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Abstract: 

Multiferroic systems are attractive to the researches worldwide due to diversity of 
existing applications, as well as possible novel ones. In order to contribute to understanding 
of the processes that take place within the structure of such a system, we subjected it to 
mechanochemical activation and thermal treatment. Powdery mixtures of iron and barium 
titanate in a mass ratio of 30% Fe and 70% BaTiO3 were activated in a planetary ball mill for 
time duration of 30 to 300 min and subsequently sintered at 1200 °C in the atmosphere of air. 
During the activation the system undergoes structural phase transitions, whereby the content 
of iron and its oxides changes. The highest Fe content was observed in the sample activated 
for 270 min, with local maxima in crystallite size and microstrain values and a minimum in 
dislocation density. The complex dielectric permittivity changes in the applied radio 
frequency field, rangingfrom 176.9 pF/m in thesample activated for 90 min to 918.1 pF/m in 
the sample activated for 180 min. As the frequency of the field increases, an exponential 
decrease in the magnetic with a simultaneous increase in the electrical energy losses is 
noticeable. The system exhibits ferromagnetic resonance, whereby longer activation in the 
mill shifts the resonant frequency to higher values. Negative electrical resistance was 
observed in all analyzed samples. The activation time changes both the demagnetization 
temperature and the Curie temperature of the samples undergoing heating and cooling cycles 
in the external permanent magnetic field. Curie temperature is the highest in the sample 
activated for 240 min. Thermal treatment increases the initial magnetization of all samples, 
with the most pronounced increase of ~95% in the sample activated for 300 min. 
Keywords: Barium titanate; Milling; Structure; Electrical properties; Magnetic properties. 
 
 
 
1. Introduction 
 

The existence of multiferroic materials and possible magnetoelectric coupling in solid 
systems was first predicted by Curie in 1894, based on the consideration of symmetry in 
crystals [1, 2].Fundamental research in solid state physics, aided by the great advances in 
experimental technique achieved in the mid-twentieth century, has led to the full affirmation 
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of materials science, which is in the last decade experiencing its second renaissance. 
Multiferroic materials are in the focus of extensive scientific research by virtue of their 
coexisting ferroelectric and ferromagnetic properties which could possibly be manipulated at 
room temperature, allowing the use of these materials in various promising technologies, from 
highly sensitive detection of weak magnetic fields to quantum electromagnetics and 
magnetoelectric data storage [3-6].The latter is of great importance, given the enormous and 
ever-increasing amount of digital data that emerges every day (quintillion of bytes in 2019 
only) which is most commonly stored in magnetized media in the form of oppositely 
polarized magnetic domains.Due to the magnetoelectric effect, i.e. inducing magnetization by 
an electric field or causing polarization by a magnetic field, multiferroics could be utilized to 
store magnetic data governed by the applied electric field [7].The search for realization and 
practical use of such properties contained within a single phase, dating back to the pioneering 
research of the magnetoelectric effect in multiferroic materials in 1950s [8], continues with 
new discoveries and synthesis of various multiferroic systems whose structural and, 
consequently, functional properties could be a priori tailored. 
 Barium titanate (BTO) is a well-studied perovskite structure ferroelectric belonging to 
a class of materials known as “frustrated magnets” [9], in which the appearance of both 
ferroelectricity and magnetism is closely related to the structural distortion of the crystal 
lattice [10].The flexibility of the BTO structure allows for the accommodation of a large 
number of various dopants, including iron. Transition metal doping is a good way to induce 
magnetism in otherwise non-magnetic barium titanate, with the incorporation of dopants into 
the BTO lattice largely determined by the ionic radii of the participants in the process [11]. 
Albeit comprehensively investigated over the years, BTO-based ceramics persist to inspire 
novel research approaches [12, 13] remaining at the forefront of materials science. 
 In an effort to contribute to the understanding of properties of the multiferroic 
Fe/BaTiO3 system (BFTO) of a particular composition, the influence of the mechanochemical 
activation time and heating temperature of activated BFTO powders on its functional 
properties, as well as on the accompanying evolution of different crystalline phases, was in 
this study examined. 
 
 
2. Materials and Experimental Procedures 
 
 Fine powders of pure iron (Aldrich, St. Louis, MO, 99.99%) and barium titanate 
(Aldrich, St. Louis, MO, 99%) were mixed mechanically into the initial mixture with a ratio 
of 30 mass% Fe and 70 mass% BaTiO3. This initial powder was activated in a planetary mill 
with zirconium oxide balls (Retsch PM 400) for time duration of 30 min, 60 min, 90 min, 120 
min, 150 min, 180 min, 210 min, 240 min, 270 min and 300 min in the air atmosphere with a 
rotational speed of 400 rpm. After the milling samples were pressed into tablets (discs) and 
toroids under pressure of 392 MPa and 1 GPa successively and then sintered [14] in the air 
atmosphere of a laboratory oven for 2 h at 1200 °C. Investigation of the sintered samples 
surface was performed using Carl Zeiss Jena optical microscope, with a 50W halogen lamp 
and a 100x magnification. 
 Crystalline phases of the activated powders were determined using a Bruker D8 
diffractometer with Bragg-Brentano geometry, using filtered CuKα1 and CuKα2 radiation 
lines with wavelengths of 0.15405929 nm and 0.15444274 nm, in the 2θ recording range from 
10° to 120° and with a recording step of 0.01°. Change in the content of iron and its oxides in 
the system with increasing activation time was monitored by comparing their relative 
intensities. The average crystallite sizes (Dhkl) and microstrain values (εhkl) were estimated by 
the Williamson-Hall method [15] based on a graphical interpretation of the Debye-Scherrer 
relation [16], while dislocation densities (ρD) were determined using the well-known 
Williamson-Smallman equation [17], assuming the isotropy of dislocations in the material. 
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 Electrical and magnetic measurements of the samples were performed on a HP 
4191A multifrequency LCR instrument, in the frequency range from 0 MHz to 500 MHz. 
Changes in the value of complex dielectric constant were monitored for the samples activated 
for 90-300 min and the energy losses in the system were estimated by calculating the 
electrical dissipation factor and magnetic losses. Complex magnetic permeability and 
electrical resistance were determined for toroidal samples activated for 120 min, 180 min and 
240 min, with different number of coils (11 coils for the sample activated for 120 min and 10 
coils for samples activated for 180 min and 240 min). 
 For samples activated for 90 min, 120 min, 240 min and 300 min, changes in the 
mass magnetization value were observed in two successive heating and cooling cycles in the 
temperature range from 20 °C to 600 °C. These measurements were performed according to a 
modified Faraday method [18] using a laboratory weighing scale (Sartorius PRACTUM 124-
1S) with a sensitivity of 10-7 kg and a magnetic field strength at the sample placement site of 
50 kA/m. For these samples, the temperature values of characteristic phase transitions – 
partial demagnetization temperature and Curie temperature were determined. 
 
 
3. Results and Discussion 
 
 Microscopy of the sintered samples showed a difference in the granulation and 
color of the surface of samples activated for 30 min, 60 min and 90 min compared to the 
others. White spots that may originate from the titanate were observed. The tablets were pale 
gray and crumbled upon handling, indicating poor homogenization of the initial Fe and BTO 
powders for the given milling times. Samples activated for 120-300 min were more 
homogenized and mechanically more stable. The same dark gray color of the surface leads to 
the conclusion that the milling time in these samples does not significantly affect merging of 
the initial powders. 

 
Fig. 1. XRD pattern of the Fe/BaTiO3 powder sample activated for 30 min, with identified 

phases and Miller indices of Bragg reflection planes. 
 

During activation, iron reacts with oxygen from the air transitioning to its oxide forms 
– FeO, Fe2O3 and Fe3O4 – who’s content in the initial powder changes depending on the time 
of activation. X-ray diffraction (XRD) pattern of the sample activated for 30 min (Fig. 1) 
exhibits results of the peak assignment. Bragg reflection planes were indexed by using and 
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comparative analysis of the resources of two independent crystallographic databases: the 
Crystallography Open Database (COD) [19, 20] and the Materials Project (MP) [21, 22]. 
Completeness and consistency of XRD patterns contained in these bases with the 
experimental ones were verified by comparison with XRD patterns simulated in VESTA [23], 
with predefined experimental conditions. The presence of zirconium dioxide in the samples 
originates most likely from the milling balls in a planetary mill. Fig. 2 shows XRD patterns of 
the samples for all activation times. It is noticeable that the intensity of (110) reflection of 
barium titanate decreases, whilst the intensity of (200) reflection rises. With the increase of 
milling time leading to introduction of Fe into the BTO structure, barium titanate changes its 
crystallinity by moving from local orthorhombic and tetragonal to predominantly cubic 
symmetry due to the influence of size of crystalline grains [24].  

 
Fig. 2. XRD patterns of the Fe/BaTiO3 system for various activation times ranging from 30 

min to 300 min. 
 
Tab. I Values of microstructure parameters of the Fe/BaTiO3 system for various activation 
times. 

Activation time 
(min) Dhkl (nm) εhkl (%) ρD (nm-2) 

30 110 ± 1 0.11 ± 0.01 249 ± 1 
60 137 ± 1 0.13 ± 0.01 161 ± 1 
90 112 ± 1 0.13 ± 0.01 238 ± 1 

120 72 ± 1 0.11 ± 0.01 572 ± 1 
150 64 ± 1 0.12 ± 0.01 744 ± 1 
180 59 ± 1 0.13 ± 0.01 859 ± 1 
210 51 ± 1 0.11 ± 0.01 1146 ± 1 
240 42 ± 1 0.10 ± 0.01 1663 ± 1 
270 67 ± 1 0.13 ± 0.01 674 ± 1 
300 39 ± 1 0.10 ± 0.01 2001 ± 1 

 
This is further supported by the data contained in the Inorganic Crystal Structure Database 
(ICSD) [25, 26] on BFTO systems of similar constituent mass ratios [27]. The crystalline 
grains are larger in the sample activated for 60 min compared to the ones found in the sample 
activated for 30 min, after which a decrease in size occurs and the minimum for the activation 
time of 240 min is reached (Tab. I, Fig. 3).We could explain this by considering the initial 
agglomeration of the particles in the starting powders and then finer grinding as the milling 
time increases. The size of crystallites increases once more in the sample activated for 270 
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min, which suggests that the energy of mechanochemical activation was spent on the 
formation of larger crystallites, which are sensitive to a further increase of the milling time 
and reduce in the sample activated for 300 min (Fig. 3). 

 
Fig. 3.Dependence of crystallites size of the Fe/BaTiO3 system on the activation time. 

 

 
 

Fig. 4.Dependence of content of iron and its oxides on the activation time. 
 
As the activation time increases, the system changes the content of iron and its oxides (Fig. 
4). The content of Fe2O3 in the system shows a maximum for the activation time of 90 
min.Further increase of the activation time leads to observed decrease in FeO and Fe3O4 
content and a simultaneous increase in the content of iron from the activation time of 150 min 
onwards, with the BTO structure now progressing from cubic to hexagonal symmetry 
[28].The large increase in Fe content in comparison to the relatively small decrease in the 
content of wustite and magnetite phases could be attributed to the fact that a total of four iron 
atoms can be released from single molecules of FeO and Fe3O4, which give inasmuch intense 
XRD trace. In the sample activated for 270 min the Fe content reaches its highest value and 
this is followed by local maxima in both crystallite size and microstrain, as well as a 
minimum in dislocation density (Figs. 5 and 6), which may indicate the incorporation of iron 
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from FeOand Fe3O4 phases into the structure of barium titanate. By further increasing the time 
of milling (in the sample activated for 300 min), the iron begins to leave the BTO matrix, 
switching to hematite form. 

 

 
 

Fig. 5.Dependence of microstrain on the activation time. 

 
Fig. 6.Dislocation density as a function of the activation time. 

 
Complex dielectric permittivity changes with the activation time (Fig. 7) showing a minimum 
value of 176.9 pF/m in the sample activated for 90 min, while reaching a maximum of 918.1 
pF/m in the sample activated for 180 min.A local minimum of 548.2 pF/m (Fig.7) was 
observed for the sample activated for 150 min. The assumed migration of ferro and especially 
ferri ions into the BTO lattice leads to a structural phase transition and displacement of the 
ions inside the lattice, thereby changing the local dipole structure in the grains. The 
distribution of iron at grain boundaries affects the electrical properties of the system as well, 
reducing mobility of the walls between polarization domains [29, 30]. This is in agreement 
with the defective dipole model [31], according to which iron effectively immobilizes dipoles 
in its surroundings. Above the activation time of 180 min, increase in the content of 
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incorporated iron reduces the value of the dielectric constant to a final value of 304.6 pF/m in 
the sample activated for 300 min. Structural changes of the BFTO matrix also change the 
frequency response of the system (Fig. 8). 
 

 
 

Fig. 7.Dependence of complex dielectric permittivity of the Fe/BaTiO3 system on the 
activation time. 

 
 

Fig. 8.Frequency dependence of a complex dielectric permittivity for different activation 
times. 

 
The largest change is shown by the complex permittivity of the sample activated for 180 min, 
moving into the domain of negative values within the interval from 149.5 MHz to 425.0 MHz 
of the applied field. It is known that negative permittivity, which characterizes an entire class 
of synthetic materials called metamaterials [32], depends primarily on the structure of the 
system rather than the composition [33]. As the frequency of the external electric field 
increases, the dipole moments begin to progressively retard with their reorientation, which 
may lead to a decrease in permittivity. The inherent inertia of polarization contributes to the 
Brownian energy dissipation of the system-applied field interaction, with the dissipation 
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factor, as a measure of these processes, increasing (Fig. 9a). The permittivity of the sample 
activated for 180 min reaches a minimum in the 361.0 MHz frequency field and overall shows 
the dependence on the frequency of applied field typical for metamaterials. 
 

 
a) 

 
b) 

Fig. 9. a) Frequency dependence of the dissipation factor depending on the activation time. b) 
Magnetic losses in the given samples. 

 
The evolution of complex magnetic permeability indicates that the system enters resonant 
excitation, i.e. ferromagnetic resonance (FMR) [34] in the applied oscillating field (Fig. 10). 
The shift of the FMR frequency to higher values with increase of the activation time is 
noticeable. This might mean that the mechanochemical activation of the system perturbs the 
damping constant of Larmor precession [35] of the electron intrinsic magnetic moments, due 
to the influence of arrangement within the magnetic domains of the samples. The losses of 
magnetic interactions fall exponentially close to zero value near the field frequency of about 
200 MHz, while the dissipation factor of electrical interactions simultaneously begins to 
transition from linear to exponential growth (Fig. 9 a, b). The apparent complementarity of 
electrical and magnetic losses in the system makes it a good material for use in the controlled 
absorption of electromagnetic waves in the radio frequency domain. 
 

 
 

Fig. 10. Ferromagnetic resonance of the Fe/BaTiO3 system exhibited in the radiofrequency 
field. 
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 Fig. 11 exhibits the change of resistance in the full range of applied external field 
for samples activated for 120 min, 180 min and 240 min. The decrease in electrical resistance 
with rising frequency of the applied field follows a similar progression for all of the three 
samples. In accordance with Koops’ phenomenological theory [36] crystallites, more 
conductive in their interior (mass), are separated by the weakly conducting boundaries of 
grains. Reducing the size of crystallites leads to an increase in contact, i.e. boundary surface 
between them. However, at the same time the amount of iron that migrates into the BTO 
matrix increases, therefore the experimental curves could be explained by the superposition of 
these influences. Negative values of resistance with the rise of frequency of the external field 
were attributed to the Hall effect [37] and dynamic distribution of charge carriers in the 
system. 
 

 
 

Fig. 11. Frequency dependence of electrical resistance for the samples milled for 120 min, 
180 min and 240 min. 

 
Tab. II Values of partial demagnetization temperature (td) and Curie temperature (tC) of the 
given samples. 

Heating cycle Activation time (min) td (°C) tC (°C) 

I 

90 212.4 ± 0.1 511.7 ± 0.1 
120 228.5 ± 0.1 560.7 ± 0.1 
240 238.8 ± 0.1 561.4 ± 0.1 
300 231.2 ± 0.1 538.6 ± 0.1 

II 

90 202.3 ± 0.1 497.6 ± 0.1 
120 226.5 ± 0.1 545.3 ± 0.1 
240 230.4 ± 0.1 556.1 ± 0.1 
300 226.1 ± 0.1 533.1 ± 0.1 

 
The change in mass magnetization value during the successive heating and cooling cycles 
performed in a constant, weak magnetic field, in the range from 20 to 600 °C, for the selected 
samples, is given in Fig. 12. Magnetization of all of these samples shows a similar trend upon 
heating, decreasing slightly to ~225 °C, followed by a drop due to the phase transition caused 
by partial destruction of the domain structure within the crystallites. The external field slows 
down the further decrease of magnetization via the induction [38], up to ~538 °C when the 
thermal excitation completely prevails and the system switches from ferromagnetic to 
paramagnetic phase. Values of the partial demagnetization temperature (obtained from the - 
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(dM/dT) = f(T) peaks), as well as of the Curie temperature for both of the heating and cooling 
cycles are displayed in Tab. II. 
 

 
 

Fig. 12. Temperature dependence of mass magnetization of the samples milled for 90, 120, 
240 and 300 min in the applied magnetic field of 50 kA/m. 

 

 
Fig. 13.Dependence of Curie temperature on the milling time. 

 
 Fig. 12 displays the thermal treatment leading to an increase of magnetization in all 
of the samples, caused by relaxation of the BFTO structure and simultaneously occurring 
processes of defects and microstrain annihilation [39]. After the first thermal cycle, 
magnetizations of all of the samples obtain higher values due to interaction of the system with 
the applied field during the cooling to room temperature. The most pronounced increase of 
about 95% shows a sample activated for 300 min. It is apparent that the activation time 
influences the magnetization of the system (Fig. 13) with the Curie temperature reaching the 
highest measured value in the sample activated for 240 min for both heating. In this sample 
crystalline grains are relatively the smallest (Fig. 3) and thus their total surface area is the 
largest compared to the ones in other samples. It is possible that the iron on the surface of 
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grains (which is now more abundant owing to the larger grain surface available), through the 
mechanisms of immobilization of neighboring dipoles, manages to amortize the thermal 
destruction of magnetic domains and move the Curie temperature to 561.4 °C. As shown in 
Fig. 13, the dependence of Curie temperature on the activation time manifests similar 
tendency during both the first and the second heating.  
 
 
4. Conclusion 
 
 The study of multiferroics has been current for years, bearing in mind the scope and 
importance of possible applications in the technologies of the modern and increasingly 
demanding world. BFTO samples, with 30 mass% Fe and 70 mass% BaTiO3, were 
mechanochemically activated for time duration ranging from 30 min to 300 min, sintered and 
then subjected to various methods of structural and functional characterization. With the 
increase of milling time, BTO changes its crystallinity, moving from orthorhombic and 
tetragonal to cubic symmetry. Change in size of the crystallites, microstrain value and 
dislocation density is a complex function of the activation time, with their changes being 
largely complementary. The highest content of Fe was found to be in the sample activated for 
270 min and of Fe2O3 in the sample activated for 90 min. Migration of Fe3+ ions into the BTO 
lattice, as well as the distribution of iron at the grain boundaries, could explain the change of 
complex dielectric permittivity in the external field with frequencies up to 500 MHz. The 
highest permittivity of 918.1 pF/m was observed in the sample activated for 180 min. The 
system exhibits ferromagnetic resonance and a shift of the FMR frequency towards higher 
values with increase of the activation time is observed. A drop in magnetic losses near the 
frequency of the applied field of about 200 MHz is accompanied by an increase in electrical 
losses. Electrical resistance decreases with the rise of frequency of the field and has a similar 
progression for all of the analyzed samples. The evolution of mass magnetization with heating 
and cooling in an external magnetic field of 50 kA/m, shows a partial demagnetization of the 
system near the temperature of 225 °C and transformation from ferromagnetic to 
paramagnetic phase at a Curie temperature of approximately 538 °C. These critical values 
depend on the activation time and the highest Curie temperature of 561.4 °C was observed in 
the sample activated for 240 min. After heating and cooling in the applied field, the largest 
increase in mass magnetization was recorded in the sample activated for 300 min, amounting 
to about 95%. 
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Сажетак: Мултифероични системи привлачни су истраживачима широм света услед 
разноликости како у постојећим, тако и у могућим новим применама. Да бисмо 
допринели разумевању процеса који се одвијају унутар структуре једног таквог 
система, подвргли смо га механохемијској активацији и топлотном третману. Смеше 
прахова гвожђа и баријум-титаната у масеном односу 30% Fe и 70% BaTiO3 
активиране су у планетарном млину у временском интервалу од 30 до 300 мин и потом 
синтероване на 1200 °C у атмосфери ваздуха. Током активирања систем трпи 
структурне фазне прелазе, при чему се мења садржај гвожђа и његових оксида. 
Највиши садржај Fe примећен је у узорку активираном 270 мин, уз локалне максимуме 
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у величини кристалних зрна и вредности микронапрезања и минимум у густини 
дислокација. Комплексна диелектрична пропустљивост мења се у примењеном 
радиофреквентном пољу крећући се од 176,9 pF/m у узорку активираном 90 min до 
918,1 pF/m у узорку активираном 180 мин. Како се фреквенција поља повећава, 
приметан је експоненцијални пад магнетних губитака енергије уз истовремен пораст 
електричних губитака енергије. Систем показује феромагнетну резонанцију, при чему 
дуже активирање у млину помера резонантну фреквенцију ка вишим вредностима. 
Негативни електрични отпор опажен је у свим анализираним узорцима. Време 
активирања мења температуру демагнетизације и Киријеву температуру узорака 
који пролазе кроз циклусе грејања и хлађења у спољашњем сталном магнетном пољу. 
Киријева температура је највиша у узорку активираном 240 мин. Топлотни третман 
повећава полазну магнетизацију у свим узорцима, са најизраженијим порастом од ~95 
% у узорку активираном 300 мин. 
Кључне речи:баријум-титанат, млевење, структура, електрична својства, магнетна 
својства. 
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