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Abstract

:

Using the multifunctional material barium hexaferrite as an example, the prospects for treatment at a quasi-equilibrium low temperature in an open atmosphere to form superhydrophobic magnetic coatings with pronounced crystalline and magnetic anisotropy have been demonstrated for the first time. The relationship between plasma treatment conditions, structural-phase composition, morphology, and superhydrophobic properties of (0001) films of barium hexaferrite BaFe12O19 on C-sapphire is studied. X-ray photoelectron spectroscopy (XPS), X-ray diffractometry (XRD), scanning electron microscopy (SEM), atomic force microscopy (AFM), as well as magnetometry and moisture resistance analysis, were used as research methods. During plasma treatment with a mass-average temperature of 8–10 kK, intense evaporation and surface melting were observed, and texturing of the deposit along (0001) is found. When the treatment temperature was reduced to 4–5 kK, the evaporation of the material was minimized and magnetic and crystal anisotropy increased. However, the increase in the size of crystallites was accompanied by the transition of oxygen atoms from lattice nodes to interstitial positions. All samples exhibited low coercive fields below 500 Oe, associated with the frustration of the magnetic subsystem. Features of growth of materials with a wurtzite structure were used to form a superhydrophobic coating of barium hexaferrite. Plasma treatment regimes for obtaining self-cleaning coatings are proposed. The use of magnetically hard barium hexaferrite to radically change the properties of a coating is demonstrated herein as an example.
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1. Introduction


Plasma treatment, due to its undeniable advantages, has been used for many years in the production of materials and coatings. This is facilitated by such unique associated merits as the possibility of controlling the depth of impact, the ability to process objects of any shape, the low cost of processing, environmental friendliness, and, most importantly, the ability to cover large areas. The main types of plasma include high-temperature, as well as low-temperature thermal and non-thermal (cold) plasmas [1]. High-temperature plasma achieves ultra-high outputs and temperatures up to 108 K, and, accordingly, any contact with a solid body leads to its destruction. The most widely used today in the synthesis of new materials and coatings is cold plasma at a maximum temperature of up to 102 K, which makes it possible to modify a surface, its porosity, chemistry, adsorption, and catalytic characteristics without significant thermal action [2,3]. An intermediate position is occupied by a low-temperature thermal quasi-equilibrium plasma at a temperature of up to 104 K. In this case, the plasma can be used as both a universal coolant and reagent at the same time. A high temperature makes it possible to create a gas phase in a short period of time, and subsequent chemical transformations and condensation make it possible to synthesize nano and micropowders. Consequently, the use of low-temperature thermal quasi-equilibrium plasma is considered to be most optimal in the plasma–chemical synthesis of powders [4,5]. It appears that it is possible to control the degree of influence and structural-phase composition through the duration of plasma treatment, which will allow the control of the properties of coatings of various shapes and morphologies during the recrystallization of surface layers. In general, taking into account the possibility of controlling the shape of grains, their sizes, texture, and mechanical stresses during recrystallization, wide possibilities open up for modifying the morphology and properties of coating surfaces.



In the work herein presented, for the first time the possibility of modifying the morphology and properties of the surface of materials by short-term exposure to thermal low-temperature plasma is considered, using the example of M-type barium hexaferrite BaFe12O19(BaM).



Substituted M-type BaM is by far the most investigated magnetic material. The structure of M-type barium hexaferrite is similar to that of magnetoplumbite, with space group P63/mmc and is characterized by a strong saturation magnetization of 72 emu/g, a high Curie temperature of 450 °C, and a large crystal anisotropy of 17 kOe along the C axis [6]. A large value of coercive fields is associated with uniaxial anisotropy (theoretical value is larger than 7 kOe). BaM is a classical hard magnetic material with high permeability and is traditionally used in microwave devices [7], as well as permanent magnets in radio engineering, automation, instrumentation, and electronics. Recently, several novel promising directions for the use of BaM have been actively studied. In particular, the ability to absorb electromagnetic radiation makes it possible to create receiving antennas with selective radio absorption in the sub-terahertz range (0.09–0.1 THz) [8,9]. Magnetically induced ferroelectricity and giant magnetoelectric effects were discovered in BaM [10], which makes it a very promising high-temperature multiferroic. It seems to us that a new round of studies of BaM can be associated with its transition to a magnetically soft state. Soft magnetic materials are used today mainly as various magnetic circuits and also need to expand the range of applications. It is a rather challenging task to obtain a material such as BaM with a pronounced magnetic anisotropy, high saturation magnetization, and low coercive field. There are studies [11] wherein substitution is used to reduce the coercive fields in BaM, but this leads to a simultaneous decrease in the saturation magnetization. A more difficult problem is to preserve the magnetic anisotropy.



Besides, a significant disadvantage of any coating is low corrosion resistance. This can be improved by increasing its hydrophobic properties, especially under conditions of intense exposure to aggressive ions, in corrosive aqueous media, or when there is a high probability of freezing. With a huge variety of studies in the literature, there are no data related to the moisture-resistance (hydrophobic) properties of the BaM surface. Ferrites generally exhibit hydrophilic [12] properties, and only ferrite nanoparticles demonstrate weak hydrophobicity [13]. Methods for creating hydrophobic materials and coatings are presented in the most comprehensive review [14,15,16,17,18]. All methods are based on an integrated approach: surface texturing and coating with hydrophobic agents. Surface texturing is traditionally carried out by laser and chemical etching, plasma-electrolytic oxidation. Silane solutions, Teflon, and other moisture-repellent polymeric materials are used as hydrophobic agents. All texturing methods are laborious and often require the use of chemicals. In the case of the use of hydrophobic agents, the main problem is the strength of the adhesive contact and the temperature resistance of the coating, which determine the operational characteristics.



In our opinion, the most effective way to do it is using extreme external influence, e.g., plasma treatment, which is a process of high-temperature high-power exposure, accompanied by thermochemical reactions. Structures of the BaM type possess uniaxial anisotropy. Such structures are characterized by significant growth anisotropy [19]: under supercooling conditions, they form needles, rods, hexagonal plates, etc. It seems to us that, for materials like BaM crystalline, magnetic anisotropy, as well as a superhydrophobic state, can be achieved using short-term plasma treatment without hydrophobic coatings.



The paper studies the influence of the conditions of treatment with a low-temperature thermal plasma flow in an open atmosphere on the structural-phase composition, morphology, magnetic, and moisture-resistant properties of BaM film coatings on sapphire.




2. Materials and Methods


Sapphire plates with basic C (0001) orientation were polished by the chemical–mechanical method and used as substrates for BaM film. BaM was deposited at a temperature of 350 °C by the magnetron sputtering (AcademPribor, Moskov, Russia) of a BaFe12O19 ceramic target in an argon atmosphere (рAr~5.6 · 10−3 Torr) to form an anion-deficient polycrystalline film (type I). As a source of nitrogen plasma, a DC plasmatron with vortex stabilization and an expanding channel of the output electrode was used. A plasmatron generates at its output a weakly diverging nitrogen plasma jet with a diameter of D = 8 ÷ 10 mm [20]. The parameters of the flow of high-enthalpy plasma were determined by spectral methods with the AvaSpec 2048 three-channel fiber-optic spectrometer operating at a spectral resolution of 0.2–0.5 nm. The spectrometer was used to monitor radiation (with a periodicity of 3–4 spectra per second) along the plasma flow axis in a spectral range of 240–1000 nm. The presence of a large number of NI atomic nitrogen lines in the spectra of nitrogen plasma allowed us to measure Т by the Boltzmann exponent method. In addition to safety, nitrogen plasma was used to dope the near-surface layer of BaM samples with a nitrogen impurity, which can enhance the moisture-resistant properties of the surface [21]. The samples were treated in an open atmosphere in two plasma regions with different average mass temperatures: 4 ÷ 5 kK (type M) and 8 ÷ 10 kK (type A). Treatment time is 30 s. A longer treatment led to the destruction of the sample.



For microscopic studies, the JCM-6000 (JEOL, Tokyo, Japan) desktop scanning electron microscope (SEM) equipped with equipped with an energy dispersive X-ray (EDX) microanalyzer and the Ntegra Prima (NT-MDT, Zelenograd, Russia) atomic force microscope (AFM) were used. The film thicknesses were estimated using the SEM images of the transverse sections of the samples. The roughness was calculated using the Nova software. X-ray studies were carried out on an X’PERTPRO diffractometer (PANalytical, Almelo, Netherlands) in the Bragg–Brentano “reflection” geometry using CuKα radiation (λ = 1.54 Å) with a Ni β-filter. For comparison, measurements using a commercial BaM powder were carried out, and the data from [22] were used.



The magnetic hysteresis curves were measured on a NUVO Mk2 vibrating magnetometer (Fairgrieve Molding Ltd., Washington, UK) in the magnetizing field range from −5000 to 5000 Oe in out-of-plane and in-plane geometries.



X-ray photoelectron spectroscopy (XPS) using the SPECS spectrometer (Specs, Berlin, Germany) equipped with Al and Mg anodes was used to determine the chemical composition of the surface layer of the samples. The spectrometer is metrologically verified. In this work, we used Mg anode excitation. The anode material was chosen in such a way that the useful signal did not overlap with the Auger lines. The spectra were recorded in the binding energy range from 0 to 1200 eV.



The hydrophobicity of sample surfaces was analyzed (contact angle ϑ was measured) using the sessile droplet method. The measurements were performed at a relative humidity of 40–45%. The optical visualization was performed using a digital photographic camera. A 5 mm3 water droplet was applied onto a substrate. The measurements were performed 30 s after the droplet was applied to achieve its stable state. The axis of camera objective was located at the level of the water-droplet–sample-surface interface. The contact angle was measured according to the procedure described in [23].




3. Results and Discussion


3.1. Study of Topography and the Elemental and Structural-Phase Compositions of BaM Coatings


At the first stage, a homogeneous type I film with a smooth surface (see Figure 1a), was formed using magnetron deposition in an argon atmosphere. According to the SEM data, the film thickness was 2.3 µm. The root-mean-square roughness (Rq) calculated from the AFM data was about 25 nm. According to X-ray diffraction (XRD) data, the initial type I BaM film was formed close to the polycrystalline (Figure 1b). After plasma treatment (in modes M and A), oriented BaM films were formed with a pronounced texture along the [0001] axis (Figure 2).



The reflections in the XRD pattern obtained for a commercial powder coincided with the results from [22] with a high degree of accuracy. Based on this, the interplanar spacing d along the [0001] texture axis of the synthesized films was calculated and compared with the data from [22]. In the case of types I, A, and M films, the values dI = 0.2851 nm, dА = 0.2855 nm, and dМ = 0.288 nm were obtained. This means that the crystal cell parameter of both films along the [0001] axis is slightly reduced compared with the data from [22] (d = 0.29 nm). The reason is the stoichiometry violation, lack of oxygen. It should be noted that there are no significant changes in the d0001 parameter during processing in the A mode. At the same time, processing in the M mode leads to an increase in the cell parameter and the approximation of the d0001 parameter to S standard data.



A comparison of the oxygen content in BaM samples on sapphire substrates is difficult since both the film and the substrate contain oxygen. According to EDX data, the content ratios of Ba/Fe atoms in type I, M, and A films are close, amounting to 0.110, 0.105, and 0.102, respectively. The ratio of the content of O/Fe atoms during heat treatment increased from 2.14 to 3.07; however, this was more of a qualitative result, which confirmed the increase in oxygen concentration. The nitrogen content was less than 1%. According to the SEM data, the film thicknesses at the cross-sections differed significantly: 2.8 µm and 1.3 µm for type M and A films, respectively. Thus, the decrease in the thickness of the type A film and the retention of the Ba/Fe ratio indicated congruent evaporation during the high-temperature treatment. The closeness of the parameters dI = 0.2851 nm and dА = 0.2855 nm confirmed the intense evaporation of the material during processing in mode A, while the diffusion activity of oxygen in the volume of the film did not have time to manifest itself. The diffusion coefficient in a wide temperature range was determined by the Arrhenius dependence equation (exponential). When processing in mode M, the diffusion activity of oxygen was at the maximum, which allowed it to penetrate into deeper layers. A higher temperature promoted crystallization.



Тype M films have a smaller FWHM of the {000n} family’s reflections, which indicates large crystallite sizes. A direct calculation of the coherent scattering region using the Scherrer formula gives an estimate of the crystallite sizes of 87 nm for type M film and 29 nm for type A film. In this case, the grains of type A film were larger and rounded according to the corresponding AFM image (Figure 1c). Taking into account the smaller size of crystallites of the type A film, it can be argued that large grains are formed as a result of sintering of individual crystallites. In general, there is likely to be a large temperature drop in the near-surface layers of the sample during the treatment in the A mode. The surface layers, which are in direct contact with the plasma, evaporate rapidly, but in the deeper layers, heating is insufficient for crystallization processes to occur. The film is partially melted from the surface and crystallized during quenching (Figure 1c). In the case of the samples treated in the M mode, the dependence of temperature on the depth of the layer was more uniform. The increase in the type M film’s thickness, in comparison with the initial type I film, was associated with its oxidation and an increase in porosity due to recrystallization after the melting stage during the treatment. According to the SEM (see Figure 3a–c) and AFM data, as a result of plasma treatment, the surface of the film was transformed from smooth to coarse-grained, with sharp relief drops up to several micrometers. Significant differences were observed in the roughness structure of the films (Figure 3).



For the type M film, bimodal roughness was observed (Figure 3e): against the background of the long-wavelength component of the geometric deviation from the surface plane, a short-wavelength component was observed. These data correspond to the SEM image (Figure 1a). The period of the long-wavelength part is about 50 µm, and the amplitude is about 0.5 µm. The presence of the long-wavelength part of the type M film’s surface roughness can be explained by the local melting and compaction of the material. Under conditions of a relatively low treatment temperature, as exposure to plasma increases, the temperature of the film rises, and, as a result, conditions for a phase transition (melting) arise. Melting is localized. Since the initiated phase transition in a certain region requires a constant heat supply, in addition to heat exchange with the plasma, heat flow from neighboring regions is observed. In turn, the temperature in neighboring areas decreases, and, as a result, the film surface acquires the shape of “honeycombs” (Figure 1b).



Comparisons of the root-mean-square (RMS) roughness according to AFM data for different scan sizes are carried out. For type M and A films, the following roughness values Rq were obtained: 338 nm (for M) and 238.8 nm (for A) in the case of a 10 × 10 µm2 scan; 349.9 nm (for M) and 588.9 nm (for A) in the case of a 100 × 100 µm2 scan. The scale dependence of the RMS roughness on the size of the AFM scan is known, and our results for type A films correspond to it. The presence of the dependence is evidence of the isotropic topography of the surface of the type A film. For type M films, the scale dependence is weak, which indicates a violation of surface isotropy.



Hydrophobic properties are determined by the morphology and chemical composition of the layers in direct contact with the liquid. In this work, the XPS method was used to study the surface. All of the most intense lines of the elements that form the studied samples were observed on the panoramic XPS spectra of the samples (Figure 4). The presence of indium lines was associated with the substrate holder, while aluminum lines were associated with the presence of a sapphire substrate, on which the films under study were deposited. The presence of a large amount of carbon was associated primarily with the appearance of pollution.



The elemental composition of the near-surface layer calculated from XPS data is presented in Table 1. The increased barium content in comparison with the iron content in the near-surface layer can be seen, which does not correspond to the structural chemical formula of BaM. When processed the barium content varies depending on the processing mode. The high oxygen content may be due to adsorbed gases on the surface of the sample. The presence of less than 1% nitrogen can also be observed, consistent with EDX data.



In Figure 5 the spectra of Ba3d, Fe2p, O1s, and N1s are presented. The barium spectrum exhibits two peaks, Ba3d3/2 and Ba3d5/2, separated by 15.4 eV. This energy difference between the line maxima indicates the oxidized state of barium [24]. The magnetic properties of BaM are significantly affected by the valence state of Fe; therefore, the Fe2p1/2 and Fe2p3/2 peaks were studied in detail. The deconvolution of the Fe2p1/2 and Fe2p3/2 peaks indicates that the two main components are Fe2+ (724 eV), Fe3+ (726.6 eV) and Fe2+ (710 eV), Fe3+ (712 eV). A satellite peak at around 719 eV indicates the existence of Fe3+ [25]. It can be seen that the intensity of the 719 eV peak did not change during processing in different modes. The energy position and shape of the N1s nitrogen line (Figure 5c) most closely matches its state in relation to oxygen N-O [26]. Oxygen (Figure 5d) has two pronounced maxima OL and OS, with energies of 529.5 eV and 531.1 eV, respectively. The OL maximum is related to its bond in the lattice, and OS is related to oxygen vacancies [27]. As indicated in Figure 5d, when processing in mode M, the intensity of OL increases in comparison with mode A, while the intensity of Os decreases. This can be related to the transition of oxygen atoms from BaM lattice nodes to interstitial positions. Taking into account the increase in the thickness of the sample after treatment, it can be assumed that the oxygen atoms diffusing into the sample from the surrounding atmosphere also occupy the interstitial position. Thus, the approximation of the parameter dМ = 0.288 nm to the standard parameter d = 0.29 nm can be associated with lattice expansion due to interstitial oxygen atoms. For processing in high-temperature regime A, taking into account the closeness of the parameters dА = 0.2855 nm to the parameter of the initial sample dI = 0.2851 nm, as well as the XPS data, we can say that there were no significant changes in the precipitate: all elements were desorbed from the surface—therefore, a decrease in the concentration of individual components was observed (Table 1).




3.2. Magnetic and Hydrophobic Properties of BaM Coatings


Figure 6 shows the magnetic hysteresis loops of BaM films. The results of the study of magnetic properties are presented in the Table 2 (Ms—saturation magnetization, Mr—remanent magnetization, Mr/Ms—rectangularity, Hc—coercive field).



It can be seen that, in the case of M films obtained at a relatively low temperature, a pronounced magnetic anisotropy is observed. The dimensions of the [0001] crystallites in the M film are a maximum of 87 nm, which contributes to an increase in the magnetic anisotropy. In this case, the saturation magnetization is 42 emu/g. In A films obtained at high temperature, the magnetic anisotropy is weakly pronounced and the crystallite size is about 29 nm, but the saturation magnetization is higher and reaches 62 emu/g. It should be noted that the theoretical value of the saturation magnetization for BaM is 72 emu/g [28]. Generally speaking, many studies have been devoted to the dependence of saturation magnetization on the size of crystallites. In particular, the authors of [29] showed that saturation magnetization decreases linearly with an increase in the surface area of crystallites. The authors proposed a model of a crystallite containing a disordered noncollinear surface layer, the magnetic moment of which is not completely rotated, and an inner part, the magnetic moment of which can be aligned along the direction of the external field. An estimate of the domain size by analogy with [30] showed 1.8 µm for a type M film and 1.2 µm for a type A film. These results are in good agreement with the data of [31] and satisfy the relationship domene size σ ≈ T 1/2 for crystals with thickness 10 µm [32]. Accordingly, the magnetic domains in our BaM films are about 20–40 crystallites. With small amounts of crystallites constituting the domain, their inner part plays an important role, and the role of the surface is minimized. Despite the large size of crystallites in the type M sample associated with favorable crystallization conditions, oxygen is partially removed from the BaM lattice. Distortions in the crystal and magnetic structure as well as stresses are observed. An increase in the concentration of oxygen vacancies leads to a decrease in the number of Fe–O–Fe bonds, a weakening of exchange interactions, and the frustration of the magnetic system as a whole. Thus, when processing in the M mode, the magnetic anisotropy increases, due to the much larger size of the (0001)-oriented BaM crystallites. In this case, the saturation magnetization decreases due to the high concentration of point defects. For the same reasons, anion-deficient type A film demonstrates maximum saturation magnetization but less anisotropy.



The coercive fields for all samples are less than 500 Oe, which is more than 10 times less than the theoretical value of 6700 Oe [28]. Sample processing occurs under thermodynamically inhomogeneous conditions, when thermochemical reactions occur with a high rate of the propagation of the oxidation front from the surface deep into the sample. Under the conditions of the short-term plasma treatment of samples, the processes are closest to hardening, a feature of which is the fixation of mechanical stresses. The latter contribute to the preservation of the coercive field even with a significant decrease in magnetocrystalline anisotropy. The melting temperature of stoichiometric BaM is 1580 °C, and for anion-deficient samples is even lower. During high-temperature treatment, a molten phase is formed, which initially reduces the porosity of the sample and, during subsequent crystallization, forms regions of localized tensile stress. As is known [33], tension stresses increase saturation magnetization.



At the next stage, the hydrophobic properties (Figure 7) of the surface of the obtained samples were studied. The smooth type I film exhibited slightly hydrophobic properties (Figure 7a). The contact angle ϑ was 96°. Obviously, the hydrophobic properties of BaM are determined by the features of its crystal structure. The BaM hexagonal lattice consists of ten layers of large oxygen ions, four successive layers of which contain iron ions, and every fifth layer contains, along with three oxygen ions, a barium ion. Thus, in stoichiometric BaM, the moisture-resistant properties are determined mainly by the O–Fe bond in the surface layer. For hematite, such calculations are given in [34]. According to the XPS data (Table 1), the surface of both samples is enriched in barium, but its content decreases during treatment in mode A. On the other hand, an increase in the concentration of oxygen vacancies for a sample of type A should lead to an increase in surface energy and an increase in hydrophilicity. However, as the results show (Figure 7b,c), the surface exhibits hydrophobic properties. In our case, the main role in increasing hydrophobicity is played by surface texturing as a result of plasma treatment. Under conditions of heterogeneous wetting [35], an increase in roughness worsens the wetting of a hydrophobic surface. Studies (Figure 7b,c) and calculations showed that the contact wetting angles ϑ for the surface of samples of type M and A are 148° and 170°, and the proportion of the “liquid–solid” contact area is 0.19 and 0.03, respectively. The data obtained make it possible to characterize the M films as hydrophobic, and the A films as superhydrophobic. In order for the sample surface to be considered absolutely superhydrophobic, it is necessary to estimate the glide angles of a water drop, which should be on the order of 10°.



The studies carried out demonstrate the high water-repellent properties of the surface of a sample of type A. An inclination of the sample at an angle of 11° leads to the complete rolling of the water drops falling upon it. Superhydrophobicity is achieved due to the porosity and the specific structure of the film in the form of individual microcrystallites (Figure 7c), and the “lotus effect” is realized. In this regard, it is interesting to lower the contact angle (Figure 7b) for a sample of type M. In general, the difficulties of numerically estimating the roughness and size of surface relief irregularities present the main difficulty in analyzing the effect of surface topography on hydrophobic properties. In our study, the linear dimensions and shape of individual relief elements, according to AFM data (Figure 3a,b), are close. As the scale (scan size) increases, the visible differences in roughness increase. Calculations of the molecular dynamics of liquid droplets in contact with fractal surfaces are presented in [36]. According to these calculations, the contact wetting angle depends mainly on Rq and is almost independent of the fractal dimension of the surface. Thus, the superhydrophobicity of the type A sample can be associated with an increase in Sq, which is most evident at large scan sizes. In addition, the long-wavelength component of roughness can play an important role. The presence of long-wavelength surface roughness with an average period of about 50 µm and amplitude of 0.5 µm can cause instability in a water drop on a macroscale: imbalance at the points of contact of the water drop with topographic “macroprotrusions”, the filling of “macrocavities”, and the redistribution of pressure inside the drop.





4. Conclusions


In the present work, the relationship between the plasma treatment conditions, structural-phase composition, morphology, and superhydrophobic properties of (0001) films of barium hexaferrite on C-sapphire is studied. Two treatment regimes were used: one with a mass-average plasma temperature of 4–5 kK and one of 8–10 kK. It is shown that the films obtained at a relatively low processing temperature have a pronounced magnetic anisotropy and a saturation magnetization of about 42 emu/g. Despite the observed magnetic anisotropy, the squareness of the magnetic curve is relatively low (~0.28). The films obtained at high temperature have a weak magnetic anisotropy but a higher magnetization value of about 62 emu/g. All films have low coercive fields below 500 Oe, which is more than 10 times lower than theoretical values. Plasma treatment leads to the texturing of the surface of the barium hexaferrite film coating, as a result of which it acquires superhydrophobic properties. To obtain self-cleaning coatings of magnetic barium hexaferrite with low coercive fields, treatment in plasma with a mass-average plasma temperature of 8 ÷ 10 kK is required. Using magnetically hard barium hexaferrite as an example, the possibility of using plasma treatment to radically change the properties of materials is demonstrated.



In the future, it is planned to investigate the effect of treatment with thermal low-temperature plasma on the ability to absorb electromagnetic radiation in the subterahertz range (0.09–0.1 THz), magnetically induced ferroelectricity, and magnetoelectric effects in BaM and also to extend the method of post-growth processing proposed in this work to improve the structure and properties of materials with pronounced uniaxial anisotropy, such as ZnO, GaN, etc.







Author Contributions


Conceptualization, A.E.M. and M.K.G.; methodology, A.E.M. and M.K.G.; validation, A.E.M. and M.K.G.; formal analysis, V.M.K.; investigation, A.E.M.; resources, A.E.M., M.K.G. and V.M.K.; writing, A.E.M.; writing—review and editing, A.E.M.; visualization, A.E.M.; supervision, A.E.M., M.K.G., and V.M.K.; project administration, A.E.M. and V.M.K.; funding acquisition, A.E.M. and V.M.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was performed in the frame of state assignments of the Ministry of Science and Higher Education of the Russian Federation for FSRC “Crystallography and Photonics” RAS, Federal State Budget Institution JIHT RAS and partially funded by RFBR (the research projects №20-08-00598a, 20-08-00224a).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors are grateful to R.G. Valeev (Center for Physical and Physico-Chemical Methods of Analysis, Study of the Properties and Characteristics of Surfaces, Nanostructures, Materials and Products, UdmFRC Ural Branch of the Russian Academy of Sciences) for their help in the study of samples by the method of XPS. The authors also thank Ismailov A.M. for help in preparation of the samples.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Huang, Y.; Yu, Q.; Li, M.; Sun, S.; Zhao, H.; Jin, S.; Wang, J. An overview of low-temperature plasma surface modification of carbon materials for removal of pollutants from liquid and gas phases. Plasma Process. Polym. 2021, 18, 3. [Google Scholar] [CrossRef]

	



Ye, Z.; Zhao, L.; Nikiforov, A.; Giraudon, J.; Chen, Y.; Wang, J.; Tu, X. A review of the advances in catalyst modification using nonthermal plasma: Process, Mechanism and pplications. Adv. Colloid Interface Sci. 2020, 308, 102755. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, M.; Kettlitz, M.; Kolb, J.F. How activated carbon improves the performance of non-thermal plasma removing methyl ethyl ketone from a gas stream. Clean. Eng. Technol. 2021, 4, 100234. [Google Scholar] [CrossRef]

	



Filkov, M.; Kolesnikov, A. Plasmachemical Synthesis of Nanopowders in the System Ti(O,C,N) for Material Structure Modification. J. Nanosci. 2016, 2016, 1361436. [Google Scholar] [CrossRef]

	



Sazonov, R.; Kholodnaya, G.; Ponomarev, D.; Lapteva, O.; Konusov, F.; Gadirov, R.; Zhirkov, I. Pulsed plasma chemical synthesis of TiO2@TixCyOz nanocomposite. Fuller. Nanotub. Carbon Nanostruct. 2021, 29, 567–575. [Google Scholar] [CrossRef]

	



Vinnik, D.A.; Tarasova, A.Y.; Zherebtsov, D.A.; Gudkova, S.A.; Galimov, D.M.; Zhivulin, V.E.; Trofimov, E.A.; Nemrava, S.; Perov, N.S.; Isaenko, L.I.; et al. Magnetic and Structural Properties of Barium Hexaferrite BaFe12O19 from Various Growth Tech- 380 niques. Materials 2017, 10, 578. [Google Scholar] [CrossRef]

	



Wu, C.; Yu, Z.; Sokolov, A.S.; Yu, C.; Sun, K.; Jiang, X.; Harris, V.G. Tailoring magnetic properties of self-biased hexaferrites using an alternative copolymer of isobutylene and maleic anhydride. AIP Adv. 2018, 8, 056221. [Google Scholar] [CrossRef]

	



Trukhanov, S.V.; Trukhanov, A.V.; Kostishyn, V.G.; Panina, L.V.; Trukhanov, A.V.; Turchenko, V.A.; Matzui, L.Y. Investigation into the structural features and microwave absorption of doped barium hexaferrites. Dalton Trans. 2017, 46, 9010–9021. [Google Scholar] [CrossRef]

	



Trukhanov, A.V.; Kostishin, V.G.; Korovushkin, V.V.; Panina, L.V.; Trukhanov, S.V.; Turchenko, V.A.; Trukhanova, E.L. Mössbauer Studies and the Microwave Properties of Al3+- and In3+-Substituted Barium Hexaferrites. Phys. Solid State 2018, 60, 1768–1777. [Google Scholar] [CrossRef]

	



Kimura, T.; Lawes, G.; Ramirez, A.P. Electric Polarization Rotation in a Hexaferrite with Long-Wavelength Magnetic Structures. Phys. Rev. Lett. 2005, 94, 137201. [Google Scholar] [CrossRef]

	



Gurbuz, A.; Omar, N.; Ozdemir, I.; Karonglanli, A.C.; Celik, E. Structural, Thermal and Magnetic properties of Ваrium-ferrite powders substituted with Mn, Cu or Co and X (X = Sr and Ni) prepared by the Sol-Gel method. Mater. Technol. 2012, 46, 305–310. [Google Scholar]

	



Pawar, D.K.; Pawar, S.M.; Patil, P.S.; Kolekar, S.S. Synthesis of nanocrystalline nickel–zinc ferrite (Ni0.8Zn0.2Fe2O4) thin films by chemical bath deposition method. J. Alloys Compd. 2011, 509, 3587. [Google Scholar] [CrossRef]

	



Somvanshi, S.B.; Kharat, P.B.; Khedkar, M.V.; Jadhav, K.M. Hydrophobic to hydrophilic surface transformation of nano-scale zinc ferrite via oleic acid coating: Magnetic hyperthermia study towards biomedical applications. Ceram. Int. 2020, 46, 7642. [Google Scholar] [CrossRef]

	



Boinovich, L.B.; Emelyanenko, A.M. Hydrophobic materials and coatings. Russ. Chem. Rev. 2008, 77, 583–600. [Google Scholar] [CrossRef]

	



Mohamed, A.M.A.; Abdullah, A.M.; Younan, N.A. Corrosion behavior of superhydrophobic surfaces: A review. Arab. J. Chem. 2015, 8, 749–765. [Google Scholar] [CrossRef]

	



Drelich, J.; Marmur, A. Physics and applications of superhydrophobic and superhydrophilic surfaces and coatings. Surf. Innov. 2014, 2, 211–227. [Google Scholar] [CrossRef]

	



Manoharan, K.; Bhattacharya, S. Superhydrophobic surfaces review: Functional application, fabrication techniques and limitations. J. Micromanuf. 2019, 2, 59–78. [Google Scholar] [CrossRef]

	



Hooda, A.; Goyat, M.S.; Pandey, J.K.; Kumar, A.; Gupta, R. A review on fundamentals, constraints and fabrication techniques of superhydrophobic coatings. Prog. Org. Coat. 2020, 142, 105557. [Google Scholar] [CrossRef]

	



Waseem, A.; Johar, M.A.; Hassan, M.A.; Bagal, I.V.; Abdullah, A.; Ha, J.-S.; Ryu, S.-W. GaN Nanowire Growth Promoted by In–Ga–Au Alloy Catalyst with Emphasis on Agglomeration Temperature and In Composition. ACS Omega 2021, 6, 3173. [Google Scholar] [CrossRef]

	



Isakaev, E.K.; Sinkevich, O.A.; Tyuftyaev, A.S.; Chinnov, V.F. Investigation of low-temperature plasma generator with divergent channel of the output electrode and some applications of this generator. High Temp. 2010, 48, 97–125. [Google Scholar] [CrossRef]

	



Kongsong, P.; Taleb, A.; Masae, M.; Jeenarong, A.; Hansud, P.; Khumruean, S. Effect of nitrogen doping on the photocatalytic activity and hydrophobic property of rutile TiO2 nanorods array. Surf. Interface Anal. 2018, 50, 1271–1277. [Google Scholar] [CrossRef]

	



Paesano, A.J.; Hallouche, B.; Medeiros, S.N.; Rocha, R.A.; Sharma, P. Structural and magnetic studies on mechanosynthesized BaFe12−xMnxO19. J. Magn. Magn. Mater. 2007, 316, 29–33. [Google Scholar] [CrossRef]

	



Yuan, Y.; Lee, T.R. Surface Science Techniques; Bracco, G., Holst, B., Eds.; Springer: Berlin/Heidelberg, Germany, 2013; pp. 3–34. [Google Scholar]

	



Wagner, C.D.; Muilenberg, G.E. Handbook of X-ray Photoelectron Spectroscopy: A Reference Book of Standard Data for Use in X-ray Photoelectron Spectroscopy; Perkin-Elmer: Waltham, MA, USA, 1979; 190p. [Google Scholar]

	



Biesinger, M.C.; Payne, B.P.; Grosvenor, A.P.; Lau, L.W.M.; Gerson, A.R.; Smart, R.S.C. Resolving surface chemical states in XPS analysis of first row transition metals, oxides and hydroxides: Cr, Mn, Fe, Co and Ni. Appl. Surf. Sci. 2011, 257, 2717–2730. [Google Scholar] [CrossRef]

	



Cao, S.; Qu, T.; Li, Y.; Zhang, A.; Xue, L.; Zhao, Y.; Shui, J. Electrocatalytically Active Hollow Carbon Nanospheres Derived from PS-b -P4VP Micelles. Part. Part. Syst. Charact. 2018, 35, 1700404. [Google Scholar] [CrossRef]

	



Praserthdam, S.; Rittiruam, M.; Maungthong, K. Performance controlled via surface oxygen-vacancy in Ti-based oxide catalyst during methyl oleate epoxidation. Sci. Rep. 2020, 10, 18952. [Google Scholar] [CrossRef]

	



Pillai, V.; Kumar, P.; Multani, M.S.; Shah, D.O. Structure and magnetic properties of nanoparticles of barium ferrite synthesized using microemulsion processing. Colloids Surf. A Physicochem. Eng. Asp. 1993, 80, 69–75. [Google Scholar] [CrossRef]

	



Han, D.H.; Wang, J.P.; Luo, H.L. Crystallite size effect on saturation magnetization of fine ferrimagnetic particles. J. Magn. Magn. Mater. 1994, 136, 176–182. [Google Scholar] [CrossRef]

	



Jeevan, J.; Yang-Ki, H.; Gavin, S.; Abo, S.; Jae-Jin, L.; Ji-Hoon, P. MFM studies of magnetic domain patterns in bulk barium ferrite (BaFe12O19) single crystals. J. Magn. Magn. Mater. 2011, 323, 2627–2631. [Google Scholar] [CrossRef]

	



Goto, K.; Ito, M.; Sakurai, T. Studies on Magnetic Domains of Small Particles of Barium Ferrite by Colloid-SEM Method. Jpn. J. Appl. Phys. 1980, 19, 1339–1346. [Google Scholar] [CrossRef]

	



Kojima, H.; Goto, K. New Remanent Structure of Magnetic Domains in BaFe12O19. J. Phys. Soc. Jpn. 1962, 17, 584. [Google Scholar] [CrossRef]

	



Huang, G.; Zhang, Q.; Yu, M. Difference between stress and magnetism relationships of ferromagnetic materials under tensile and compressive stresses. Results Phys. 2021, 28, 104572. [Google Scholar] [CrossRef]

	



Shrimali, K.; Jin, J.; Hassas, B.V.; Wang, X.; Miller, J.D. The surface state of hematite and its wetting characteristics. J. Colloid Interface Sci. 2016, 477, 16. [Google Scholar] [CrossRef] [PubMed]

	



Cassie, A.B.D.; Baxter, S. Wettability of porous surfaces. Trans. Faraday Soc. 1944, 40, 546. [Google Scholar] [CrossRef]

	



Yang, C.; Tartaglino, U.; Persson, B.N.J. Influence of Surface Roughness on Superhydrophobicity. Phys. Rev. Lett. 2006, 97, 116103. [Google Scholar] [CrossRef]








[image: Materials 15 07865 g001 550] 





Figure 1. Microscopic images of BaM samples: type (I) (a), type M (b), type M, enlarged image of the regions indicated by dark and white arrows (c), type A (d). 
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Figure 2. X-ray diffraction pattern of the corresponding BaM samples normalized to maximum. Insets: cross section images. Designations: *, reflection of the sapphire substrate. S—standart, I—initial, М—treatment at 4 ÷ 5 kK, A—treatment at 8 ÷ 10 kK. 
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[image: Materials 15 07865 g002]







[image: Materials 15 07865 g003 550] 





Figure 3. AFM images of 2D, 3D, and topographic cross-sections of the surface of type M (a,c,e) and type A (b,d,f) films, respectively. 
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Figure 4. Panoramic XPS spectra of type M and A samples. 
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Figure 5. XPS spectra of Ba3d (a), Fe2p (b), N1s (c), and O1s (d). 
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Figure 6. Curves of the magnetic hysteresis of BaM films processed in the M (a) and A (b) modes. Designations: 1—out-of-plane; 2—in-plane. 
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Figure 7. Optical images of the shape of a water drop on the surface of the samples: type I (a), M (b), A (c). 
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Table 1. Concentrations * (in %) of the main components of the films.
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	Sample
	Ba
	Fe
	O
	C
	N





	Type I
	0.8
	2.4
	22.7
	74.1
	0



	Type M
	1.5
	2.6
	52.9
	42.1
	0.9



	Type A
	0.6
	1.8
	49.9
	46.9
	0.8







* Calculation was carried out for the spectra of Ba3d5/2, Fe2p3/2, O1s, N1s, and C1s.
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Table 2. Magnetic properties of BaM films on sapphire.
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Sample

	
Ms,emu/g

	
Mr,emu/g

	
Mr/Ms

	
Hc,Oe

	
Ms,emu/g

	
Mr,emu/g

	
Mr/Ms

	
Hc,Oe






	
M

	
42

	
12

	
0.28

	
490

	
25

	
5

	
0.2

	
210




	
A

	
62

	
11

	
0.18

	
180

	
50

	
11

	
0.22

	
430
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