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Abstract

:

Emission 57Fe Mössbauer spectroscopy (eMS), following the implantation of radioactive 57Mn+ ions, has been used to study the temperature dependence of the hyperfine magnetic field at Fe sites in Ba-doped BiFeO3 (BFO) thin films. 57Mn β decays (t1/2 = 90 s) to the 14.4 keV Mössbauer state of 57Fe, thus allowing online eMS measurements at a selection of sample temperatures during Mn implantation. The eMS measurements were performed on two thin film BFO samples, 88 nm and 300 nm thick, and doped to 15% with Ba ions. The samples were prepared by pulsed laser deposition on SrTiO3 substrates. X-ray diffraction analyses of the samples showed that the films grew in a tetragonal distorted structure. The Mössbauer spectra of the two films, measured at absorber temperatures in the range 301 K–700 K, comprised a central pair of paramagnetic doublets and a magnetic sextet feature in the wings. The magnetic component was resolved into (i) a component attributed to hyperfine interactions at Fe3+ ions located in octahedral sites (Bhf); and (ii) to Fe3+ ions in implantation induced lattice defects, which were characterized by a distribution of the magnetic field BDistr. The hyperfine magnetic field at the Fe probes in the octahedral site has a room temperature value of Bhf = 44.5(9) T. At higher sample temperatures, the Bhf becomes much weaker, with the Fe3+ hyperfine magnetic contribution disappearing above 700 K. Simultaneous analysis of the Ba–BFO eMS spectra shows that the variation of the hyperfine field with temperature follows the Brillouin curve for S = 5/2.
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1. Introduction


Bismuth ferrite BiFeO3 (BFO) is a well-known multiferroic material with a high antiferromagnetic Néel temperature (TN = 653 K [1]) and a high ferroelectric Curie temperature (TC = 1093 K) [2], properties which allow it to be tuned to exhibit the magnetoelectric effect, even at room temperature (RT). Structurally, BFO is a distorted perovskite with the ABO3 structure. It may appear in three different crystal phases. The α-phase corresponds to a rhombohedral R3c structure, with cell parameters a = 5.58 Å and c = 13.90 Å in the hexagonal setting at room temperature [1]. It is a quasi-cubic canted perovskite structure of the LiNbO3 type [1]. This phase exists up to 1093 K, above which a first-order phase transition to the orthorhombic β phase of the Pbnm space group sets in [2,3,4]. Before decomposition, BFO undergoes another phase transition to its γ phase [1].



Although BFO exhibits the magnetoelectric effect at room temperature, as confirmed in measurements with hyperfine interaction techniques [5,6], the magnetoelectric coupling in BFO is too weak for practical applications, due to a modification of the antiferromagnetic G-type spin configuration by a long-range spiral spin superstructure. This spiral spin superstructure cancels the macroscopic magnetization and, thus, prevents a linear magnetoelectric effect. Enhancement of the multiferroic properties of BFO thus requires suppression of the formation of long-range spiral spin cycloids. ‘Dopant engineering’ is considered an effective way to achieve this goal [7]. Hence, several studies have been conducted to gain a deeper understanding of the origin and nature of magnetism in doped BFO, which may allow one to tailor its magnetoelectrical properties to meet the requirements of specific applications.



The present work aims to contribute to this endeavor by investigating the hyperfine magnetic behavior at 57Fe sites in Ba-doped BiFeO3 (BBFO) through 57Fe emission Mössbauer spectroscopy (eMS). 57FeeMs was selected as a tool due to its extreme sensitivity to both the bonding mechanisms of the Fe probe and the local environment in the vicinity of the probe nuclei, and its distinct signatures for paramagnetic, antiferromagnetic and ferromagnetic interactions. The 57Fe probe nuclei were populated in the β decay of the short-lived radioactive precursor isotope 57Mn (t1/2 = 90 s), which was implanted into the samples at the ISOLDE facility [8,9] at CERN. Temperature dependent eMS measurements were conducted online during the Mn implantation, at sample temperatures ranging from room temperature (RT = 301 K) to 700 K.




2. Materials and Methods


2.1. Sample Preparation and Ion Implantation


Two Ba-doped BFO thin film samples, 88 nm and 300 nm thick, and one undoped bulk BFO sample were prepared for the eMS measurements. The undoped, polycrystalline BFO sample was synthesized from a stoichiometric mixture of finely powdered bismuth oxide (Bi2O3, 99.9%, Acros Organics) and iron oxide (Fe2O3, 99.99%, Alfa Aesar) at the University of Duisburg-Essen [2]. Following calcination of the mixture for 3 h at 1093 K, the resulting powder was pressed into pellets and sintered for 6 h under ambient air at 1093 K. Preparation of the 15% Ba-doped samples was conducted through pulsed laser deposition at the Johannes Gutenberg University Mainz from a sintered target prepared from powders of the respective oxides. The target showed 20% excess Bi (weight %) to compensate for loss during the deposition process. At deposition temperature, the Bi has a high vapor pressure and its sticking coefficient is reduced. The Bi excess was chosen according to energy dispersive composition analysis of deposited films. The thin films were grown on commercial (001) oriented SrTiO3 (STO) single-crystal substrates held at 748 K during deposition. The base pressure in the deposition chamber was 4 × 10−8 mbar, while an oxygen pressure of 0.1 mbar was generated through a 99.95% pure oxygen flow of 10 SCCM, and a partially opened gate valve situated between the deposition chamber and the turbo pump. Focusing the laser onto a 0.1 cm2 area on the target resulted in an estimated energy density of 640 mJ/cm2. The laser radiation had a wavelength of 248 nm (Compex Pro205, KrF), the repetition rate was 5 Hz, and the target-to-substrate distance was 5 cm. The combination of the mentioned parameters resulted in a film growth rate of 1 Å/s. The thin films were grown layer by layer. Atomic force microscopy (AFM) was performed using the Dimension 3100 from Digital Instruments. A surface topography image of a BBFO (300 nm)/STO sample measured by AFM is shown in Figure 1a. The material appears to reproduce the unit cell steps of the STO substrate originating from a miscut. Small islands of BBFO of unit cell height form on the surface, before merging into a continuous layer.



The structural properties of the thin films were characterized by X-ray diffraction (XRD) using a D8 Discover from Bruker. The 2Θ scan in Figure 1b shows that BBFO grows in a single phase with an out-of-plane lattice constant of 4.185 Å. Omega scans of the (001) BBFO reflection reveal a narrow rocking curve of 0.03° FWHM, indicating a well-oriented crystal. The reciprocal space map around the (103) STO substrate peak in Figure 1c shows that BBFO grows fully strained box-on-box on STO in a tetragonal phase with a c/a ratio of 1.07, which coincides with the results reported by Kim and Mix [10,11] for undoped BFO on STO. The structure properties of the BFO undoped ceramic sample were assessed by X-ray diffraction (XRD) on a Philips X’Pert PRO diffractometer using Cu Kα radiation, and by micro-Raman spectroscopy in a Horiba Jovin-Ybon LabRAM HR800 system. The sample was excited by a 633 nm He-Ne laser on an Olympus BX 41 confocal microscope with a 100× objective. A charge coupled device detector was used to collect the scattered light. The spectral resolution of the system used was ~1 cm−1.



An XRD pattern of the undoped ceramic sample is shown in Figure 1d. The main diffraction maxima match with those of the rhombohedral (R3c) structure of BiFeO3 (PDF file 01-070-5668). Trace amounts of a secondary phase, orthorhombic Bi2Fe4O9 (PDF file 01-074-1098), were also detected.



The crystallite sizes of the two thin films were estimated from two 2Θ/ω scans in the (001) direction. As shown in Figure 2a, for the thinner sample, pronounced Laue oscillations are visible between the (001) peak of the thin film and the (001) peak of the substrate. In the x-axis, a scaling to the reciprocal lattice of the thin film was chosen so that the position of the (001) substrate peak indicates the cfilm/csubstrate ratio directly. A film thickness of 88.3 nm was calculated from the periodicity of the Laue oscillations.



The Laue oscillations for the thicker film cannot be resolved and, instead, the crystallite size was estimated from the peak width. Figure 2b, for the 300 nm thick Ba–BFO film, shows an FWHM of ∆Θexp = 0.064°, and a value of ∆Θ = 0.045° for the substrate peak. Taking the latter value as an estimate of the experimental broadening (∆Θinst), allows an estimate of the size broadening of   β =    Θ  e x p  2  −  Θ  i n s t  2    = 0.046 °    , and a corresponding crystallite size of 183 nm, according to the Scherrer equation (Equation (1)) [12]. Similarly, the crystallite size for the thinner film is estimated to be 83 nm. In Equation (1), D is crystallite size; β is the line broadening at half the maximum intensity; λ is the X-ray wavelength; and K is a dimensionless shape factor (K = 0.94). The deposition rates are only in agreement for the thinner sample crystallite size and film thickness, indicating a fully coherent film growth, while for the 300 nm sample (from the deposition rate), the crystallite size is smaller than film thickness, indicating strain relaxation by defect formation, which is also evident in the slightly different out-of-plane lattice constant.


  D =   K λ   β cos θ    



(1)







Figure 2d shows a representative Raman spectrum of the undoped ceramic sample. Peaks appear centered at 75, 141, 171, 261, 271, 348, 365, 436, 469 and 521 cm−1, and can be attributed to BiFeO3, according to previous reports [13]. A weak peak at about 220 cm−1 can be assigned to Bi2Fe4O9 [14].




2.2. Emission Mössbauer Spectroscopy (eMS) Measurements


57Mn+ ions were produced at the ISOLDE facility at CERN [8,9], in a fission process induced by 1.4 GeV proton bombardment of a UC2 liquid-metal target. Following multistage laser ionization and magnetic mass separation, the 57Mn ions were accelerated to 45 keV energy, and implanted into undoped and Ba-doped BiFeO3 (BFO) thin films. 57Mn decays by β− emission with a half-life of T1/2 = 90 s, and feeds the excited 14.4 keV Mössbauer state of 57Fe, thus enabling online 57Fe emission Mössbauer spectroscopy (eMS) measurements [15,16]. The 57Mn → 57Fe decay process imparts an average recoil energy of 40 eV to the 57Fe ions, thereby enabling them to substitute Fe ions in the samples under study and become very sensitive probes of the hyperfine fields in their immediate vicinity.



The BFO/Ba–BFO sample was mounted in an implantation chamber at an angle of 30° to the Mn beam direction. The eM spectra were recorded with a parallel plate resonance detector, one electrode of which was made of stainless steel containing enriched 57Fe. The detector was mounted on a drive unit outside the implantation chamber at an angle of 90° to the incident Mn beam, corresponding to a gamma emission angle from the sample of θγ = 60° relative to the surface normal [17]. Beam intensities of≤ 2 × 108 ions/s were sufficient to give spectra of good statistics, thus ensuring single probe ion implantation and obviating clustering effects. The resonance spectrum at each measurement temperature required 8 min of continuous recording of online data during the 57Mn implantation.



The spectra were analyzed using the analysis code VINDA [18], which allowed simultaneous analysis of the eMS data in each temperature series, with the isomer shift δ of each spectral component constrained to follow a second order Doppler shift with the temperature. The detector velocity scale and the isomer shifts were calibrated with the eM spectrum of an α-Fe foil. The intrinsic spectral line-shape of the resonance detector was a Voigt profile with Lorentzian linewidth ΓDet. = 0.34 mm/s and Gaussian broadening σDet. = 0.08 mm/s. SRIM estimates [19] of the depth profile of the Mn ions and of the Bi, Fe and O vacancies produced by each implanted ion are shown in Figure 3.



The estimates yield a peak concentration of implanted Mn ions at 20.0 nm from the sample surface, with a straggle of 10.5 nm. Each implanted Mn ion is estimated to produce approximately 500 vacancies, the majority of which, as shown in Figure 3, are oxygen vacancies.





3. Results


The eM spectra collected at room temperature from the undoped pellet, and the two Ba-doped BiFeO3 films are shown in Figure 4. The spectra are plotted against the detector velocity and, hence, have the velocity sign reversed in comparison to conventional transmission MS measurements with a moving source.



Each spectrum in Figure 4 is characterized by a strong central paramagnetic component and a broad sextet feature. The central component was resolved into two quadrupole split doublets (D1 and D2), with fit parameters (isomer shift (δ) and quadrupole splitting (ΔEQ)) listed in Table 1. These values are quite different to those reported by Papaefthymiou et al. for Bi2Fe4O9 [20], and rule out such contaminant in our thin film samples. The sextets observed in the present study are broader than those observed in transmission Mössbauer measurements [10,21]. In addition, the intensities between the sextet peaks do not approach the background, attesting to the implantation induced lattice damage in our data, in particular lattice vacancies, as reflected in Figure 3. Kim et al. resolved the magnetic sextets into two primary components, attributed to Fe on octahedral sites and in octahedral sites with neighboring oxygen vacancies. However, in a recent study on Co-doped BiFeO3, Sobolev et al. [21] argue that the lack of direct experimental evidence discounts the formation of two magnetic sites for Fe ions in BiFeO3. Instead, they propose that spatially ordering spin modulations in BFO at temperatures below the Néel temperature need to be taken into account. In their analysis, a bunched spiral model of spin ordering was found to provide very good fits to their experimental Mössbauer spectra. As already alluded to, the present online ion-implantation eMS study is beset with a range of lattice defects produced by the energetic Mn ions. Fe probes located in these lattice defects experience a distribution of magnetic hyperfine fields, and are a significant contributor to the eMS spectra. Accordingly, the sextet components observed in our spectra were analyzed in terms of (i) a symmetric magnetic hyperfine component (Bhf), due to Fe in octahedral sites (Site 1); and (ii) a magnetic distribution component, due to Fe probes located in lattice defect sites, BDistr (Site 2). The data in each temperature series was analyzed in a simultaneous fit, with the isomer shifts constrained to follow a second order Doppler shift with increasing temperature. The fit parameters of the spectral components of the eMS spectra of the three samples, at room temperature, are listed in Table 1.



The isomer shifts of the magnetic and paramagnetic components at room temperature are all characteristic of the ferric (Fe3+) state [22], thus eliminating any contaminant Fe2+ and Fe4+ components in our samples. The measured hyperfine field, Bhf, for all three samples, are typical of the Fe3+ ion in high spin S = 5/2 configuration.



The series of temperature dependent measurements on the 88 nm and 300 nm thick Ba-doped BiFeO3 films, together with their spectral components, are shown in Figure 5a,b. With increasing temperature, the spectra become increasingly dominated by the central doublet feature. As a consequence, the spectra are presented on an expanded vertical scale to facilitate the study of the main magnetic components.



The temperature dependence of the areal fractions of the spectral components is presented in Figure 6. The contribution of the primary sextet component (Bhf) to the total spectral area decreases from 34% at RT to 4% at 640 K for the 88 nm sample, and from 21% to 6% over the same temperature interval for the 300 nm sample. While accurate analyses of the weaker individual components at the higher temperatures become more difficult, the simultaneous fit to the data in each temperature series using a set of macros described in the analysis code VINDA [18] overcomes these shortcomings.



The strong difference between the contributions of the paramagnetic doublets (D1, D2) to the eM spectra of the two doped BFO samples is also notable, with D1 contributing a low 7% at 300K to the total spectral area of the 88 nm thick sample, compared to its 19% contribution for the 300 nm sample. The contribution of the Bhf component to the spectra also decreases more rapidly with increasing temperature for the 88 nm sample.



At a temperature above 690 K, the magnetic components collapse into a paramagnetic doublet with hyperfine parameters isomer shift (δ) and quadrupole splitting (ΔEQ) values of 0.17(1) mm/s and 0.90 mm/s, respectively, for the 88 nm film, and corresponding values of 0.13 mm/s and 0.74 mm/s for the 300 nm film. Similar observations have been reported by Kothari et al. (δ = 0.2 mm/s, ΔEQ = 0.5 mm/s) in Mn-doped BFO [23]



Temperature Dependence of the Hyperfine Magnetic Field Bhf


The 57Mn → 57Fe β decay imparts to the 57Fe Mössbauer probe nucleus an average recoil energy of approximately 40 eV, which allows the probe nuclei to replace Fe ions in octahedral sites in the lattice, as well as to become trapped in lattice defects, where they experience a distribution of magnetic fields. Fe in the defect sites comprises part of the eM spectra, which are then fit with an additional component, BDistr, comprising a distribution of magnetic fields. Describing the magnetic temperature behavior thus primarily involves the temperature dependence of the hyperfine magnetic component Bhf. This is presented in Figure 7 for the BFO/Ba–BFO samples.



At higher temperatures, the intensities of the sextet components are considerably reduced, and the Bhf values are determined with relatively large errors. Nevertheless, the results of this study are consistent with the Brillouin curve for high spin S = 5/2.





4. Discussion


The magnetic and ferroelectric properties of BFO change significantly upon Ba2+ substitution in place of Bi3+. This substitution affects the centrosymmetry of the FeO6 octahedra. The resulting oxygen vacancies lead to changes of the multiferroic properties of BiFeO3 [24]. Spin canting, coupled with the displacement of oxygen atoms from their original lattice sites, could then be responsible for the observed enhanced magnetic and ferroelectric properties of this material [25]. The two Ba-doped BFO thin films used in our study are fully strained and have a tetragonal structure. By optical second harmonic generation, Kumar et al. reported that there is co-existence of the tetragonal and rhombohedral phases in strained bismuth ferrite films [26]. Our results are consistent with this scenario.



Another explanation for the origin of the hyperfine magnetic field could be that, by doping with Ba2+ ions, the structure of the sample may be distorted by the formation of oxygen vacancies. Upon replacing Bi3+ ions by Ba2+ ions in the lattice site, the system is destabilized due to charge imbalance. In this process, one oxygen vacancy is created to stabilize the system.



Eventually, the replacement of Bi3+ by Ba2+ is balanced by switching Fe2+ to Fe3+ [27]:


    Bi   3 +   +   Fe   2 +   →   Ba   2 +   +   Fe   3 +   .  



(2)







The presence of oxygen vacancies and epitaxial strain may change the bond angle and the Fe–O–Fe distance, creating a net magnetization in the sample [28]. Some researchers attribute the onset of ferromagnetism in BBFO nanostructures to the suppression of spiral spin order and structural distortion by Ba doping, which are quantified as changes in the Fe–O–Fe bond angle [29,30,31]. The change in bond angle modifies the tilting angle of the FeO6 octahedron, which may suppress the cycloid spin structure and thus produce a net magnetization in the BBFO nanoparticles [27].



The macroscopic magnetization of BFO is eliminated by the incommensurate cycloid spin modulation with a wavelength of 62 nm [32]. Some studies report that the magnetic properties are favored by uncompensated spins if the typical crystallite size is reduced below 62 nm, because the spiral spin structure can be partially destroyed [33,34]. This will result in inferior ferromagnetic behavior, because the long wavelength of BFO thin film is partially destroyed, causing identifiable, incomplete and uncompensated spins [35,36]. As shown in Figure 2, the crystallite sizes of both thin films are larger than 62 nm, so enhanced hyperfine magnetic field of the Ba–BFO samples in this study cannot be ascribed to a reduced crystallite size. In addition, the substrate can influence the cycloid type [37].



In the transmission Mössbauer spectra of BFO samples, the sextets are assumed to come from either iron ions on two different lattice sites [10] or Fe in a site where they experience a bunched spiral ordering of spin [21]. In the present study, Bhf and Bdistribution are attributed to Fe ions at octahedral sites (Site 1) and at defect sites (Site 2) induced by the implantation process. The Mössbauer parameters of the Bhf subspectrum for 88 nm thick (300 nm thick) Ba–BFO samples at room temperature are δ = 0.35(1) mm/s δ = 0.37(2) mm/s); quadrupole splittings ∆EQ = 0.14(2) mm/s (∆EQ = 0.15(3) mm/s); and hyperfine magnetic fields Bhf = 44.5(9) T (Bhf = 44.6(2) T). The measured hyperfine fields are typical for ferric iron (Fe3+) in a high-spin configuration. The isomer shift δ at room temperature is δ = 0.35(1) mm/s relative to α-Fe metal, which is consistent with the ferric state (Fe3+) in oxide materials [38,39]. This isomer shift differs from that of Fe4+ (δ = 0.089 mm/s), which suggests that our BBFO compound has no Fe4+ ions. Therefore, the substitution of divalent Ba for trivalent Bi in the single-phase Ba–BFO compound may only induce oxygen vacancies in the lattice.




5. Conclusions


The relative contributions of the spectral components required to analyze the eMS data on Ba-doped 88 nm and 300 nm thick BFO layers reflect the effects of the online ion implantation procedure in our measurements on the two samples. However, the hyperfine magnetic field Bhf sensed by the 57Fe probe in the samples follows the same temperature dependence, with a pattern similar to that of pure BFO (Néel temperature TN = 653 K) [1], which is indicative of the magnetic order existing in our Ba-doped BFO samples.



The temperature dependence of the hyperfine field Bhf is consistent with the Brillouin curve for high spin S = 5/2 (Figure 7), with the temperature at which Bhf = 0 estimated to be close to 700 K, a value higher than the Néel temperature of BFO. Similar increases in TN of doped BiFeO3 have been reported by Catalan et al. [40] and Suresh et al. [41]. For Ca doping, Catalan et al. reported an increase of 0.66 K per dopant percentage, while Suresh et al. reported an increase of the TN in La-doped BFO towards that of LaFeO3 (738 K).
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Figure 1. (a) AFM image of the surface topography of a BBFO (300 nm)/STO sample; (b) its diffractrogram with BBFO peaks labeled in a pseudocubic setting; (c) its reciprocal space map in hl directions (k = 0, fixed) around a (103) diffraction peak (r.l.u. means reciprocal lattice units of the STO substrate); (d) diffractogram of the BFO sample, where only the main diffraction maxima of BiFeO3 have been labeled. Minor peaks marked with an asterisk correspond to Bi2Fe4O9 secondary phase. 
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Figure 2. Results of 2Θ/ω scans in the (001) direction for Ba–BFO 88 nm (a,b) and 300 nm (c) films, respectively. In (a), the momentum transfer is given in units of the C-axis of the reciprocal space, in order to stress the periodicity of the finite size oscillations, while in (b,c), conventional angle scaling is used. (d) Representative Raman spectrum of the undoped ceramic sample (633 nm excitation). 
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Figure 3. SRIM estimates of (a) the implantation profile of the Mn ions and (b) the profile of Bi, Fe and O vacancies produced by each implanted Mn ion. 
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Figure 4. Emission Mössbauer spectra (a) of the undoped BiFeO3 pellet, and (b,c) of the Ba-doped 88 nm and 300 nm thick BiFeO3 films, respectively, collected at room temperature. Colorful solid lines correspond to the different fitting components. 
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Figure 5. Emission Mössbauer spectra of (a) the 88 nm thick and (b) the 300 nm thick BBFO films, collected at the indicated temperatures. The spectra are drawn on an expanded vertical scale to better display the magnetic spectral components; the primary Bhf sextet is shaded in grey. 






Figure 5. Emission Mössbauer spectra of (a) the 88 nm thick and (b) the 300 nm thick BBFO films, collected at the indicated temperatures. The spectra are drawn on an expanded vertical scale to better display the magnetic spectral components; the primary Bhf sextet is shaded in grey.



[image: Crystals 13 00724 g005a][image: Crystals 13 00724 g005b]







[image: Crystals 13 00724 g006 550] 





Figure 6. Site population of the spectral components of the (a) 88 nm and (b) 300 nm Ba-doped BFO films. 
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Figure 7. The hyperfine magnetic field strength of spectral component Bhf of the doped and undoped BFO samples as a function of temperature. The dashed grey line represents the Brillouin function for high spin S = 5/2. 
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Table 1. Room temperature fit parameters (isomer shift δ, electric quadrupole splitting/shift (ΔEQ/ε), hyperfine magnetic field (Bhf) or (BDistr) and area fraction (A)) of the spectral components required to fit the eM spectra of the undoped and Ba-doped BFO samples. The isomer shifts are given relative to an α-Fe absorber.
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Sample

	
Spectral Component

	
δ

(mm/s)

	
ΔEQ/ε

(mm/s)

	
Bhf

(T)

	
Area Fraction

(%)






	
BiFeO3

	
D1

	
0.31(1)

	
1.10(1)

	
-

	
35(1)




	
D2

	
0.45(1)

	
2.3(2)

	
-

	
7(1)




	
Bhf

	
0.37(1)

	
0.033(3)

	
46.3(3)

	
32(1)




	
BDistr

	
0.32(5)

	
0.015(4)

	
40-16

	
26(2)




	
Ba-BiFeO3 88 nm

	
D1

	
0.45(6)

	
1.66(2)

	
-

	
7(1)




	
D2

	
0.26(1)

	
1.20(1)

	
-

	
35(1)




	
Bhf

	
0.35(1)

	
0.14(2)

	
44.5(9)

	
30(1)




	
BDistr

	
0.42(4)

	
0.04(5)

	
37-13

	
29(2)




	
Ba-BiFeO3300 nm

	
D1

	
0.38(3)

	
1.38(4)

	
-

	
19(1)




	
D2

	
0.16(1)

	
1.12(1)

	
-

	
29(1)




	
Bhf

	
0.37(2)

	
0.15(3)

	
44.6(2)

	
21(1)




	
BDistr

	
0.35(4)

	
0.12(5)

	
39-16

	
31(2)
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