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Abstract 

The usage of heterostructures of ferromagnetic and ferroelectric materials, as a means of achieving 
magnetoelectric multiferroic coupling, is a widely used approach which has been showing 

promising results. Following this line of thought, the deposition of BaTiO3 and Fe multilayers on 
LaAlO3, MgO, Al2O3 and SrTiO3 substrates using RF-magnetron sputtering was carried out to study 

its viability to produce magnetoelectric heterostructures. 

It is shown that each substrate constrains the growth of the deposited thin films, even for the same 
deposition conditions. This is clearly seen through the magnetic properties of the thin film, mainly 
after performing a 900°C thermal annealing on air. The thermal annealing results in the creation of 

iron oxides specific of each one of the substrates where the deposition took place. 
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1. Introduction 

Multiferroic magnetoelectric materials present coupled magnetic and electric ordering [1- 

4]. Such a coupling is very interesting due to the multiple technological applications, such as their 

usage in electronic devices, memories, sensors, energy harvesting and many others [5-11]. 

This type of materials has been taking part of the material and physics research during the 

last decade. Intrinsic magnetoelectric materials are quite rare and/or non-competitive due to the 

apparent incompatibility of the magnetic and electric order prerequisites [12]. On the other hand, 

extrinsic magnetoelectric materials possess two or more phases of electrically and/or magnetically 

ordered materials which couple through some kind of mechanism (usually via a strain mediated 

effects) and currently present the most efficient and versatile approach for the synthesis of a 

competitive magnetoelectric material [4, 6, 13-15]. 

Heterostructures containing BaTiO3 (BTO) and/or Fe phases have been widely studied 

since these materials are individually competitive, non-critic and inexpensive ferroelectric and 

ferromagnetic materials, respectively. These heterostructures can present several magnetoelectric 

effects depending on the interfaces and conditions assumed/used in the reported studies, thus it is 

expectable that the synthesis conditions and/or substrates can be used as a means of tuning the 

electric, magnetic and magnetoelectric properties of these heterostructures [10, 16-22]. 

In this manuscript, we studied BTO/Fe heterostructures deposited on LaAlO3, MgO, Al2O3 

and SrTiO3 substrates, using magnetron sputtering. We investigated the influence of the substrate on 

the growth conditions of the ferroic phases, as well as how these phases behave after thermal 

treatments, with a detailed structural and magnetic study. 

 

2. Experimental Details 

The BTO/Fe heterostructures consisted of multi-layers of BTO and Fe deposited 

simultaneously on top of four substrates - LaAlO3(100), MgO(100), Al2O3(0001) and SrTiO3(100) - 

using RF magnetron sputtering. The deposition conditions are presented in table 1. For BaTiO3 

deposition, a 99.9% purity target from Kurt J. Lesker was used, while for the Fe deposition, a Fe 

foil was used as a target [23]. All the substrates were provided by CrysTec GmbH [24]. 

The geometry of the deposited thin films consisted of a 7-layer heterostructure (4 BTO 

layers and 3 Fe layers), with a total thickness of ≈ 72 nm, as illustrated in figure 1. The thickness of 



each single layer presented in figure 1 was measured by Scanning Transmission Electron 

Microscopy (STEM) and Energy-dispersive X-ray spectroscopy (EDS), as it will be shown later. 

Table 1: Table 1: RF-Sputtering conditions for each layer. Pdep is the sputtering deposition power, D[T-S] is the distance 

between the target and the substrate, Ptotal is the total pressure inside the deposition chamber, O2/Ar is the partial 

pressure percentage of the O2, and Tsub is the temperature of the substrate. 

Layer Pdep (W) D[T-S] (mm) Ptotal (mbar) O2/Ar (%) T sub (°C) 

BaTiO3 50 125 1.0 × 10-2 7 350 

Fe 14 125 1.2 × 10-2 0 350 

 

The films were studied before and after annealings at different temperatures in air. The 

thermal annealing temperatures (600°C and 900°C) were chosen to be close to the Fe diffusion 

temperature in SrTiO3 (800°C), a close relative of BaTiO3, based on emission channeling and 

hyperfine technique studies [25]. The annealing temperatures and durations are presented in table 2. 

After the annealing process, the samples were cooled down in air. For two samples, an additional 

higher temperature annealing was carried out. The total annealing duration does not include the 

time required to achieve the annealing temperature (achieved by a heating ramp of ≈ 10°C/minute). 

 

Figure 1: Illustration of the seven layer heterostructure deposited by RF-Sputtering. 

X-Ray Diffraction (XRD) measurements were performed adopting a grazing incidence 

geometry (1° incidence angle), in a Philips Panalytical X'Pert Pro MRD using � (Cu 

���)=1.5405(98)Å (without monochromator) at room temperature. The High Score Plus phase 

indexing software, which uses the ICDD PDF4+ as database reference, was used for a preliminary 

identification of the crystalline phases of each sample. 



Table 2: Thermal annealing details for each sample. 

 1st Annealing 2nd Annealing 

Sample t (h) T (°C) t (h) T (°C) 

BTO/Fe LaAlO3 24 600 24 900 

BTO/Fe MgO 24 600 24 900 

BTO/Fe Al2O3 48 900 - - 

BTO/Fe SrTiO3 48 900 - - 

 

Raman spectroscopy measurements were performed at room temperature in the range 100-

2000 cm-1, using a Jobin-Yvon LabRaman HR 800 spectrometer equipped with a multichannel air 

cooled (253 K) CCD detector and an Olympus BX41 microscope. A HeCd laser line of 442nm was 

used as excitation source and the Raman signal acquisition was performed in the backscattering 

configuration. 

STEM images and EDS results were obtained by a FEI Tecnai G2 (200 kV) equipped with 

an EDAX EDS detector. A FEI Helios NanoLab 650 FIB/SEM dual-beam system was used for 

TEM specimen preparation. To dissipate the charges built-up on the sample surface during the ion 

beam milling, the specimen was first sputter coated with a thin layer of Al. An additional Pt layer 

was deposited by an ion beam, followed by an electron beam to protect the sample surface layer. 

Magnetic measurements were performed using a Quantum Design MPMS3 SQUID-VSM 

in the 2-400K temperature range and using magnetic fields ranging from -70 kOe-70 kOe. 

 

3. Results and Discussion 

3.1. Grazing Incidence XRD 

Given that we are dealing with very thin films deposited at low temperatures, a low level of 

crystallinity is expected, at least for the "as deposited" samples, mainly for the BTO layers. To 

avoid the masking of results by the substrate diffraction peaks, a grazing incidence (GI) geometry 

was adopted to increase the interaction volume of the X-ray radiation with the thin films and reduce 

the contribution from the substrate. Figure 2 shows the diffractograms obtained from the deposited 

thin films, with and without the final thermal treatments. 



The diffractogram of each sample presents a scarce number of diffraction peaks (if any), 

thus making the phase identification/indexation quite hard/ambiguous. Nonetheless, even though all 

the samples have the same deposition conditions, it is possible to see that the main diffraction peaks 

differ from substrate to substrate, even for the same annealing temperatures, implying that the 

substrates constrain the crystallization process of the thin films. 

The lack of reliable diffraction peaks might be related to the very small thickness of each 

deposited layer, which influences the size of BTO grains (thicker layers will have bigger grains) 

[26]. Nevertheless, taking into account the deposited elements and the suggestions from the 

indexing software, we can have some hints about which possible phases can be assigned to the 

peaks displayed in the diffractograms. 

The GIXRD results for the thin films deposited on the LaAlO3 substrate show that there are 

almost no diffraction peaks, apart from one at around 2� = 61°. This diffraction plane is not indexed 

to any of the most intense powder diffraction peaks of Fe, Fe oxides or barium titanate phases. It 

can however be assigned to some lower intensity peaks of less common barium titanate compounds 

(Ba2TiO4, BaTi2O5 and BaTi5O11), suggesting a possible orientated growth. After the 900°C 

annealing, the number and the intensity of peaks increase, implying a decrease of the amorphous 

phase and the improvement of the crystallinity of the thin film. For the BTO/Fe_LaAlO3_900°C 

case, some of its diffraction peaks can be assigned to the most intense peaks of the Ba2TiO4 and/or 

BaTi2O5 compounds, whereas the remaining and more intense peaks match with some diffraction 

planes of the three most common iron oxides, implying once again the growth of these phases in a 

preferential orientation.  

The BTO/Fe_MgO_as_dep thin film diffractogram displays several diffraction peaks which 

can be assigned to a polycrystalline phase of the maghemite and/or magnetite, and to several barium 

titanate compounds such as Ba2TiO4, BaTi2O5 and/or BaTi5O11. After the 900°C thermal annealing, 

most of these peaks get sharper and more intense, and there is the emergence of new ones. The new 

peaks are mostly assigned to the polycrystalline tetragonal phase of BaTiO3 whose emergence is 

due to the crystallization of its amorphous phase and the decreasing amount of other BTO 

stoichiometries whose peaks either disappeared or at least got much smaller. 

In BTO/Fe_Al2O3_900°C, there are some sharp diffraction peaks which are mainly 

assigned to the � and � phases of Fe2O3, and to the BaTi2O5 and BaTi5O11 compounds. 

  



 

Figure 2: Diffractograms of the BTO/Fe thin films studied in this manuscript and standard diffractograms of possibly 

relevant phases. The dashed lines correspond to peaks which are aligned with peaks from the standard diffractograms. 



The STO substrate structure belongs to the 221 point group and possesses lattice parameters 

which are identical to the BTO cubic (221) and tetragonal (99) phases, thus the lack of the peaks is 

related to the growth of the thin films in preferential orientations, mainly for the BTO compounds 

[27]. Still, there are 3 peaks which are quite sharp and intense at 2� ≈ 52°, 55° and 68°. None of 

these three peaks coincide with any of the substrate diffraction planes, nor with the most intense 

diffraction planes of any of the phases suggested by the High Score Plus phase indexing software. 

As a matter of fact, these peaks did solely match a very restricted amount of diffraction peaks such 

as the (220) and (311) diffraction planes of the BaO(225) and some of the low intensity peaks of the 

Ba2TiO4, BaTi2O5 and BaTi5O11 compounds. The remaining smaller and less well-defined 

diffraction peaks are compatible to a randomly oriented polycrystalline growth of Ba2TiO4 and 

BaTi2O5 phases, and there is the matching of some of its peaks with the (113), (024) and (300) 

diffraction planes of hematite. 

 

3.2. Raman Spectroscopy Results 

Raman spectroscopy is a very sensitive technique which enables the vibrational study of a 

sample without requiring large crystallites [28, 29]. 

The incident radiation was a 432nm laser which has a photon energy of about 2.87 eV, 

close to the 3.2 eV gap energy of BTO [30], thus it is possible to work in a resonance Raman 

spectroscopy regime, as long as there is some BTO in the thin  films. The band gap of hematite and 

maghemite is about 2.2 eV [31, 32] and 2.0 eV [33], respectively, enabling resonance Raman 

spectroscopy as well. 

Figures 3 and 4 present the Raman spectra for the BTO/Fe thin films deposited on the 

different substrates, as well as the spectrum of their respective substrate. All the Raman spectra are 

normalized to the maximum value of each spectrum and the offset of each curve was artificially 

introduced to ease the presentation of each sample spectrum. 

The BTO/Fe LaAlO3 samples clearly have the most prominent Raman modes around 220, 

250, 290, 340, 400, 505, 610, 660, 710 and 1400 cm-1 matching almost perfectly with the most 

intense Raman modes of the �-Fe2O3 (hematite) and �-Fe2O3 (maghemite) [34-37], presented in 

table 3 and explicitly assigned in figure 3. For the BTO/Fe_LaAlO3_900°C in particular, there are 3 

additional modes which appear near the 305, 520 and 725 cm-1 which are assigned to the most 

intense BaTiO3 Raman modes [29, 38, 39]. This feature suggests that the thermal annealing was 

enough to enhance the crystallinity/formation of BaTiO3. The shoulder around 800 cm-1 is an 



indicator of amorphous phases of Ba-Ti-O systems, and/or other barium titanate stoichiometries 

such as Ba2TiO4 and BaTi2O5, whose small contribution does not allow the individual distinction of 

these compounds spectra [40-43]. 

Table 3: Active Raman modes for the main iron oxides. The vw, w, s and vs stand for very weak, weak, strong and very 

strong respectively. 

	-Fe2O3 (cm-1) 
-Fe2O3 (cm-1) Fe3O4 (cm-1) 

226 (s) 659 (vs) 350 (w) 193 (vw) 

245 (s) 817 (vw) 500 (w) 306 (vw) 

292 (w) 1049 (vw) 700 (w) 538 (w) 

299 (w) 1103 (vw) Fe2TiO 4 (cm-1) 668 (s) 

411 (vs) 1320 (2LO overtone) 495 (s) FeTiO3 (cm-1) 

497 (w) 1525 (two magnon 561 (w) ≈ 230 (s) 

612 (s) Scattering)  679 (vs) 680 (vs) 

 

Even though figure 3 shows that the same iron oxide phases are present in each of the 

BTO/Fe_LaAlO3_as_dep and BTO/Fe_LaAlO3_900°C spectra, their relative intensities are clearly 

different, which implies that the percentage of each iron oxide changes considerably depending on 

the deposition and annealing conditions. The annealing transforms a portion of the maghemite into 

its most stable phase, thus the higher percentage of hematite in the BTO/Fe_LaAlO3_900°C spectra 

Raman spectrum. Moreover, each mode's frequency can also suffer shifts in its energy due to crystal 

effects, namely the size of the iron oxide particles and/or strain effects [44]. 

In the Raman spectra, for the depositions made on the MgO substrate, there is a new phase 

assigned to Fe3O4 (magnetite), which is solely present in the "as deposited" thin film. It is also 

possible to see that after the 900°C thermal annealing, which according to the literature is within the 

optimal annealing temperature range to increase the crystallinity of BTO thin films [45], there is a 

clear increase of the BaTiO3 phase and the decrease of the shoulder around 800 cm-1 which was 

associated with the amorphous phase of other BTO stoichiometries. However, at this annealing 

temperature the magnetite Raman modes disappeared, and there is also a decrease and broadening 

of the maghemite and hematite Raman modes while the maximum around 700 cm-1 increases 

substantially. The processes involving the iron oxides can be explained by the phase diagram 

calculated by Ketteler et al. [46], where the annealings at room pressure will promote the formation 

of a Fe2O3 phase, thus explaining the disappearance of the magnetite phase. 



Figure 4 shows that BTO/Fe_Al2O3_900°C has quite perceptible Raman modes, in addition 

to the ones belonging to the substrate. These are related to the presence of hematite as its majority 

phase, as well as some traces of the maghemite vibrational modes. 

On the other hand, for the STO substrate, which has a band gap energy of 3.25 eV [47], 

there is resonant Raman scattering within the substrate. Therefore, the Raman contribution of the 

STO substrate completely overshadows any contribution of the thin films, which have an interaction 

volume several orders of magnitude smaller than the substrate. This problem was not evident for the 

remaining substrates once they have band gaps > 6 eV, much higher than the photon energy of the 

incident laser line. 

For all the thin films here presented, it is crucial to mention the broad mode around 1400 

cm-1 assigned to the hematite phase. In fact, this maximum corresponds to two Raman modes: one 

phonon overtone of a Raman inactive vibrational mode (660 cm-1) at around 1320 cm-1 and a mode 

corresponding to a two magnon Raman scattering which occurs around 1525 cm-1 [48-50]. While 

the overtone remains proximately in the same vibrational energy, the two magnon mode can suffer a 

shift in energy depending on the overall magnetic and structural properties of the hematite particles 

deposited on the considered substrates under the different conditions [44]. For the particular case of 

the BTO/Fe_MgO thin films, after the 900°C thermal annealing there is a greater decrease in the 

relative intensity of the right part of the high energy maximum (correspondent to the two magnon 

scattering mode) than in its left part (corresponding to the phonon overtone), thus suggesting a 

change in the magnetic behaviour of these thin films due to the thermal annealing at room 

temperature. This change of magnetic properties is supported by the M(T) curves later presented in 



figure 10.

 

Figure 3: Raman spectra for the BTO/Fe thin films deposited on LaAlO3 and MgO substrates. The substrates' spectra are 

also presented. 



 

Figure 4: Raman spectra for the BTO/Fe thin films deposited on Al2O3 and SrTiO3 substrates. The substrates' spectra are 

also presented. 

 



3.3. TEM-EDS analysis 

To have further morphological and chemical information about the BTO/Fe 

heterostructures deposited on the MgO substrate, a combined approach of TEM and EDS was 

performed on the BTO/Fe_MgO_as_dep and BTO/Fe_MgO_900°C thin films. 

Figure 5 presents a STEM micrograph of the BTO/Fe_MgO_as_dep thin film. One can 

observe some thickness fluctuations, with a total thickness of approximately 72 nm. 

Once the micrograph contrast does not discriminate the BTO layers from the Fe layers (due 

to their similar atomic numbers), a TEM-EDS analysis was also performed using an electron beam 

spot with a FWHM of about 2.5 nm, to confirm the elemental distribution through the deposited  

film. Figure 6 shows three Fe peaks, with w ≈ 12nm each, between four Ba/Ti peaks, showing a 

well-defined separation between the BTO and Fe layers, apart from a small overlap of the Fe and 

Ba/Ti contributions at the interfaces. The BTO layers are characterized by the Ti and Ba K and L 

lines, respectively, and the Fe by its K lines. Figure 6 also shows the presence of O through all the 

BTO/Fe_MgO_as_dep film, confirming the diffusion of O into the Fe layers, thus inducing the 

latter's oxidation, in good agreement with the GIXRD and Raman results, which show the presence 

of iron oxides instead of metallic iron. 

To evaluate the thermal annealing effects on the deposited thin film, TEM was also 

performed on the BTO/Fe_MgO_900°C sample. The STEM micrograph presented in figure 7 

shows about the same order of thickness and its respective fluctuations, however, the 900°C 

annealing also induced the diffusion of some film's atoms into the substrate. Figure 7 shows that the 

diffused atoms can penetrate as deep as 39 nm. 

To determine if the BTO and Fe layers were still in a multilayer arrangement, TEM-EDS 

analysis was again performed using the same beam spot size. As shown in figure 8, the three Fe 

peaks found on the "as deposited" sample merged into a single broad distribution implying the 

presence of Fe through all the film volume. A similar feature is also seen for the Ba/Ti case. The O 

atoms remain in a distribution similar to the "as deposited" one. 



 

Figure 5: BTO/Fe_MgO_as_dep STEM micrograph 

 

Figure 6: BTO/Fe_MgO_as_dep EDS results from the line specified in the STEM micrograph. 



 

Figure 7: BTO/Fe_MgO_900°C STEM micrograph 

 

Figure 8: BTO/Fe_MgO_900°C EDS results from the line specified in the STEM micrograph. 

 

3.4. Magnetic Properties 

To check if the magnetic properties of the thin films were sensitive to the BTO ferroelectric 

phase transitions (cubic-tetragonal, tetragonal-orthorhombic, and orthorhombic-rhombohedral), 

temperature dependent magnetization studies were carried out. Figures 9 to 12 show that, even 

though the four thin films were deposited simultaneously, they present different magnetic 

behaviours, before and after the thermal annealings. 



 

Figure 9: M(T) curves of the BTO/Fe_LaAlO3 thin film for different thermal annealings. The inset of this figure presents a 

zoom of the BTO/Fe_LaAlO3900°C magnetization. 

 

Figure 10: M(T) curves of the BTO/Fe_MgO thin film for different thermal annealings. The low temperature upturn is due 

to impurities present in the substrate. 



 

Figure 11: M(T) curves of the BTO/Fe_Al2O3 thin film for different thermal annealings. 

 

Figure 12: M(T) curves of the BTO/Fe_SrTiO3 thin film for different thermal annealings. 



The M(T) curves of all the "as deposited" samples show the presence of an ordered 

magnetic behaviour with a high TC (well above the maximum measured temperature, 400 K). Such 

a feature is not only compatible with Curie temperature of the phase of Fe metal (TC = 1043 K) but 

also with the Néel temperatures of the most common iron oxides: �-Fe2O3 (TN = 956 K), �-Fe2O3 

(TN = 820-986 K) and Fe3O4 (TN = 850 K) [51]. This fact is quite important since, as shown by the 

TEM-EDS analysis, the Fe is apparently in an oxidized form (before and after the thermal 

annealings). Figure 10 also shows a paramagnetic like upturn curvature at low temperatures (T≤20 

K), which results from paramagnetic impurities present in the MgO substrate. 

We studied the magnetic properties of each pristine substrate and observed that the 

paramagnetic contribution is almost negligible for the remaining substrates, when comparing to 

their intrinsic diamagnetic behaviour, but for the MgO case the paramagnetic contribution 

overweights the diamagnetic one at low temperatures. This is reported by some suppliers, which 

mention Fe impurities with concentrations as high as 50 ppm, compatible with the 80 ppm 

estimated by our magnetic measurements [52]. 

The annealing at 600°C did not alter qualitatively the magnetization curves of 

BTO/Fe_LaAlO3 (figure 9) and BTO/Fe_MgO (figure 10), apart from a small vertical shift 

associated with a change in the saturation magnetization. 

On the other hand, at the 900°C annealing, different magnetic behaviours are observed at 

each substrate (figures 9 to 12). These differences imply that the substrates constrain their thin film 

into very unalike magnetic phases. The BTO/Fe_LaAlO3_900°C thin film shows a considerable 

decrease of its magnetization at H=100 Oe, making more evident its diamagnetic behaviour (hence 

the negative value) and a very small portion of vestigial paramagnetic impurities at low 

temperatures. Another noteworthy feature is the anomaly around 270K, quite close to the 

orthorhombic� tetragonal BTO phase transition. 

The BTO/Fe_MgO_900°C thin film, has a much smaller magnetization at higher 

temperatures with a strong increase around 270 K, once again suspiciously close to the BTO O� T 

phase transition (figure 10). This temperature has the features of a magnetic transition, separating 

the paramagnetic and diamagnetic behaviours from a magnetic ordered phase. 

The BTO/Fe_Al3O3900°C thin film (figure 11) presents an overall reduction of its 

magnetization absolute value at H=100 Oe, as well as a strong decrease above TC ≈ 375 K, close to 

the BTO T� C phase transition. 



 

Figure 13: M(H) curves of BTO/Fe_LaAlO3 thin films after removing the substrate's diamagnetic contribution.

 

Figure 14: M(H) curves of BTO/Fe_MgO thin films after removing the substrate's diamagnetic contribution. The high 

values of the magnetization normalized to the iron oxide mass are due to the presence of paramagnetic impurities in the 

MgO substrate, which for the lower temperature curves are not negligible. 



 

Figure 15: M(H) curves of BTO/Fe_Al2O3 thin films after removing the substrate's diamagnetic contribution. 

 

Figure 16: M(H) curves of BTO/Fe_SrTiO3 thin films after removing the substrate's diamagnetic contribution. 



A similar effect also occurs for BTO/Fe_SrTiO3_900°C thin film (figure 12), however in 

this case, besides the decrease in the absolute value of its magnetization at H=100 Oe, there is a 

fattening of the M(T) curvature, implying either an increase of the TC or a change in its overall 

magnetic behaviour. 

The field dependence of the magnetization was also studied for the four samples at 300K 

and lower temperatures (typically 4 K), as shown in  figures 13 to 16. The presented M(H) curves 

were obtained after the removal of each substrate's diamagnetic component, which was determined 

by the M(H) slope at high temperature (usually at 400 K) and for magnetic fields close to 70 kOe. 

As stated before, the Fe present in the thin films is in an oxidized form, hence, to ease the 

comparison and analysis of the M(H) curves, the magnetization is presented in emu/gFexOy.  

This FexOy oxide was though as a mixture of the hematite, maghemite and magnetite Fe 

oxides with an a priori unknown proportion. This normalization was done considering the expected 

amount of Fe on each thin  film (estimated considering a total thickness of 72 nm, based on the 

STEM micrographs, and assuming the geometry of  figure 1), and the arithmetic mean of the 

hematite, maghemite and magnetite densities. Since their densities are 5.271, 5.074 and 5.197 g/cm3, 

respectively [53], assuming the arithmetic mean of these densities, there would always be a < 3% 

deviation from the real magnetization value (the one that there would be if we knew the correct Fe 

oxide). 

To help the analysis of the M(H) curves, their coercive fields, Hc, and saturation 

magnetizations, Ms, are presented in table 4. Each presented Hc value is the corrected value after 

considering the coercive field of the superconductor coil, intrinsic to the magnetometer 

measurements and whose value is ≈ 23 Oe for measurements which reach a 70 kOe magneticeld. 

The Ms values were estimated for the ordered part of the M(H) to avoid the inclusion of the 

paramagnetic component of the substrate impurities (which are particularly high for the MgO 

substrate). 

The symbiosis of the magnetometry, GIXRD, Raman spectroscopy and TEM-EDS results 

allow an in-depth insight of the physical phenomena present in the BTO/Fe thin films deposited on 

the four different substrates and the modifications made by the thermal annealings. The saturation 

magnetizations, Ms, and the magnetic coercive fields, HC, presented in figures 13 to 16 and table 4 

are particularly good physical quantities to distinguish between the mentioned iron oxides. Table 4 

summarizes the Ms and HC quantities obtained by the careful inspection of the magnetization curves 



of figures 13 to 16. For the films on MgO, the contribution of the substrate impurities was removed 

during the estimation of the Ms of the heterostructures. 

It is possible to conclude that for all the "as deposited" thin  films, the oxidized iron-rich 

layers consist of a mixture of  �-Fe2O3 (Ms = 0.5 emu/g [53]) and �-Fe2O3 (Ms = 75 emu/g [53]). 

The proportion of both clearly depends on the substrate where the deposition occurred, as it 

perceptible from the observation of the Raman results and the saturation magnetization values. 

The values of coercive fields measured at 4 and 300K show the presence of qualitatively 

the same magnetic phases (values in the same order of magnitude, ranging from 460-590 Oe at 4K 

and 80-120 Oe at 300 K) for the "as deposited" thin films, in spite of some quantitative deviations 

which corroborate the effects of the substrates on the overall thin film growth. 

Table 4: Saturation magnetization, Ms, and coercive field, Hc, estimated for each deposited thin film and respective 

thermal annealled counterpart. 

Sample Ms (emu/gFexOy) 
HC (Oe) 

LT (4K)  RT (300K) 

BTO/Fe_LaAlO3_as_dep 68 459 78 

BTO/Fe_LaAlO3_600°C 55 440 (2K) 44 

BTO/Fe_LaAlO3_900°C 2.6 2446 2400 

BTO/Fe_MgO_as_dep 61 483 120 

BTO/Fe_MgO_600°C 40 417 45 

BTO/Fe_MgO_900°C 25 140 20 

BTO/Fe_Al2O3_as_dep 37 592 95 

BTO/Fe_Al2O3_900°C 4.9 3505 1876 

BTO/Fe_SrTiO3_as_dep 34 517 122 

BTO/Fe_ SrTiO3_900°C 4.1 296 (9K) 118 

 

The EDS results also support this interpretation, since the BTO/Fe layers remain well 

defined and separated, while showing a ubiquitous presence of O atoms through the film (figure 6). 

The thin film deposited on MgO also presents Fe3O4 (Ms = 92 emu/g [53]) which is not evident in 

any other thin film, reinforcing the role of the substrate on the growth of the thin film. 

After the 600°C thermal annealing, there is a decrease in all presented saturation 

magnetizations suggesting a decrease of the maghemite phase (and/or magnetite phase in the 

particular case of the BTO/Fe_MgO_600°C) in relation to the hematite and/or an increase of the 



magnetic disorder of these magnetic oxides. The fact that the measured coercive fields remain in the 

same order of magnitude before and after the mentioned thermal annealing, apart from small 

changes in the Hc which may originate from different grain sizes and/or internal stresses of the iron 

oxides' grains [54-56], is also an evidence that the same iron oxides are present before and after this 

annealing. 

However, after the 900°C thermal annealing there is inter-diffusion of the BTO/Fe layers 

into a single layer containing partial or total formation of FexBayTiwOz oxides, thus, the presence of 

titanohematites and titanomagnetites is quite likely. Nevertheless, the Raman spectra of the 

titanohematites and titanomagnetites are quite similar to the spectra of the hematite and magnetite 

combined with the spectra of the ilmenite (FeTiO3) and ulvospinel (Fe2TiO4) respectively [57, 58]. 

Therefore, for Raman spectra such as the ones presented in figures 3 and 4, it might be diffcult to 

distinguish between the different possible stoichiometries of these compound oxides. Similarly, the 

XRD peaks of the titanohematites and titanomagnetites occur at about the same places of their pure 

iron oxides (the deviations in 2� are much less than the width of our peaks), having simply different 

relative intensities [59-62]. This will not alter the conclusions since we do not have enough 

diffraction peaks to enable a comparison between relative intensities. 

 

Figure 17: [M-Ms]
2
 of BTO/Fe_MgO_900°C as a function of temperature. Using a mean field model linear fit extrapolation, 

a TC = 269K is estimated. 



Focusing on the BTO/Fe_MgO_900°C, where a magnetic phase transition apparently 

occurs at ≈ 270 K, the Raman results suggest the presence of titanohematite iron oxides. To have a 

more accurate estimation of the measured Curie temperature, a spontaneous magnetization mean 

field model was used, where M-Ms /(TC-T)1/2. The magnetization of figure 10 was represented as 

[M-Ms]2 versus T (figure 17), using a Ms ≈M(400K), and the linear part of the curve was fitted, 

resulting in a more accurate value of TC = 269 K. 

 

Figure 18: Curie temperatures and saturation magnetization for the Hematite-Ilmenite diagram. Adapted from [53] and 

[63]. 

As mentioned, the inter-diffusion of the BTO and Fe layers might lead to a FexBayTiwOz 

compound. That could justify the measured magnetization curves and TC. Figure 18 presents two 

diagrams with the TC and Ms for the Fe2-xTixO3 system [63], showing that for a stoichiometry close 

to Fe1.24Ti0.76O3 the TC occurs at ≈ 269K and Ms ≈ 99 emu/g. 

Knowing this, we can justify simultaneously the measured TC and Ms ≈ 25 emu/gFexOy 

assuming a mixture (neglecting magnetic disorder) of 25% Fe1.24Ti0.76O3 and 75% of any other iron 

oxides with a high TC and Ms close to the hematite's value (which is found for most stoichiometries 

of titanomagnetites and titanohematites [64-66]). Moreover, Carmichael shows that in one of the 

two possible paths of the solvus curvature for the ilmenite-hematite solid solution series, the 

annealing at 900°C coincides with the temperature needed to get the Fe1.24Ti0.76O3 [67]. Furthermore, 



the presence of Fe1.24Ti0.76O3 also justifies the substantial increase of the Raman mode at ≈ 700 cm-1 

which matches with the strongest mode of FeTiO3 [68]. 

A similar approach can be used to justify the presence of the faint anomaly close to 375K 

which occurs for the BTO/Fe_Al2O3_900°C. In this case, using spontaneous magnetization models, 

a TC ≈ 347K was estimated, which corresponds to a Fe1.33Ti0.67O3 titanohematite with Ms ≈ 97 

emu/g. In this particular case, there is also a considerable enhancement of the coercive field when 

compared with the "as deposited" thin film (table 4), which can be explained by the partial presence 

of a Barium hexaferrite [69], BaFe12O19. The presence of this oxide is compatible with the Raman 

spectra of figure 4, since its strongest Raman mode appears just before the 700 cm-1 maghemite 

Raman mode [70], and with an oriented growth of this phase assigned in its diffractogram (figure 2).  

The BTO/Fe_LaAlO3_900°C presents a similar behaviour to the BTO/Fe_Al2O3_900°C 

thin film (namely regarding the substantial coercivity increase), yet in the latter case there isn't a 

magnetic anomaly at ≈ 350K thus, apart from a quite faint anomaly close to 270 K, the majority 

phase of this thin  film should be assigned to a hematite like oxide such as the titanohematites with 

low value of x shown in figure 18 [71]. BTO/Fe_SrTiO3_900°C, on the other hand, seems to have a 

similar behavior to its "as deposited" and 600°C annealing counterparts, but now with a clearly 

dominant hematite like, similarly to BTO/Fe_LaAlO3_900°C, but with much lower coercive fields 

and therefore without the segregation of the Barium hexaferrite phase. 

 

4. Conclusions 

In summary, we simultaneously deposited BTO/Fe heterostructures (four 7-15nm BTO 

layers and three 12nm Fe layers) on LaAlO3, MgO, Al2O3 and SrTiO3 substrates using rf-sputtering 

at low temperature (350°C). We show that the "as deposited" thin films grow in separate BTO/Fe 

layers, however oxidation of the Fe layers occurs across all their depth. 

We found out that each substrate clearly constrains the formation of the Fe layers into 

different fractions of �-Fe2O3, �-Fe2O3 and Fe3O4 oxides, despite the simultaneous deposition. 

These iron oxides magnetic properties do not show any magnetic anomalies around the BTO phase 

transitions. 

To enhance the BTO crystallinity and the magnetic coupling to BTO phase transitions, 

different annealings were performed at 600°C and 900°C. The magnetic properties show that there 

are no relevant changes after the 600°C annealings. After the 900°C annealing, TEM-EDS results 



show that a substantial ion migration occurs, destroying the multi-layered geometry/nature of the 

thin films resulting in BTO inclusions within a single heterogeneous blend made from the BTO and 

Fe layers. We found the formation of specific titanohematite oxides (Fe2-xTixO3) and BTO like 

compounds, whose stoichiometries are constrained by the substrate. 

In the BTO/Fe_LaAlO3_900°C and BTO/Fe_SrTiO3_900°C thin films there is the 

formation of Fe2-xTixO3 compounds with x ≤ 0.4, presenting hematite like magnetic properties. On 

the other hand, the BTO/Fe_MgO_900°C and BTO/Fe_Al2O3_900°C thin films present the 

formation of Fe1.24Ti0.76O3 and Fe1.33Ti0.67O3, as identified by the TC ≈ 269K and 347 K, respectively. 

These two titanohematites have quite competitive magnetic properties, when compared with other 

typical ferrites, with Ms ≈ 99 emu/g and Ms ≈ 97 emu/g, respectively. 

Altogether, we show that the choice of a proper substrate for the deposition of BTO/Fe 

heterostructures can be used as a way to tune the desired magnetic properties of the resultant thin 

film, given convenient deposition and annealing conditions. This study also points out the inherent 

complexity and uncountable ways of working with BTO/Fe heterostructures, which are yet to be 

completely understood to be used as an appealing accessible high performance magnetoelectric 

material [72]. 
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Highlights 

• BaTiO3/Fe heterostructures deposited using magnetron sputtering on different substrates  

• The substrate constrains the growth of the deposited thin films 

• The substrate constrains the ferrite formation after thermal treatment for T≥900°C 

• Formation of magnetic competitive titano-ferrites on some of the substrates 
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