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Abstract
The structure, microstructure, valence states, non-stoichiometry, dielectric and magnetic properties of
lanthanum-modified multiferroics have been studied by X-ray diffraction, thermogravimetric, iodometric
titration, SEM, XPS, dielectric spectroscopy and magnetic methods. Multiferroics of bismuth ferrite have
been obtained by a rapid liquid phase sintering method under different pressures, P, for compacting
stoichiometric mixture of precursors. On the basis of the experimental data, the molar formulas of real
BiFeO3.5 and Big gLag 1Fe0s.s structures have been determined. The real structure contains Bi®*, La®",
Fe¥*, Fe?* and O% ions as well as cation V© and anion V@ vacancies. The optimal temperature regimes
of the rapid liquid phase sintering method for obtaining the single-phase Bigglag1FeO3.5, whose
composition corresponds to the concentration region of destruction of a spin cycloid, have been defined.
It has been established that oxygen non-stoichiometry 6 and concentration of Fe®* strongly depend on the
pressure P. The initial dielectric permittivity of the BiggLag1FeO3.s multiferroics can be controlled and
changed by the pressure P more than 5000 times. The correlations between the composition, structure,
non-stoichiometry, dielectric and magnetic properties in the BiFeO3.; and Bigglag 1FeOs3.s have been
established. In the pure BiFeOs.; at room temperature, rhombohedral distortions of a hexagonal structure
with indications of a ferromagnetic double exchange have been detected. The magnetic structure of the
single-phase Bigglag 1FeO3-5 is homogeneous with a large value of coercitivity, Hc > 10 kOe, at room
temperature. An analysis of the magnetic properties indicates the appearance of a weak ferromagnetism
due to the destruction of the spin cycloid by lanthanum ions.

Keywords: multiferroics, non-stoichiometry, XPS, dielectric permittivity, coercitivity,
ferromagnetic double exchange



1. Introduction

Bismuth ferrite, BiFeOg, is a multiferroic and has a great prospect of its application in electronics
and spintronics [1-3]. The uniqueness of the functional properties of the BiFeOg is associated to the
possibility of the appearance of magnetoelectric [4], magnetocaloric [5], magnetodielectric [6],
magnetostriction [7], piezoelectric [8], pyroelectric [9], and other galvanomagnetic effects in them, the
coexistence of which is due to the structural, electrical and magnetic features of this metal oxide class.

The crystal lattice of the BiFeO3 has a hexagonal ABO3 perovskite structure with a rhombohedral
R3c type of elementary cell distortion [10], which is thermodynamically stable at room temperature. In
the BiFeOg, large bismuth cations occupy A-positions. Small iron cations occupy B-positions and form
the FeOg octahedra with the coordination number (CN) = 6. The appearance of electric polarization in the
BiFeO; is associated to a rhombohedral distortion of the ideal cubic perovskite lattice at which rotation of
two adjacent FeOg octahedra around an [111] axis is occurred in an anti-phase regime [11]. The
appearance of the electric polarization vector at such deformation of a crystal is associated to moving
oxygen ions in a (111) plane towards the [111] axis in one part of the octahedron and from the [111] axis
in the other part of the octahedron. As shown in [12], the angles of rotation of the two adjacent FeOg
octahedra around the [111] axis are + 13.8°. At this rotation, the polarization vector along the [111]
direction can be changed from 6.1 pC/cm? for a bulk single crystal to 100 uC/cm? for a thin BiFeOjs film
[13,14]. The above mechanism for appearance of electric polarization allows to assume that a deviation
from stoichiometry 6 in the BiFeOs3.5V; perovskite, associated with appearance of point defects of the
vacancy type V, can cause not only local distortions of the FeOg octahedra, but also significant changes in
electric polarization towards either its reduction or increase. Therefore, the study of influence of non-
stoichiometry and defect chemistry of a vacancy type on the structure and properties of the bismuth ferrite
is of particular interest both to determine the conditions of the stable state for a single-phase multiferroic
and to improve its functional properties.

The coexistence of magnetic and electrical ordering in the BiFeOs is due to the fact that this

composition at room temperature is simultaneously in both antiferromagnetic (AFM) and ferroelectric
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states with Neel of Ty ~ 650 K and Curie of T¢c ~ 1100 K temperatures [15], respectively. The coexistence
and mutual influence of the magnetic and electronic subsystems in the BiFeO3 explains the appearance of
galvanomagnetic effects, one of which is a magnetoelectric (ME) effect [16]. The appearance of a
magnetic order below Ty is associated to AFM ordering of magnetic moments of iron. The appearance of
uncompensated antiferromagnetism is a result of the appearance of a canted state in AFM lattice due to
Dzyaloshinskii-Moriya interaction [17]. According to the high-resolution neutron powder diffraction data
[18], the magnetic BiFeOs structure is spatially modulated since AFM ordered spins of Fe** form a spin
cycloid with a period which increases from 605 to 625 A with increasing temperature from 4 to 300 K.
Since the spin cycloid exists, the average value of a projection of AFM magnetization vector in towards
of a magnetic field is zero and there is no linear ME effect. This strongly limits the ability to use the
unique properties of the BiFeO3; multiferroics for application purposes. The cycloid structure in the
BiFeO; can be destroyed by a strong magnetic field H = 200 kOe [19], which is accompanied by a surge
of electric polarization and the appearance of the linear ME effect [20]. The destruction of the spin
cycloid and the appearance of the linear ME effect are also observed in the thin films [21], and bismuth
nanopowders with a nanoparticle size not exceeding the spin cycloid period of ~ 620 A [22].

The appearance of the linear ME effect in weak magnetic fields can be also induced by chemical
substitution of the A-cation. According to the Mdssbauer spectroscopy data [23], the substitution of Bi**
for La>* ions'in the Bi;_cLasFeOs destroys a cycloidal antiferromagnetism at the concentrations of x > 0.2.
Measurements of hysteresis loops M(H) in a magnetic field up to 7 T were showed that the residual
magnetization in the Bi;_LayFeOs increases from 5-10™emu/g to 0.13 emu/g with an increase in the
concentration of lanthanum x from 0 to 0.05 [24]. Since the concentration x = 0.1 is in the boundary
region of the appearance of the linear ME effect, an increased interest in a comprehensive study of the
properties for the BigglagFeOs arises.

For obtaining large values of the ME effect in the multiferroics, it is necessary to have high

polarization properties. The quantitative characteristic of polarization for the multiferroics is a dielectric
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permittivity &', which dependents on a frequency and can take values from &' ~ 10* in low frequency (LF)
f=1Hz—-1MHzto¢' ~ 12 in ultra high frequency (UHF) f = 8 — 12GHz ranges for the BiFeO3 [25,26].
The complexity of the obtaining single-phase BiFeO3; multiferroics is associated to the features of
the Bi,O3-Fe,03 state diagram [27]. Obtaining the BiFeOj3 by the solid state reaction method.is a complex
task which can be solved only within a narrow range of temperatures, compositions, and oxygen pressure
[28]. In a state of stable equilibrium, three intermediate phases coexist: (i) the BiFeOs multiferroic with a
perovskite structure; (ii) a BiosFeO4 phase with a sillenite structure; and (iii) a BioFe;Og9 bismuth ferrite
with a mullite structure. The availability of the impurity BixsFeOy4o and BigFe,Og9 phases leads to the
appearance of a leakage current and degrades the functional properties of the BiFeO3 [29]. Obtaining the
single-phase BiFeOj3 is complicated by a volatility of bismuth above the melting point of 817 °C for a
Bi,O3 oxide and thermodynamic instability of the BiFeOs in the air [30]. Using high temperature X-ray
diffraction and isothermal heat treatment methods [31], the temperature effect on the thermodynamic
stability of the BiFeO3 was investigated and it was found out that the appearance and increase in the
concentration of the second BixsFeQ4o and BiFe4,O9 phases were observed within the temperature range
of 600 — 817 °C. In the temperature range from 817 to 926 °C, the BiFeO3 perovskite is a
thermodynamically stable. Therefore, for obtaining the single-phase BiFeOs it is necessary to rapidly heat
the stoichiometric BiO3-Fe,O3 mixture up to the synthesis temperature to prevent the formation of the
BiysFeOy4o and BizFe,Og phases, and at the final stage of the synthesis, the obtained BiFeO3 perovskite
needs to be rapidly cooled to prevent its decomposition into the Bi,sFeOyo, BiFesOg and Bi,O3. A rapid
liquid phase sintering (RLS) method satisfies these conditions [32,33]. In the RLS method, the synthesis
of the BiFeO3 occurs at temperatures slightly above the melting point t = 817 °C of the low-melting
component of Bi,O3. The process of mutual diffusion is much more intensively due to the higher transfer
rate of the substance in a liquid phase. Such sintering is several minutes unlike solid state reaction
synthesis with tens of hours. Using the RLS method allows to obtain the single-phase compositions of

bismuth ferrite multiferroics in a record short time.
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In an ideal BiFeO3 perovskite structure, ions of bismuth, iron, and oxygen are in the valence states
of Bi®*, Fe** and O%. A real perovskite structure is defective and contains vacancies which strongly affect
the physical properties of this metal oxide class [34]. As shown in [35], the perovskite structure can
contain point defects of a vacancy type not only in an anion, but in a cation sublattice as well.’At studying
the effect of vacancies on the electrical properties of the BiFeO3; multiferroics [36], a domain wall appears
in the agglomeration region of cation V© vacancies in the A-positions of bismuth; when a domain
structure of the ferroelectric state is formed.

Bismuth in the BiFeOs; multiferroic can have Bi** and Bi°* valence with a valence electron
configuration 5d'%6s? and 5d'°, respectively. Bismuth ions do not contribute to the magnetization of the
BiFeOj3 since their electron shells are completely filled and the total spin of the ion is zero. According to
the X-ray photoelectron spectroscopy (XPS) data [37], the valence of bismuth is Bi** in the single-phase

BiFeOj3 perovskite, and Bi°* appears in impurity phase of BiZ;[Bi®"Fe* |02 sillenite.

The deviation from stoichiometry-in an oxygen sublattice of the BiFeOj3 leads to a decrease in its
negative charge by anion V® vacancies, which is compensated by the appearance of Fe®*. According to
the results of XPS analysis [38], iron ions can be in Fe®* state up to 28% in BiFeOs. With the appearance
of Fe?*, an increase in conductivity and dielectric loss as well as a decrease in electrical polarization and
dielectric constant are observed [38]. Taking into account the local reduction of the CN from 6 to 4 in the
B-position by the’ V@ it allows to assume that not only FeOg octahedra, but also FeO, tetrahedra exist. In
this case, Fe** ions can be found both in the FeOg octahedra and FeOy, tetrahedra, and Fe** are only in the
FeOg octahedra [39]. Such effect of the non-stoichiometry on the change in the valence state and
coordination environment of iron should cause a change in the formation of magnetic and conductive
properties of the BiFeOs.

Taking into account the non-stoichiometry and the possible valence state of the ions in the

replaced BiyxLaxFeOs, the molar formula of its real structure
is{Bi}",_Bi} VO},[Fe’ Fel V71,0, V¥, where x and y are the concentration of the cation V©

1-X'—x 1-y-y Vy

vacancies in the A- and B-sublattices, x' and y" are the concentration of Bi°>* and Fe®*, § is the number of



the anion V® vacancies per molar formula, the concentration of which equals to 8/3. The problem
determining the type and concentration of point defects is an important task in chemistry, physics and
engineering of functional materials.
Taking into account the above mentioned, the main tasks of this work can be formulated:
Q) obtaining the bismuth ferrite Biy.xLaxFeOz multiferroic, whose composition with lanthanum
concentration of x =0 — 0.1 is located in the region of destruction of the spin cycloid,;
(i) determining the optimal conditions for the preparation of the single-phase BigglLag1FeO3

multiferroics by the RLS method,;

(iii)y  defining the molar formulas of the real {Bi",_,Bi> V" },[FeZFel",  V{?1,0, V¥ structure

containing different valence bismuth and iron ions‘as well as anion V@ and cation V© vacancies;
(iv)  studying the structure, dielectric and magnetic properties of the Bigglag1FeO3.5 with establishing

regularities of the influence of composition, non-stoichiometry and structure on these properties.

2. Experimental section

The ceramic BiFeOsand Bigglag1FeO3; samples were prepared by the RLS method. A mixture of
high purity La,0O3 (> 99.5%), Bi,O3; (> 99.5%) and Fe,O3 (> 99.5%) powders in a stoichiometric ratio was
calcined at 180 °C (4 h) for dehydration and pressed into tablets (& = 8 mm, h = 3 mm) under pressure P
=200 MPa and (@ = 6 mm, h = 3 mm) under P = 400 MPa. The obtained samples were sintered in the air
at a temperature of ty,, = 850 °C for 480 sec in the mode of rapid heating at a speed of 100 °C/sec in a
temperature range from a room temperature to 770 °C and at a speed of 10 °C/min in the range from 770
to 850 °C. After sintering, the samples were rapidly cooled from 850 to a room temperature at a rate of
100 °C/sec. Two batches of the samples were obtained, which were different by P = 200 and 400 MPa of
the initial mixture of powders.

The symmetry, lattice parameters and phase composition were measured by using PANalitical X-
Pert PRO MRD high resolution diffractometer in CuK;-radiation. Qualitative phase analysis was

performed using database ICDD, PDF-2 Release 2012 and Crystallographica Search-Match Version 3, 1,



0, 0 software. The concentration of available phases was evaluated by the corundum numbers method
[40]. Additional studies of temperature dependences of lattice parameters for the Bigglag;FeO3 were
performed by Empyrean X-ray diffractometer (PANalytical) in Cu-radiation. Low-temperature studies of
the crystal structure were carried out in the temperature range from 18 to 290 K with using a.closed cycle
refrigerator and a low temperature Phenix X-ray prefix from Oxford Cryosystems. The analysis of
experimental data was carried out using the HighScorePlus and FullProf software.

The method of iodometric titration was used to determine the average valence of iron ions in the
air at room temperature for a model where the cation sublattice of bismuth ferrite doped by lanthanum can
contain Bi**, La**, Fe**, Fe**, Fe*" ions. In this case, the principle of electrical neutrality can be achieved
as a result of both changes in a valence of iron and an oxygen.index with the appearance of anion
vacancies. The method of iodometric titration allows to determine the oxygen index in ABO3.s
perovskites, which contain variable valence 3d-ions in B-positions, with an accuracy of 6 = +0.02 per
formula unit [41]. Such a systematic error in the determination of the oxygen content and the
corresponding 0.02/3 relative error.allow to calculate the filling factors for the A- and B-positions in a real
ABO3_; perovskite structure with an accuracy up to 1%.

The non-stoichiometry, defect chemistry of a vacancy type and oxygen content were determined
on the basis of comparative analysis of the X-ray diffraction, thermogravimetric and iodometric titration
experimental dataas well as previously established defect formation mechanism for ABO3 perovskites
[42—-44]. Refinement of the oxygen index and verification of the correctness of the molar formulas
obtained for the real BiFeOs_s and Big glLag1FeOs s structures were controlled by the established early

correlation between the relative change of the lattice parameter Aa/a and the relative change of the

average ionic radius AR /R in a perovskite structure [42].

The microstructure and size of crystallites in the ceramic samples were determined by the
scanning electron microscopy (SEM) method using JEOL JSM-6490LV and FEI Magellan 400 scanning
microscopes. The elemental analysis was carried out by the energy dispersive X-ray spectroscopy

method. The survey was carried out in the mode of secondary and back scattered electrons with an
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accelerating voltage of 20 kV with a magnification of 30-20000 times and focusing the electron beam on
the sample surface up to 10 nm.

X-ray photoelectron spectra of the ceramics and initial Fe,Os, Bi,O3, La,O3 oxide powders were
obtained at room temperature with the X-ray photoelectron microprobe ESCALAB 250. The spectra were
excited with a monochromatized radiation of AIK,. Clean surfaces of the samples were obtained by a
diamond scribing file in a vacuum chamber under pressure of about 10°° Pa. The state of the surfaces was
monitored with C1s line with a very small intensity. However, the line was still detectable on the
background which allowed using it for the calibration of the energy scales for all spectra. C1s line binding
energy was taken to be 285 eV. The flow of slow electrons was used to counteract the charging of
samples. The absolute energy resolution was 0.6 eV that was determined from the Ag3dsy, line profile.
The Fe,03, Bi,O3 and La,O3 powders were deposited by fine layer on a double-sided conductive adhesive
tape. The flow of slow electrons was used to counteract the charging of powders as well. The background
of X-ray photoelectron lines was cut off by Shirley [45].

The dielectric properties were studied on the basis of the analysis of the frequency dependences of
the relative dielectric constant, €'(f), and the dielectric loss tangent, tanA(f), measured by the dielectric
spectroscopy in the LF (f= 1 Hz — 1 MHz) and UHF (f = 8.24-12.05 GHz) ranges at room temperature
[46,47].

Magnetic measurements were carried out by using Quatum Design SQUID MPMS 3. Magnetic
properties were determined on the basis of the analysis of the temperature M(T) and magnetic field M(H)
dependences of magnetization. The M(T) dependences were measured in two Mzgc(T) and Mec(T) modes,
when the sample was heated after its cooling in a zero magnetic field (ZFC—mode) and when the sample
was cooled in a magnetic field (FC—mode). The Mzrc(T) and Mec(T) dependences were measured in two
magnetic fields of H =50 Oe and 7 T. The hysteresis M(H) curves were measured in a magnetic field up

to7 TatT=4and 300 K.



3. Structure and microstructure

An analysis of the X-ray patterns for the ceramic BiFeO3 and BiggLag1FeO3 samples obtained
under different pressures P = 200 and 400 MPa (see Fig. 1) allows to conclude that the matrix structure of
all samples studied is a rhombohedrally distorted hexagonal perovskite structure. In the BiFeO3; sample (P
=200 MPa), a rhombohedral R3m type of distortion with the lattice parameters of a = 55737 A and ¢ =
6.9339 A and the unit cell of Z = 3 formula units is observed. In this sample, the available of additional
phases of the Bi,Fe4Oq with a mullite structure (orthorhombic Pbam structure; a=7.965 A, b =8.44 A, ¢
=5.994 A; Z = 2; ICCD No. 55) and BiysFeQO4o with a sillenite structure (cubic 123 structure; a = 10.1812
A; Z=1; 1ICCD No. 197) was observed as well. The content of each phase does not exceed 2 vol. %. The
diffraction maxima for the Bi,Fe;,O9 and Bi,sFeOqq are indicated by the * symbol in the region of angles
20 =27.5-29.0° (see Fig. 1 (a)). With increase in the pressure up to P =400 MPa, the lattice parameters
decrease and the structure is a rhombohedrally-R3m distorted with a = 5.5694 A and ¢ = 6.8927 A

parameters. In this sample, the content of the perovskite phase decreases to 79.5 % and instead of the
BisFe4Og and BissFeO,o the phases of Bi,O3 oxide (cubic 123 structure, a = 10.08 A, Z = 12, ICCD No.
197) and metallic Bi, bismuth (monoclinic C2/m structure, a = 6.67256 A, b = 6.1108 A, ¢ = 3.30013 A,
Z =1, ICCD No. 10) are appeared with concentrations of 12.6 and 7.9 %, respectively (see Table 1). The

diffraction maxima of the Bi,O3 and Bi4 phases in Fig. 1 (b) are within the region of 26 = 28.0 — 29.3°

angles.
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Fig. 1. X-ray patterns for the Bi;.«\LayFeO3 ceramics with x = 0 and 0.1 obtained by the RLS method
under different pressures of P = 200 (a) and 400 MPa (b). The symbol * denotes the region of the
diffraction maxima from the second additional phases.



10
While replacing bismuth with lanthanum, all Big gLao 1FeO3 samples, regardless of pressure P, are

single-phase and have a rhombohedral R3c type of distortion (see Fig. 1). The lattice parameters vary
from a =5.5730 A and ¢ = 13.8480 A for a sample with P = 200 MPato a = 5.5734 A and ¢ = 13.8025 A
for a sample with P = 400 MPa (see Table 1). An absence of diffraction maxima in the region of 26 =
27.5-29.3° angles indicates the complete polymorphic transformation of the initial oxides to the
BiggLag 1FeO3 perovskite without the formation of the additional Bi,Fe,Og, BiosFeOs Bi,O3 and Biy
phases.

At analyzing the X-ray data, two facts should be noted.

Firstly, in the BiFeOs sample, the R3m (P = 200 MPa) and R3m (P = 400 MPa) types of
rhombohedral distortion are found (see Table 1), but the R3¢ type of distortion was observed for the

hexagonal BiFeOz; multiferroic [10]. The appearance of the R3m phase is possible at high temperatures
when the cubic Pm3m structure of the perovskite is transformed to the R3c structure through two

intermediate R3c and R3m phases [48,49]. The nonpolar R3c phase appears when the structure is
distorted by only the rotation of the FeOg 0ctahedra around the [111] axis without displacing the ions
along the [111] direction [50]. The ferroelectric R3m phase appears with polar distortions, which is
caused by the displacement of ions along [111] direction without rotation of the FeOg octahedra [48].
Interpreting the result, it can be said that the rapid cooling of the samples using the RLS method freezes
the structure in an intermediate state at which the displacement of ions along [111] axis has already
begun, but the rotation of the FeOg octahedra has not occurred. It should be noted that the R3m distortion
of the structure prevents the appearance of the linear ME effect [51].

Secondly, the results of the phase analysis indicate the appearance of the Bi,O3 bismuth oxide and
metallic Bi, bismuth in the BiFeO3 (P = 400 MPa) sample instead of the phases of the Bi,Fe,;Og mullite
and BigsFeQyg sillenite. It should be noted that with the appearance of the Bi4 a sharp decrease in the
lattice parameter a from 5.5737 to 5.5694 A is observed with an increase in the pressure P from 200 to

400 MPa (see Table 1). Such a decrease in a parameter is possible as a result of the chemical pressure
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because of the influence of metallic bismuth being in the intercrystalline zones of the BiFeO3

microstructure.

Table 1

Phase composition, type of structure and lattice parameters for the BiFeO3 and BiggLay1FeO3 obtained by

the RLS method under different pressures of P = 200 and 400 MPa

Lattice parameters

Second phase, vol.%

P Space ICDD
X hexagonal primitive

(MPa)  group No.

a(A) c(A) ap (A) BixsFeOuo Bi,Fe,0s  Bi,0; Biy

0 200 R3m 160 5.5737 6.9339 3.9620 <2 <2 - -
0.1 200 R3c 161 5.5730 13.8480 3.9597 - - - -
0 400 R3m 166 5.5694 6.8927 3.9520 - - 12.6 7.9
0.1 400 R3c 161 55734 13.8025 3.9555 - - - -

The results of the SEM investigations for the microstructure of the BiFeO3 and BigglLag 1FeO3

samples are shown in Fig. 2. The SEM spectroscopy data confirmed the chemical and phase composition

for all samples. The Bi,Fe4Og impurity is located in an intergranular space of the BiFeO3 (P = 200 MPa)

and denotes as white spots in Fig. 2 (a). Assumption about the localization of the metallic Bi, bismuth in

the crystallite boundaries of the BiFeO3 (P = 400 MPa) is confirmed by Fig. 2 (f).

¢/ 20KV ¢ X1,000 Aopm 04131 1062 BEC
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Fig. 2. Microstructure of the BiFeO3 (a) and BigglLag 1FeO3 (b) under P = 200 MPa, the BiFeOs (c¢) and
BipglLag1FeOs (d) under P = 400 MPa as well as EDS pattern of the BiFeO3 (e) under P = 400 MPa and
increased concentration of bismuth in the vicinity of crystallite boundaries for the BiFeOj3 (f) under P =
400 MPa obtained by the SEM method.

According to the SEM investigations, the crystallite size decreases from ~ 10 to ~ 1 um (see Fig. 2

(a) and (b)) for the samples obtained at P = 200 MPa when bismuth is replaced by lanthanum. It leads to

the formation of finely porous cellular microstructure in the BigglLag 1FeOs. Such type of the
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microstructure should accumulate a large charge in the LF range. With increasing the pressure P from 200
to 400 MPa, the microstructure of the samples shows a well-formed surface consisting of small
crystallites, the average size of which slightly varies from ~ 500 nm in the BiFeO3 (P = 400 MPa) to ~

450 nm in the BigglLag1FeO3 (P = 400 MPa) with increasing La content.

4. Non-stoichiometry and molar formulas of a real structure

In bismuth ferrite, an isovalent substitution of Bi** for La** ions with the same ionic radii should
not result in the significant changes in its structural properties, since with such a substitution neither
changes in the valence of other ions, nor changes in interionic distances should occur [52]. To explain
such changes, it is necessary to introduce an additional parameter into consideration. This parameter is a
non-stoichiometry. The non-stoichiometry depends on the concentration of the cation V© and anion V®
vacancies and affects the valence and charge state of cations, the length of metal-oxygen bonds, the
coordination number and heterogeneity of the coordination environment, which leads to the changes in
the stability of structure and its properties.

The appearance of the V© and V@ vacancies in the perovskite structure is observed at high
temperatures of synthesis and annealing. The V® vacancies are formed as a result of the thermal
dissociation in the positions formally occupied by oxygen vented to the atmosphere. Reduction of an iron
to Fe?* preserves the electroneutrality of a unit cell. The appearance of V© occurs during the oxidative
process While the sample is cooled after the appearance of new metal-oxygen bonds at the “solid solution-
atmosphere” interface. As a result of the greater mobility of a cation sublattice [43], the V© vacancies are
formed at the site of the cations moved to the interface.

On the basis of the defect formation mechanism taking into account the phase composition [53],
X-ray diffraction and thermogravimetric data as well as the results of iodometric titration for determining
the average iron valence [42], the molar formulas of the real BiFeOs.; and Big gLag 1FeOs.s structure were
determined (see Table 2). The molar formulas were determined taking into account the fact that the Bi**,

Bi**, Fe**, Fe®*, 0% ions as well as the V© and V® vacancies can be in the perovskite structure.
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Table 2
The molar formulas of the real perovskite structure and concentration of the anion V@ vacancies for the

BiFeO3.; and BigglLag1FeOs.s ceramics obtained under different pressure P

x P (MPa) Molar formulas of defect perovskite structure V® (%)

0 200 {Big oo Vot alFed 5P el 6 Vo]0 76 Vi3 7.3
0.1 200 {Bi¥,La¥ VO } [FeZ Fedt V1.0, V2 6.0
0 400 {Bid V{9 }, [FeZ Fel Vi) 105,V 2.7
0.1 400 {Bi¥,La¥ VO } [FeZ: Fedt VO .02V 23

The real structure of the BiFeO3.s and BigglLag1FeOs.s is non-stoichiometric and in addition to the
A-cations of Bi®", the B-cations of Fe®" and Fe?*, and the anions of 0% oxygen it also contains the V® and
V© vacancies (see Table 2). The quantity of the V© vacancies in the A- and B-positions is an
insignificant to 1-2 % and it can be considered that the both cation sublattices are completely filled. The
criterion for the correctness of definition of the molar formulas is the established correlation between the
experimental values of the relative changes in the Aap/ap lattice parameter (ap is a parameter of the
primitive cell) and the calculated values of the relative changes in the AR/ R average ionic radius
[43,54]. To determine the relative changes Aap/ap, the parameters of a and ¢ of the hexagonal structure
were recalculated for the ar and ar parameters of the rhombohedral structure [55]. Since the angle of the
rhombohedral distortion ag = 89.4 — 89.6° is slightly different from 90°, the parameter ag can be
considered as the parameter ap of the primitive elementary cell for the studied samples (see Table 1 and
Fig. 3).

The average ionic R radius was calculated from the equations [42], in which the fill factors of all
crystallographic positions (see Table 2) and the radii of ions in according to their valence state and
coordination number were used [52]. It should be noted that in an ideal cubic perovskite structure, a

bismuth is in the A-position with CN = 12. In the rhombohedral R3c structure, the A-position is strongly
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distorted and only 6 out of 12 oxygen anions are the nearest environment of bismuth [50], and thus, La
and Bi in the A-positions are in the octahedra of LaOg and BiOg with CN = 6.

The correlation established between the relative changes of the Aap/ap parameter of the primitive
cell and the average AR/ R ionic radius of the perovskite structure for the BiFeOs_; and Bigglag1FeOs.s

samples (see Fig. 3) confirms the correctness of the molar formulas of the real structure determined (see

Table 2).
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Fig. 3. Concentration changes in the parameter ap of the primitive cell and the average R ionic radius for
the perovskite BiyxLaxFeOs.s structure under different pressures P = 200 (a) and 400 MPa (b). The inset

shows the correlation between the relative changes in the Aap/ap parameter and the average AR /R ionic
radius.

As can be seen from Table 2, all samples are non-stoichiometric in oxygen. With an increase in
the La content, the concentration of the V® vacancies slightly decreases from 7.3 % in the BiFeOs_5t0 6.0
% in the Bigglag.1FeOs.; for P =200 MPa and from 2.7 % in the BiFeO3.5 t0 2.3 % in the Bigglag1FeOs 5
for 2 = 400 MPa. Increasing the pressure P from 200 to 400 MPa reduces the concentration of the V@
vacancies in all compositions by almost 2.5 times. The deviation from stoichiometry ~ 1 % of the V©
vacancies in the cation A- and B-sublattices is insignificant and does not depend either on the lanthanum
content or the pressure P. The large concentration of Fe* in the B-positions is of particular interest. The
amount of Fe>* depends on the concentration of the V® vacancies, since a decrease in the oxygen

sublattice of charge by anion vacancies at high synthesis temperatures is compensated by the appearance

of Fe?* in the cation sublattice. The high concentration of the V® and FeZ" is the result of a rapid cooling
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of the samples (100 °C/sec). At this cooling rate, the partially deoxidized Fe?* cations have no time to

reach the sample surface in order to oxidize to Fe**. This is the reason for the small deviation from
stoichiometry in the cation sublattice and the high concentration of the V® and FeZ" in the BiFeOs.; and
BiggLag 1FeOs.5 samples under P = 200 MPa. As can be seen from Table 2, an increase in the pressure P
from 200 to 400 MPa greatly reduces the concentration of FeZ" from 38 to 10 % in the BiFeOs.; and from

27 t0 5 % in the Bigglag1FeOs.5. Such a significant effect of non-stoichiometry on the change in the
valence state of iron ions in the bismuth ferrite should strongly influence its structure, magnetic and

dielectric properties.

5. Structure, dielectric and magnetic properties of the non-stoichiometric single-phase
Bipglag1FeO3.5 composition
5.1. Structural properties of the non-stoichiometric Bigglag1FeOs.5 perovskite

Since the greatest deviation from stoichiometry among single-phase samples is observed in the
BiogLao1FeOs.; sample under P =200 MPa with a concentration of V@ = 7.3 % vacancies (see Table 2),
the studying its structural properties in a wide temperature range is an increased interest.

According to X-ray diffraction data, the Bigglag1FeOs.5 sample is a single-phase and has a
rhombohedral R3¢ (ICDD: 98-001-5299) structure which is not changed within a temperature range from
18 to 290 K'as shown in Fig. 4 and 5. An analysis of its crystal structure is performed in according to the
model proposed [56]. The hexagonal unit cell of the Bigglag1FeO3 composition contains six formula
units (Z = 6) (Fig. 6). The lattice parameters of the solid BigglLag1FeO3.5 solution monotonically decrease

with a decrease of temperature (Fig. 7 and Table 3).
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Fig. 4. X-ray patterns of the BiggLag1FeOs.; sample at different temperatures T. The label * denotes the
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Fig. 5. X-ray pattern of the BigglLag1FeOs3.s at room temperature treated by the Rietveld method. The

experimental points, calculated function and difference curve normalized to the statistical error are
shown. Vertical strokes designate the positions of the peaks for the Bigglag1FeO3 crystal structure.



Fig. 6. The elementary cell for the Bigglag1FeOs.5 in a hexagonal installation ploted by using data of
Table 3. lon indication: O is a blue color, Bi / La is a green color, Fe is a red color.

Table 3

The parameters of the BigglLag1FeOs s crystal structure, standard calculation and experimental factors,

18

coordinates of the atoms determined by the Rietveld method within the framework of the space group R3c

(Ne 161) at different temperatures. The 1ons are in the positions of Bi/La (6a) (0, 0, 0); Fe (6a) (0, 0, z); O

(18b) (x, v, 2)

Structure parameters and criteria of fit

! Fe(6a) O (18b) Rexp R, Rup
K) a(d c(A) Vv (A e

z X y z (%) (%) (%)
18 55695(2) 13.8139(5) 371.09(2) 0.216(1) 1.023(8) 0585(9) 0.966(3) 21.95 442  24.9 1.28
30 55691(1) 13.8127(4) 371.00(2) 0.217(1) 1.013(7) 0.572(9) 0.962(3) 21.95 438 246 1.26
60 ~ 55696(1) 13.8155(5) 371.15(2) 0.217(1) 1.023(7) 0575(9) 0.964(3) 21.95 431 244 1.23
90  55703(1) 13.8179(5) 371.30(2) 0.217(1) 1.025(7) 0.579(9) 0.962(3) 2210 439 245 1.23
120  55708(2) 13.8204(4) 371.44(1) 0.217(1) 1.020(7) 0578(9) 0.964(3) 22.25 430  23.9 1.16
190  55730(2) 13.8293(4) 371.97(2) 0.217(1) 1.025(7) 0579(9) 0.961(3) 22.26 443  24.3 1.19
230  5.5744(2) 13.8346(5) 372.30(2) 0.217(1) 1.026(7) 0.585(8) 0.963(3) 22.44 439 241 1.16
290 5.5778(1) 13.8492(4) 373.15(1) 0.220(7) 0.997(6) 0.566(8) 0.963(2) 18.62  37.7 229 151
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Fig. 7. Temperature dependences of the lattice parameters, a and c, and the volume cell, V, for the
Bipglap1FeOss.

On the basis of the analysis of X-ray diffraction data, the microstructural parameters of the
BipgLag1FeO3 ceramics were additionally determined. The microstrain € and an average size of the
coherent scattering region <Dcsg> were equal to 0.16 % and 820 nm, respectively. This size is close to
the average crystallite size ~ 1 um from SEM measurements (see Fig. 3(b)). The contributions of the real
physical broadening were determined from the difference between a broadening of the diffraction peaks
of the BigglLap1FeO3 and calibration LaBg samples. The separation of the &€ and <Dcgg> contributions into
the broadening of the observed diffraction peaks was performed by the Williamson-Hall method [57].
Using the HighScorePlus software, the Debye-Scherrer method additionally allowed to determine & =
0.179 % and <D¢sg> = 137.3 nm. The discrepancies obtained by two methods in the sizes of the coherent
scattering region are observed. In the Debye-Scherrer method, a single diffraction line located in a region
of'small angles 6 is used. In the Williamson-Hall method, an analysis is conducted for all lines with

extrapolation to the region of small angles excluding the contribution from microstrains.

5.2. Valence states in the single-phase non-stoichiometric Biyglag1FeO;-5 perovskite
Fig. 8 shows a comparative analysis of the X-ray photoelectron spectra of the initial Fe,O3; powder
and the BigglLag1FeOs5 (P = 200 MPa) sample. As shown in Fig. 8 and Table 4, Fe2p spectrum of the

Fe,O3 powder consists of two maxima A and C at a distance of 13.6 eV related to Fe2ps, and Fe2pi .,
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levels, respectively. In addition to these main features of the spectra, at a distance of 7.8 eV from the
maximum of A there is a singularity B (719 eV) and after the peak C there is a diffuse shelf D (733 eV).
The features of C and D refer to satellites of charge transfer. Moreover, the availability of singularity C
and the value of binding energy equal to 711.2 eV indicate that the iron ions in the investigated powder

are in the trivalent state [58,59].

Fe2p
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Binding energy (eV)
Fig. 8. X-ray photoelectron spectra of Fe2p for the Fe,O3; powder (a) and the Bigglag1FeOs.5 (P = 200
MPa) sample (b) and its decomposition into components related to the Fe2p spectrum from Fe?* ions
(green curve) and Fe** (blue curve).

Fig. 8 (b) shows the appearance of an additional bend A' in the spectrum for the BigglLag1FeOss

sample. This bend A' has energy lower than the maximum of A at a distance of about 1.8 eV. In addition,
there isno feature B in the spectrum. These differences from Fe2p spectrum in Fig. 8 (a) allow to

conclude that the spectrum for the Fe;0, sample [59], which has Fe?* and Fe®* ions, is the similar to Fig.

8 (b).
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Table 4
The binding energies of Fe2p, Bi4f, La3d, and O1s levels in the BigglLag 1FeO3.s ceramics and the Fe,0s3,

Bi,O3, La,O3 powders

Binding energies of levels

Sample Fe2p Bi4f La3d
O1s
2p3p 2P Afp A5 3dsp  3dipe
Fe, O3 711.2 7248 - — — g 530.3
Bi,O3 — — 158.7 164.0 — - 530.0
Lay,O3 — — — — 834.5 851.1 530.9

Biggolao1FeOss 711.3 724.8 158.7 164.0 834.4 850.8 529.9

To clarify the available of different valance iron ions in the ceramic BigglLag 1FeOs3.5 sample the
experimental spectrum was decomposed (see Fig. 8 (b)) using the approach described for the components
related to bivalent and trivalent iron ions [58]. Fe2p spectra of divalent and trivalent iron used as
components of decomposition were taken by analogy with work [58]. Fe2p spectrum of the ceramic
sample is described quite well by the sum of the components related to Fe®* and Fe** with proportions of
26 % and 74 %, respectively (see Fig. 8). At estimating the contributions, it was taken into account that
the ionization probability of the 2p shell in Fe?* ion is twice higher than in Fe** ion [58]. These values
correspond to the values of 27.3 % (Fe?") and 72.7 % (Fe®") obtained from the molar formulas of the real
structure with very good accuracy (see Table 2). Therefore, the availability of different valence iron Fe?*
and Fe*" ions in the BiggLag1FeOs.5 sample at the isovalent substitution of Bi* by La®* ions has been
confirmed by XPS method as well.

The analysis of X-ray photoelectron spectra of Bi4f (see Fig. 9 (a)) shows that they practically

coincide and have the same energies (Table 4). The spectra have two components, Bi4f;, and Bi4fs,,
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separated by a spin-orbital interaction. The energy position of Bi4f;, component equals to 158.7 eV in

both samples that suggests the trivalent state of bismuth in the BigglLag1FeOs.s [58].
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Fig. 9. X-ray photoelectron spectra of Bi4f for the Bi,O3 powder and the BiggLag 1FeO3.s ceramics (a) and
of La3d for the La,O3 powder and the Bigglag1FeO3.5 ceramics (b).

Fig. 9 (b) shows X-ray photoelectron spectra of La3d. The nominal content of lanthanum in the
Bipglag1FeOss sample is 1 mol. %. Despite the low content of lanthanum, we were able to obtain La3ds/,
and La3ds, spectra, although with much worse statistics. Nevertheless, the main contours of La3ds,, and
La3ds, are reproduced. In addition, it was possible to determine the energy of maximum component of
La3ds/, and La3ds/, peaks (Table 4). As shown in Fig. 9 (b), the spectra are almost identical and have the
same energy (Table 4). The La3d spectra were calculated [60]. In the one-electron approximation, the
spectra have two components of La3ds, and La3ds, which are separated by the spin-orbital interaction.
In addition to these main features of the spectra, they have an extra fine structure due to the availability of
charge transfer satellites, plasmon satellites and contribution of the Auger-line MNN components [61]. A
detailed analysis of La3d spectrum for the La,O3 was conducted [60-62]. According to these papers,
sufficient broad features, located at 13.5 eV on the high-energy side of each main doublet line, is due to
from Auger MNN electron lines and plasmon excitations. Expressed features on the main components,

located approximately 4 eV from the main maximum of each line, are the charge transfer satellites
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reflecting the formation of the screening states 3d™ 4f'L™ (L = ligand), during “shaking off" the valence
electrons on free 4f-orbitals [62]. The equal energy position of La3ds;, and La3ds, components for the
La,O3 powder and the Bigglag1FeO3.5 ceramics allows to conclude that the lanthanum ions in the

BipglLag1FeOs s sample are in the trivalent state.

5.3. Dielectric properties of the single-phase Bigglag1FeOs.; multiferroics with varying non-
stoichiometry o

The investigation of dielectric properties for the Bigglag1FeOz-s multiferroics has showed that the
complex relative dielectric permittivity & = &' + ig" and dielectric loss tangent tanA = £" / &' have a
relaxation type of dispersion (Fig. 10). At room temperature, the BigglLag 1FeOs—s (P = 200 MPa) with
oxygen non-stoichiometry 6 = 0.18 (see Table 2) has anomalously high values of the &' = 5.10° at 1 Hz,
the values of which exponentially decrease to &' ~ 209 with increase in a frequency to f = 1 MHz. In the
BipgLag1FeO;-5 (P =400 MPa) with 6 = 0.07, the dielectric permittivity decreases sharply to €' =82 at 1
Hz and then slightly decreases to &'= 50 with increasing frequency to f = 1 MHz (see Fig. 10). The
colossal values of the €' in the LF range for the BigglLag1FeOs.s (P = 200 MPa) sample, as we expect, are
associated to the charge accumulation at the boundaries of the finely crystalline structure (see Fig. 2 (b)).

In the UHF range f = 8 — 12 GHz, the relative permittivity &, and dielectric loss tanA become
frequency-independent for all samples. With decreasing non-stoichiometry & from 0.18 to 0.07, a
decrease in &, from 10.5 (P = 200 MPa) to 7.7 (P = 400 MPa) and an increase in tanA from 1.7-10° (P =
200 MPa) to 1.3-10 (P = 400 MPa) are observed. It should be noted that for the pure BiFeOs_s bismuth
ferrite, the values of the &, and tanA are equal to 34.5 and 2.9-10° for & = 0.22 and equal to 13.6 and
3.9-107 for & = 0.08, respectively. Such high values of €., for the BiFeOs.; are possibly associated to the

influence of the Bi,Fe4Og and BiysFeOy4o impurity phase (see Table 1).
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Fig. 10. Frequency dependences of the £'(f) permittivity and the tanA(f) loss for the Bigglag1FeOs—;s
ceramics obtained under different pressures of P = 200 and 400 MPa. The fitting curves obtained from
equations (1) and (2) are indicated by a dashed line.

The model spectra of the € components, which are in good agreement with the experimental data,

can be described by the relations [63-65]:

f=—e + (g, —800)[_1 Jr‘((m)l"’sin(not/Z)] N (asl—swl)[lv‘L(mrz)ysin(nyIZ)] L O ’ (1)
1+2(w1)"sin(ra2)H o) 1+2(ot,)sin(ny/2)Hot,)” & o™
. (&2 ) (@1) " cos(mo/2) N (eg4-€.,)(0T,) cos(my/2) L % @

- 1+2(wt) “sin(na/2)Hwt)™ "™ 1+2(ot,)sin(ry/2)Hot,)” &0 ’
where & is a static dielectric permittivity, € IS a high-frequency dielectric permittivity. The parameters a,
v, B characterize the distributions of the relaxation times t determined in the first approximation from the
condition @max'T = 1, where mmax IS @ frequency corresponding to the maximum of tanA. The second and
third terms in Eq. (1) are mathematical expressions describing the Debye model in different frequency
intervals with the Cole-Cole and Cole-Davidson distributions of relaxation times [63,64], respectively.

The second term in Eq. (1) can be related to the electron hopping mechanism between Fe?* «

Fe** ions, which is in the frequency range from 10° to 10° Hz [66,67]. In this frequency range, the
decrease observed in the tanA while decreasing non-stoichiometry & well correlates with the decrease in
the amount of Fe?* ions (see Table 2 for x = 0.1). An insufficient frequency dependence of the real

component of the dielectric constant for the sample synthesized under P = 400 MPa is due to the low
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polarization of the highly localized states of Fe** ions. In the sample obtained under P = 200 MPa, the
fraction of Fe®" ions is significantly higher, that promotes an increase in dielectric losses in this frequency
range.

The third term in Eq. (1) describes the high-frequency relaxation mechanism of the dielectric
polarization, the nature of which has not been finally clarified. A possible mechanism of the dielectric
polarization in the frequency range from 10’ to 10° Hz is the motion of the walls of ferroelectric domains
[67].

In the LF limit which is described by the last term in Eq. (1) and (2), the large values of the tanA
are due to the contributions of quasi-free carriers of the electric current to the dielectric polarization, i.e.
dielectric losses are related to the conductivity and accumulation of electric charge on the intercrystalline
boundaries, inhomogeneities and structure defects within a framework of the Maxwell-Wagner and Kups
models [25,68]. The using of Eq. (1) and (2) allows to obtain model spectra (see Fig. 10). The deviation
between the theoretical calculations and the experimental data does not exceed an error of the experiment

within the frequency interval. The parameters of the model spectra are given in Table 5.

Table 5
The dielectric T, 0 €5 €, 61, P1, G2, B2, T2, ¥, &s1, €1 Parameters of model spectra for the Bigglag 1FeOs.5

ceramics obtained by the RLS method under different pressure P

P 7(10°8) « & & 5 (107QTmY) B, o, (107Q mY) B, 0] y €o1 Eont
(MPa)

200  3.92 0.05 2100 10.65 29.99 0.898 32.99 0.770 1.26:10° 0.987 3700 2100
400  0.08 001 73 7.4 0.0001 0.500 0.0001 0.500 0.08 0.220 80 73

The increase in the value of real component of dielectric constant in the BigglLag 1FeOs.s samples
(P =200 MPa) compared with the results obtained on the samples (P = 400 MPa) within the frequency

range of 10° — 10® Hz is associated to a large concentration of structure defects. The effect of structure
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defects in Fig. 10 is shown in the region of notable relaxation behavior of dielectric functions. An
increased content of anion vacancies (a large & value) and a high content of Fe** (see Table 2) lead to a
significant increase of the dielectric constant in the static limit. At a frequency f — 0, the formation of
dielectric properties is influenced by the high conductivity of the samples due to the contribution to
polarization. This contribution is caused by the availability of quasi-free charge carriers' which move
within the crystallites under the action of an external alternating electric field. Charge accumulation at the
crystallite boundaries provides the formation of a polarized state. This interpretation of the experimental
data is supported by a large scatter of the relaxation times described by a-and y parameters as well as high
conductivities o1 and o7 in the BigglLag 1Fe03.5 samples with P = 200 MPa (see Table 5). The availability
of a minimum in the tanA(f) dependence within the range 10% — 10* Hz is due to the coexistence of
different dielectric polarization mechanisms. With decreasing frequency, the processes associated with
electron hopping between different valence cations of iron reach saturation, which leads to the
establishment of a constant value of tanA. However, at a frequency corresponding to the minimum value
of tanA, not all possible defects contribute to the polarization of the material. As the frequency decreases,
the number of quasi-free charge carriers reacting to a change in the sign of the external electric field
increases, which leads toan increase in the dielectric loss tangent. In the Bigglag1FeOs.s samples (P =
400 MPa), this mechanism does not affect the dielectric constant due to the small amount of Fe?* ions that
is evidenced by decreasing the o parameter in five times. A small value of the relaxation time t
corresponds to relatively high frequency, below which saturation occurs due to the contribution caused by
electron hopping between different valence cations of iron. The availability of the last ones, though in a
small amount (see Table 2), was found in the BigglLag1FeOss (P = 400 MPa). On the basis of the
relaxation time t = 0.08 obtained in course of the simulation (at the first approximation from the relation
2nfmaxt = 1), the frequency fmax = 2 Hz can be estimated, where the maximum of loss tangent should be

observed.
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5.4. Magnetic properties of the single-phase BiFeO3_; and Bigglag1FeO3.5 perovskites

In order to study the effect of lanthanum on the magnetic properties of the BiyxLaxFeOss
multiferroics, the samples with non-stoichiometry 6 weakly depending on the concentration X were
selected. The samples with P =400 MPa, in which 6 decreases slightly from 0.08 for the BiEeO3.5 to 0.07
for the Bigglag 1FeOs.5 (see Table 2), satisfy this condition. The behavior of the hysteresis M(H) curves at
the magnetization of the samples in a magnetic field up to H = 7 T testifies the availability of the
ferromagnetic (FM) interactions in both samples (see Fig. 11). With increase in the La concentration from
x = 0to 0.1, the magnetization in the highest field 7 T decreases from M(7 T) = 0.9373 to 0.6669 emu/g at
T =4 K and increases from M(7 T) = 0.5842 to 0.6568 emu/g at T = 300 K (see Table 6). The coercive
field of Hc increases both at a temperature T = 4 K from He = 1832 to 14664 Oe and at T = 300 K from
Hc=5392 to 11624 Oe. The residual magnetization of My increases from M, = 0.04105 to 0.13221 emu/g

at T =4 K and from M, = 0.04603 to 0.11866 emu/g at T = 300 K as well.
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Fig. 11. Hysteresis curves of the M(H) for the BiFeOs—; (a) and Big gLag1FeOs—s (b) in a magnetic field up
to H=7T at temperatures of T = 4 and 300 K.
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Table 6

Magnetic properties of the Bi;«LasFeO3 (P =400 MPa) ceramics

Hc (Oe) M; (emu/qg) M(7 T) (emu/g)

4 K 300K 4K 300K 4K 300 K

0 1832 5392 0.04105 0.04603 0.9373 0.5842

0.1 14664 11624 0.13221 0.11866 0.6669 0.6568

An increase in the coercivity of the H¢ and the change of magnetizations of the M(7 T) and M; at
the replacement of bismuth by lanthanum in the Bi;«LasFeO3 are a logical result which is caused by the
destruction of the spin cycloid by lanthanum [23]. However, the appearance of ferromagnetism in the
BiFeO3.s is an unexpected result and requires more detailed discussion. The residual magnetization M, =
0.04105 emu/g in our sample BiFeO3s at T =4 K (see Table 6) is significantly ~ 70 times greater than M
= 0.0006 emu/g for the same composition BiFeOs, in which a cycloidal antiferromagnetism is observed

[24]. The appearance of FM interactions in the pure BiFeO3 can be caused by the appearance of the
ferromagnetic FeZ" —O* —Fe¥ double exchange through oxygen between the Fe?*(3d°, S =2) and

Fe**(3d°, S = 5/2) provided that Fe”* ions are available in the B-positions of the perovskite [69]. The
appearance of such FEM clusters was observed in the BiFeOs films, in which FM ordering can be realized
through a double-exchange of the Zener mechanism and is not associated to the Dzyaloshinskii-Moriya
interaction [70]. A confirmation of this mechanism is the fact that the concentration of Fe?* reaches 10 %
(see Table 2) in the studied BiFeOs.; (P = 400 MPa) sample.

An absence of any anomalies in the Mzrc(T) and Mec(T) dependences (see Fig. 12) indicates a
magnetic homogeneity and the absence of magnetic phase transitions in the temperature T =2 — 400 K
range. There is no discrepancy between the temperature dependences of the Mzrc(T) and Mgc(T)
magnetization (see Fig. 12). It means an absence of spin-glass behavior [71], and a phase separation of
the magnetic subsystem in our samples regardless of the La content [72]. The magnetization M of all

samples weakly varies over the whole temperature T = 2 — 400 K range and increases from M = 0.0020 —
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0.0022 emu/g in a magnetic field H = 50 Oe to M = 0.58 — 0.68 emu/g in the H =7 T. The sharp increase
in the Mzec and Mgc magnetizations for the BiFeO3.; sample in the low-temperature region from 50 to 2
K (see Fig. 12 (a)) is due to the magnetic and spin heterogeneity [25, 73]. An absence of such a sharp
increase in the Mzrc and Mgc when T — 0 in the Bigglag1FeO3.5 sample (see Fig. 12 (b)) indicates its
high magnetic purity, which once again confirms the magnetic homogeneity and correctness of the

determined molar formulas of the real structure (see Table 2) with a low content of Fe** (5 %) in this

sample.
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Fig. 12. The dependences of the Mzec(T) and Mec(T) magnetization for the BiFeO;_; (a) and
Big.gLag1FeO;_5 (b).in the magnetic fields of H=50 Oeand 7 T.
Conclusions

X-ray diffraction, thermogravimetric, iodometric titration, SEM, XPS, dielectric spectroscopy and
magnetic methods have been used for investigating the structure, microstructure, valence states, non-
stoichiometry, dielectric and magnetic properties of the lanthanum-modified multiferroics obtained by the
rapid liquid phase sintering method under different pressures P.

Taking into account the defect formation mechanism, the molar formulas of the real perovskite
structure for the BiFeOs_; pure and lanthanum-doped Big gLag 1FeOs.5 bismuth ferrite have been

determined. It has been found out that the real structure contains Bi®*, Fe?*, Fe®*, 0% ions as well as anion
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V@ and cation V© vacancies. Due to the low concentration of the V© vacancies, the deviation from
stoichiometry in the cation sublattice can be neglected. The non-stoichiometry of the oxygen sublattice 6
depends on the composition and the pressure P and can be varied in the range of 6 = 0.07 — 0.22, which
corresponds to a change in the concentration of the V® vacancies from 2.3 to 7.3 %. The SEM results
confirm the chemical composition. The XPS data evidence valence state of ions in the single-phase
Bigolag 1FeO3.s multiferroics.

In the rapid liquid phase sintering method, the temperature regimes of rapid heating have been
determined at a rate of 100 °C/sec (from room temperature to 770 °C)and 10 °C/min (from 770 to 850
°C) up to 850 ° C with a subsequent rapid cooling at a rate of 100 °C/sec down to room temperature for
obtaining the single-phase BigglLag 1FeO3.s multiferroics, whose composition corresponds to the
concentration region of a destruction of the spin cycloid. It has been established that the concentration of
Fe?" from 27 to 5 % in the single-phase BigglLag1Fe0s.s multiferroics by can be controlled by the
changing pressure P from 200 to 400 MPa.

According to X-ray diffraction data, the crystal structure of the single-phase BigglLag1FeOs.5 is a
rhombohedrally R3c distorted hexagonal perovskite structure, the lattice parameters of which do not
depend on the pressure P. Monotonic reductions in the lattice and volume of the unit cell while
decreasing temperature from 290 to 18 K are observed without structure transformation.

According to the SEM data and dielectric spectroscopy, the crystal structure of the BigglLag1FeOs;
sample obtained under P = 200 MPa is small-porous with crystallite size ~ 1um, which induces the
accumulation of a charge at the crystallite boundaries and the appearance of colossal dielectric constant &'

~ 5-10° in the low-frequency range. In this sample, relatively large losses tanA ~ 1.5 are associated to
increasing conductivity with the appearance of a ferromagnetic FeZ" —O° —Fel" double exchange.
Increasing the pressure P up to 400 MPa reduces the crystallite size to ~ 450 nm and homogenizes the

microstructure. Reducing non-stoichiometry & from 0.18 to 0.07 decreases the concentration of Fe®* from

27 to 5 % and lowers the initial dielectric constant. The initial dielectric constant of the Bigglag 1FeOs3.s
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multiferroics can be controlled and changed in ~ 5000 times from &' = 5-10° to 100 by variation of the
pressure of the initial mixture of precursors from 200 to 400 MPa.

According to magnetic measurements, the magnetic structure of the BigglLag1FeOs.s single-phase
multiferroics obtained by the RLS method is homogeneous with a large value of the coercitivity of Hc >
10 kOe at room temperature. The magnitude of the magnetization and an absence of anomalies in its
temperature dependence indicate the appearance of a weak ferromagnetism and the destruction of the spin

cycloid in this sample by the lanthanum impurity.
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Highlights

1. Real molar formulas for BiFeOs.5 and Big olag 1FeO3.s multiferroics were determined
2. Real structure contains Bi**, La>*, Fe?*, Fe**, 0% ions and V@, V© vacancies

3. Dielectric constant €' reduces in 5000 times at 1 Hz with rising P from 200 to 400MPa
4. Bigglag1FeO3.s multiferroics show a large value of Hc > 10 kOe at room temperature
5. “Composition, Structure, Non-stoichiometry, Properties” correlation was established



