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Abstract:

Solid-state reaction between BaTiO; and Fe,O; was used to produce a multiferroic
heterostructure composite. Commercial BaTiO; and Fe(NO;);*9H,0 were suspended in
ethanol for 30 minutes in an ultrasound bath. The prepared mixture was thermally processed
at 300 °C for 6 h. Sintering at 1300 °C for 1 h resulted in a mixture of different phases,
BaTiO;, BaFe;;0;9and Ba;;Ti;sFe;sOsy, which were confirmed by x-ray powder diffraction. A
dense microstructure with a small volume fraction of closed porosity was indicated by the
scanning electron microscopy, while a homogeneous distribution of Fe ions over BaTiO;
phase was visible from energy dispersive spectroscopy mapping. Doping of BaTiO ; with
Fe,0; resulted in formation of magnetic hexaferrite phases, as confirmed by dielectric
measurements that showed a broadened maximum of the permittivity measured as a function
of temperature.
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1. Introduction

Magnetoelectric multiferroics have recently attracted great attention due to their
extraordinary properties [1]. Magnetoelectric multiferroic composites possess magnetic and
ferroelectric order simultaneously. The electrical properties of these materials are affected by
applying a magnetic field and vice versa [2]. Single phase materials, i.e. compounds that
exhibit two or more ferroic order phenomena in the same phase are scarse and there are only
few known compounds with functional electric and magnetic properties especially close to
room temperature. To overcome the rareness and shortcomings of single phase
magnetoelectrics, many magnetoelectric multiferroic composites were developed. The
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magnetoelectric coupling, in these materials, is a consequence of the strain induced on the
interface between two different phases [3]. The final properties of such heterostructured
materials can be adjusted by varying the microstructure of the constituents, their volume
fraction, and/or the phase composition. Their diverse functional properties enable their
application in different devices, such as multi-state memory elements, transducers, wireless
communication and, recently, as materials for photocatalysis [4-7].

BaTiO; is the most frequently used ferroelectric for designing magnetoelectric
multiferroic  materials [8-9]. Its frequent use is due to its structure and dielectric
properties [10], [11]. The stable phases of BaTiO; are a paraelectric cubic structure and a
ferroelectric tetragonal structure [12-13]. The ferroelectricity in the tetragonal phase
originates from distortions of the crystal lattice and displacement of the Ti ions from the
centre of the unit cell that induces permanent dipoles and ferroelectric behaviour. The
transition from the tetragonal to the cubic phase occurs at 130 °C [14-16]. This transition can
be detected by changes in the dielectric permittivity vs. temperature, as a sharp peak. The
formation of the heterostructure composite material or doping of BaTiO; can broaden the
maximum of the permittivity measured as a function of temperature.

Among comprehensive investigations of iron (III) oxide, this compound attracts the
interest of researchers dedicated to design multiferroics, due to its specific magnetic
properties [10], [17-19]. a-Fe,03, hematite, is the most stable phase at room temperature and
exhibits antiferromagnetic behaviour [20]. Maghemite, y-Fe,O;_ is a metastable phase, which
transforms into a-Fe,O; at approximatel 400 °C[21]. B-Fe,Osstable form occurs only in
materials with nanosized dimensions. B-Fe,O; is the only phase of iron oxides that shows
paramagnetism at room temperature [22]. Recently, e-Fe,O; has been investigated because it
possesses so-called "canted ferromagnetism properties" because of multiple possible magnetic
interactions. The large distortions of the lattice network provide antiferromagnetic and
ferromagnetic couplings. It is a very rare phase with scarce natural abundance, existing only
as nanosized object. Furthermore, it is very difficult to obtain it as a single phase, and it is
thermally unstable. However, its various application-promising properties, encompassing a
giant coercive field at room temperature, significant ferromagnetic resonance, and coupled
magnetoelectric features that are not observed in any other simple metal oxide phase, raised
its intense research in the past years [23]. A large coercive field, approximately 1600 kA/m,
makes it a candidate for magnetic recording and data storage [24-25].

Composite materials based on a-Fe,0;/BaTiO; appear in various forms, such as
mixed powders that are subsequently sintered, core/shell particles, or various thick films that
can be prepared by simple mixing of powders, sol-gel method, etc.[3], [8], [22]. Having in
mind the interesting properties of the epsilon phase of Fe,O;, multiferroic composites based
on ferroelectric BaTiO; and magnetic e-Fe,O; are worth being investigated, including their
behaviour at elevated temperatures. In this paper, we have examined a BaTiO;/e-Fe,0;
composite obtained by in-situ preparation of ¢-Fe,O3 in nanocrystalline form.

2. Materials and Experimental Procedures

Commercial BaTiO; (Sigma Aldrich) and Fe(NO;);-9H,0 (Sigma Aldrich) were
used. Suspension of 2.57 mmol (0.6 g) BaTiO; and 1.28 mmol (0.5 g) Fe(NOs);-9H,0 in
100 ml ethanol was prepared, and treated for 30 minutes in an ultrasound bath. The solvent
was evaporated at 50°C, and the prepared mixture was thermally processed in an electric
furnace at 300 °C for 6 h.

The synthesized powder was pressed at 300 MPa using a uniaxial double- action
pressing process with an 8 mm diameter tool (hydraulic press RING, P-14, VEB
THURINGER). The compacted sample was sintered in air in a tube furnace (Protherm PTF
16/75/450) using the following temperature program: heating to 1300 °C at a rate of 10
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°C/min, dwelling at 1300 °C for 1h, and cooling to room temperature spontaneously. The
sintered sample was denoted by BTF1300 according to the preparation conditions.

The morphology and composition of the BT, BTF and BTF1300 powders was
determined by the scanning electron microscopy (SEM; JEOL JSM-6390 LV) coupled with
electron dispersive spectroscopy (EDS; Oxford Instruments X-MaxN). The micrograph of
sintered sample was recorded on the top of the crushed sample. As a part of the preparation
process, samples were placed on a carbon tape and covered with gold for a conductive
coating. The accelerating voltage in the SEM was in the range 20-30 kV.

The phase composition was characterized at room temperature by the X-ray powder
diffraction (XRPD; Ultima IV Rigaku) equipped with CuKa,,radiation, using a generator
voltage of 40.0 kV and a generator current of 40.0 mA. The range of 10-90° 260 was used with
a scanning step size of 0.02° and at a scan rate of 5°/min, using D/TeX Ultra high - speed
detector. A Si monocrystalline sample carrier was used. The PDXL2 (Ver. 2.8.4.0) software
was used to evaluate the phase composition and identification. All obtained powders were
identified using data from the ICDD data base[27], [28]. PDXL2 software was used for
calculation of the microstructural parameters, and the results are shown in Tab. 1.

Tab. I Summary of XRD analysis.

ICDD Unit cell parameters Microstructural
Phase PDF parameters
name card a(A) b (A) c(A) o | By V(A% crystallite | strain
number ®1O | size (nm) (%)
BaTiO; | 01-075- | 3.991(5) 3.991(5) | 4.0349) [ 90 | 90 | 90 | 64.28(18) | 65.3(6) 2.95(9)
1169
€ - 00-58- 5.096(11) | 8.830(3) | 9.150(7) | 90 | 90 | 90 | 412(4) 14.9(14) 0.00(3)
F6203 0266

The relative dielectric permittivity (dielectric constant) and the loss tangent of the
sintered specimens were measured with a technique specially developed for characterization
of ceramic materials. We have designed and manufactured a coaxial chamber and developed
dedicated software, as described in our previous paper [29]. The reflection coefficient at the
SubMiniature version A (SMA) connector of the chamber was measured using a vector
network analyser (Agilent ES061A). From this coefficient, the input complex admittance of
the chamber was calculated using numerical electromagnetic models. Within this experiment,
the circular faces of the disc-shaped sample were covered with silver, and the measurement
was performed in air, in the temperature range from room temperature to 170 °C. The
measurement frequency was 5 MHz, and data were recorded during heating and cooling.

3. Results and Discussion

The XRPD pattern of the BTF synthesized sample is presented in Fig. 1.

Based on the XRPD results, BaTiO; was the main phase. Besides sharp and intense
peaks of barium titanate, some other low intensity peaks of ¢-Fe,O; were also observed. The
synthesis method led to formation of the orthorhombic &-Fe,O; phase. This phase is an
intermediate product of transformation between the metastable beta and gamma phases. The
epsilon phase has been the subject of many recent studies, due to its magneto-electric
coupling, where the structural stability of &-Fe,O; strongly depends on its particle size [30].
The XRD analysis revealed that the size of the domain of coherent scattering of the
synthesized ¢-Fe,O3; was around 15 nm, with practically no measurable strain.
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Fig. 1. XRD pattern of BTF.

Fig. 2. shows the SEM micrograph and EDS maps of the synthesized composite
powder. The micrograph indicates polygon-shaped particles, less than 1 um in diameter,
uniformly distributed within the sample, without hard agglomerates. EDS mapping shows
BaTiO; particles that are uniformly covered with Fe.
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Fig. 2. a) SEM micrograph and b) EDS maps of the BTF composite.
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Fig. 3. XRD pattern of BFT1300.

The XRPD pattern of the sintered specimen is presented in Fig. 3 and shows that the
main phase was BaTiO;. The peaks of this phase are sharp and well defined, which can be
related to good crystallinity. A low secondary peak belongs to the barium dodecaferrate (III)
phase with a hexagonal crystal structure and BaFe,0,o with the P6;/mmc (194) space group
(01-075-9113). Moreover, the presence of Ba;,TisFe;sOsy was also revealed, as a
complementary phase. These two phases occur together during sintering of BaTiO; and
Fe,0;, on the interfaces in the multiferroic heterostructure composite.

Fig. 4. shows a SEM micrograph and EDS maps of the sintered specimen. The
micrograph indicates that the final sintering stage was achieved, producing well sintered parts
with very small closed pores that were less than 500 nm in diameter. The EDS maps of the
sintered sample are consistent with the presence of the BaTiO; phase with equally distributed
Fe ions.

Fig. 4.a) SEM and b) EDS of BTF1300.

Fig. 5. shows the relative permittivity and loss tangent of BFT1300 as functions of the
temperature. The relative permittivity is in the range from 1100 to 1700, reaching the
maximum of 1700 at the temperature of the BaTiO; phase transition from tetragonal to cubic
(130 °C). The broadened permittivity maximum is due to Fe doping of BaTiO; and the
formation of magnetic hexaferrite phases (BaFe,0,¢and Ba,,Ti,sFe 50s4) at the interface.
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Fig. 5. a) Relative permittivity and b) loss tangent of BTF1300.

The broadening would be more significant if the iron oxide content was larger. The loss
tangent is in the range 0.7-0.12, exhibiting its minimum of 0.7 near 130 °C. At the
measurement frequency of SMHz, the permittivity and loss tangent values are near their
intrinsic values because the charge relaxation mechanisms are not active at this frequency.
Previous studies of BaTiO3/Fe,O; composites reported dielectric permittivity between 65 and
600 with loss tangents between 0.05 and 0.2 in the temperature range 60-130 °C [31]. In our
case, the composite obtained by in situ reaction had a significantly higher permittivity in the
same temperature range due to the better homogeneity and more intimate contact between the
phases, compared to other ferroelectric/magnetic composites [32-34].

4. Conclusion

In this paper, we have investigated a BaTiOs/e-Fe,O; multiferroic composite and its
behaviour at elevated temperatures. Nanocrystalline ¢-Fe,O; was obtained by a chemical
route. The distribution of &-Fe,O; in the BaTiO; matrix was uniform, as confirmed by the
SEM and EDS analyses. Sintering of the prepared composite was performed at 1300 °C for 1
h. The XRD revealed the heterostructured multiferroic composite comprising ferroelectric
BaTiO; as the main phase along with the magnetic BaFe,0;9and Ba;,TipsFe;s0g,phases. The
obtained composite shows a high value of the dielectric permittivity measured at 5 MHz, with
the maximum of 1700 at the Currie temperature. The broadening of the permittivity maximum
is correlated with the presence of various phases, both ferroelectric and magnetic.
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Caxcemax: Peaxyujom y usepcmom cmary usmehy BaTiO; u Fe,O; 0obujen je
myamugepouunu xemepocmpykmypHu komnozum. Komepyujarnu BaTiO; u Fe(NO;);*9H,0
cy nomewianu’y emanony 30 munyma y yampasgyunom kynamuny. Ipunpemmena cmewa je
mepmuuxu obpahena na 300 °C 6 h. Cunmeposamwe na 1300 °C y mpajarwy 00 1 h
pe3yamosano je popmuparvem gumepaznoz cucmema, BaTiO; BaFe ;0,9 u Ba;,TisFe 50y,
wmo je nomepheno XRPD ananusom. I'ycma Muxpocmpykmypa ca 3ameopeHom nopo3Howhy
Jje nomephena ckenupajyhom eiexmp oHCKoM MUKPOCKONUJOM, Q0K je Manuparsem nomsphena
pasHomepua oucmpudbyyuja jona 2eodcha npexo ¢asze bapujym mumanama. JJonuparee
BaTiO; ca Fe,0; pe3yimosano je hopmuparsem mazHemuux xekcagepumuux ¢aza, wmo je
nomepheno mepervem OUENIeKMPUYHUX napamemapa U wupermwem MaAKCUMyma
NePMUMUBHOCTIU MepeHe Y PYHKYUju memnepamype.

Kuoyune peuu:BaTiO;, kxomnozumu, myimugpepoux, peaxyuja y u8pcmom Cmamwy,
CUHmMeposare.
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