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Abstract

:

Fe-doped LiTaO3 thin films with a low and high Fe concentration (labeled as LTO:Fe-LC and LTO:Fe-HC, respectively) were deposited by magnetron sputtering from two home-made targets. The dopant directly influenced the crystalline structure of the LiTaO3 thin films, causing the contraction of the unit cell, which was related to the incorporation of Fe3+ ions into the LiTaO3 structure, which occupied Li positions. This substitution was corroborated by Raman spectroscopy, where the bands associated with Li-O bonds broadened in the spectra of the samples. Magnetic hysteresis loops, zero-field cooling curves, and field cooling curves were obtained in a vibrating sample magnetometer. The LTO:Fe-HC sample demonstrates superparamagnetic behavior with a blocking temperature of 100 K, mainly associated with the appearance of Fe clusters in the thin film. On the other hand, a room temperature ferromagnetic behavior was found in the LTO:Fe-LC layer where saturation magnetization (3.80 kAm−1) and magnetic coercivities were not temperature-dependent. Moreover, the crystallinity and morphology of the samples were evaluated by X-ray diffraction and scanning electron microscopy, respectively.
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1. Introduction


ABO3-type oxides represent an important group of materials in the classification of advanced ceramics since a large variety of physical properties can be ascribed to them, such as ferroelectricity, piezoelectricity, electrostriction, and pyroelectricity [1]. Nowadays, it is common to modify the physical properties of ABO3-type materials by the addition of different kinds of dopants at the A or B sites. Concerning their magnetic properties, it is well known that ferromagnetism can be induced in these types of materials by doping with elements containing d, f, and sp electrons, as well as promoting cation and anion vacancies. Ferromagnetic (FM) behavior in ABO3 oxides has been reported by doping with 3d-transition metals, as, for example, Mn-doped LiNbO3 thin films, Co-doped SrTiO3 particles, Fe-doped BaTiO3 particles, Fe-LiTaO3 particles, and Fe-LiNbO3 thin films [2,3,4,5,6].



Lithium tantalate (LT) is an important ABO3 material that presents good pyroelectric and piezoelectric properties, a high Curie temperature of 605 °C, and a significant spontaneous electric polarization of 60 μC cm−2 [7]. Over the years, LT has been synthesized in the form of particles [8,9,10], pellets [11], and thin films [12]. Different deposition methods have been reported for the growth of LT thin films, with ferroelectric, dielectric, and pyroelectric properties [13,14,15,16]. Among the most important applications, electro-optical devices, infrared detectors, and surface acoustic wave devices stand out [5,13]. LT and lithium niobate (LiNbO3; LN) are isostructural materials (trigonal) with space group R3c and point group 3m. Frenkel-type defects, such as Li vacancies (VLi−1) and Nb/Ta-antisites, are the main structural defects in congruent LN/LT crystals [7,17]. In the case of LN, the NbLi5+-antisite is generated when the excess of Nb in the congruent LN composition occupies the Li sites [7,18,19]. Due to the similar ionic radii of Li and Nb ions, a tendency of Nb to occupy Li positions has been observed, thus creating an antisite defect. Hence, Li vacancies compensate for the difference in electric charge that arises from the Li and Nb ions, maintaining electronic neutrality [19]. The occupancy site of Fe ions in Fe-doped LN has been studied in the past few decades. Zhao et al. showed evidence of Fe incorporation into the regular Nb sites [20]. Gog et al. concluded that Fe ions occupy Li sites [21], meanwhile, the micro-Raman analysis of Mignoni et al. showed that the Fe ions occupies Li sites and restore the Nb-antisite ions to their initial positions [22,23]. In general, the most accepted conceptual framework is that Fe ions are incorporated into the regular Li sites [24,25,26]. Frenkel defects thus play an essential role in the doping of LN/LT.



These reports are the basis to imply that a different LT solid solution can be obtained by the addition of 3d dopants, being, in principle, a good candidate to present magnetic behavior. This phenomenon has not been studied previously in LT thin films, and it would give rise to the understanding of the influence of the dopant in its structural and physical properties. This work aims to analyze the effect of Fe dopant in the LT structure and the derived magnetic properties by synthesizing Fe-doped LT thin films on indium tin oxide (ITO) substrates (using magnetron sputtering).




2. Experimental Details


A mechanochemical-calcination method was used to obtain LT nanoparticles (NPs) using a SPEX-8000M high-energy mill. The used precursors were lithium carbonate and tantalum pentoxide, with a purity of 99.0%. The stoichiometric reaction of the compounds is:


    Li  2  C  O 3   ( s )  + T  a 2   O 5   ( s )  →   2 LiTa  O 3   ( s )  + C  O 2   ( g )   



(1)







The mechano-activated powders were thermally treated at 700 °C for 3 h to achieve complete crystallization. After corroborating the LT crystalline phase of the NPs by X-ray diffraction (XRD) and Raman Spectroscopy (RS), they were ground in the high-energy mill with αFe2O3 (99.99% purity) in a weight ratio of 0.5 wt.% (grinding 1) and 1.8 wt.% (grinding 2).



Powders from grinding 1 were pressed with an axial force of 6 500 Kgf to get a green pellet, which was sintered at 1100 °C for 6 h with a heating rate of 3 °C per minute (equal to the cooling rate); following this process, a first target (T1) was obtained. The same procedure was repeated for grinding 2. As a result, a second target (T2) was obtained. From T1 and T2, Fe-doped LiTaO3 thin films with low- (LTO:Fe-LC) and high-Fe concentrations (LTO:Fe-HC) were synthesized, respectively. The thin films were grown on ITO/Pyrex substrates by magnetron sputtering (AJA international- Orion 5) using a radio-frequency power source. The deposition conditions for LTO:Fe-LC and LTO:Fe-HC are shown in Table 1. According to [27], the main variables that influence the structure in thin films during a sputtering process are the substrate temperature, substrate, working pressure, atmosphere, and RF power. All the aforementioned variables were kept constant in the sputtering process of our thin films, with the exception of the RF power, which was varied slightly (50 W for LTO: Fe-HC and 30 W for LTO: Fe-LC). Finally, the thin films were thermally treated in an oxidizing atmosphere (air) with a heating rate of 5 °C min−1, an isotherm of 600 °C for 3 h, and a cooling rate of 10 °C min−1 for the LTO:Fe-LC sample, while the LTO:Fe-HC layer was thermally treated by a heating ramp of 40 °C min−1 and an isotherm of 600 °C for 1 h (cooled to room temperature). The parameters and conditions used in the synthesis of LTO:Fe-HC and LTO:Fe-LC will play a very important role in the magnetic behavior of the samples, as will be discussed later in the section of magnetic properties.



The structural analysis of the thin films was carried out using XRD in a Panalytical X-Pert equipment with a Cu-Kα radiation source (λ = 1.5418 Å), in a Bragg–Brentano θ–2θ configuration, at 40 keV and 30 mA, with steps of 0.0170° every 1 s, and from a 2θ range of 20° to 60°. The Crystallography Open Database (COD) 2101846 contains the supplementary crystallographic data of the LiTaO3 phase. These data can be obtained free of charge via [28].



The Fe concentration in the films was evaluated using energy-dispersive X-ray spectroscopy (EDS). The Raman spectra were obtained using a Witec confocal-Raman microscope with an excitation wavelength of 532 nm; the laser intensities can be varied from a 0.649 W·cm−2 to 9.538 W·cm−2 (focus spot of 700 μm). The integration time used in the experiments was 5 sec with 12 accumulations (at maximum intensity). The surface morphology of the samples was observed by scanning electron microscopy (SEM), using a JEOL JSM-7401F. On the other hand, magnetic hysteresis loops (M–H), zero-field cooling and field cooling (ZFC-FC) curves were obtained using a VersaLab equipment from Quantum Design.




3. Results and Discussion


3.1. Structural and Morphological Properties of the LT NPs, T1, and T2


The LT NPs were structurally characterized by XRD and RS to verify the crystalline phase. According to the COD 2101846, the obtained XRD pattern (Figure 1a) belongs to the trigonal structure and space group R3c of the LT crystalline structure. In the Raman analysis, the E modes were located at 146.8 cm−1 (Ta-O), 213.61 cm−1 (Ta-O), 319.52 cm−1 (Li-O), 386.67 cm−1 (Li-O), 462.68 cm−1 (O-Ta-O), and 601.91 cm−1 (Ta-O) for the LT crystalline phase (Figure 1b), whereas the A1 modes were assigned to the bands located at 258.40 cm−1 and 361.83 cm−1 (Li-O) [29,30]. All the band positions in the experimental Raman spectrum of Figure 1b were resolved through a multi-peak Lorentzian fitting. The LT NPs have a square-like morphology (Figure 1c), with a mean particle size of 100.49 nm and a standard deviation of 31.94 nm (Figure 1d); the averaged crystallite size was calculated to be 74 nm using the Scherrer equation [31].



Verification of the stability of the phase previously obtained on the NPs was done by characterizing T1 and T2 by XRD (Figure 2a,c) and RS. T1 and T2 presented a larger averaged crystallite size of 132.3 nm and 117.9 nm, respectively; as expected, the peaks in the XRD pattern are sharper [32]. The overall increment in the crystallite size was attributed to the high temperature used during the sintering process, which induces crystallite growth. After obtaining the grain size distribution curves of T1 (Figure 2b) and T2 (Figure 2d) through a lognormal fitting, the calculated mean grain size was of 2 μm for T1 (with a standard deviation of 0.70 μm) and 1.85 μm for T2 (with a standard deviation of 0.48 μm). In the inset of Figure 2c, it can be seen that the XRD patterns (enlarged view) of T1 and T2 are very similar to each other due to their crystallite size being similar (132.3 nm and 117.9 nm, respectively). However, as the crystallite size of the LT powders is smaller (74 nm) than presented by T1 and T2, the peak width in the XRD pattern corresponding to the LT powders was larger.



Regarding the Raman results, structural changes were observed, particularly in the vibrational modes associated with Li-O bonds (270 cm−1 to 400 cm−1). The bands located at 287.22 cm−1, 319.52 cm−1, 361.83 cm−1, and 386.67 cm−1 (for the LT NPs, Figure 1b) were shifted for both the Raman spectrum of T1 and T2, resulting in bands located at 289.48 cm−1, 317.38 cm−1, 363.29 cm−1, and 385.86 cm−1 for T1 and 283.77 cm−1, 310.04 cm−1, 355.52 cm−1, and 380.45 cm−1 for T2. Also, for the mentioned bands, a broadening in the linewidth was observed. These changes have been associated with Li vacancies created during the sintering process due to the volatility of Li at high temperatures. A continuous decrease in the Raman linewidths with an effective increment of the Li content has been previously reported for LT [33].




3.2. Structural and Morphological Properties of the LTO:Fe-LC and LTO:Fe-HC Thin Films


The obtained thin films were analyzed structurally and morphologically. Figure 3 shows the XRD patterns for the combined systems: ITO/Pyrex glass substrate, LTO:Fe-HC/ITO/Pyrex substrate, and LTO:Fe-LC /ITO/Pyrex substrate. The main diffracted planes (012), (104), (110), (006), (116), and (018) correspond to the LT crystalline phase.



The crystal lattice parameters a = b and c for the three systems studied were obtained after a Rietveld analysis (described in Appendix A) and given in Table 2. Since the ITO thin film was deposited over the pyrex glass, an amorphous background was observed in the XRD patterns of LTO:Fe-HC/ITO/Pyrex and LTO:Fe-LC/ITO/Pyrex. The amorphous contribution of the pyrex glass substrate was considered as the background in the refinement of the structures. Table 2 shows a similar unit cell volume for T1, T2, and the LT powders, indicating that the Fe did not substitute completely into the crystalline structure of targets. After the synthesis of LTO:Fe-HC and LTO:Fe-LC by magnetron sputtering and a post-thermal treatment in an oxidizing atmosphere at 600 °C, the unit cell volume of the Fe-doped LT thin films decreased in comparison with the unit cell volumes of the LT powders, T1, and T2. In a recent study, Fierro et al. found—after considering that the ionic radii of Fe2+, Fe3+, and Li+ are 78 pm, 64.5 pm, and 76 pm, respectively [7]—that an oxidation thermal treatment for Fe-doped LN NPs homogenizes the valence state of Fe2+ into Fe3+, causing a multitudinous decrease of ionic radii from 78 pm to 64.5 pm of all Fe ions present in Li sites, which, in turn, leads to a significant contraction of the unit cell volume [34]. In the current investigation, a reduction of the cell volume for LTO:Fe-HC and LTO:Fe-LC was observed too, and thus attributed to the substitution of Fe3+ ions into the LT structure in Li atomic positions at low dopant concentrations, as reported for Fe-doped LiNbO3 in [34]. Again, as previously noted, it is important to emphasize that LN and LT are isostructural materials.



Three linear EDS analysis A1, A2, and A3 were performed to examine the variation of Fe concentration through the cross-section of the thin films. As shown in Figure 4a, the EDS analysis of the sample LTO:Fe-HC comprises twelve punctual analysis (P1 to P12), while the analysis of the sample LTO:Fe-LC (Figure 4b) comprises eleven EDS punctual analysis (P1 to P11). The Fe concentration varied from a minimum to a maximum from the interface to the surface for both LTO:Fe-HC and LTO:Fe-LC. Since the EDS analysis does not detect lithium, it is important to note that the analysis performed is only a qualitative way of examining the behavior of the Fe in the films. The maximum Fe concentration found in LTO:Fe-HC was 17 %at. (P12), which is greater than the maximum found (P11) in LTO:Fe-LC (0.86 %at.). On the other hand, the minimum Fe concentrations found in LTO:Fe-HC and LTO:Fe-LC were 0.58 %at. (P1) and 0.40 %at. (P1), respectively. In Figure 5, the behavior previously mentioned can be observed. The difference in the Fe concentrations between both films will play a very important role in their magnetic properties, as will be described later. On the other hand, the inhomogeneity of the dopant in the thin films could be mainly associated with Fe diffusion processes during the synthesis. The study of iron diffusion processes in LT thin films is a very interesting topic but outside the scope of this research; therefore, it is proposed for future research.



In regards to the thicknesses of the thin films, in the SEM image shown in Figure 4a, it can be appreciated that the thickness of the LTO:Fe-HC film is 270 nm. On the other hand, in the SEM image 4b, it can be observed that the thickness of the LTO:Fe-LC film is 100 nm.



On the other hand, RS is sensitive to atomic displacements and slight structural modifications by ion substitution [35]. These changes are linked to frequency shifts and band-shape modifications in the Raman spectra [30]. According to Fontana and Bourson, in LN, intrinsic and extrinsic (doping) defects lead to atomic disorder in the lattice, which increases from the stoichiometric to the congruent composition [36]. They used RS for the study of three samples, undoped stoichiometric LN, undoped congruent LN and 8% mol Hf-doped congruent LN, and found a progressive broadening of lines for the low-wavenumber E(TO) mode, which was associated with the increased density of structural defects [36].



In the present work, Raman characterization was performed to analyze the Fe dopant effect in the LT structure of the three systems under investigation, as shown in Figure 6. Highly crystalline LT powders were obtained, as their corresponding Raman spectrum shows sharp bands. Sintering of T1 and T2 caused the linewidth broadening of the bands associated with the Li–O bonds located between 270 cm−1 and 400 cm−1. Regarding the LTO:Fe-HC and LTO:Fe-LC samples, their Raman spectra present notable differences in comparison with the spectra of T1, T2, and LT powders, mainly in the Li–O vibrational modes. It can be observed how the two bands located at 283.77 cm−1 and 310.04 cm−1 in the case of T2, broadened enough to merge into a single band located at 305.43 cm−1 for LTO:Fe-HC. The behavior mentioned above was also seen for the bands located at 355.52 cm−1 and 380.45 cm−1, which, in turn, merge into the single band located at 374.64 cm−1. Also, as the Li octahedron (LiO6) is linked to the Ta octahedron (TaO6) by sharing one face and three oxygen atoms [30], any change in the Li position directly affects the TaO6 octahedron located at 597.48 cm−1 (LTO:Fe-HC), which is addressed to the linewidth broadening of this band. The bands at 492 cm−1 and 818.37 cm−1 are assigned to the glass substrate [37], while the main vibrational active modes for the ITO phase are located at 144 cm−1 and 175 cm−1 [38]. However, the latter could have been overlapped by the bands located at 140.70 cm−1 and 167.15 cm−1, which correspond to the signal of LTO:Fe-HC. The behavior described above regarding the broadening of peaks was also observed in the Raman spectrum of LTO:Fe-LC; moreover, the peaks located at 289.48 cm−1, 317.38 cm−1, 363.29 cm−1, and 385.86 cm−1 (for T1) shifted their position to 293.79 cm−1, 312.87 cm−1, 361.48 cm−1 and 390.00 cm-1 for the LTO:Fe-LC spectrum.



Recently, it has been demonstrated that the Fe dopant directly influences the vibrational modes A1(TO1) and A1(TO2) of the Raman spectrum of the LN, which, in turn, is associated with the Li–O bonds located at the wavenumbers of 257 cm−1 and 276 cm−1, respectively [23,35]. As the doping concentration increases, these vibrational modes tend to broaden and merge, implying that the Fe ions substitute into the regular Li sites, strongly influencing the Li–O bond in the LN lattice. This behavior has also been reported by Bachiri et al. for Ni-doped LN [39]. In another case, Fierro et al. found—by RS—that the bands located at the 265 cm−1 and 334 cm−1 frequencies (linked to Li cation displacements) broaden as the Fe concentration increases, which has been interpreted as a substitution of Fe in Li positions for Fe-doped LN NPs [34]. In our case, the similarity in the observed trends indicates that the Fe ions directly influenced Li–O bonds in the crystal lattice of LT. The above-mentioned discussion can be understood in terms of the mechanism of Fe incorporation into the LN structure reported by Li et al. [23]: as VLi sites become occupied by Fe ions, TaLi antisites are created, forcing ions of Ta to occupy its original site. After this, the Fe ions start to interstitially fill the surface of the film until they reach a high atomic percentage. The changes observed in the Raman spectra (broadening of bands) of Figure 6 were progressive as the number of intrinsic and extrinsic defects increased. Hence, the crystallinity of the thin films is directly affected, in agreement with Fontana and Bourson, who reported the influence of extrinsic defects on the crystallinity of LN [36]. The LTO:Fe-HC presented a regular morphology, an average particle size of 116.34 nm with a standard deviation of 26.89 nm (Figure 7a), and a crystallite size of 56.1 nm (calculated with the Sherrer equation). Regarding the LTO: Fe-LC sample, the average particle size was 55.98 nm with a standard deviation of 11.05 nm (Figure 7b) and crystallite size of 50.3 nm.




3.3. Magnetic Properties of the LTO:Fe-HC and LTO:Fe-LC Thin Films


Magnetic hysteresis loops M–H (Figure 8) and ZFC–FC curves (Figure 9) were obtained from the thin films to analyze the Fe dopant effect on the magnetic properties. The magnetic hysteresis loops were obtained from 50 K to 350 K at a maximum magnetic field applied of 1 T, while the ZFC–FC curves were obtained by applying a constant magnetic field of 10 mT in a temperature range of 50 K to 350 K. In Figure 8a, the magnetic hysteresis loops obtained for LTO:Fe-HC at different temperatures are shown. The inset of Figure 8a shows a zoomed view in the vicinity of the saturation magnetizations of the LTO: Fe-HC sample, where it can be observed that there is a small variation in the saturation tendency with respect to temperature. After an enlarged view in the vicinity of the origin (Figure 8b), it is clear that all magnetic coercivities practically disappear for the magnetic hysteresis loops measured from 100 K to 350 K; nevertheless, the coercivity of 10 mT for the curve measured at 50 K differs from all others. According to [40], among the main features of superparamagnetism is that its curves superpose when M/Ms versus H/T is plotted. In the inset of Figure 8b, it can be seen that the magnetic hysteresis curves of LTO:Fe-HC superpose when M/Ms versus H/T is plotted; hence, a superparamagnetism behavior was associated with the LTO:Fe-HC sample, which is consistent with their corresponding ZFC–FC curves (Figure 9a), where a broad peak was formed by the ZFC curve and its respective divergence from the FC curve below a critical temperature was observed. The magnetic behavior observed in LTO:Fe-HC exhibits the basic features of a superparamagnetic behavior, according to Chen et al. [41]. The temperature at which the ZFC curve reaches its maximum is approximately 98.6 K and is called the blocking temperature (TB) [42]. When T < TB, the divergence in the ZFC–FC curves is characteristic of ferromagnetism, when T > TB, the overlapping of the ZFC–FC curves represents paramagnetism [41], this is highly correlated with the M–H curves. In Figure 8b, it can be observed that below the blocking temperature (98.6 K), the curve obtained at 50 K is the one with the highest coercivity (ferromagnetism), as expected, above the blocking temperature, the magnetic hysteresis practically disappeared (superparamagnetism).



The superparamagnetic behavior observed in some non-magnetic oxides doped with 3d transition-metal cations is a well known phenomenon, which is mainly associated with magnetic clusters embedded in the host oxide matrix [43,44,45,46]. These magnetic clusters are mainly formed by an excess of dopant. In our case, LTO:Fe-HC showed a high concentration of Fe near the surface of the thin film (17 at.%), this was correlated with the formation of magnetic clusters that favored the superparamagnetic behavior.



Analyzing LTO:Fe-LC (Figure 8c), the results showed that the magnetic hysteresis loops superpose and present a saturation magnetization, which was approximately 3.80 kAm−1. After a zoomed view in the vicinity of the origin (Figure 8d), it can be seen that all the magnetic coercivities of the hysteresis curves overlap, so it is concluded that both the magnetic coercivities and the saturation magnetizations are not temperature-dependent. Moreover, ZFC–FC curves were obtained (Figure 9b), where it can be observed that the magnetic moment varies slightly with temperature, this behavior has already been reported for oxides doped with 3d transition-metal cations [47], and it is associated with Curie temperatures above room temperature. Also, there is no indication of a magnetic phase that could be reflected in the ZFC–FC measurements due to a change in the trend of curves below or above a critical temperature.



The magnetic behavior observed in the LTO:Fe-LC sample has basic features that resemble those presented in dilute magnetic oxides (DMOs); according to Coey [48], DMOs are non-magnetic oxides doped with 3d transition-metal cations that exhibit magnetic behavior. Among the main features of DMOs are that both magnetic coercivity and saturation magnetizations are not temperature-dependent [48], as was observed for LTO:Fe-LC. In DMOs, the ferromagnetic exchange is mediated by shallow donor electrons, which overlap to create a spin-split impurity band, all theory can be found in [49]. The magnetization of LTO:Fe-LC can be defined by Equation (2) [48,50,51]:


  M =  M s  tanh ( H /  H 0  )  



(2)




where Ms corresponds to the saturation magnetization, H is the applied field, and H0 is an effective field constant that prevents saturation. H0 can be estimated from the slope of the experimental curves, which reaches the saturation magnetization when H = H0. According to [51], the initial magnetic susceptibility Xm = MsH0−1, thus H0 = 57.71 kAm−1 for LTO:Fe-LC. Normally, for metallic Fe particles, H0 is around 270 kAm−1 ± 40 kAm−1 [48], which causes a saturation magnetization to be obtained at high applied magnetic fields, while for non-magnetic oxides doped with 3d transition-metals, this constant is found within the range of 30 kAm−1 to 200 kAm−1 [48], in turn, this indicates that they saturate at low applied magnetic fields, as happened for LTO:Fe-LC.



There are different mechanisms by which ferromagnetism is generated in non-magnetic oxides doped with 3d transition-metals, one of the most studied systems is the LiNbO3, where Li et al. obtained a saturation magnetization of 1.18 Am2kg−1 in Fe-doped LiNbO3 (5% mol) [35], which was attributed mainly to the substitution of Fe3+ ions in lithium positions accompanied by a large lattice distortion and a strong coupling of spin Fe–Nb. On the other hand, Fierro et al. found a dependence on magnetization in relation to the concentration of Fe in the structure of LiNbO3 [34], where Fe initially occupied lithium sites; they obtained a saturation magnetization of 0.94 Am2kg-1 for a dopant concentration of 2.20 wt.%. In our case, for the sample with a low dopant concentration (LTO:Fe-LC), a saturation magnetization of 0.51 Am2kg−1 was obtained for an iron concentration of less than 1 at.%.



As a framework, when crystals of LiNbO3 or LiTaO3 are thermally treated (400–600 °C) either in a vacuum, in a hydrogen atmosphere or in an inert gas, a process of chemical reduction is generated (a loss of oxygen on the surface of the molecule is accompanied by a redistribution of VLi and TaLi). In this process, oxygen leaves the surface of the crystal, but oxygen vacancies do not appear at the end; the released electrons (donors) are captured by traps [7]. In DMOs, the donors form bound magnetic polarons, coupling the 3d moments of the dopant ions. If magnetic polarons overlap sufficiently and under certain conditions (mainly related to the concentration of the dopant), a ferromagnetic ordering is created—all theory can be found in [49]. The appearance of ferromagnetism in DMOs has been reported for dopant concentrations of up to 10 at.% [52]. However, it has been reported in the literature that there is a maximum limit of dopant concentration (which varies for each material) above which the ferromagnetic ordering begins to decrease and even gets destroyed [53,54,55,56].



Since the growth of LTO:Fe-HC and LTO:Fe-LC was performed inside a deposit chamber, in an inert atmosphere (argon), and at 450 °C, a chemical reduction accompanied by point defects (donors) is expected. Considering that the deposit time used in LTO:Fe-HC was longer than in LTO:Fe-LC, a greater number of defects would be expected in LTO:Fe-HC than in LTO:Fe-LC. At this stage, the sample’s surface appears dark. After deposits were made, thermal treatments were performed in an air atmosphere at 600 °C for both samples. However, for LTO:Fe-HC, a faster process was performed, this was achieved by modifying the times of the heating ramp, isotherm, and cooling ramp. On the other hand, for the LTO:Fe-LC sample, a slower process was carried out. The post-deposit annealing would help the formation of the LiTaO3 phase and the homogenization of the valence state of the Fe into Fe3+. Since the exposure time of LTO:Fe-LC was longer than in LTO:Fe-HC, the homogenization of the valency state is expected to be greater in LTO:Fe-LC than in LTO:Fe-HC, i.e., most Fe ions would be found in a Fe3+ valence. At this stage, the sample’s surface appears transparent. On the other hand, the RF power used in the growth of LTO:Fe-HC and LTO:Fe-LC was different (50 W and 30 W, respectively), and, as a consequence, some differences in structure between both samples are observed. It is well known that at a higher applied RF power (in a sputtering process), the adatoms will become more mobile, which will favor the diffusion of adatoms among adjacent grains and densification (the higher the applied RF power, the larger the grain size) [57,58,59]. The grain size observed in LTO:Fe-HC and LTO:Fe-LC is mainly associated with the densification acquired during the deposit process as a result of the RF power applied. Additionally, as mentioned earlier, the RF power directly influences the diffusion processes in thin films, so the dopant concentration variation in LTO:Fe-HC and LTO:Fe-LC is closely linked to the RF power used, the dopant concentration in targets, and the annealing times. For all the above, the ferromagnetism observed in LTO:Fe-LC was associated to point defects (as donors) created during thin film synthesis and highly correlated with low Fe concentration (less than 1 at.%). The synthesis conditions and the parameters used in the attainment of LTO:Fe-LC influenced in the generation of the magnetic behavior, which resembles that observed in DMOs and supported by the magnetic polaron model [49]. On the other hand, the superparamagnetic behavior observed in LTO:Fe-HC is associated with the high Fe concentration (above 10 at.%) found on the thin film, where the synthesis conditions promoted the generation of the magnetic behavior. It has been reported that high amounts of dopant destroy the ferromagnetic order in DMOs and other types of magnetic behavior may arise [53,54,55,56]. In our case, the LTO:Fe-HC sample presented a superparamagnetic behavior.





4. Conclusions


When a structural analysis was performed on lithium tantalate nanoparticles, a 0.5 wt.% Fe-doped lithium tantalate target (T1), and a 1.8 wt.% Fe-doped lithium tantalate target (T2), the computed volumes of the unit cells were similar, which indicated that the Fe did not substitute completely into the crystalline structure of targets. Also, by Raman spectroscopy, it was concluded that the Li–O bonds of the crystalline structure of T1 and T2 were affected during the sintering process due to the generation of lithium vacancies, which was reflected by the broadening of Raman peaks associated to the Li–O bonds.



Targets T1 and T2 were used in a sputtering process to synthesize two Fe-doped lithium tantalate thin films (LTO:Fe-LC and LTO:Fe-HC, respectively). After EDS analysis, it was demonstrated that the Fe concentration (%at.) in LTO:Fe-HC varied from 0.58 to 17 along the cross-section of the thin film, while in LTO:Fe-LC, it varied from 0.40 to 0.86. After conducting structural analyses, it was found that the calculated unit cell volumes of LTO:Fe-LC and LTO:Fe-HC decreased in comparison with the unit cell volumes of the lithium tantalate powders, T1 and T2. The contraction of the unit cells was associated with the substitution of Fe3+ ions into the LT structure at Li atomic positions. On the other hand, by Raman spectroscopy, it was observed that the bands associated with Li–O bonds in the spectra of LTO:Fe-LC and LTO:Fe-HC presented some changes, such as displacement and widening, which were attributed to the effect of the dopant on the structure.



The ferromagnetism observed in LTO:Fe-LC was associated with point defects (as donors) created during the thin film synthesis and highly correlated with the low Fe concentration (less than 1 at.%). The synthesis conditions and the parameters used in the attainment of LTO:Fe-LC influenced the resultant magnetic behavior, which resembles that observed in DMOs and supported by the magnetic polaron model. On the other hand, the superparamagnetic behavior observed in LTO:Fe-HC is associated with the high Fe concentration (above 10 at.%) found on the thin film, where the synthesis conditions promoted the generation of the magnetic behavior. It has been reported that high amounts of dopant destroy the ferromagnetic order in DMOs and other types of magnetic behavior may arise. In our case, the LTO:Fe-HC sample presented a superparamagnetic behavior.
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Appendix A


X’Pert HighScore Plus software from PANalytical was used to perform the Rietveld analysis [60]. Instructions from the section Rietveld Analysis/Semi-Automatic mode from the HighScore Online Plus Help were followed to develop the study of our samples. A file with information about the atomic coordinates of LT (“2101846.cif”) was downloaded from The Crystallographic Open Database [28]. The coordinates, lattice parameters, space group name, occupancy, and Wyckoff positions of the LT COD 2101846 were manually loaded and saved in the section of Analysis/Rietveld/Enter New Structure. This file was inserted along with experimental data and the Rietveld analysis in “Semi-Automatic Mode” was iteratively executed, in which different “Profile Parameters” were allowed to vary until satisfactory agreement indices were obtained. On the other hand, the a,b, and c lattice parameters of the sample LTO:Fe-LC were refined with the unit cell software, where the methodology and the theory can be found in reference [61].
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Figure 1. Structural and morphological characterization of LT NPs: (a) XRD pattern; (b) Raman spectrum; (c) SEM micrograph; (d) Particle size distribution. 
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Figure 2. Structural and morphological characterization of the targets: (a,c) XRD pattern of T1 and T2, respectively; (b,d) grain size distribution of T1 and T2, respectively. 
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Figure 3. XRD pattern of ITO/Pyrex, LTO:Fe-HC/ITO/Pyrex, and LTO:Fe-LC/ITO/Pyrex systems. 
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Figure 4. Thin-film thickness: (a) LTO:Fe-HC; (b) LTO:Fe-LC. 
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Figure 5. Variation in the Fe concentration through the cross-section of the thin films. 
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Figure 6. Raman spectra of the LT powders, T1, T2, LTO:Fe-HC, and LTO:Fe-LC samples. 
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Figure 7. Morphology characterization (SEM): (a) LTO:Fe-HC; (b) LTO:Fe-LC. 
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Figure 8. Magnetic hysteresis loops and zoomed views of the magnetic coercivities: (a,b) LTO:Fe-HC; (c,d) LTO:Fe-LC. 
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Figure 9. ZFC and FC curves: (a) LTO:Fe-HC and (b) LTO:Fe-LC. 
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Table 1. Deposition conditions of LTO:Fe-LC and LTO:Fe-HC.
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	LTO:Fe-LC
	LTO:Fe-HC





	Target
	T1 (LT-0.5%wt. Fe)
	T2 (LT-1.8%wt. Fe)



	Atmosphere
	Argon
	Argon



	Handling pressure
	0.4 Pa
	0.4 Pa



	R.F. gun power
	30 W
	50 W



	Substrate temperature
	450 °C
	450 °C



	Substrate-target distance
	16 cm
	16 cm



	Deposition time
	1.5 h
	2.5 h
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Table 2. Crystal lattice parameters and unit cell volumes.






Table 2. Crystal lattice parameters and unit cell volumes.





	

	
Lattice Parameters (Å)

	
Unit Cell Volume (Å3)

	
Weighted R Profile

	
Goodness of Fit






	

	
a = b

	
c

	

	

	




	
LT powders

	
5.155

	
13.766

	
316.79

	
8.21

	
4.08




	
T1

	
5.154

	
13.780

	
316.99

	
9.26

	
5.03




	
T2

	
5.152

	
13.783

	
316.82

	
10.38

	
2.05




	
LTO:Fe-HC

	
5.140

	
13.753

	
314.66

	
5.73

	
1.25




	
LTO:Fe-LC

	
5.149

	
13.700

	
314.59

	
Sigmafit = 4.96
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