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Abstract

The usage of heterostructures of ferromagnetidemdelectric materials, as a means of achieving
magnetoelectric multiferroic coupling, is a widelyed approach which has been showing
promising results. Following this line of thougtite deposition of BaTiQand Fe multilayers on
LaAlOs, MgO, AlL,O; and SrTiQ substrates using RF-magnetron sputtering wasechorit to study
its viability to produce magnetoelectric heterostuues.

It is shown that each substrate constrains thetgrofthe deposited thin films, even for the same

deposition conditions. This is clearly seen throtlghmagnetic properties of the thin film, mainly

after performing a 900°C thermal annealing on®ile thermal annealing results in the creation of
iron oxides specific of each one of the substratesre the deposition took place.

Keywords: Titanohematite, Magnetoelectric coupling, Multifécs, Interfaces, RF-sputtering



1. Introduction

Multiferroic magnetoelectric materials present dedpmagnetic and electric ordering [1-
4]. Such a coupling is very interesting due torthétiple technological applications, such as their

usage in electronic devices, memories, sensorgyggharvesting and many others [5-11].

This type of materials has been taking part ofntlaerial and physics research during the
last decade. Intrinsic magnetoelectric materiatsqaiite rare and/or non-competitive due to the
apparent incompatibility of the magnetic and eleairder prerequisites [12]. On the other hand,
extrinsic magnetoelectric materials possess twaare phases of electrically and/or magnetically
ordered materials which couple through some kinch@éhanism (usually via a strain mediated
effects) and currently present the most efficientt @ersatile approach for the synthesis of a

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

Heterostructures containing BaLi(BTO) and/or Fe phases have been widely studied
since these materials are individually competitiven-critic and inexpensive ferroelectric and
ferromagnetic materials, respectively. These hetarotures can present several magnetoelectric
effects depending on the interfaces and condit@ssmed/used in the reported studies, thus it is
expectable that the synthesis conditions and/mstraties can be used as a means of tuning the

electric, magnetic and magnetoelectric propertigbese heterostructures [10, 16-22].

In this manuscript, we studied BTO/Fe heterostmgstuleposited on LaAKOMgO, Al,Os
and SrTiQ substrates, using magnetron sputtering. We irgegtil the influence of the substrate on
the growth conditions of the ferroic phases, a3 ashow these phases behave after thermal

treatments, with a detailed structural and magrstidy.

2. Experimental Details

The BTO/Fe heterostructures consisted of multifieyd BTO and Fe deposited
simultaneously on top of four substrates - LagkD0), MgO(100), AIO5(0001) and SrTig{100) -
using RF magnetron sputtering. The deposition dmmdi are presented in table 1. For BafliO
deposition, a 99.9% purity target from Kurt J. Lesiwas used, while for the Fe deposition, a Fe
foil was used as a target [23]. All the substratese provided by CrysTec GmbH [24].

The geometry of the deposited thin films consistkd 7-layer heterostructure (4 BTO
layers and 3 Fe layers), with a total thickness @2 nm, as illustrated in figure 1. The thickneks o



each single layer presented in figure 1 was meddwyé&canning Transmission Electron
Microscopy (STEM) and Energy-dispersive X-ray spestopy (EDS), as it will be shown later.
Table 1: Table 1: RF-Sputtering conditions for each layer. P, is the sputtering deposition power, D[T-5] is the distance

between the target and the substrate, P..., is the total pressure inside the deposition chamber, O,/Ar is the partial
pressure percentage of the O,, and T, is the temperature of the substrate.

Layer Pdep (\N) D[T'S] (mm) Ptotal (mbar) OZ/Ar (%) T sub (OC)
BaTiO; 5C 12E 1.0x 10° 7 35C
Fe 14 12k 1.2x 107 0 35C

The films were studied before and after annealaighfferent temperatures in air. The
thermal annealing temperatures (600°C and 900°@3 wlgosen to be close to the Fe diffusion
temperature in SrTig(800°C), a close relative of BaTiCbased on emission channeling and
hyperfine technique studies [25]. The annealingoeratures and durations are presented in table 2.
After the annealing process, the samples were datdern in air. For two samples, an additional
higher temperature annealing was carried out. ®ta annealing duration does not include the

time required to achieve the annealing tempergtagkieved by a heating ramp~0fL0°C/minute).

BaTiO, (=14.4 nm)

Fe (=12 nm)
BaTiO; (= 7.2 nm)
Fe (=12 nm)
BaTiO; (= 7.2 nm)

Fe (=12 nm) v
BaTiO; (=7.2 nm)

Substrate

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

X-Ray Diffraction (XRD) measurements were perfornagdpting a grazing incidence
geometry (1° incidence angle), ifPailips Panalytical X'Pert Pro MRIusingA (Cu
K,1)=1.5405(984 (without monochromator) at room temperature. ThghH8core Plus phase
indexing software, which uses tHeDD PDF4+ as database reference, was used for a preliminary

identification of the crystalline phases of eacimgke.



Table 2: Thermal annealing details for each sample.

1% Annealing 2" Annealing
Sample t(h) T¢0) t(h) T O
BTO/Fe LaAlC; 24 60C 24 90C
BTO/Fe MgC 24 60C 24 90C
BTO/Fe Al2C; 48 90C - -
BTO/Fe SrTiG 48 90C - -

Raman spectroscopy measurements were performedrattemperature in the range 100-
2000 cnt, using alobin-Yvon LabRaman HR 88pectrometer equipped with a multichannel air
cooled (253 K) CCD detector and @hympus BX4Inicroscope. A HeCd laser line of 442nm was
used as excitation source and the Raman signaisitemjuwas performed in the backscattering

configuration.

STEM images and EDS results were obtained BElaTecnai GA200 kV) equipped with
an EDAX EDS detector. &AEI Helios NanoLat650 FIB/SEM dual-beam system was used for
TEM specimen preparation. To dissipate the chadsgésup on the sample surface during the ion
beam milling, the specimen was first sputter coatitld a thin layer of Al. An additional Pt layer
was deposited by an ion beam, followed by an eladbeam to protect the sample surface layer.

Magnetic measurements were performed usiQgantum DesighMPMS3 SQUID-VSM
in the 2-400K temperature range and using magfietits ranging from -70 kOe-70 kOe.

3. Results and Discussion
3.1. Grazing Incidence XRD

Given that we are dealing with very thin films dsjped at low temperatures, a low level of
crystallinity is expected, at least for the "asaldfed"” samples, mainly for the BTO layers. To
avoid the masking of results by the substrateatitfon peaks, a grazing incidence (GI) geometry
was adopted to increase the interaction volumbe#ray radiation with the thin films and reduce
the contribution from the substrate. Figure 2 shthesdiffractograms obtained from the deposited

thin films, with and without the final thermal ttesents.



The diffractogram of each sample presents a scancder of diffraction peaks (if any),
thus making the phase identification/indexatiortejhiard/ambiguous. Nonetheless, even though all
the samples have the same deposition conditioisspdssible to see that the main diffraction peaks
differ from substrate to substrate, even for theesannealing temperatures, implying that the

substrates constrain the crystallization proceghethin films.

The lack of reliable diffraction peaks might beateld to the very small thickness of each
deposited layer, which influences the size of BT@irgs (thicker layers will have bigger grains)
[26]. Nevertheless, taking into account the depdsiiements and the suggestions from the
indexing software, we can have some hints aboutiwbossible phases can be assigned to the
peaks displayed in the diffractograms.

The GIXRD results for the thin films deposited de LaAlG; substrate show that there are
almost no diffraction peaks, apart from one at ado® = 61°. This diffraction plane is not indexed
to any of the most intense powder diffraction peafidse, Fe oxides or barium titanate phases. It
can however be assigned to some lower intensitigspeialess common barium titanate compounds
(BaTiO4, BaTiOs and BaTiO,4), suggesting a possible orientated growth. After200°C
annealing, the number and the intensity of peak®ase, implying a decrease of the amorphous
phase and the improvement of the crystallinityhef thin film. For the BTO/Fe_LaAlD900°C
case, some of its diffraction peaks can be assigmtte most intense peaks of the B&, and/or
BaTi,Os compounds, whereas the remaining and more infggges match with some diffraction
planes of the three most common iron oxides, inmglyince again the growth of these phases in a

preferential orientation.

The BTO/Fe_MgO_as_dep thin film diffractogram déggd several diffraction peaks which
can be assigned to a polycrystalline phase of #ighemite and/or magnetite, and to several barium
titanate compounds such as,B&®,, BaTi,Os and/or BaT§O,;. After the 900°C thermal annealing,
most of these peaks get sharper and more intemdehere is the emergence of new ones. The new
peaks are mostly assigned to the polycrystalliragenal phase of BaTiQvhose emergence is
due to the crystallization of its amorphous phasikthe decreasing amount of other BTO
stoichiometries whose peaks either disappearetileast got much smaller.

In BTO/Fe_AI203_900°C, there are some sharp difibagpeaks which are mainly
assigned to the andy phases of F©s, and to the BatDs and BaTiO,; compounds.
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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 goinip and possesses lattice parameters
which are identical to the BTO cubic (221) andagtnal (99) phases, thus the lack of the peaks is
related to the growth of the thin films in prefeiahorientations, mainly for the BTO compounds
[27]. still, there are 3 peaks which are quite ptaard intense att2~ 52°, 55° and 68°. None of
these three peaks coincide with any of the sulestlifftaction planes, nor with the most intense
diffraction planes of any of the phases suggesyetiddHigh Score Pluphase indexing software.

As a matter of fact, these peaks did solely matedra restricted amount of diffraction peaks such
as the (220) and (311) diffraction planes of th©B25) and some of the low intensity peaks of the
Ba, TiO,4, BaTibOs and BaTiO,; compounds. The remaining smaller and less welhddf

diffraction peaks are compatible to a randomlymtee polycrystalline growth of Ba2TiO4 and
BaTi,Os phases, and there is the matching of some oéakpwith the (113), (024) and (300)

diffraction planes of hematite.

3.2. Raman Spectroscopy Results

Raman spectroscopy is a very sensitive techniquehvemables the vibrational study of a
sample without requiring large crystallites [28].29

The incident radiation was a 432nm laser whichahpBoton energy of about 2.87 eV,
close to the 3.2 eV gap energy of BTO [30], thus fiossible to work in a resonance Raman
spectroscopy regime, as long as there is some BTeithin films. The band gap of hematite and
maghemite is about 2.2 eV [31, 32] and 2.0 eV [B&pectively, enabling resonance Raman

spectroscopy as well.

Figures 3 and 4 present the Raman spectra forTI@Re thin films deposited on the
different substrates, as well as the spectrumedf tespective substrate. All the Raman spectra are
normalized to the maximum value of each spectrudhtie offset of each curve was atrtificially
introduced to ease the presentation of each saspplerum.

The BTO/Fe LaAlO3 samples clearly have the mostniment Raman modes around 220,
250, 290, 340, 400, 505, 610, 660, 710 and 1406matching almost perfectly with the most
intense Raman modes of the-6,0; (hematite) angr-F&0; (maghemite) [34-37], presented in
table 3 and explicitly assigned in figure 3. Far BITO/Fe_LaAlQ_900°C in particular, there are 3
additional modes which appear near the 305, 52(7aBdnt which are assigned to the most
intense BaTiO3 Raman modes [29, 38, 39]. This featuggests that the thermal annealing was
enough to enhance the crystallinity/formation ofE%. The shoulder around 800 ¢ris an



indicator of amorphous phases of Ba-Ti-O systemd/ca other barium titanate stoichiometries
such as BA'i0, and BaTiOs, whose small contribution does not allow the imdlinal 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.

a-Fe,03 (cm™) y-Fe,0; (cm™) FesO,4 (cm™)
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 11C3 (vw) Fe,TiO,4 (cm™) 668 (s
411 (vs 1320 (2LO overtont 495 (s FeTiO; (cm™)
497 (W 1525 (two magnc 561 (w) ~ 230 (s
612 (s Scattering’ 679 (vs 680 (vs

Even though figure 3 shows that the same iron opfdeses are present in each of the
BTO/Fe_LaAlQ_as_dep and BTO/Fe_LaA{®00°C spectra, their relative intensities arertjea
different, which implies that the percentage ofteinon oxide changes considerably depending on
the deposition and annealing conditions. The ammgpé&ilansforms a portion of the maghemite into
its most stable phase, thus the higher percentagenaatite in the BTO/Fe_LaAKD900°C spectra
Raman spectrum. Moreover, each mode's frequencglsarsuffer shifts in its energy due to crystal

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

In the Raman spectra, for the depositions madé@iMpgO substrate, there is a new phase
assigned to R®, (magnetite), which is solely present in the "agadited"” thin film. It is also
possible to see that after the 900°C thermal amwgabhich according to the literature is withireth
optimal annealing temperature range to increasergfstallinity of BTO thin films [45], there is a
clear increase of the BaTiO3 phase and the decofdise shoulder around 800 ¢rwhich was
associated with the amorphous phase of other Boichsdmetries. However, at this annealing
temperature the magnetite Raman modes disappea@there is also a decrease and broadening
of the maghemite and hematite Raman modes whilmtémum around 700 chincreases
substantially. The processes involving the irordegican be explained by the phase diagram
calculated by Ketteler et al. [46], where the afinga at room pressure will promote the formation
of a Fe203 phase, thus explaining the disappeaiaribe magnetite phase.



Figure 4 shows that BTO/Fe_4A); 900°C has quite perceptible Raman modes, in additi
to the ones belonging to the substrate. Theseetated to the presence of hematite as its majority

phase, as well as some traces of the maghemitaticibal modes.

On the other hand, for the STO substrate, whichaHzend gap energy of 3.25 eV [47],
there is resonant Raman scattering within the saflestTherefore, the Raman contribution of the
STO substrate completely overshadows any contabuf the thin films, which have an interaction
volume several orders of magnitude smaller tharstistrate. This problem was not evident for the
remaining substrates once they have band gaps/;>1®ech higher than the photon energy of the

incident laser line.

For all the thin films here presented, it is critiamention the broad mode around 1400
cm* assigned to the hematite phase. In fact, this maxi corresponds to two Raman modes: one
phonon overtone of a Raman inactive vibrational en@&b0 crit) at around 1320 cthand a mode
corresponding to a two magnon Raman scatteringhadgcurs around 1525 ¢nfid8-50]. While
the overtone remains proximately in the same vidmat energy, the two magnon mode can suffer a
shift in energy depending on the overall magneiit structural properties of the hematite particles
deposited on the considered substrates underffieestit conditions [44]. For the particular case of
the BTO/Fe_MgO thin films, after the 900°C therraahealing there is a greater decrease in the
relative intensity of the right part of the higheegy maximum (correspondent to the two magnon
scattering mode) than in its left part (correspogdd the phonon overtone), thus suggesting a
change in the magnetic behaviour of these thinsfitlue to the thermal annealing at room

temperature. This change of magnetic propertisgpported by the M(T) curves later presented in
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Figure 3: Raman spectra for the BTO/Fe thin films deposited on LaAlO; and MgO substrates. The substrates' spectra are
also presented.
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Figure 4: Raman spectra for the BTO/Fe thin films deposited on Al,O; and SrTiO; substrates. The substrates' spectra are
also presented.



3.3. TEM-EDS analysis

To have further morphological and chemical inforioratbout the BTO/Fe
heterostructures deposited on the MgO substraiendined approach of TEM and EDS was
performed on the BTO/Fe_MgO_as_dep and BTO/Fe_M@0°® thin films.

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

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

Once the micrograph contrast does not discrimitietBTO layers from the Fe layers (due
to their similar atomic numbers), a TEM-EDS anaysas also performed using an electron beam
spot with a FWHM of about 2.5 nm, to confirm therakbntal distribution through the deposited
film. Figure 6 shows three Fe peaks, witkr 12nm each, between four Ba/Ti peaks, showing a
well-defined separation between the BTO and Feasaypart from a small overlap of the Fe and
Ba/Ti contributions at the interfaces. The BTO layare characterized by the Ti and Ba K and L
lines, respectively, and the Fe by its K lines.urég6 also shows the presence of O through all the
BTO/Fe_MgO_as_dep film, confirming the diffusion@finto the Fe layers, thus inducing the
latter's oxidation, in good agreement with the GDX&d Raman results, which show the presence

of iron oxides instead of metallic iron.

To evaluate the thermal annealing effects on tip@sited thin film, TEM was also
performed on the BTO/Fe_MgO_900°C sample. The STibograph presented in figure 7
shows about the same order of thickness and pecése fluctuations, however, the 900°C
annealing also induced the diffusion of some filaitsms 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 stithimultilayer arrangement, TEM-EDS
analysis was again performed using the same beansige. As shown in figure 8, the three Fe
peaks found on the "as deposited" sample mergediiaingle broad distribution implying the
presence of Fe through all the film volume. A sanfieature is also seen for the Ba/Ti case. The O

atoms remain in a distribution similar to the "&padsited" one.
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BTO/Fe_MgO _as_dep STEM/EDS

STEM mlcrograph EDS results
N 100 +
= Ba-L
= Ba-K
80 4 }‘ : Fe-K

W Y AEA P Lo

Counts

0.0 20 40 60 80
Position (nm)

Figure 6: BTO/Fe_MgO_as_dep EDS results from the line specified in the STEM micrograph.
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Figure 7: BTO/Fe_MgO_900°C STEM micrograph
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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 thim&lwere sensitive to the BTO ferroelectric
phase transitions (cubic-tetragonal, tetragonddesitombic, and orthorhombic-rhombohedral),
temperature dependent magnetization studies weriec¢aut. Figures 9 to 12 show that, even
though the four thin films were deposited simultausy, they present different magnetic

behaviours, before and after the thermal annealings
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Figure 9: M(T) curves of the BTO/Fe_LaAlO; thin film for different thermal annealings. The inset of this figure presents a
zoom of the BTO/Fe_LaAl0;900°C magnetization.
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The M(T) curves of all the "as deposited" samplesasthe presence of an ordered
magnetic behaviour with a high- Twell above the maximum measured temperature K308uch
a feature is not only compatible with Curie tempéne of the phase of Fe metak(F 1043 K) but
also with the Néel temperatures of the most comimmmoxides:a-Fe0; (Ty = 956 K),y-F&03

(Tn = 820-986 K) and RO, (Ty = 850 K) [51]. This fact is quite important sinee, shown by the
TEM-EDS analysis, the Fe is apparently in an oxdiform (before and after the thermal
annealings). Figure 10 also shows a paramagnlkegiaifiturn curvature at low temperaturesZ0

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

We studied the magnetic properties of each pristiestrate and observed that the
paramagnetic contribution is almost negligibletfae remaining substrates, when comparing to
their intrinsic diamagnetic behaviour, but for figO case the paramagnetic contribution
overweights the diamagnetic one at low temperatdrteis is reported by some suppliers, which
mention Fe impurities with concentrations as highh@ ppm, compatible with the 80 ppm

estimated by our magnetic measurements [52].

The annealing at 600°C did not alter qualitativitbly magnetization curves of
BTO/Fe_LaAIQ (figure 9) and BTO/Fe_MgO (figure 10), apart frarsmall vertical shift
associated with a change in the saturation magtietiz

On the other hand, at the 900°C annealing, diffemagnetic behaviours are observed at
each substrate (figures 9 to 12). These differemoply that the substrates constrain their thimfil
into very unalike magnetic phases. The BTO/Fe_LaA8D0°C thin film shows a considerable
decrease of its magnetization at H=100 Oe, makiogeravident its diamagnetic behaviour (hence
the negative value) and a very small portion otiged paramagnetic impurities at low
temperatures. Another noteworthy feature is theratp around 270K, quite close to the

orthorhombic tetragonal BTO phase transition.

The BTO/Fe_MgO_900°C thin film, has a much smat@gnetization at higher
temperatures with a strong increase around 27Mé&g again suspiciously close to the BTOTO
phase transition (figure 10). This temperaturethageatures of a magnetic transition, separating
the paramagnetic and diamagnetic behaviours framgnetic ordered phase.

The BTO/Fe_AJ05900°C thin film (figure 11) presents an overalluetion of its
magnetization absolute value at H=100 Oe, as weldl strong decrease abowe<1375 K, close to

the BTO T C phase transition.
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Figure 13: M(H) curves of BTO/Fe_LaAlO; thin films after removing the substrate's diamagnetic contribution.
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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.
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A similar effect also occurs for BTO/Fe_SrEi®00°C thin film (figure 12), however in
this case, besides the decrease in the absolute #hits magnetization at H=100 Oe, there is a
fattening of the M(T) curvature, implying either icrease of the TC or a change in its overall
magnetic behaviour.

The field dependence of the magnetization wasslsdied for the four samples at 300K
and lower temperatures (typically 4 K), as showrfigures 13 to 16. The presented M(H) curves
were obtained after the removal of each substrdisagnetic component, which was determined
by the M(H) slope at high temperature (usually@Q K) and for magnetic fields close to 70 kOe.
As stated before, the Fe present in the thin fibrie an oxidized form, hence, to ease the
comparison and analysis of the M(H) curves, thenatigation is presented in emgyg,

This FgO, oxide was though as a mixture of the hematite,heate and magnetite Fe
oxides with an a priori unknown proportion. Thigmalization was done considering the expected
amount of Fe on each thin film (estimated consigea total thickness of 72 nm, based on the
STEM micrographs, and assuming the geometry afrdid), and the arithmetic mean of the
hematite, maghemite and magnetite densities. $ivgedensities are 5.271, 5.074 and 5.197 §/cm
respectively [53], assuming the arithmetic meathee densities, there would always be a < 3%
deviation from the real magnetization value (the trat there would be if we knew the correct Fe

oxide).

To help the analysis of the M(H) curves, their coer fields, H, and saturation
magnetizations, M are presented in table 4. Each presentedhtde is the corrected value after
considering the coercive field of the superconductdl, intrinsic to the magnetometer
measurements and whose value &3 Oe for measurements which reach a 70 kOe niaglket
The M, values were estimated for the ordered part ofig) to avoid the inclusion of the
paramagnetic component of the substrate impulitwesch are particularly high for the MgO

substrate).

The symbiosis of the magnetometry, GIXRD, Ramarspscopy and TEM-EDS results
allow an in-depth insight of the physical phenompresent in the BTO/Fe thin films deposited on
the four different substrates and the modificatioragle by the thermal annealings. The saturation
magnetizations, M and the magnetic coercive fieldss, fresented in figures 13 to 16 and table 4
are particularly good physical quantities to digtiish between the mentioned iron oxides. Table 4
summarizes the Mand H: quantities obtained by the careful inspectiorheftnagnetization curves



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

during the estimation of the \df the heterostructures.

It is possible to conclude that for all the "as agfed" thin films, the oxidized iron-rich
layers consist of a mixture af-Fe203 (M = 0.5 emu/g [53]) ang-Fe203 (M = 75 emu/g [53]).
The proportion of both clearly depends on the sabestvhere the deposition occurred, as it

perceptible from the observation of the Raman tesuid the saturation magnetization values.

The values of coercive fields measured at 4 and&K3B@w the presence of qualitatively
the same magnetic phases (values in the samedafrmegnitude, ranging from 460-590 Oe at 4K
and 80-120 Oe at 300 K) for the "as deposited" filims, in spite of some quantitative deviations

which corroborate the effects of the substratetheroverall thin film growth.

Table 4: Saturation magnetization, M, and coercive field, H., estimated for each deposited thin film and respective
thermal annealled counterpart.

Hc (Oe)
Sample Ms (emu/Geexoy)
LT (4K) | RT (300K)

BTO/Fe_LaAlO; as_dep 68 45¢ 78
BTO/Fe_LaAlO3; 600°C 55 440 (2K 44
BTO/Fe_LaAlO3; 900C 2.€ 244¢ 240(

BTO/Fe_MgO_as_dep 61 48% 12C

BTO/Fe_MgO_600°C 40 417 45

BTO/Fe_MgO_900C 25 14C 20
BTO/Fe_AlLO;_as_dep 37 592 95

BTO/Fe_Al,03_900°C 4.¢ 350¢ 187¢
BTO/Fe_SrTiOs_as_dep 34 517 122
BTO/Fe_ SrTiO; 900°C 4.1 296 (9K’ 11¢€

The EDS results also support this interpretationcesthe BTO/Fe layers remain well

defined and separated, while showing a ubiquitsasgnce of O atoms through the film (figure 6).
The thin film deposited on MgO also presentgz€Ms = 92 emu/g [53]) which is not evident in
any other thin film, reinforcing the role of thebstrate on the growth of the thin film.

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

magnetizations suggesting a decrease of the matghph@se (and/or magnetite phase in the
particular case of the BTO/Fe_MgO_600°C) in relatio the hematite and/or an increase of the



magnetic disorder of these magnetic oxides. Thietliat the measured coercive fields remain in the
same order of magnitude before and after the meedichermal annealing, apart from small
changes in the Hvhich may originate from different grain sizes &mdnternal stresses of the iron
oxides' grains [54-56], is also an evidence thatsime iron oxides are present before and after thi

annealing.

However, after the 900°C thermal annealing theretées-diffusion of the BTO/Fe layers
into a single layer containing partial or totalrfation of FeBa,Ti,,O, oxides, thus, the presence of
titanohematites and titanomagnetites is quite yikievertheless, the Raman spectra of the
titanohematites and titanomagnetites are quitdaing the spectra of the hematite and magnetite
combined with the spectra of the ilmenite (Fejjieénd ulvospinel (FFi10,) respectively [57, 58].
Therefore, for Raman spectra such as the onesnpeglsa figures 3 and 4, it might be diffcult to
distinguish between the different possible stoiofetries of these compound oxides. Similarly, the
XRD peaks of the titanohematites and titanomagggetitcur at about the same places of their pure
iron oxides (the deviations ird2are much less than the width of our peaks), hasimgly different
relative intensities [59-62]. This will not altdret conclusions since we do not have enough
diffraction peaks to enable a comparison betwelative intensities.

- BTO/Fe_MgO_900°C [M-M_]*T)@H=1000e

® [M-M_2 (H = 100 Oe)
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Figure 17: [M—Ms]z of BTO/Fe_MgQO_900°C as a function of temperature. Using a mean field model linear fit extrapolation,
a T = 269K is estimated.



Focusing on the BTO/Fe_MgO_900°C, where a magpétse transition apparently
occurs ate 270 K, the Raman results suggest the presend@mdlhematite iron oxides. To have a
more accurate estimation of the measured Curiedeatyre, a spontaneous magnetization mean
field model was used, where M:MTc-T)¥2. The magnetization of figure 10 was represented as
[M-Ms]? versus T (figure 17), using a;MM(400K), and the linear part of the curve was @ite

resulting in a more accurate value @f3269 K.
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Figure 18: Curie temperatures and saturation magnetization for the Hematite-llmenite diagram. Adapted from [53] and
[63].

As mentioned, the inter-diffusion of the BTO andi&gers might lead to a f&a Ti,,O,
compound. That could justify the measured magniizaurves and TC. Figure 18 presents two
diagrams with the Jand M for the Feg,Ti,Os system [63], showing that for a stoichiometry elos
to Fa ,4Tip 7603 the Tc occurs at: 269K and M=~ 99 emu/g.

Knowing this, we can justify simultaneously the s@@d & and M~ 25 emu/gexoy
assuming a mixture (neglecting magnetic disorde2b&6 Fe »4Tio 703 and 75% of any other iron
oxides with a high &and M close to the hematite's value (which is foundnfimist stoichiometries
of titanomagnetites and titanohematites [64-66prébdver, Carmichael shows that in one of the
two possible paths of the solvus curvature foiilthenite-hematite solid solution series, the
annealing at 900°C coincides with the temperateszlad to get the EgTio <05 [67]. Furthermore,



the presence of ke Ti,+¢O; also justifies the substantial increase of the &amode at 700 cnt'

which matches with the strongest mode of FT&3].

A similar approach can be used to justify the preseof the faint anomaly close to 375K
which occurs for the BTO/Fe_AD;_900°C. In this case, using spontaneous magnetizatodels,
a Tc = 347K was estimated, which corresponds toa{F& s/Os titanohematite with Ms: 97
emu/qg. In this particular case, there is also aidaemable enhancement of the coercive field when
compared with the "as deposited" thin film (tabjewhich can be explained by the partial presence
of a Barium hexaferrite [69], BaFe12019. The preseof this oxide is compatible with the Raman
spectra of figure 4, since its strongest Raman rapgears just before the 700" tmaghemite
Raman mode [70], and with an oriented growth of tiiiase assigned in its diffractogram (figure 2).

The BTO/Fe_LaAlQ 900°C presents a similar behaviour to the BTO/HFgDA900°C
thin film (namely regarding the substantial coeitgiincrease), yet in the latter case there isn't a
magnetic anomaly at 350K thus, apart from a quite faint anomaly cltws270 K, the majority
phase of this thin film should be assigned toradtée like oxide such as the titanohematites with
low value ofx shown in figure 18 [71]. BTO/Fe_SrTi®000°C, on the other hand, seems to have a
similar behavior to its "as deposited" and 600°@emling counterparts, but now with a clearly
dominant hematite like, similarly to BTO/Fe_LaAI®00°C, but with much lower coercive fields

and therefore without the segregation of the Bat@xaferrite phase.

4. Conclusions

In summary, we simultaneously deposited BTO/Ferbsteuctures (four 7-15nm BTO
layers and three 12nm Fe layers) on LaAKdgO, AlLO; and SrTiQ substrates using rf-sputtering
at low temperature (350°C). We show that the "gmdited" thin films grow in separate BTO/Fe

layers, however oxidation of the Fe layers occaress all their depth.

We found out that each substrate clearly consttaim$ormation of the Fe layers into
different fractions ofr-Fe0s, y-Fe,0s; and FgO, oxides, despite the simultaneous deposition.
These iron oxides magnetic properties do not shomwnaagnetic anomalies around the BTO phase

transitions.

To enhance the BTO crystallinity and the magnatigpting to BTO phase transitions,
different annealings were performed at 600°C ar@if@0The magnetic properties show that there
are no relevant changes after the 600°C annealfitgs.the 900°C annealing, TEM-EDS results



show that a substantial ion migration occurs, dgstg the multi-layered geometry/nature of the
thin films resulting in BTO inclusions within a gjie heterogeneous blend made from the BTO and
Fe layers. We found the formation of specific tithematite oxides (R&TixOs) and BTO like
compounds, whose stoichiometries are constraingdeogubstrate.

In the BTO/Fe_LaAIQ 900°C and BTO/Fe_SrT#0900°C thin films there is the
formation of Fe,Ti,O; compounds with x 0.4, presenting hematite like magnetic proper@es.
the other hand, the BTO/Fe_MgO_900°C and BTO/Fg)AB00°C thin films present the
formation of Fe,4Ti0 7603 and FessTio /03, as identified by the 3= 269K and 347 K, respectively.
These two titanohematites have quite competitivgmatic properties, when compared with other
typical ferrites, with M~ 99 emu/g and Wk 97 emul/g, respectively.

Altogether, we show that the choice of a propestake for the deposition of BTO/Fe
heterostructures can be used as a way to tunestfireed magnetic properties of the resultant thin
film, given convenient deposition and annealingdittons. This study also points out the inherent
complexity and uncountable ways of working with BTF@ heterostructures, which are yet to be
completely understood to be used as an appealsgssible high performance magnetoelectric
material [72].
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Highlights

BaTiOs/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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