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The differences in micro-structure and chemical composition between grains and grain boundaries of a magnetic material based on SrFe12O19 have been established by XRD, XPS, Auger spectroscopy, SEM and EDXA. The indicated techniques allowed to reveal the irregularities of granular hexagonal structure of the ferrite.
1.    Introduction
The features of polycrystalline Sr- and Ba-based ferrites, which have the structure of magnetoplumbite, depend not only on their micro-structure, but also on the state of grain boundaries [1, 2]. Generally, nano-sized surface layer (1–3 nm) of the grains differs from the corresponding bulk phase both in micro-structure and chemical composition. Besides, the hexagonal lattice of SrFe12O19 may contain nano-sized areas of cubic and orthorhombic Sr-enriched phases (SrFeO3-x).
The occurrence of structural irregularities is important for a material to posses advanced magnetic characteristics [1]; however, optimal ratio of different irregularities and their distribution between grains and grain boundaries are poorly studied. Therefore, in order to optimize the chemical composition and structure of hexaferrite nanograins it is required to characterize grain boundaries and additional phases, which arise in the course of synthesis.
2.    Experimental

Strontium ferrite SrO∙6Fe2O3 doped with various oxides was studied. The oxides were added in order to control calcination processes and to form the magnetic material with required structure and morphology of grains. However, besides of the introduced oxides the target sample can contain some impurities, which occur in the feed stock, e.g. in kaolin. According to emission analysis the sample contains the following elements (wt %): La, Ba, Ca — 0.1; Mg, Al, Si — 0.01; Mn, Cr ~10-3; Ni, Cu ≤ 10-3.
The distinctive features of micro-structure of grains and grain boundaries were established by SEM, EDXA, XPS and Auger electron spectroscopy. The surface of freshly obtained splits of the ferrite was analyzed. SEM and EDX analyses were conducted on LEO 1420 microscope. XPS investigation was carried out on ES–2410 spectrometer; line C 1s with Eb = 284.6 eV was used for calibration. Auger electron spectra were recorded on Perkin Elmer PH–660 spectrometer. Phase composition of the sample was established by XRD analysis of thoroughly grinded powder by DRON–2.0 diffractometer with Ni-filtered Co K(-radiation ( = 0.178896 nm).
3.    Results and Discussion
SEM data evidence that a sample studied is characterized by the granular structure (Fig. 1). The grains have near-uniform size distribution. Crystals with regular hexagonal shape and flat surface, which is normal to c-axis direction of the crystals, predominate in the sample. The number of pores and large grains with irregular shape is insignificant. According to SEM data the most probable diameter of grains enters the range of 0.6–1.45 μm, average diameter is 1.35–1.55 μm that is known to be an optimum of such type of materials.
By means of XRD study it was found that the sample has the hexagonal structure. The lattice parameters correspond to the reference data for SrFe12O19 (JCPDS 33–1340) with slightly decreased interplanar spacings that can be caused by the presence of certain dopants. However, in the corresponding XRD pattern there are the reflexes assigned to orthorhombic SrFeO2.5 phase (JCPDS 17–932) along with the main maxima. Asymmetric profile of some reflexes attributed to the main phase allows to assume the presence of domains formed by SrFeO3-x with cubic structure (JCPDS 34–638).
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Ingomogeneity of Sr concentration in the sample caused by the formation of Sr-enriched phases (SrFeO3-x, SrFeO2.5) can arise at the stage of hexaferrite structure formation, as well as in the course of the material cooling due to partial decomposition of the solid solution.
By means of EDXA it was found that chemical composition of different grains of the ferrite samples is not identical. Sr:Fe molar ratio determined for large grains with irregular shape (Fig. 1, grain 1) is greater than the ratio obtained for the even-shaped crystals (Fig. 1, grains 2–4). The observed excess of Sr can be caused by preferred localization of strontium monoferrite (SrFeO3-x) in the intergranular areas. Recrystallization processes in the irregularly shaped grains seem to be suspended.
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The pronounced effect of doping with Ca upon the properties of SrFe12O19 was observed. The introduction of CaCO3 into the powder of the strontium ferrite promotes formation of more perfect grains. Auger electron spectroscopy with monitoring of Ar+–ion etched samples indicates the increased Sr2+ and Ca2+ content in thin surface layer of the grains as compared to their bulk concentration (Fig. 2). This confirms the above EDXA results. The Ar+–ion etching was accompanied by Sr2+ and Ca2+ content decrease (Fig. 2). This allows to assume that Ca2+ ions are localized not only at the surface of the SrFe12O19 grains forming a shell of Ca-based individual phases (CaO, CaCO3, CaSiO3), but also they partly substitute Sr2+ ions in the ferrite lattice due to close ionic radii (r (Ca2+) = 0.114 nm, r(Sn2+) = 0.132 nm).
XPS study confirmed the enrichment of the grain surface with Ca and indicated the presence of carbonates and inhomoheneity of Fe3+ electronic state in the sample (Table 1).
Table 1. Parameters of XPS spectra of the SrFe12O19 sample
	Line
	Eb, eV
	%
	Assignment

	C 1s
	284.6

288.3
	82

18
	C

CO32-

	O 1s
	530.4
531.6
533.5
	47
41
12
	Olat., Fe–O–Fe

Olat., Fe–O–M (M = Sr, Ca) or Al–O–Al, Si–O–Si

SrCO3, CaCO3

	Sr 3d5/2
	133.3

134.7
	65

35
	Sr–O–Fe

SrCO3

	Ca 2p3/2
	347.0
	100
	CaO, CaCO3, CaSiO3

	Fe 2p3/2
	710.8

712.2

713.5
	35

36

29
	Fe–O–Fe in hexaferrite
Fe–O–Sr in hexaferrite
Fe–O–M (M = Sr, Ca, Ba, La) in monoferrite


The observed various electronic states of iron and different degree of covalent contribution in Fe–O bonds can be explained by the presence of areas enriched with Sr or Fe as compared to the perfect strontium hexaferrite structure.

The capabilities of the spectral techniques used in the work do not allow to characterize precisely the state of all additives and their distribution in the granular ferrite structure, since signals of some elements occurred in small concentration can not be distinguished against the background. This is especially related to the dopants, which are capable to form Fe2O3-based spinel structures.
From the EDXA data it can be also concluded the segregation effect of Ba, La, Al and Si to take place at the surface of the SrFe12O19 grains. Ba2+ ions having ionic radius greater than Sr2+ has a tendency to concentrate at the grain surface. Moreover, both Ba and Sr are able to form surface silicates and aluminosilicates that facilitate sintering the ferrite grains together. The results of EDXA study of different areas of the ferrite splits indicate that the aluminosilicate phases are mainly allocated in the intergranular areas adjoining to lateral faces of hexahedral grains. This contributes to the formation of dense structure of the material and prevents from excessive grain growth.
4.    Conclusion

The presented results evidenced that the hexaferrite SrFe12O19 used for fabrication of magnetic materials with advanced functional features has intricate chemical composition and irregular micro-structure with nanoshells enriched by dopants. The dopants and binding agents play an important part in the formation of the required granular structure.
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Figure 2. Relative intensity of the elements derived from Auger electron spectra vs duration of Ar+–ion etching.





Figure 1. SEM image of the SrFe12O19 fresh split.
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