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The formation of four-component perovskites in the A-R—Fe—O systems, where A is an alkaline-earth
and R a rare-earth metal, was studied on the basis of the analysis of 36 polycrystalline samples synthe-
sized by a multi-stage solid-state reaction method and annealed at 1200°C. X-ray diffraction was chosen
as the main method of investigation. The existence of Ag.5R0.5FeO3 ternary compounds with CaTiOs-
type perovskite structures (Pearson symbol c¢P5, space group Pm-3m) was shown in the {Ca,Sr}-R~Fe—
O systems, i.e., Cag 5ProsFeO3 (a = 3.8501(3) A), CagsNdo 5FeO3 (a = 3.8486(4) A), Srg.5Pro.5FeO3
(a = 3.8783(4) A), Sro5Ndo.sFeO3 (a = 3.8752(4) A), Sro.5SmosFeO3 (a = 3.8651(4) A), and
Sro.5Eup.5FeOs (a = 3.8653(2) A) The remaining Cag.5Ro.5FeO3 samples contained as main phase
R1-,CagzFeOs solid solutions with orthorhombic structure (z up to 0.25, GdFeOs type, 0P20, Pnma),
whereas the Srg.sRo.5FeOs samples contained SryRi_FeOgs solid solutions with cubic structure
(z up to 0.4, CaTiO3 type). Annealing of Ba-containing samples at 1200°C led to the formation of
Bai_;R:FeOs (z ~ 0.15) solid solutions based on the BaFeO3 phase (CaTiOs type) for light rare-earth
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metals.
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1. Introduction

Perovskites form a huge family of compounds
derived from the structure of the CaTiOgj type.
They possess numerous unique physical properties,
among which are: colossal magnetoresistance, mag-
netic ordering, thermal, optical, dielectric, piezo-
electric, and ferroelectric properties, electronic con-
ductivity, superconductivity, catalytic activity, etc.
Nowadays, perovskites, especially those containing
alkaline-earth (A) and rare-earth (R) metals, rep-
resent an important class of fundamental materi-
als due to their widespread application in various
branches of technology [1-3]. Thus, a detailed study
of the relationship between the conditions of forma-
tion, composition, crystal structures, and properties
of perovskites is of great interest.

Analysis of literature data on A—R-Fe-O sys-
tems [4] showed the formation of four-component
(A,R)FeO3 perovskites in the vast majority of the
cases. In the Ca—R-Fe-O systems, such phases
exist for R = light rare-earth metal (except Pm and
Eu) and Dy and belong to the CaTiOs or GdFeO3
structure types. A similar situation is observed in
the Sr—R—Fe—O systems, i.e., (Sr,R)FeO3 phases are
formed for R = light rare-earth metal (except Pm)
and Dy and their structures can be described by
the CaTiO:’), GdF6‘03, LaA103, Ba(Pb0.5BiO.5)03,
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or Sr(FepsRup5)Os types. Regarding the
Ba—R-Fe-O systems, there is information about
the formation of (Ba,R)FeO3 phases with most R
elements (except Pm, Eu, Dy, and Ho), and all
of them belong to the CaTiOgs type. We noticed
that the phases described above differ not only
in their structures but also in the conditions of
formation and A/R ratio, which motivated us to
carry out a systematic study of the AFeO3—RFeOg
cross-sections.

This study follows up an investigation of ce-
ramic samples of the A—R-Fe-O systems synthe-
sized at 1000°C [5]. As a result of X-ray diffrac-
tion studies, the presence of four-component phases
Ri1_,Ca,FeOs (xr ~ 0.15) with GdFeOs-type per-
ovskite structures (oP20, Pnma) was discovered
in the Ca—R-Fe-O systems. We also showed that
Sr1_.R;FeO3 (x ~ 0.20) phases with the CaTiO3
structure type (¢P5, Pm-3m) and R;_,Sr,FeO3
(x ~ 0.10) phases with the GdFeOs structure
type are formed on the SrFeO3—RFeOgs cross-
sections of the Sr—R-Fe-O systems. The forma-
tion of four-component perovskites in the Ba-R—
Fe-O systems was not observed under the condi-
tions of that investigation. The aim of this work
was to find the existence of four-component per-
ovskites in the A-R-Fe-O systems at a higher
temperature (1200°C).
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2. Experimental

Samples of nominal composition Ag sRg.5FeO3
(A = Ca, Sr or Ba, R = Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb or Lu) were ob-
tained by a multi-stage solid-state synthesis from
powders of alkaline-earth metal carbonates, rare-
earth metal and iron(IIT) oxides of high purity.
At the initial step, appropriate quantities of the
reagents were mixed and heated in a muffle furnace
SNOL-1.6 at 1000°C for 24 h to decompose the car-
bonates. Then the mixtures were ground, pressed
into tablets (m ~ 0.5 g), and again sintered under
the same conditions. Finally, all the samples were
ground, pressed, and annealed in a tube furnace
SNOL-0.3/1250 at 1200°C for 8 h.

X-ray powder diffraction data, collected on
a DRON-2.0M diffractometer (Fe K, radiation,
20 < 20 < 80, 1°/min), were used for phase
and structural analysis performed by the Rietveld
method. The refinement of the structural param-

eters (unit-cell parameters; atom coordinates; site
occupancies; scale factor; zero shift; FWHM param-
eters U, V, W; mixing parameter; asymmetry of
peaks, etc.) was carried out using the DBWS pro-
gram [6]. To evaluate the quality of the refinement,
the reliability Bragg factor (Rp) was applied.

3. Results and discussion

As a result of the phase analysis of the
polycrystalline samples with nominal composi-
tion AgsRgp.sFeO3 annealed at 1200°C, the for-
mation of the ternary phases CagsPrgsFeOg3
and Cag 5Ndg.5FeOs, which crystallize with cubic
CaTiOs-type structures (cP5, Pm-3m), was dis-
covered. The refined crystallographic parameters
of these perovskites are presented in Table I. The
structural model for the refinements was taken
from [7]. Diffraction patterns of the correspond-
ing single-phase samples are shown in Fig. 1.
The other CagsRg5FeO3; samples contained, as
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Fig. 1. XRD powder patterns of Ag 5Ro.5FeO3 samples annealed at 1200°C.
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TABLE I

Results of XRD phase and structural analysis of
ApsRo.5FeO3 samples annealed at 1200°C (struc-
ture type CaTiOs, Pearson symbol c¢P5, space group
Pm-3m, content = 100 wt%).

Nominal/ Unit-cell
N Rgp
refined composition | parameter a [A]
Cag 5Pro.sFeO
a0.5Pro.5FeO3/ 3.8501(3) 0.081
Cag.47(2)Pro.53(2)FeOs
Cag.5Ndo.5FeO
a0.5Ndo.5FeOs/ 3.8486(4) 0.097
Cag.46(2)Ndo.54(2)FeOs
Pro.5F
Sro.5Pro.5FeO3/ 3.8783(4) 0.095
Sr0A54(3)PT0446(3)FeO3
Sro.5Ndg.5FeO
10.5Ndo.5FeOs/ 3.8752(4) 0.095
Sro.51(3)Ndo.49(3)FeO3
Sro.53 FeO
10.55mo.5FeO3/ 3.8651(4) 0.094
Srg.45(2)Smg 55(2)FeO3
Sro.5Eu0.5FeO
ro.sEuo.sFeOs/ 3.8653(2) 0.047
Sro.46(1)Eu0.54(1)FeOs3

the main phase, R;_,Ca,FeOj3 solid solutions based
on the RFeOs; phases (z up to 0.25, GdFeOs
type, oP20, Pnma). The unit-cell volumes of the
Ri_,Ca,FeO3 phases versus the atomic number of
the rare-earth element (R) are displayed in Fig. 2.
The cell parameters decrease linearly with the in-
creasing atomic number of the rare-earth metal,
in agreement with Vegard’s law. Figure 3 shows
the crystal structures of the cubic CaTiO3 and or-
thorhombic GdFeQOgs perovskite types.

The results of the phase analysis of the
polycrystalline samples of nominal composition
Srg5Ro.5FeO3 annealed at 1200°C are presented
in Table II. In this case, the formation of ternary
Srg.5A40.5FeO3 phases, characterized by the cu-
bic CaTiOg3 perovskite structure, was observed for
A = Pr, Nd, Sm, and Eu (see Tables I and II and
Fig. 1). The samples with other rare-earth elements
(except Er) were two-phase. They were contained
in equilibrium Sr, R;_.FeOg solid solutions (based
on the SrFeOs; phase with the structure of cu-
bic perovskite,  up to 0.4) and the corresponding
RFeO3 phase (with the structure of orthorhombic
perovskite). It was not possible to trace some ten-
dency of the cell parameters for the Sr,R;_,FeOg
solid solutions, since the replacement of larger R
atoms by smaller ones (from Gd to Lu) was accom-
panied by an increase of = (the content of Sr atoms).

The qualitative phase analysis of the
Bag.5Ro.5FeO3 samples annealed at 1200°C revealed
the formation of four-component Ba;_,R,FeOgs
(x ~ 0.15) perovskites with CaTiOs-type structures
for R = light rare-earth metals only. Samples with
heavy rare-earth elements (R = Th, Tm) contained
more than three phases. The BagsYbg ;FeOg
and BagsLugsFeO3 samples, in turn, contained
~ 60 wt% of the BaFesO4 phase (own structure

306

232

230

228

2264

224 4

Cell volume [A"]

222

220

218 T T T T T T T T
64 65 66 67 68 69 70 /i

Atomic number of rare-earth element (R)

Fig. 2. Unit-cell volume of Ri_,CazFeO3 phases
versus atomic number of the rare-earth element (R).
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Fig. 3. Crystal structures of the cubic CaTiO3 (a)
and orthorhombic GdFeOs (b) perovskite types.

type) and ~ 40 wt% of the corresponding RoO3
sesquioxide ((Mng sFeg 5)203 type), but no traces
of a perovskite phase.

A comparison of the results obtained here with
those from investigating the samples annealed at
1000°C [5] indicates an increased tendency to form
perovskite phases in the A-R—Fe—O systems with
the increase in the temperature to 1200°C.

4. Conclusions

The polycrystalline samples of AgsRg.5FeOgz
nominal composition were synthesized by a solid-
state reaction method at 1200°C and investigated
using X-ray phase and structural analysis. In the
result the existence of AgsRg.5FeO3 compounds
with CaTiOs-type perovskite structures (Pearson
symbol ¢P5, space group Pm-3m) was indicated
in the Ca,Sr-R-Fe-O systems: Cag5Prg5FeOs,
Cag.5Ndg.5FeO3, SrosProsFeOs, SrgsNdosFeOs,
Srg.5Smg 5FeO3z, and SrgsEugsFeOs. Other Ca-
containing samples contained R;_,Ca,FeO3 solid
solutions with orthorhombic structure (z up to 0.25,
GdFeOs type, 0P20, Pnma), as a main phase. For
Sr-containing samples it was Sr;R;_,FeOg solid so-
lutions with cubic structure (z up to 0.4, CaTiO3
type, ¢P5, Pm-3m), whereas for Ba-containing
samples — Ba;_,R,FeO3 solid solutions (z up to
0.15) based on the BaFeOj phase (CaTiO3 type)
for light rare-earth metals only.
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Results of XRD phase analysis of Srg.5Ro.5FeO3 samples annealed at 1200°C. TABLE IT
Nominal XRD Structure Pearson Space Content

composition composition type symbol group [wt%)]
SI‘()_5PI‘0‘5F€O3 SI‘0.54(3)P1“0A46(3)F803 CaTiO3 cP5 Pm-3m 100
SI‘()‘5Nd()‘5FeO3 Sr0‘51(3)Nd0,49(3)Fe03 CaT103 cP5 Pm-3m 100
Sr0,5Smo,5Fe03 SI‘O‘45(2)SH10A55(2)F603 CaTiO3 cP5 Pm-3m 100
Sro.5Eug.5FeO3 Sro.46(1)Eug.54(1)FeO3 CaTiO3 cP5 Pm-3m 100
SI‘O'5Gd0'5F603 SI‘O‘GQ(Q)Gdolgg(Q)Feog CaTlOg cP5 Pm-3m 82.0
GdFeOs3 GdFeO3 oP20 Pnma 18.0

SI‘O‘5TbO‘5FeO3 SI’OAGQ(S)TbOA40(3)FeO3 CaTlO?, cP5 Pm-3m 68.9
TbFeO3 GdFeOs3 oP20 Pnma 31.1

Sr0<5Dy0_5Fe03 Sro_ﬁl(g)Dyo_g,g(g)Feog CaTlOg, cP5 Pm-3m 67.2
DyFeOs3 GdFeO3 oP20 Pnma 32.8

SI'OA5HOOA5F€O,3 SrO‘GS(Q)HOO'Q,Q(Q)FeOS CaT103 cP5 Pm-3m 61.7
HoFeO3 GdFeO3 oP20 Pnma 38.3
SI‘O‘71(1)EI'0_29(1)F€O3 CaT103 cP5 Pm-3m 52.8

Sro.5Ere.5FeO3 Ero.91(2)Sr0.00(2) FeO3 GdFeOs oP20 Pnma 42.6
EI’203 (MHO‘5F6()‘5)QO3 0180 ICL—3 4.6

SI‘O'5Tm0'5FeOS Sr0‘71(1)Tm0‘29(1)FeO3 CaT103 cP5 Pm-3m 57.2
TmFeO3 GdFeO3 oP20 Pnma 42.8

SI‘O‘5YbO‘5FeO3 SI’OA72(1)Yb0A28(1)FeO3 CaTlOP, cP5 Pm-3m 56.7
YbFeO3 GdFeOs3 oP20 Pnma 43.3

Sr0‘5Lu0'5F603 SI‘O‘74(1)LUO'26(1>F603 CaT103 cP5 Pm-3m 53.8
LuFeO3 GdFeO3 oP20 Pnma 46.2
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