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ARTICLE INFO ABSTRACT
Keywords: Single-phase lanthanum-modified bismuth ferrite multiferroic ceramics have been synthesized by the rapid
Liquid-phase sintering liquid-phase sintering (RLS) method. Phase composition, crystal structure, microstructure and dielectric prop-

X-ray diffraction

Scanning electron microscopy
Ceramics

Bismuth ferrite multiferroics

erties of the Bip.gLag.jFeO3 multiferroic have been studied using TG/DTA, XRD, SEM, capacitive and composite
dielectric resonator methods. It has been established that the optimal conditions for formation of a perovskite
Big.gLag.1FeOs structure are 850 °C after 5 min in air. It has been found that the compacting pressure of the initial
mixture of precursors from 90 to 1090 MPa can change the dielectric constant by ~25% in the low-frequency
range and by ~80% in the microwave range up to complete elimination of the elastic polarization mecha-
nism. The use of the RLS method under various compacting pressures opens additional possibilities for creating
multifunctional multiferroics with controlled magnetoelectric coupling.
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1. Introduction

Metal oxides based on bismuth ferrite BiFeO3 with a perovskite
structure belong to the class of multiferroics — the multifunctional ma-
terials where there are two or more types of ferro-ordered states [1-3].
The coexistence of magnetostrictive and piezoelectric properties is the
reason for the appearance of the magnetoelectric (ME) effect [4,5].
Nowadays, the ME effect has found application in supersensitive sensors
of alternating and constant magnetic field [6]. Based on the ME effect, it
is possible to create high-precision microwave equipment [7] and
miniature electronic devices for wireless energy transfer [8]. Multi-
ferroics are used to reduce the electrical noise in ME sensors [9].
Multilayer film heterostructures based on bismuth ferrite have a high
potential for use in high-speed memory devices with low energy con-
sumption and high memory density [10]. ME laminate composite con-
figurations are also used in non-invasive neurological interfaces [11,12].
Despite extensive study of multiferroic bismuth ferrite, the relevance of
this research remains, since this material is the only non-composite
Type-1 single-phase multiferroic that has high temperatures of the
appearance of magnetoelectric coupling [13].

The appearance of a colossal linear ME effect is observed when bis-
muth is replaced by lanthanum in bulk BiFeO3 material [14]. One of the
advantages of Big.gLag.jFeO3 composition is the high values of the
dielectric constant €’ [15,16]. However, the synthesis of single-phase
bismuth ferrite with a perovskite structure is quite complex task [17,
18]. The appearance of BizsFeO49 and BioFe4Og minor phases leads to a
leakage current and degrade the functional properties of multiferroics. It
is appropriate to synthesize single-phase bismuth ferrite by the rapid
liquid-phase sintering (RLS) method [16], since the minor phases of
BissFeO4g and BisFe4Og do not have time to form due to a rapid heating
and cooling initial mixture of precursors. Using RLS method to synthe-
size Bip.gLag.1FeOs ceramics, it has been found that the compacting
pressure P of the initial powder mixture affects the dielectric properties
of multiferroic [15,19]. However, these studies were conducted in a
narrow range of pressure and frequency. The search for new mecha-
nisms in order to control of ME coupling in a wider frequency range is a
topical task to increase the functionality of multiferroics. Therefore, to
expand the possibilities of using Bip.gLag.;jFeOs ceramics, it becomes
important to increase the range of pressure and frequency variation
which is the main goal of this work.

2. Experimental

Ceramic samples of Bij.gLag.;FeO3 were obtained by the RLS method
[16]. The initial Lay03 (purity > 99.9% from Aladdin), Bi,O3 (purity >
99.9% from Aladdin), and FeoO3 (purity > 99.5% from Aladdin) pow-
ders were mixed in a stoichiometric ratio and pressed into tablets with a
diameter of %" (6.35 mm) under compacting pressure P = 90, 180, 360,
545, 725, 900, and 1090 MPa with an accuracy of +9 MPa. The com-
pacted samples were sintered in air at a temperature of t,,, = 850°C for a
short time 480 s. As a result, the BLFO-90, BLFO-180, BLFO-360,
BLFO-545, BLFO-725, BLFO-900, and BLFO-1090 samples with
different compacting pressures P of precursors from 90 to 1090 MPa
were obtained. It should be noted that the choice of the environment
atmosphere for sintering process in the RLS method is an important task
due to possible influence on the chemical composition, microstructure,
porosity and properties of the material [20]. Synthesis of bismuth ferrite
in N, atmosphere in comparison with O, leads to an improvement in the
crystallization characteristics and to a decrease in the content of minor
BisFeqOg and BipsFeOy4o phases [18]. However, Ny gas in the pores
prevents complete compaction of the grains and can lead to swelling of
the sample with a simultaneous loss of material properties. Therefore,
the synthesis of BLFO ceramics was carried out in air with ~21% oxygen
and ~78% nitrogen.

The phase formation processes in the system Bi;O3-LayO3-Fe;O3 was
studied by simultaneous thermogravimetry/differential thermal
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analysis (TG/DTA) using Linseis STA PT 1600. The TG/DTA curves were
recorded in the range of 25-900 °C with a heating rate of 30 °C min L.
The initial precursor mixture mass was about 22 mg and weighed to
alumina crucibles. The experiments were carried out in air at a flow rate
of 100 mL min~". The reference substance was pure a-Al,05. Symmetry,
crystal lattice parameters, and phase composition were determined
using a high-resolution PANalitical X-Pert PRO MRD diffractometer in
Cug,q radiation. The diffraction reflection patterns were recorded in the
2 theta-omega mode (scanning pitch of 0.02°, time at a point of 2 s).
Lattice parameters were determined with an accuracy £0.001 A. Qual-
itative phase analysis was performed using the ICDD database, PDF-2
Release 2012, and the Crystallographica Search-Match program
Version 3, 1, 0, 0. The concentrations of the phases present were found
by the corundum number method [21]. The microstructure, crystallite
size, and chemical composition refinement were determined by scan-
ning electron microscopy (SEM) on a FEI MAGELLAN 400 Scanning
Electron Microscope. The survey was carried out in a high vacuum mode
using a “through-lens” (TLD) detector at an accelerating voltages of
5-10 kV and high beam currents of 0.20-0.40 nA with magnification up
to 65 000 X. The size of grains was determined from analysis of SEM
images within clear and defined grain boundaries using Nano Measure
1.2.5 software [22]. The dielectric properties were studied by analyzing
the frequency dependences of the dielectric constant &'(f) and the
dielectric loss tangent tans(f) at room temperature in the low-frequency
(LF) range from 0.1 to 10° Hz by the capacitive method and in the mi-
crowave (MW) range from 8 to 12 GHz by the composite dielectric
resonator method [23]. An accuracy of determination of ¢'(f) and tans(f)
does not exceed 3 and 5% for LF, and 5 and 15% for MW ranges,
respectively. The ¢'(f) and tans(f) measurements in the LF range [16]
were carried out using graphite powder rubbed homogeneously over the
entire surface on both sides of the cylindrical samples (d = 6.35 mm and
h = 2-3 mm).

3. Results and discussion

According to the TG/DTA studies for the stoichiometric BiyOs.
-Lay0O3-FeyO3 mixture of precursors (see Supplementary Material), an
exothermic effect is observed near 850 °C that is associated with the
crystallization process of the perovskite multiferroic phase [24]. At
stabilized temperature of 850 °C, an exothermic peak appears after ~5
min without loss of sample mass. Therefore, the optimal conditions for
obtaining single-phase multiferroics were chosen 850 °C during ~8 > 5
min that was also noted in our previous work for the same composition
[16].

According to X-ray diffraction data (see Fig. 1), the phase composi-
tion of the initial mixture of Bi,O3, LayOs, and FeyOg3 precursors before
synthesis corresponds to the stoichiometric BLFO composition. After
synthesis, all BLFO samples become single-phase ones and crystallize
into the hexagonal R3¢ (ICDD: 98-001-5299) perovskite structure. The
compacting pressure P does not affect the symmetry and lattice pa-
rameters of the crystal structure, which slightly deviate from the unit
cell parameters of a = 5.573 A and ¢ = 13.878 A for BLFO-90.

The results of SEM studies confirmed the phase, chemical, and stoi-
chiometric compositions for all BLFO samples, which are also indepen-
dent of pressure P (see Fig. 2). The average crystallite size D is in the
range from 200 to 300 nm and weakly depends on P. Despite the short
synthesis time (8 min), all samples demonstrate a well-formed micro-
structure with clear boundaries of intergranular zones.

The dispersion of the dielectric permittivity components has a
relaxation character (see Fig. 3). In the LF range, with an increase in the
pressure P from 90 to 725 MPa, the constant ¢’ decreases by ~1.2 times,
i.e. ~ —25% (see Fig. 4(a)). With a further increase in P from 725 to
1090 MPa, the constant ¢’ becomes independent of pressure P. In the LF
range, small dielectric losses tané < 1 slightly depend on P. The tans(f)
dependences show two minima in the ranges from 1 to 10 Hz and from
10* to 10° Hz (see Fig. 3(b)). The appearance of these minima is
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Fig. 1. Evolution of the diffraction patterns for BLFO ceramics with increase in
compacting pressure P from 90 to 1090 MPa and the diffraction pattern for the
initial mixture of precursors.

associated with the coexistence of migration and hopping polarizations
in these frequency ranges [25].

The main mechanisms of dielectric polarization in the bismuth
ferrite multiferroic within the LF range are hopping charge transfer
between different valence Fe>" and Fe?" ions, and intergranular polar-
ization associated with accumulation of weakly bound charge carriers
on structural inhomogeneities, grain boundaries, and point defects [16,
26,27]. An additional contribution to the dielectric constant can be
made by the high conductivity of the samples. A characteristic feature of
samples with high conductivity is the presence of large losses tans ~1
[28-30]. The small losses tané ~0.03 at LF of ~1 Hz in BLFO ceramics
(see Fig. 4(b)) indicate a weak contribution to the polarization effects
from the conducting subsystem. The appearance of colossal values of the
dielectric constant &’ ~10° in the lanthanum-modified bismuth ferrite
multiferroics is due to the contribution high conductivity to €’ [16]. In
our case, the temperature RLS regime was strictly performed in order to
exclude the appearance of different valence iron ions, which are
responsible for high conductivity.

The appearance of two minima in the tans(f) dependences (see Fig. 3
(b)) is due to the coexistence of various relaxation processes associated
with the migration of quasi-free charge carriers. The first minimum in
the range 1-10 Hz corresponds to grain-boundary effects with the
localization of weakly bound charge carriers at grain boundaries (crys-
tallites), and the second minimum in the range 10%-10° Hz corresponds
to localization of charge carriers on non-stoichiometry defects inside
grains [31,32]. With a decrease in the frequency of f < 10° Hz, the
processes associated with electron hopping between different valence
iron cations reach saturation, which leads to the constant value of tans.
However, below the frequency of f < 10* Hz, quasi-free carriers begin to
localize at defects inside grains. The number of quasi-free charge
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carriers, which respond to a change in the sign of the external electric
field, increases that leads to an increase in the dielectric loss tangent
[15]. The appearance of LF minimum tans with a sharp increase in the
loss tangent at f < 2 Hz is the result of the inclusion of another polari-
zation mechanism, which is associated with charge accumulation at
grain boundaries. The length of the intergranular zones and the con-
centration of localized charge carriers increase with a decrease in grain
size. Since the pressure P almost does not affect the crystallite size (see
Fig. 2), this polarization mechanism requires a more detailed analysis to
determine the reasons for the increase in ¢ with a decrease in P (see
Figs. 3(a) and 4(a)).

The effect of pressure P on the dielectric constant €’ in the LF range is
due to the feature of RLS method for the synthesis of BLFO ceramics. The
liquid-phase sintering is often used as a compaction process in the
production of various ceramic components [33]. Sintering under pres-
sure increases the density of ceramics and makes the microstructure
more uniform. After relieving the compacting pressure, the residual
stress enhances the driving forces for densification in all stages of the
liquid-phase sintering. The liquid phase fills the pores and small capil-
laries between solid particles [34]. In liquid-phase sintering, the
compaction of the microstructure occurs due to a decrease in the
porosity of the grains at the boundary of the intergranular zones [35].
Therefore, an increase in the compacting pressure P during the RLS
causes a decrease in microstructural defects at the grain boundaries of
BLFO where charge accumulation occurs. A decrease in the charge
concentration at the grain boundaries is associated with a decrease in ¢’
in the range from 0.1 to 10 Hz with an increase in the compacting
pressure from P = 90-725 MPa (see Fig. 3(a)). The absence of the in-
fluence of P on ¢’ in the range of P = 725-1090 MPa is due to the
saturation of microstresses. While synthesis of samples at P > 725 MPa,
due to a significant increase in microstresses, the piston is ejected from
the mold after relieving the P.

The nature of dielectric polarization in the frequency range from 107
to 10° Hz is not fully understood. The most probable mechanism of
dielectric polarization in this frequency range is the motion of the
ferroelectric domain walls [36]. With increase in frequency of the
external electric field and due to the large inertia, mechanisms associ-
ated with migration and hopping polarizations are eliminated. In the
MW range, the main polarization mechanisms are elastic mechanisms
caused by the oscillation of domain walls [37], as well as ionic and
electronic polarizabilities [38-40].

In the MW range, the dielectric constant ¢’ and the losses tané are
independent of the frequency for all pressures P (see Fig. 3). In this
frequency range, the P strongly affects the dielectric constant, which
decreases from &’ = 7.0 for 90 MPa to 2.2 for 1090 MPa (see Fig. 4(c)).
The tans = 0.0009-0.0013 is independent of the P and retains its value
within the experimental error (see Fig. 4(d)). The influence of the P on
the constant ¢’ in the MW range is also related to the features of the RLS
method. In the polycrystalline bismuth ferrite multiferroic, the size of
the ferroelectric domains is in the nanometer range and coincides with
the grain size [41]. As it was noted above, an increase in the P leads to a
decrease in the concentration of charge carriers which accumulate at
grain boundaries. Consequently, at elastic oscillation of the domain
walls, a decrease in the charge concentration at the domain boundaries
will be accompanied by a decrease in the dielectric constant €’. As it
follows from the analysis of experimental data, with an increase in the P
to 1090 MPa, the dielectric constant decreases to ¢’ = 2.2. Such a small
value of the dielectric constant can correspond to the contribution only
from the ionic and electronic elastic polarizations. Therefore, the com-
pacting pressure at liquid-phase synthesis can control the elastic polar-
ization caused by the oscillation of the ferroelectric domain walls up to
the complete elimination of this mechanism. Varying pressure value, the
conductivity of the domain walls can be controlled. The bound charge
on such domain walls can lead to a local dielectric-metal transition [42]
and to a strong increase in the dielectric and piezoelectric properties
[43]. The ability to control the dielectric properties of multiferroics
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opens up new prospects for the practical use of the RLS method in method at various compacting pressures of the stoichiometric mixture of
creating new materials for nanoelectronic devices of the future. precursors from 90 to 1090 MPa. It has been found out that a perovskite
formation begins at ~5 min upon an optimum sintering temperature of

4. Conclusions 850 °C in air.
In the low-frequency range the dielectric constant has a relaxation
The single-phase lanthanum-modified bismuth ferrite Big.gLag.;FeO3 behavior that is due to the thermally activated polarization mechanism.

ceramics have been synthesized by the rapid liquid-phase sintering The synthesized ceramics have low dielectric losses because of the small

(b)

O - 61.89

Fig. 2. SEM images (a, ¢, e, g) and EDS spectra (b, d, f, h) for the Big.gLag.;FeO3 ceramics obtained at various compacting pressure P.
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contribution to the dielectric polarization from migration conductivity.
The strong dependence of the constant €’ on pressure P in the LF range is
due to the features of the rapid liquid-phase sintering method, where the
pressure P affects the filling of pores and small capillaries between solid
particles by the liquid phase. A decrease in the constant ¢’ with an in-
crease in the P by ~25% is associated with a decrease in the number of
microstructural defects at the grain boundaries where charge accumu-
lation occurs.

In the microwave range, the strongest influence of the compacting
pressure P on the dielectric constant ¢’ by ~80% has been found. The
elastic polarization mechanism, which affects the oscillation of the
ferroelectric domain walls, can be controlled by the compacting pressure
up to the complete elimination. The ability to control magnetoelectric
coupling through a dielectric constant in multiferroics based on bismuth
ferrite opens up prospects for the practical use of the rapid liquid-phase
sintering method in creating new functional materials.
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