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By the method of the two-stage solid-phase synthesis from a stoichiometric mixture of the bismuth and iron

oxides, mechanically and non-mechanically activated samples of bismuth ferrite ceramics were prepared. The phase

composition of the ceramic samples is predominantly BiFeO3, while Bi25FeO40 and Bi2Fe4O9 are recorded in minor

amounts, the proportion of the latter decreases due to mechanical activation. Mechanical processing of the samples

expands the range of linear sizes of microparticles. It has been established that mechanically activated bismuth

ferrite ceramics absorb electromagnetic microwave energy up to −16 dB, while the samples of the original material

absorb up to −25 dB. Both ceramic samples are capable of emitting a weak electromagnetic field, which decreases

with increasing height above the sample.
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1. Introduction

In the rapidly changing modern world, the development

of technique and technology is a topical challenge. One

of key tasks in this direction is creation of new materials

for many industries, such as engineering, construction,

healthcare, etc. First of all, of interest are materials

with unique properties: electric, magnetic, temperature-

dependent, chemical properties, etc. Formation of such

materials requires clear understanding of the relation be-

tween structural features of the substance (nanocrystalline
structure, defectiveness, presence of amorphous, quasicrys-

talline or metastable phases, etc.) and presence of a certain

unique property of the substance. In this case different

kinds of impact can be used to modify the substance in

the required direction, i. e. to create a material with required

structural and, as a consequence, physical characteristics.

This understanding of the relation between structure and

physical properties of solid-phase substances gives the

possibility of targeted design of materials with pre-defined

properties. In this context, multifunctional materials seem

to be promising, for example, bismuth ferrite. BiFeO3

(BFO) is a multiferroic, i. e. it combines two of three

possible (mechanic, electric, magnetic) orders, namely, it

simultaneously possesses ferroelectric and antiferromagnetic

ordering at room temperature. In addition to multiferroic

properties, bismuth ferrite has shown the presence of diode

effect [1], photovoltaic effect [1–3], pyrocatalytic effect [4]
and photocatalytic effect [5,6]. In addition, bismuth ferrite is

chemically stable, non-toxic and characterized by relatively

narrow band gap of ∼ 2.2 eV [7–11]. All the above-listed

makes BiFeO3 attractive for practical applications in mod-

ern, actively developing fields, such as magnetoelectricity,

spintronics and photovoltaics. BiFeO3 can be used to create

sensors of magnetic field, information read/write devices

and magnetic recording devices, high-precision equipment

for work with microwave radiation and wireless energy

transmission to miniature electronic devices.

As known, bismuth ferrite is at the boundary of stability

of the perovskite structure [12], and in this context, as well

as due to the narrow concentration interval of stability of the

BiFeO3 phase in the phase diagram of Bi2O3−Fe2O3 [13],
this substance is sensitive to thermodynamic conditions of

preparation [14]. Problems of BiFeO3 synthesis are regularly

discussed in various modern publications. For example,

in [15] the review of the results of various methods for
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Structural and atomic parameters for BiFeO3, Bi25FeO40 and Bi2Fe4O9 compounds. Wyck — positions and multiplicity of atoms in the

cell; x, y and z — atomic coordinates; SOF — site occupancy factor; B — thermal parameters of atoms [25–27]

Phase
Space-group symmetry,

Atom Wyck x y z SOF B , Å2

cell parameters

BiFeO3 [25] R3c (� 161) Bi 6a 0 0 0 1 0.5

aH = 5.588(0) Å Fe 6a 0 0 0.2212(15) 1 0.8

cH = 13.867(1) Å O 18b 0.443(2) 0.012(4) 0.9543(20) 1 0

V = 374.9 Å3

Z = 6

Bi25FeO40 [26] I23 (� 197) Bi1 24f 0.1763 0.3179 0.0139 1 0

a = 10.184(0) Å Fe1 2a 0 0 0 0.5 0

V = 1056.1 Å3 Bi2 2a 0 0 0 0.5 0

Z = 1 O1 24f 0.6487(7) 0.7465(8) 0.985(1) 1 0

O2 8c 0.6841(7) 0.6841(7) 0.6841(7) 1 0

O3 8c 0.8819(12) 0.8819(12) 0.8819(12) 1 0

Bi2Fe4O9 [27] Pbam (� 55) Bi1 4g 0.176 0.175 0 1 0.8

a = 7.940(0) Å Fe1 4h 0.349 0.333 0.500 1 0.8

b = 8.440(0) Å Fe2 4f 0 0.500 0.244 1 0.8

c = 6.010(0) Å O1 4g 0.140 0.435 0 1 0.8

V = 402.8 Å3 O2 8i 0.385 0.207 0.242 1 0.8

Z = 2 O3 4h 0.133 0.427 0.500 1 0.8

O4 2b 0 0 0.500 1 0.8

the synthesis of BiFeO3 and a number of its solid solutions

is given. Along with the most widespread method of solid-

phase synthesis, wet methods of synthesis, such as synthesis

from sol-gels, including synthesis by reactions in glycol gels,

synthesis from solutions of polymer complexes, synthesis

from metal complexes, synthesis by hydrothermal reactions

find ever-growing applications. The following methods

are applied as activators of chemical reactions: starting

mechanochemical activation, microwave impacts, acoustic

oscillations, oxidation reactions of burning, codeposition,

sorption, etc. [16–22]. It is found, that pure perovskite

phases of BiFeO3 and its solid solutions are formed

in a narrow temperature interval of (780 < T < 850◦C).
Usually, other phases are formed at other temperatures as

well: Bi25FeO40, Bi46Fe2O72, Bi2Fe4O9, Bi24Fe2O39.

This study analyzes radio-emitting and radio-absorbing

properties of ceramic samples of BiFeO3 synthesized

according to the standard ceramic technology from me-

chanically activated (MA) and non-mechanically activated

(NMA) stoichiometric mixtures of bismuth oxide and iron

oxide.

2. Experiment

2.1. Solid-phase synthesis

Ceramic samples of BiFeO3 for the study were synthe-

sized from Bi2O3 and Fe2O3 oxides of
”
analytically pure“

grade in a molar ratio of 1 : 1 according to the standard

ceramic process using two-stage synthesis. At the first stage

the mixture of input oxides was charged into the drum of a

AGO-2 ball mill with balls made of ZrO2 with a diameter

of 8mm and a total weight of 200 g. Ethanol was added

to the mixture as a dispersion medium and the mixture

was atomized for 4 h. Rotation speed of the drums was

1820 rpm. Upon completion of the dispersion process, the

content of drums was dried in a drying cabinet to evaporate

alcohol. In the process of synthesis optimum modes of

the first synthesis stage are set: t1 = 850◦C, 10 h [22].
Due to the fact that the first stage of synthesis results in

formation of a
”
core−shell“ type product [23], the material

was reblended before the second stage (synthesized pegs

were milled) to provide better solid-phase reaction of the

remaining precursors. Then the compound was sintered

repeatedly at a temperature of t2 = 850◦C for 10 h [22].

To produce mechanically activated ceramic tablets, the

synthesized powder was dispersed once again in ethanol

for 15min in the AGO-2 ball mill. Ceramic tablets were

produced by powder pressing followed by baking.

2.2. X-ray diffraction analysis

The structural study was carried out at room tempera-

ture using an Ultima IV X-ray diffractometer by Rigaku,

CuKα-radiation in the angular range of 10 ≤ 2θ ≤ 70◦ with

a scanning step of 2θ = 0.02◦ and a scanning rate of

0.5 deg/min. This interval of 2θ angles was selected because

it included the most intensive diffraction peaks. The exten-

sion of this interval toward 2θ ≥ 60◦ and 2θ ≤ 20◦ gives

the possibility for the refinement taking into consideration

the weak peaks of higher orders of reflections not only

of the BiFeO3 phase but also of the possible impurity
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phases. At the same time a strong overlapping of these

peaks is observed, which, of course, does not improve

results of the refinement of structural parameters. The

X-ray diffraction profiles were processed by the method

of full-profile analysis using the Powder Cell software [24]
and the PDWin 3.0 and the Inorganic Crystal Structure

Database (ICSD) international crystallographic databases.

2.3. Microstructure

The microstructure of samples was studied on fresh cleav-

ages of the ceramic materials at the Equipment Sharing Cen-

ter of SSC of the RAS (https://ckp-rf.ru/catalog/ckp/501994/)
using a Keyence VK-9700 optical 3D-scanning laser

(408 nm) microscope and a Carl Zeiss EVO 40 scanning

election microscope (SEM). To record the effects of

discharging and to improve quality of SEM recording, a

conductive metal layer was applied before the analysis

in a Quorum SC7620 magnetron sputter. However, the

cleavages were not machined. Photos were obtained in

the mode of high accelerating voltage and low current of

the beam (EHT= 20 kV, Iprobe = 20 pA). Working distance

was 8−9mm.

2.4. Study of radio-absorbing and radio-emitting
properties

Radio-absorbing properties were studied using a setup

that included three interchangeable vibrational frequency

generators (covering the range of 3.2−12GHz), an in-

dicator of standing-wave ratio (SWR) and attenuation, a

wideband unbalanced microstrip line (MSL) as a measuring

cell. The sample was placed on the cell surface in the

region of central conductor. The MSL was operated in

the travelling wave mode to determine energy loss in

the sample. At the same time, an absorbing termination

of 50Ohm was connected to the MSL output to reduce

reflection of the wave from the end of the waveguide line.

The investigations were conducted at a room temperature

without thermostating.

Emission spectra were obtained using rod-type or ring-

type receiving antennas, a microwave diode and an indicator.

A digital voltmeter was used as the indicator.

3. Results and discussions

To determine structural characteristics of the phases

formed in the process of sample synthesis, models presented

in the table were used.

Fragments of X-ray diffraction profiles of ceramic sam-

ples of mechanically activated and non-mechanically acti-

vated BiFeO3 at room temperature are shown in Fig. 1.

X-ray diffraction patterns of the input ceramic sample show

all X-ray maxima typical for the BiFeO3 with the perovskite

structure. It can be seen, that, in addition to peaks

corresponding to the main BFO phase, all X-ray diffraction

patterns have peaks corresponding to impurity phases,
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Figure 1. Fragments of X-ray diffraction profiles of

BiFeO3 ceramic samples (a — non-mechanically activated;

b — mechanically activated) at room temperature. Miller indices

for the BiFeO3-type phase are given for the R3c rhombohedral

phase in hexagonal setting. (↓) and (∗) symbols denote X-ray

diffraction reflections of the Bi25FeO40 sillenite phase and Bi2Fe4O9

mullite phase, respectively

namely the Bi25FeO40 cubic phase of sillenite type and the

Bi2Fe4O9 orthorhombic phase with a structure of mullite

type. That is, the solid-phase synthesis took place with the

formation of impurity phases, which often occur during the

bismuth ferrite production. The estimation based on the

ratio of integral intensities of maximum intense reflections

for each of the phases has shown that the percentage of

sillenite is 4.7 and the percentage of mullite is 10.0% for

NMA BFO and 2.5 and 6.5% for MA BFO, respectively.

It is worth to note that mechanical activation decreases

the number of impurity phases, at the same time the BFO

structure remains rhombohedral with space group R3c and

cell parameters aH = 5.575(1) and cH = 13.856(3) Å taken

in the hexagonal setting. At the same time, narrowing is

observed for reflections (012) by almost 1.5 times and

for reflections (124) by 1.3 times, and, as a consequence,

coherent scattering regions increase.

The analysis of microstructure of bismuth ferrite ceramic

crystallites has shown that both the finely dispersed phase

and the coarse grains present in both samples (Fig. 2).
The sample without MA has fine grain sizes of ∼ 0.5µm,

coarse grain sizes of ∼ 4µm, and the sizes are more or

less uniform in their groups. The sample with MA has

submicron grain sizes of up to 0.2−0.3µm, and coarse

grain sizes of up to 6−7µm. Thus, there are differences in

the sizes of crystallites against the background of extreme

values.

Coarse crystallites have a regular shape that looks like

a quadrangular prism. Fine grains have a round yet

voluminous habit. This may be related to the fact that

synthesis was running in the presence of a liquid phase.
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10 000. mm 10 000. mm

a b

Figure 2. Microphotos of transverse cleavages of BiFeO3 ceramic samples with mechanical activation (b) and without it (a) (according to

the data of optical microscopy).

1 mm

a b

2 mm

Figure 3. Microphoto of the BiFeO3 ceramic surface: a — without MA, b — MA sample (according to the data of SEM).

Its presence can be indirectly confirmed by visual exami-

nation as well: round edges of grains and the presence of

conglomerates with
”
blurred“ boundaries. This effect is to

a greater extent attributed to samples with MA. In samples

without MA, grain boundaries are mainly observed.

The SEM data (Fig. 3) confirms the results of optical

measurements of bismuth ferrite ceramics: the shape of

bigger microparticles is closer to a regular geometry, fine

particles are rounded to a greater extent. Sizes of particles

of the NMA sample are within the range from 0.44

to 3.33µm, and those for the MA sample are in the

range of 0.26−6.13µm. This is also consistent qualitatively

with the optical distribution over sizes: the mechanical

activation results in extension of the range of linear sizes

of microparticles.

Measurements of electric component of the electromag-

netic field near the NMA sample of BiFeO3 ceramic located

on the MSL have shown that there is a weak emission field

above it that decreases as the distance from the sample

surface to antenna increases (Fig. 4, a). Two emission

regions have been found in the emission spectra of electric

field in the range of 4.8−5.8GHz with their peaks at ∼ 5.3

and ∼ 5.7GHz, with a higher field intensity in the high-

frequency region.

Also, emission spectra of magnetic component of the

electromagnetic field (Fig. 4, b) demonstrate the presence

of field above the sample surface and of two-mode type

in the regions of 4.2−4.8 and 4.8−5.4GHz with emission

peaks at ∼ 4.3 and ∼ 5.3GHz. There is no electromagnetic

emission at frequencies higher than those mentioned above.

The emission intensity decreases as the height increases,

and this drop is more explicit in the region of higher

frequencies down to complete disappearance of the field

starting from h = 4.5mm.

Emission spectra for the mechanically activated sample

of BiFeO3 ceramic, as well as for the sample without

Physics of the Solid State, 2023, Vol. 65, No. 4
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Figure 4. Emission spectra of electric E∗ (a) and magnetic B∗ (b) components of the electromagnetic field depending on the distance h
to the surface of the NMA sample of BiFeO3 ceramic.
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Figure 5. Emission spectra of electric E∗ (a) and magnetic B∗ (b) components of the electromagnetic field depending on the distance h
to the surface of the MA sample of BiFeO3 ceramic.
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b — with mechanical activation.
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MA, remain of two-mode type for both the electric field

strength (Fig. 5, a) and the magnetic induction (Fig. 5, b).
Peaks of E∗( f ) and B∗( f ) dependencies are also at

approximately 5.3, 5.7 GHz and 4.3, 5.3 GHz, respectively,

i. e. mechanical activation of the ceramics does not result

in offset of peaks of the absorption bands. The profile

of spectra varies to some extent: maximum intensity of

emission on the E∗( f ) graph is in the low-frequency region,

and high-frequency component of magnetic field does not

disappear even at heights of up to 6mm.

Thus, the considered spectra are indicative of the fact

the energy part absorbed by samples of BiFeO3 ceramic is

transformed to the energy of electromagnetic emission.

Fig. 6 shows absorption spectra of non-mechanically

activated and mechanically activated samples of bismuth

ferrite ceramics.

The analysis of spectra shows that in the region below

∼ 7.5GHz the absorption of microwave energy by the

samples is nearly zero (0−2 dB). At higher frequencies a

considerable energy absorption is observed in the range

of up to 12GHz. Absorption peaks are observed in the

spectra, and the input, not mechanically activated, ceramics

absorbs energy to a greater extent (up to −25 dB), than the

ceramics without mechanical activation (up to −16 dB). The
absorption profile varies to some extent as well: the level of

absorption for the input ceramics varies slightly, however,

in the case of mechanically activated ceramics more sharp

fluctuations are observed. The shape of absorption spectrum

of the input ceramics is determined likely by relaxation

processes. More sharp peaks in the spectrum of the

mechanically activated sample are probably indicative of

resonance mechanism of the energy absorption.

4. Conclusion

The method of two-stage solid-phase synthesis is used to

prepare ceramic samples of BiFeO3 with optimum process

parameters t1 = t2 = 850◦C, τ1 = τ2 = 10 h. By the X-ray

diffraction analysis it is shown, that the bismuth ferrite

ceramics is inhomogeneous: its main phase is BiFeO3, minor

phases are Bi25FeO40 and Bi2Fe4O9.

Mechanical activation results in a decrease in the number

of impurity phases. The study of morphology of BiFeO3

ceramic cleavages by methods of optical and electron

microscopy has shown the presence of both the finely dis-

persed phase and the coarse grain phase. Large crystallites

have a regular quad shape, while fine grains have more

rounded shape with voluminous habit. The mechanically

activated ceramic sample has wider range of microparticle

distribution over sizes than the sample prepared without

mechanical processing. The mechanically activated bismuth

ferrite ceramics absorbs electromagnetic microwave energy

to −16 dB, and samples of BFO without mechanical acti-

vation absorb it to −25 dB. Both ceramic samples can emit

a weak electromagnetic field that decreases as the height

above the sample grows.
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