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Using the solid-phase reaction method we obtainedidmuth ferrite based
compounds generated by partial substitution of bismth ions with rare earth
metal ions (lanthanum and praseodymium). We used #rmogravimetric analysis
and X-ray analysis at the temperature range from 28 to 1123 K to study the pe-
culiarities of the processes of phase formation gkaction-products synthesis in
the systems which contain oxides of iron, bismutHanthanum, and praseodym-
ium; their compositions were also determined. Forhe final synthesis tempera-
ture of 1123 K we determined a homogeneous conceation area, where bismuth
ferrite solid solutions with the structure of distated perovskite exist. We studied
the influence of lanthanum and praseodymium oxide®n phase composition of
bismuth ferrite compounds in the process of isovale alloying of a part of bis-
muth ions by lanthanum and praseodymium ions. In tle frequency range of
20 Hz — 1 MHz we determined the key parameters, wtih characterize electrical
and magnetic properties of perovskite-like phasedVe found that for the consid-
ered samples the frequency dependencies of compleragnetic permeability and
electrical parameters (real and alleged part of peanittivity) are of almost the
same type. We showed that for the given frequencyange both electrical (com-
plex permittivity) and magnetic (complex magnetic prmeability) parameters de-
crease with the frequency increase.

Keywords: bismuth ferrite; solid solutions; distedt perovskite structure;
electrical and magnetic properties.

Introduction

Multiferroic materials are inorganic compounds, ethhave both ferromagnetic and ferroelectric
features. Such compounds can be used to createstoatgctric materials, which can operate in various
fields of microelectronics and microwave technoldgyg. extra-high density storage devices: magneti
memory, logical components, magnetic field sengb#8]). Therefore, the synthesis of new multifecroi
materials attracts the great interest of reseascher

Bismuth ferrite (BiFe@) is a well-known multiferroic compound, in whiclpdle ordering occurs
near 1100 K and antiferromagnetic ordering — ndé&r 6. Hence, it can be used for the room tempera-
ture applications [4]. Besides, on the base of bthnfierrite it is possible to create, using sol-geic-
essing and solid-state synthesis, solid solutiaitis the broad homogeneous region by double isovalen
alloying of a part of Bi ions by rare earth metal ions )y and of the same amount of*Fey Co**
ions. This modification can increase the possilbimimer of application of such compounds [5]. How-
ever, the synthesis of monophase ceramic Bife@he system BO;—FeQO; is hindered by the forma-
tion of transitional crystalline phases,B&0, and BpsFeOsq.

So, the intent of our work was to investigate therfation of bismuth ferrite solid solution in sys-
tems B}Os-La,0s-Fe0; and BpOs-La,0s-Prs0;1-F&0; under heating in air. We considered the influ-
ence of lanthanum and praseodymium oxides on thegpbomposition of bismuth ferrite compounds in
the process of isovalent alloying of a part of'Bons by L&" and Pt ions. We aimed to determine
main parameters, which characterize magnetic audrigdal properties of the obtained compounds.
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Experiments

We synthesized polycrystalline samples of solidisehs Bi_LakFeQ; (x = 0; 0,05; 0,1; 1,0) and
Bipoulao 1PrFeC; (x = 0; 0,05; 0,1; 0,7) by solid-phase reaction fromroiwally pure oxides BOs,
Fe0s;, La0s, and PgO;;. Oxides of rare earth metals ¢Ca and PgO,;) were thermally annealed at
1273 K for one hour. Mixtures, prepared accordm@reset quantities of starting reagents, were anixe
and thoroughly ground in the agate mortar for 36utgs with the addition of ethanol. The obtained al
cohol-containing load was pressed under the pres§us0 MPa to cylinders with the diameter of 8 mm
and thickness of 1-4 mm. The cylinders were thdynazadnealed at 1073 K in air for 3 hours. The syn-
thesis of investigated compounds in air was madbkerincinerator af; = 650 K (3 hours)7, = 833 K
(3 hours),T3 = 1093 K (3 hoursk 7, = 1123 K (6 hours) until the mass of the sampldshdt change.

We calculated the content of the obtained reagiroducts by weighting on the analytic balance of
0,05 mg sensitivity.

Thermogravimetric measurements were done dynamigakir for broad temperature range (297-
1123 K), using the thermogravimetric analyzer "Datograph Q-1000" (Paulic—Erdey system) at the
heating rate of 10 degrees in one minute.

After every isothermal exposition we examined theligative phase composition of the reaction
products by the diffractometer DRON-3, using thandard procedure for polycrystalline powder:
monochromatic Ciia; radiation, diffraction angle@from 13° to 80°. The synthesized compounds were
identified from the International Center for Difftéon Data database (JCPDS-ICDD).

Complex permittivity was calculated using the valwé capacity frequency profile and loss angle
(alternating current), which were measured in &airoam temperature and the frequency range from
20 Hz to 1 MHz. Measurements were done using ttemi.C AKTAKOM AM-3028 (double contact
method). Before that we coated the end faces afyheders with silver electrodes by baking of lesi
conductive paste. We did not take into accountremwich stem from the edge electric field and the
field irregularities on the electrode surfaces beeahey are small.

To investigate a frequency profile of complex peability we used the technique of a solenoid par-
tial filling. We measured the inductance and th&aQer of the coil with the sample inside. The iast
ment error was estimated taking into account thkimductance (without the samples) and losses con-
nected with the coil resistance and eddy currents i

Results and discussion

Solid solutions of BiFe@-LnFeQ are broadly investigated binary systems, wherasghaf BiFe@
and LnFeQ crystallize in the rhombohedral structure anddtiborhombic structure of perovskite type,
respectively [5]. Isovalent alloying of a part of Bions by L&" and Pt* ions leads to the formation of
solid solution BjgxLag PrFeG;, in which there is an orthorhombic distortion argvskite unit cell.

The unit cell parameters are determined for theeBifphase { = 3,959 A andr = 89°46).

From the analysis of X-ray patterns of; Bia,FeQ; samples, synthesized by solid-phase reaction,
the authors [5] noted that the quantitative contémhullite (Bib,FeOg) and sillenite (BisFeQsg) phases
increased with the increase of concentrakipatarting from the molecular ratio> 0.1. This indicates
the thermal instability of solid solutions basedlmsmuth ferrite. However, by X-ray diffraction dpa
sis we showed that solid solutions; Bia,FeQ; (x = 0; 0,05; 0,1; 1,0) and Bj.Lay PrFeC; (x = 0;

0,05; 0,1; 0,7) had the crystal structure of pekitgswith an orthorhombic distortion (see Fig. Wore-
over, the percentage of impurity phasegBjO, and BpsFeQsg did not exceed 3 % at all investigated
concentrations.

Using thermogravimetric analysis we showed thatftlimation of bismuth ferrite and its deriva-
tives was accompanied by a multistage decreasangbles masses in the broad temperature range (297
— 1123 K), which indicates that physical and cheinzocesses in the considered systems were staged
(see Fig. 2). The differential thermogram (DT) loé thase mix [BOs-La,0s-F&05]-nH,O had several
peaks in low-temperature (520-710 K) and high-tawmtpee regions (780-1123 K), which could be the
evidence of change in the oxidation state of theatmén forming compounds (Fig. B).
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Fig. 1. X-ray patterns of samples, obtained usings  olid-phase reaction ( T = 1123 K): a — BiFeO3; b — BiggLao FeOs; ¢ —
BigslLao1Pro1FeOs; d — LaFeOs. All samples have the crystal structure of perovsk ite with an orthorhombic distortion
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Fig. 2. Thermogram ( a) and differential thermogram (  b) of the base mix [Bi ,03-La,0s-Fe;O3]-nH,0

Low-temperature processing of compounds (at 65@liK)not change the phase composition of
samples. It can be seen from the XRD patterns seillexes of the initial reagents of the correspagdi
oxide systems (see Fig. &. The rise of temperature up to 833 K contributegard the formation of
crystalline phases in the synthesized powders,wtén be seen from the appearance of fuzzy diffrac-
tion peaks (see Fig. B). These peaks correspond to the reflexes of Bjf#fase. Further increase of
fusion temperature (in the range 833-1093 K) reduilh the recrystallization process and formatibn o
additional small peaks, which correspond to pha$&s,Fe,0y and BpsFe Oy (Fig. 3,C).

So, by the experimental thermogravimetric and tatale X-ray diffraction analysis we showed
that the formation of bismuth ferrite and its datives starts at temperature ~ 833 K, an@l at833 K
BiFeO; decomposes with the formation of impurity pha3d® number of these impurity phases did not
rise with the increase of degree of substitutioranthanum and praseodymium in the synthesized com-
pounds.

Complex permittivity measurements showed that &aé part of permittivitye' (Fig. 4) and dielec-
tric losses" (Fig. 5) decreased with the frequency increage maximum value of permittivitye'(~
3750) and the minimum value of dielectric losses + 1148) were obtained in the compound
Big Lap 1PrFeG; at frequency = 1 kHz.

Complex permeability of the considered samples thadsimilar type of the dependence on fre-
quency as electric parameters (the real and thgimagy parts of permittivity). In the frequency gan
20 Hz — 1 MHz the real part of permeabilitydecreased with the frequency increase. The marimu
value ofu' (~ 496) was obtained in the compound B&, ;FeC,.

76 Bulletin of the South Ural State University
Ser. Mathematics. Mechanics. Physics, 2018, vol. 10, no. 2, pp. 74-79



Lupitskaya Yu.A., Kalganov D.A., Formation of compou nds based on bismuth ferrite with partial
Afanas'ev Yu.O. substitution of bismuth ions by lant hanum and praseodymium

3
400 1

300

I, oTH. e,
[
[—3
(=]
L}

..._.h - A AW\...6
1
100 |
32 7
0F
1 1 1 1 1
20 30 40 50 60

26, rpan.

Fig. 3. X-ray patterns of samples, which form in sy  stems BiFeO ; — LaFeO3; and Bi(Pr)FeO ; — LaFeOj3 at different fusion
temperatures: 650 K ( a; 1 — Bi,03; 2 — La,03; 3 — Fe;03), 833 K (b; BiFeO3), 1093 K (c; 1 — BiFeO3; 2 — BiFesOq; 3 —
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Fig. 4. Dependence of the real part of permittivity & on the frequency in the range 20 Hz — 1 MHz forc  ompounds:
a— Bio]LaoYlPI’oszeog b - BioygLaoszeOg C— Bio,gLao,1F603; d- BiongaoleroylFe03
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Fig. 5. Dependence of the imaginary part of permitt  ivity €' on the frequency in the range 20 Hz — 1 MHz forc  ompounds:
a— Bio]LaoYlPI’oszeog b - BioygLaoszeOg C— Bio,gLao,1F603; d- BiongaoleroylFe03
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Fig. 6. Dependence of the real ' (a) and the imaginary u" (b) parts of permeability on the frequency
in the range 20 Hz — 1 MHz for the compound Bi  gglLaoiFeOs

Conclusion

We determined homogeneous concentration region,reviselid solutions BiLaFeQ, and
BiooxlLap 1PrFeQ; with the crystal structure of perovskite with arthorhombic distortion exists. We
found that the formation of bismuth ferrite and dsrivatives starts at temperature ~ 833 K, and at
T > 833 K BiFeQ decomposes with the formation of impurity phadesallite (Bi,Fe,0Oo) and sillenite
(BisFeGyg). The number of these impurity phases does netwigh the increase of degree of substitu-
tion of lanthanum and praseodymium in the base comg BiFeQ. We showed that in perovskite-like
phases in the frequency range 20 Hz — 1 MHz bogctetal (complex permittivity) and magnetic
(complex permeability) parameters decrease withfrdguency increase. The maximum values of per-
mittivity &' and permeability.’ were obtained in the compounds, Biay 1P FeG; and Bp oLag ;FeC;,
respectively.
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OBPA30BAHUE COEOUHEHUN HA OCHOBE ®EPPUTA BUCMYTA
NP YACTUYHOM 3AMELLEHUN MOHOB BUCMYTA MOHAMU NAHTAHA
U NPA3EOOUMA®

I0.A. Jlynuukas, [].A. KanzaHoe, H0.0. AgphaHacbes
HensbuHckul eocydapcmeeHHbili yHugepcumem, 2. YensbuHck, Poccutickas ®edepayusi
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Meronom TBepaoha3HOIl peaknny MoTydeHbl COSANHEHUSI Ha OCHOBE (eppuTa BUCMYTA, 00pasylo-
[IMecsl TPy YaCTUYHOM 3aMEIICHWH MOHOB BUCMYTa MOHAMH PEIKO3eMENbHBIX METaNIOB — JIAHTaHA H
npaseoauma. B uaTepBaiie Temneparyp oT 29710 1123 KMmerogaMu TepMOTPaBUMETPHUUECKOIO U PEHT-
TEHOBCKOT'O aHAJIM3a MCCIIe0BAaHbl OCOOCHHOCTH IMpoLeccoB (a3000pa30BaHMs CHHTE3a MPOAYKTOB pe-
aKIUi B CHCTEMax, COACPKAIlUX OKCHJBI JKejie3a, BUCMYTa, JJaHTaHa M MPa3eoAnMa, OMpeleNieHbl UX
coctaBbl. J1s1 KoHeuHOI Temmepatypsl cuHTe3a 1123 KBbisiBIeHa roMoreHHasi KOHIIGHTPAOHHAs 00-
JacTh CYIIECTBOBAHHS TBEPIBIX PAacCTBOPOB (heppHTa BHCMYTa, HMEIONINX CTPYKTYPY MCKaKEHHOTO Iie-
poBckuTa. M3ydyeHo BIUSHHE OKCHIIOB JIaHTaHa M Tpa3eodnMa Ha (a3oBbIi cOCTaB COCTUHEHUH (Qeppu-
Ta BUCMYTa IPHU W30BAJICHTHOM JICTUPOBAHMH YaCTH MOHOB BUCMYyTa HOHAMH JIAaHTaHA ¥ Mpa3eoaumMa. B
gqactoTHOM auanazoHe (20 'm — 1 MI'n) ycTaHOBJIEHBI OCHOBHBIC ITAPAMETPBI, XapaKTePH3YIOIINE JJICK-
TPUYECKHE U MarHUTHBIE CBOMCTBA EPOBCKUTONONOOHBIX (Da3. YCTaHOBIECHO, YTO XapaKTep YaCTOTHON
3aBUCHUMOCTH KOMIUIEKCHOH MarHMTHOW MPOHHIAEMOCTH HCCIEeIyeMBbIX 00pa3loB CyLIIECTBEHHO HE OT-
JMYAEeTCsl OT YACTOTHOW 3aBHCHUMOCTH JJICKTPHYECKHX MapaMeTpoB (BEIIECTBEHHOW W MHHMMOH 4YacTH
AMDIICKTPUYECKON mpoHunaeMoctd). IToka3zaHo, 4TO BO BCeM 3aJaHHOM JHana3oHe HaOJromaeTcs
YMEHBIICHHE KaK 3JICKTPUICCKUX (KOMIUICKCHOM AMAICKTPHYCCKON POHUIIAEMOCTH), TAK M MAarHUTHBIX
napaMeTpoB (KOMIUIEKCHOI MarHUTHOM MPOHUIIAEMOCTH) C POCTOM YaCTOTHI.

Kntouesvie cnosa:. geppum sucmyma; meepovle pacmseopul, CmMpYKmMypa UCKAHCEHHO20 NepO8CKU-
ma; s1eKmpuiecKue u MazHumuvle C60UCmad.
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