in the ferromagnetic behavior of the nanomaterial (Mazumder et al., 2007; Park et al., 2007; Zhong et al., 2010; Castillo et al., 2013; Huang et al., 2013; Landers et al., 2014; Li et al., 2019). Additionally, the destruction of the cycloidal spin arrangement in BiFeO3 can be induced by the crystal lattice distortion provoked by atom doping (Widatallah et al., 2014; Mao et al., 2016; Ting et al., 2017; Godara et al., 2018; Wang et al., 2018; Wang and Wang, 2018; Sharma et al., 2019; Xian et al., 2019; Dubey et al., 2020; Fertman et al., 2020; Sánchez-De Jesús et al., 2020). The present work gives evidence of the fact that the suppression of the cycloidal spin configuration in BiFeO3 with the average particle size exceeding λ can also by caused by the mechanically induced crystal lattice distortion. Note that the alteration in the spin cycloid evoked by the lattice distortion and strain has also been reported for multiferroic BiFeO3 films (Xing et al., 2014; Yang et al., 2015).
The performance of multiferroics is closely related to the ways in which they are processed. The conventional solid-state synthesis of BiFeO3 requires prolonged and sometimes repeated treatment of its precursors at considerably high calcination temperatures (Kothari et al., 2008), causing the loss of bismuth due to its high volatility. The latter results in the formation of multiphase products and, consequently, in the degradation of microstructural and functional properties of the multiferroic material (Ghosh et al., 2005; Kong et al., 2008). Various wet chemistry-based routes have also been developed to synthesize nanosized multiferroic powders (Mazumder et al., 2007; Selbach et al., 2007; Fruth et al., 2007). Among the many processing techniques, the nonconventional mechanochemical route has been recognized as a powerful method for the production of multiferroics (Da Silva et al., 2011; Šepelák et al., 2013; Avvakumov et al., 2001). The continued development of mechanochemistry, as a field of chemical sciences dealing with transformations of solids induced by mechanical energy (Michalchuk et al., 2021), promises to revolutionize the chemical industry (James et al., 2012), providing one-step synthetic routes to various metastable and nonequilibrium materials at ambient temperature directly from their precursors, mostly in the form of nanosized powders, without the need for calcination at intermediate temperatures, thus making the process very simple and effective (Šepelák et al., 2013).
In the present work, BiFeO3 particles with the size exceeding the typical period length of ∼62 nm are prepared via mechanochemical processing (high-energy milling) of a Bi2O3 + α-Fe2O3 mixture followed by its relatively short (5 min) thermal treatment at 973 K. The as-prepared material is characterized by means of Rietveld refinement of X-ray diffraction (XRD) data, 57Fe Mössbauer spectroscopy, electron microscopy, SQUID magnetometry, and energy dispersive X-ray (EDX) spectroscopy. It is demonstrated that the ferrite possesses the destructed cycloidal spin arrangement due to the structural distortion caused by mechanical stress induced by high-energy milling during the preparation procedure. Consequently, unusual ferromagnetic behavior with a high coercive field and remanent magnetization in the as-prepared BiFeO3 is reported.
MATERIALS AND METHODS
BiFeO3 subjected to the present investigations was prepared from the stoichiometric mixture of Bi2O3 (Alfa Aesar, 99.999%) and α-Fe2O3 (Alfa Aesar, 99.998%) precursors with the initial average particle sizes of 0.5 and 0.7 μm, respectively. At first, the mixture was milled in a high-energy planetary mill Pulverisette 6 (Fritsch, Germany) for 12 h. The milling chamber (250 cm3 in volume) and 22 balls (10 mm in diameter), both made of tungsten carbide, were used. The ball-to-powder weight ratio was 22:1. Milling experiment was performed in air at 600 rpm. The second step of the mechanochemical−thermal preparation route included the thermal processing of the powdered sample at 973 K for 5 min.
Additionally, microcrystalline BiFeO3, which served as a reference sample in this study, was prepared from equimolar amounts of reagent-grade oxides (Bi2O3 and α-Fe2O3) by the conventional solid-state (ceramic) route. Powdered reactants were, at first, homogenized under ethanol in an agate mortar and then pressed into tablets (20 mm in diameter, 4 mm thick) under uniaxial pressure of 30 MPa in a steel mould in order to obtain a high degree of compaction. The reaction tablets were prefired twice at 1300 K for 24 h, reground, pressed, and finally sintered at 1400 K for 24 h. The single-phase nature of the microcrystalline BiFeO3 (with the average crystallite size of 0.7 μm) was confirmed by X-ray diffraction and 57Fe Mössbauer spectroscopy.
The XRD patterns of the samples were measured using a PW 1820 X-ray diffractometer (Philips, Netherlands), operating in Bragg configuration and using Cu Kα radiation. The XRD scans were collected from 10° to 80° (2θ), using a step of 0.02° and a data collection time of 5 s. Rietveld refinements of XRD data were performed using the FullProf Suite software (Rodríguez-Carvajal, 2019). Rietveld analyses of XRD data provided the crystal structure parameters (a, b, c, V) and the exact atomic coordinates (x, y, z) of the constituent atoms in the materials. The bond angles and the interatomic distances were calculated on the basis of the derived coordinates of the corresponding atoms using the Vesta program (Momma and Izumi, 2011). The Inorganic Crystal Structure Database (ICSD) was utilized for phase identification. The 3-dimmensional structure of the as-prepared material (Figure 1) was visualized using the Vesta program (Momma and Izumi, 2011).
57Fe Mössbauer spectra were taken at 293 K in transmission geometry using a 57Co/Rh γ-ray source (manufactured by Ritverc, Russia) with the activity of 50 mCi. The optimal amount of the powdered sample, calculated using Recoil software (Lagarec and Rancourt, 1998), was mixed with sucrose to assist in spreading the sample evenly across the sample holder with the diameter of 1 cm. To obtain the transmission spectra with a sufficiently good count statistics, the collection of the 57Fe Mössbauer data took 48 h. Recoil spectral analysis software (Lagarec and Rancourt, 1998) was used for the quantitative evaluation of the Mössbauer spectra. The Voigt-based fitting method provided distributions of hyperfine parameters for multiple sites in a spectrum. A Lorentzian line half-width of 0.17 mm/s resulting from the fit of the spectrum of the reference microcrystalline BiFeO3 was chosen for the fit of the spectrum of the as-prepared BiFeO3. The derived isomer shifts (IS) are given relative to IS of α-Fe at room temperature.
The morphology of powders was studied using a combined field-emission (scanning) transmission electron microscope (S)TEM (JEOL JEM-2100F UHR) operated at 200 kV. The (S)TEM-bright field mode was used for imaging of powder particles. For (S)TEM analysis, the powdered samples were diluted in distilled water and ultrasonicated. A droplet of the water-diluted colloidal suspension was deposited on copper grid coated with lacey carbon film. The grids were dried in vacuum.
Magnetic measurements were performed at 300 and 5 K in external magnetic fields (Hext) from 0 to ±5 T using a SQUID magnetometer (Quantum Design MPMS-5S). The powdered samples were filled in a small container made of polyvinyl chloride, whose diamagnetic moment was subtracted from the measured magnetization (M) values. At first, the M-Hext measurement of the empty sample container was performed. Then the powdered BiFeO3 sample was filled in the container and the magnetization data were collected. The net magnetization data of the ferrite were obtained as the difference of measured magnetization values of the filled container and the empty one.
RESULTS AND DISCUSSION
Figure 2 compares the XRD patterns of the reference material synthesized by the ceramic method and the material prepared by the combined mechanochemical−thermal route (further referred to as the as-prepared material). Rietveld analyses of the XRD data reveal that the patterns are well-fitted using a single rhombohedral phase (ICSD collection code 8823) with space group R3c. No spurious or minority phase has been observed. It clearly demonstrates that both the ceramic method and the combined mechanochemical−thermal route lead to the formation of the desired BiFeO3 phase. The crystal structure parameters of the as-prepared phase, derived from the Rietveld analysis, are listed in Table 1. An important observation is that the lattice parameters of the rhombohedral structure of the as-prepared ferrite (a = b = 5.5715(5) Å, c = 13.8185(15) Å) are smaller when compared with those of the reference BiFeO3 sample (a = b = 5.592 Å, c = 13.898 Å) (Selbach et al., 2007; Godara et al., 2018; Wang et al., 2018; Xian et al., 2019; Sánchez-De Jesús et al., 2020).
[image: Figure 2]FIGURE 2 | The refined XRD patterns of (A) BiFeO3 synthesized by the ceramic method and (B) BiFeO3 prepared by the combined mechanochemical−thermal route.
TABLE 1 | Crystal structure parameters (a, b, c, V), atomic positions (x, y, z), and the tilting angle of FeO6 octahedra derived from the Rietveld analysis of XRD data of the as-prepared BiFeO3. Rp, Rwp and χ2 are goodness parameters of the fit.
[image: Table 1]The lattice shrinkage is clearly visible in Figure 3A, where XRD peaks corresponding to the (110) and (104) crystallographic planes are compared for BiFeO3 samples prepared by the combined mechanochemical−thermal route (blue pattern) and conventional way (purple pattern). The corresponding angular differences between the two planes are 0.211° and 0.332° (2θ) for the as-prepared ferrite and the reference material, respectively. As a consequence of the lattice shrinkage, the neighboring FeO6 octahedra in the crystal lattice of the as-prepared BiFeO3 exhibit a relatively small tilting angle of 127.2° (Figure 3B). Note that the Fe—O—Fe bond angle in the lattice of the reference microcrystalline material is 150.9° (Sharma et al., 2019). The effect of such long-range crystal lattice distortion on magnetism of the as-prepared material is discussed below.
[image: Figure 3]FIGURE 3 | (A) XRD peaks corresponding to the (110) (right) and (104) (left) crystallographic planes for BiFeO3 samples prepared by the conventional ceramic method (purple pattern) and the combined mechanochemical−thermal route (blue pattern). (B) The neighboring FeO6 octahedra in the crystal lattice of the as-prepared BiFeO3 exhibit a relatively small tilting angle of about 127.2°. (C) EDX spectrum of the as-prepared BiFeO3.
To exclude the presence of chemical elements originating from the abrasion of the milling tools (vial and balls made of WC) during the mechanochemical−thermal preparation route, we carried out the energy dispersive X-ray analysis of the as-prepared material. As can be seen in the representative EDX spectrum (Figure 3C), the only constituent chemical elements, Bi and Fe, were detected in the sample. Note that the spectral lines corresponding to Cu in the EDX spectrum originate from the copper-supported carbon grid.
57Fe Mössbauer spectroscopy as a nuclear method is employed to investigate of the local coordination, the magnetic state, the spin arrangement and the charge states of iron ions in both the reference and as-prepared BiFeO3 samples. Figure 4 compares the room-temperature 57Fe Mössbauer spectra of the as-prepared BiFeO3 and its microcrystalline counterpart. The asymmetric spectrum of the reference sample (Figure 4A) is fitted by a superposition of two subspectra (sextets) reflecting the presence of the cycloidal arrangement of spins of Fe3+ cations (Landers et al., 2014). Note that within the cycloid, a part of spins is oriented antiparallelly to another part of spins, resulting in the zero antiferromagnetic vector (see inset of Figure 4A). The hyperfine parameters of ferric ions resulting from the least-squares fitting of the spectrum are presented in Table 2.
[image: Figure 4]FIGURE 4 | Room-temperature 57Fe Mössbauer spectra of (A) BiFeO3 synthesized by the ceramic method and (B) BiFeO3 prepared by the combined mechanochemical−thermal route. The inset schematically shows the cycloidal arrangement of spins in the reference BiFeO3 synthesized by the ceramic method.
TABLE 2 | Parameters obtained by fitting the room-temperature 57Fe Mössbauer spectra of BiFeO3 samples synthesized by two various routes. IS is the isomer shift; QS is the quadrupole splitting; σ is the Gaussian width of the spectral component; Bhf is the magnetic hyperfine field; I is the relative intensity of the spectral component.
[image: Table 2]In contrast to the reference sample, 57Fe Mössbauer spectrum of the as-prepared BiFeO3 (Figure 4B) is symmetrical and consists of only one sextet assigned to the high-spin ferric cations in octahedral coordination of oxygen ions; see the corresponding hyperfine parameters listed in Table 2 (Menil, 1985). It should be emphasized that the presence of only single spectral component in the Mössbauer spectrum is a clear evidence of the suppression of the cycloidal arrangement of spins in the as-prepared BiFeO3.
Another striking feature of the present Mössbauer data is the observed difference between the Gaussian widths (σ) of the sextets for the reference material and the as-prepared ferrite (see Table 2). Figure 5 compares the hyperfine field distributions (HFDs) derived from the Mössbauer spectra of both materials. It should be emphasized that HFDs provide the most detailed information on the local magnetic fields acting on iron nuclei located on a particular lattice site. As can be seen, the iron nuclei in the reference BiFeO3 experience the local fields from relatively narrow intervals (from about 48 to 50 T and from about 48.4 to 50.5 T). This is in contrast to the as-prepared material, where a broad HFD is observed ranging from about 47 to 51 T; see green line in Figure 5. This variation may be explained by the presence of a broad distribution of local environments around the Fe nuclei in the as-prepared material due to a strongly distorted geometry of FeO6 octahedra. Similar findings have also been reported for other mechanochemically prepared oxides (Šepelák et al., 2006; Šepelák et al., 2007; Šepelák et al., 2009). Thus, in addition to the distorted mutual orientation of FeO6 octahredra characterized by the tilting angle of about 127°, revealed by Rietveld method (see above), the present Mössbauer data provide clear evidence of the presence of strongly deformed structural FeO6 units in the as-prepared material.
[image: Figure 5]FIGURE 5 | HFDs derived from the 57Fe Mössbauer spectra of the reference BiFeO3 (dark and light blue lines) and the as-prepared BiFeO3 (green line).
To determine the origin of the suppression of the cycloidal spin arrangement and to exclude its alteration due to the particle size effect (the presence of particles with the size below the typical period length of cycloid (∼62 nm)), we found it necessary to perform (S)TEM investigations of the as-prepared material. The representative (S)TEM micrograph of the ferrite is shown in Figure 6A. The BiFeO3 particles are found to be roughly spherical (closely to rectangular), and they tend to agglomerate. It has been revealed that the as-prepared material consists of particles mostly in the 60–130 nm size range; thus, the major part of particles is larger than the typical period length of cycloid. Note that a small part (∼8% by volume) of the as-prepared BiFeO3 particles is smaller than 62 nm. Taking into account the average particle size Da = 98 ± 8 nm of the ferrite (see Figure 6B) and the results of the present XRD and Mössbauer investigations presented above, we attribute the suppression of the spiral spin structure in the as-prepared material mainly to its long-range structural distortion (tilting of FeO6 octahedra) and the short-range structural disorder (deformation of FeO6 octahedra). Obviously, a small part of particles with the size below the typical period length of cycloid also partly contributes to the suppression of the spin cycloid in the as-prepared BiFeO3.
[image: Figure 6]FIGURE 6 | (A) The (S)TEM image of BiFeO3 prepared by the combined mechanochemical−thermal route. (B) The particle size distribution in the material results in the average particle size Da = 98 ± 8 nm. The error bars showing the uncertainty in the particle size analysis are indicated.
SQUID measurements have revealed that magnetic behavior of the as-prepared BiFeO3 is different from that of the reference microcrystalline BiFeO3 prepared using the conventional ceramic method. The latter sample does not show the hysteresis behavior (see our previous work (Da Silva et al., 2011)), whereas the as-prepared material exhibits extraordinarily high values of coercive field (Hc ∼ 0.71 T at 5 K, Hc ∼ 1.1 T at 300 K) and remanent magnetization (Mr ∼ 0.15 emu/g at 5 K, Mr ∼ 0.13 emu/g at 300 K) (see Table 3 and Figure 7). Note that values of these quantities for the as-prepared ferrite are significantly larger than those observed for the doped BiFeO3 with the consequently “chemically” induced structural distortion (Mao et al., 2016; Wang et al., 2018; Sharma et al., 2019; Fertman et al., 2020).
TABLE 3 | Parameters of the ferromagnetic part of the magnetization hysteresis loops recorded at 5 and 300 K for the as-prepared BiFeO3. Hc is the coercive field; Mr is the remanent magnetization; Ms is the saturation magnetization.
[image: Table 3][image: Figure 7]FIGURE 7 | (A) Magnetization hysteresis loops for the as-prepared BiFeO3 measured at 5 K (blue line) and 300 K (red line). (B) The ferromagnetic components for the as-prepared BiFeO3 extracted from its magnetization hysteresis loops measured at 5 K (blue line) and 300 K (red line). (C) The M(Hext) curve measured at 5 K for the as-prepared BiFeO3 in the field region of −0.5 T < Hext < 5 T showing the wasp-waisted behavior.
The magnetization hysteresis loops of the material measured at 5 and 300 K, depicted in Figure 7A, can be interpreted as a superposition of ferromagnetic and antiferromagnetic contributions. The dominant contribution of ferromagnetism is here observed as a broad saturated hysteresis, which is superimposed by the linear (nonsaturated) minor part without hysteresis induced by the presence of a weak antiferromagnetism. The linear dependences M(Hext) = 0.068⋅Hext and M(Hext) = 0.06854⋅Hext were used to calculate the contribution of antiferromagnetism at 5 and 300 K, respectively. The net magnetization data of the ferromagnetic contribution were obtained as the difference of the measured values of total magnetization and the calculated M(Hext) values corresponding to the antiferromagnetic contribution. The ferromagnetic contribution of the as-prepared ferrite separated from the antiferromagnetic one is shown in Figure 7B.
It is worth to mention that the saturation magnetization (Ms) of the ferromagnetic contribution attains the values of about 0.16 and 0.14 emu/g at 5 and 300 K, respectively. These Ms values represent about 32 and 29% of the total magnetization (for Hex = 5 T) of the as-prepared sample at 5 and 300 K, respectively. Taking into account the presence of the long-range and short-range structural distortions in the material, the ferromagnetic contribution can be interpreted as to arise from the destroyed cycloidal spin arrangement and the appearance of the Fe3+—O−2—Fe3+ exchange paths with deformed tilting angles of about 127°. These bond angles play a major role in controlling the magnetic exchange and orbital overlap between Fe3+—O−2 ions. Additionally, the structural distortion can lead to the onset of the Dzyaloshinskii–Moriya (D–M) interaction (Sharma et al., 2019; Yang et al., 2012; Albrecht et al., 2010), which can play a significant role in enhancing the ferromagnetism in the as-prepared sample. It should be mentioned that the D–M interaction is the antisymmetric magnetic exchange coupling leading to the noncollinear (canted) spin states, which are located at the interface between the ferromagnetic and antiferromagnetic regions present in the as-prepared material. Note that the hysteresis loop recorded at 5 K exhibits a wasp-waisted behavior (Pinheiro et al., 2020) with an abrupt change in magnetization for a field close to zero, in both the descending and ascending curves (see Figure 7C). We attribute this phenomenon to the reorientation of canted spins, which are located at the interface between the ferromagnetic and antiferromagnetic regions present in the as-prepared ferrite.
CONCLUSION
The combined mechanochemical−thermal treatment of the Bi2O3 and α-Fe2O3 precursors leads to the formation of the rhombohedral BiFeO3 with the lattice parameters (a = b = 5.5715(5) Å, c = 13.8185(15) Å) that are smaller when compared with those of the reference BiFeO3 synthesized by the conventional route (a = b = 5.592 Å, c = 13.898 Å). At the long-range scale, neighboring FeO6 octahedra in the crystal lattice of the as-prepared BiFeO3 exhibit a relatively small tilting angle of 127.2° in comparison with the Fe—O—Fe bond angle of 150.9° characteristic of the reference material. 57Fe Mössbauer spectroscopy reveals that, at the short-range scale, the structure of the material is characterized by a broad distribution of local environments around the Fe nuclei due to a strongly distorted geometry of FeO6 octahedra. The presence of only single spectral component in the 57Fe Mössbauer spectrum of the as-prepared ferrite is a clear evidence of the suppression of the cycloidal spin arrangement in its structure. It is revealed that the material consists of particles mostly in the 60–130 nm size range, resulting in the average particle size of 98 ± 8 nm. Considering this value, which exceeds the typical period length of cycloid (∼62 nm), it is stated that the suppression of the cycloidal spin arrangement in the as-prepared BiFeO3 is mainly caused by the long- and short-range crystal lattice distortions. The minor contribution to the suppression of the spin cycloid is represented by the particle size effect. The macroscopic magnetic properties of the material are interpreted as a superposition of antiferromagnetic and ferromagnetic contributions. The latter is characterized by extraordinarily high values of coercive field (Hc ∼ 0.71 T at 5 K, Hc ∼ 1.1 T at 300 K) and remanent magnetization (Mr ∼ 0.15 emu/g at 5 K, Mr ∼ 0.13 emu/g at 300 K). A partly ferromagnetic behavior of the ferrite is attributed to the suppressed cycloidal spin arrangement and the appearance of the Fe3+—O−2—Fe3+ exchange paths with deformed tilting angles. At the interface between the ferromagnetic and antiferromagnetic regions, the D–M interaction leads to the canted spin states. An abrupt change in magnetization of BiFeO3 for a field close to zero, in both the descending and ascending M(Hex) curves, is attributed to the reorientation of canted spins.
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