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The phase diagram of the SrO-Pr203—CoO system was constructed based on the results of X-ray diffraction of
polycrystalline samples synthesized by solid-state reaction. Under the conditions of the experiment, the
isothermal section contains 9 one-phase, 17 two-phase, and 9 three-phase regions. The formation of three
substitutional solid solutions with extended homogeneity ranges was observed: Sri«Pr:CoOs with cubic
perovskite-type structure (CaTiOs, Pearson symbol cP5, space group Pm-3m), Pri1..Sr+CoQOs with orthorhombic
perovskite-type structure (GdFeQs, Pearson symbol 0P20, space group Pnma), and Sr2-<Pr-CoQ4 (tetragonal
Ruddlesden-Popper-type structure K:NiF4, Pearson symbol t/14, space group I4/mmm). The character of the
interaction of the components in the SrO-Pr203—CoO system is similar to that observed in the related system

SrO-Nd:03;-Co0.

Ocxides / Solid-state synthesis / X-ray diffraction / Phase diagram / Crystal structure

Introduction

Studies of A-R-T-O systems containing an
alkaline-earth (4), a rare-earth (R), and a transition
metal (7), and oxygen, are relevant due to the
formation of compounds that (despite rather simple
crystal structures) exhibit a wide range of attractive
electrical and magnetic characteristics and are
promising materials for practical applications [1-3].
Analysis of literature data on four-component
compounds in the SrO—R,03—CoO systems indicated
the formation of Sri..R.CoO; phases for all of
the rare-earth metals, except Pm and Lu [4]. However,
the phases differ in terms of crystal structure and
St/R ratio, which was a motivation for a more detailed
study.

Numerous phases with 1:1:3 stoichiometry belong
to the perovskite family. The aristotype of this broad
structure family is the cubic CaTiO; type.
In the literature this structure is often called cubic
or ideal (undeformed) perovskite [5,6], since the
mineral itself has a distorted structure. Ideal perovskite
consists of a three-dimensional framework of regular
[TiOs] octahedra connected by vertices; the calcium
atoms are placed in the cuboctahedral voids formed
between the octahedra (Fig. 1). The ideal cubic
structure has a number of derivatives that are produced
by deformation of the structure and, accordingly, are

characterized by lower symmetry. One of the most
common derivatives is the GdFeOs type, which is
orthorhombic [7] (Fig. 2). It arises due to mismatch
between the size of the (4,R) atoms and the size of the
cuboctahedral void (the 4,R atoms are too small).
Thanks to the deformation, the coordination
polyhedron around the (4,R) atom transforms
from a cuboctohedron (coordination number CN = 12)
to a square antiprism (CN = 8), while the coordination
polyhedron around the T atom remains an octahedron
[70¢].

In the SrO-R,03—CoO systems the formation
of a S RCo0O4 substitutional solid solutions
with a tetragonal Ruddlesden-Popper-type structure
K,NiF4 has also been observed [8]. For the large
atoms (K) the coordination environment can be
described as a one-capped square antiprism
(or three-capped trigonal prism) of fluorine
atoms [KFo], while for the smaller cations (Ni)
the coordination polyhedron is an octahedron
[NiFs] (Fig. 3).

A literature search showed that phase diagrams
have been constructed only for the SrO-R,03—CoO
systems where R is La, Nd, Sm, and Gd [9]. The aim of
the present work was to establish the existence of four-
component phases in the SrO—Pr,0;—CoO system, to
study their crystal structures and to build the
corresponding phase equilibria.
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Fig. 1 The structure type CaTiO3 and coordination polyhedra around Ca (cuboctahedron) and Ti (octahedron)
atoms.

Fig. 2 The structure type GdFeO; and coordination polyhedra around Gd (tetragonal antiprism) and
Fe (octahedron) atoms.

Fig. 3 The structure type K,NiF4 and coordination polyhedra around K (one-capped square antiprism) and
Ni (octahedron) atoms.
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Experimental details

The synthesis of polycrystalline samples was
carried out by solid-state reaction in two stages.
High-purity powders of strontium and cobalt
carbonates and rare-carth metal oxides were used as
reagents. Firstly, the initial components were weighed,
mixed and ground in an agate mortar for 5 min
manually. Then, the homogeneous mixtures were
heated in corundum crucibles for 24 h at 1000°C under
air in a muffle furnace, in order to decompose
the carbonates. The degree of decomposition was
monitored by weighing the mixtures before and after
heating (more than 99 mass %). Finally, the obtained
mixtures were ground again, pressed into pellets
(the weight of a pellet was ~0.5 g) and sintered under
air for 8 h at 1200°C in a tube furnace. The change in
color of the pellets after sintering (compared to
the mixtures of the starting materials), as well as
the hardness and brittleness of the samples after
sintering, indicated that solid-phase reactions had
occurred. X-ray powder diffraction data for phase and
structural analyses were collected on a DRON-2.0 M
diffractometer (Fe Ko radiation, 26 range 20-80°).
The structures were refined by the Rietveld method
(DBWS program [10]). The refinements, which
included refinement of the cell parameters, atomic
coordinates and site occupancies, were evaluated by the
Bragg reliability factor Rg.

Results and discussion

The investigation was started from the synthesis
and analysis of polycrystalline samples with
the nominal composition SrosRosCoQOs;, where
R is a rare-ecarth metal, in order to establish
the existence of four-component perovskites in the
SrO-R,03—Co0O systems. The results of the phase
analysis based on X-ray powder diffraction are
presented in Table 1. It was revealed that perovskite
phases of approximate composition Sr.sRosCoO3 form
in the systems where R = Pr, Nd, Sm, Eu, Gd, and Tb.
No deviation from the ideal cubic perovskite type
(CaTiOs3, Pearson symbol c¢P5, space group Pm-3m)
was detected. The refined compositions and cell
parameters of these phases are given in Table 2.
The cell parameters decrease when going from Prto Tb,
but the change is not linear, which is due to the different
St/R ratios in the phases.

The samples of composition SrosRosCoO3; where
R is Dy, Ho, Er, Tm, YD, or Lu, turned out to be
three-phase, containing in equilibrium R>Os3, CoO,
and a quaternary phase with cubic perovskite-type
structure (CaTiOs3), which can be assumed to be
the limiting composition of a solid solution based on
cubic SrCoO; ([4]). The cell parameters of the
perovskite phase increase when going from Dy to Lu,
which is caused by a gradual change in the Sr/R ratio
(Table 3).

To study the interaction of the components in
the SrO-Pr,0Os—CoO system, 24 four-component
polycrystalline samples were synthesized and
investigated. The phase analysis based on
X-ray diffraction (Table 4), showed that the initial
Pr,O; reagent was oxidized to Pr;O;, while
the SrO phase was mainly observed in the form
of Sr(OH)»(H»O) hydrate. The phase diagram of the
SrO—Pr,03—Co0 system, obtained under the conditions
of our study, is presented in Fig. 4. As can be seen
from the figure, 9 single-phase, 17 two-phase,
and 9 three-phase regions exist. We did not observe
a two-phase region between two perovskite phases
along the isoconcentrate of 50mol.% CoO
(dashed  lines), but a  composition-induced
polymorphic  transformation from the cubic
CaTiOs- to the orthorhombic GdFeOs-type structure
takes place when increasing the Pr content.
It may be noted that the character of the interaction
of the components in the SrO-Pr,O;—CoO system
(studied at 1200°C) is very similar to that earlier
observed for the SrO-Nd,O3;—CoO  system
(isothermal section constructed at 1100°C [9]).
In the boundary SrO-Pr,0O3 system we confirmed the
formation of a single compound, Sr,PrO4, which
crystallizes with own structure type and has
the following  crystallographic  characteristics:
Pearson symbol oPl14, space group Pbam,
a = 0.6125(1), b = 1.0287(1), ¢ = 0.3591(1) nm.
The compound PrCoOs; with GdFeOs-type structure
was observed in the boundary Pr;O3—CoO system:
Pearson symbol o0P20, space group Pnma,
a = 0.5390(2), b = 0.7599(3), ¢ = 0.5359(2) nm.
Two compounds were confirmed in the boundary
SrO—CoO  system:  SrsCos0i5s  (BagNisOjs-type
structure, Pearson symbol #R78, space group R32, a =
0.9431(3), ¢ = 1.2660(5) nm) and Sr3Co0,0s (own
structure type, Pearson symbol 0168, space group
Immm, a=0.3827(1), b=1.1463(2), ¢ =2.0074(3) nm),
however, we did not observe any compound at the
composition SrCoOs under the conditions used here. In
the SrO-Pr;03;—CoO system the formation of three
substitutional solid solutions characterized by extended
homogeneity ranges, was revealed: Sri..Pr,CoO3 with
the cubic perovskite structure type CaTiOs (Pearson
symbol c¢P5, space group Pm-3m), Pri..Sr,CoO; with
the orthorhombic perovskite structure type GdFeOs
(Pearson symbol oP20, space group Pnma), and
Sry.«Pr,CoO4 with the structure type K,NiF,4 (Pearson
symbol ¢/14, space group I[4/mmm). Refined cell
parameters within the solid solutions are presented in
Tables 5-7. For both four-component phases with
CaTiO3- and GdFeOs-type structures, there is
a tendency to an increase of the cell volume with
increasing strontium content. For the phase with
the structure type KoNiF; a decrease of the a-parameter
and an increase of the c-parameter was observed under
similar conditions. The diffraction patterns of single-
phase samples within the solid solutions are shown
in Figs. 5-7.
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Table 1 Results of the phase analysis of polycrystalline samples with nominal composition Sro.sRo.5C00Os.

No Nominal Phase Structure Pearson Space Content,
composition composition type symbol group mass %
1 SI‘()‘5PI‘()‘5COO3 SI‘()‘5PI‘()‘5COO3 CaTi03 cP5 Pm-3m 100
2 SI‘()de()jCOOz SI‘()de()jCOOz CaTi03 cP5 Pm-3m 100
3 Sro,ssmojCOOz Sr0‘58m0,5C003 CaTi03 cP5 Pm-3m 100
Sro,sEquCOOz CaTi03 cP5 Pm-3m 94.1
4 StosEuosCo0s CoO NaCl cF38 Fm-3m 5.9
Sry.5Gdo sCoOs3 CaTiO; cP5 Pm-3m 93.0
> StosGidosCo0s SrCo0s SrZrOs 120 A/mem 7.0
Sry.5Tbo sCoO3 CaTiO; cP5 Pm-3m 92.3
6 StosTbosC00; Tb,0s (MnysFeq.5):0; cI80 Ja-3 77
Sr1.xDyCoO3 CaTiOs cP5 Pm-3m 72.0
7 SI’o,sDY(),5COO3 Dy203 (Mno,sFeols)zoz cI80 la-3 20.0
CoO NaCl cF8 Fm-3m 8.0
Sr;+Ho,CoO3 CaTiO; cP5 Pm-3m 65.5
8 SI’o,5H00,5COO3 H0203 (Mno,sFeols)zoz cI80 la-3 24.2
CoO NaCl cF8 Fm-3m 10.3
SriEr,CoOs CaTiO; cP5 Pm-3m 59.2
9 SI’o,sEI‘ojCOOz Er203 (Mno,sFeols)zoz cI80 la-3 29.6
CoO NaCl cF8 Fm-3m 11.2
Sr;Tm,CoOs3 CaTiO; cP5 Pm-3m 53.6
10 SrolsTmo‘5COO3 Tm203 (Mno,sFeols)zoz cI80 la-3 34.0
CoO NaCl cF8 Fm-3m 12.4
Sr1+Yb,CoOs CaTiO; cP5 Pm-3m 53.3
11 SI’o,sYbo,5COO3 Yb203 (Mno,sFeols)zoz cI80 la-3 32.8
CoO NaCl cF8 Fm-3m 13.9
SrLu,CoOs3 CaTiO; cP5 Pm-3m 57.3
12 Sro‘5Luo,5C003 Luz03 (Mno,sFeols)zoz cI80 la-3 28.2
CoO NaCl cF8 Fm-3m 14.5

Table 2 Refined composition and cell parameters of Sry sRo.sCoO3 perovskites (CaTiOs structure type, Pearson
symbol cP5, space group Pm-3m).

No Composition a, nm Ry
1 St0.54(3)P10.46(3)C003 0.38249(6) 0.099
2 Sr0.393)Ndo.613C003 0.38177(5) 0.073
3 Sro0.442)SM0.562)C003 0.38072(3) 0.055
4 Sro.592)Eu0.412)C003 0.38115(5) 0.065
5 Sr0.552)Gdo.452)C003 0.38005(4) 0.084
6 Sro.522)Tbo.482)C003 0.38030(5) 0.064

Table 3 Refined composition and cell parameters at the R-rich boundary of cubic perovskite-type solid
solutions (CaTiOs structure type, Pearson symbol cP5, space group Pm-3m).

No Composition a, nm Ry
1 Sro.612)DYy0.392)C003 0.38156(3) 0.061
2 Sro.692)H00.312)C003 0.38203(4) 0.062
3 Sro.742)Er0.26(2)C003 0.38308(3) 0.066
4 St0.812)Tmo.192)C003 0.38381(2) 0.065
5 Sro.862)Y bo.142)C003 0.38420(2) 0.052
6 Sto.832)Lu0.122)C003 0.38476(3) 0.057
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Table 4 Phase analysis of polycrystalline samples of the SrO-Pr,03—CoO system.

Nominal composition

No | (SrO:1/2Pr,05:Co0), Phas.e. Structure Pearson Space Contef)lt,
composition type symbol group mass %
mol. %
Pri.,Sr,CoOs3 GdFeOs oP20 Pnma 84.1
1 10:30:60
CoO NaCl cF'8 Fm-3m 15.9
Sr1.xPr,Co0Os3 CaTiO; cP5 Pm-3m 85.2
2 20:20:60
CoO NaCl cF8 Fm-3m 14.8
Sr1.xPr,Co0Os3 CaTiO; cP5 Pm-3m 81.7
3 30:10:60
CoO NaCl cF'8 Fm-3m 18.3
4 5:45:50 Pri.,Sr,CoOs3 GdFeOs oP20 Pnma 100
5 10:40:50 Pr;.,Sr,CoOs3 GdFeO; oP20 Prnma 100
6 15:35:50 Pr;.,Sr,CoOs3 GdFeO; oP20 Prnma 100
7 20:30:50 Pri.,Sr,CoOs3 GdFeOs oP20 Pnma 100
8 25:25:50 Sri,Pr,CoOs CaTiO; cP5 Pm-3m 100
9 30:20:50 Sri,Pr,CoOs CaTiO; cP5 Pm-3m 100
10 35:15:50 Sr1+Pr,CoOs3 CaTiO; cP5 Pm-3m 100
11 40:10:50 Sri,Pr,CoOs CaTiO; cP5 Pm-3m 100
SrsCos0 BagNisO hR78 R32 ~58
12 45:5:50 re0sTs AT
Sr1+Pr,CoOs3 CaTiO; cP5 Pm-3m ~42
Pr;.,Sr,CoOs3 GdFeO; oP20 Prnma 67.1
13 20:40:40 .
Sr2..Pr,Co0Oy4 K5NiF, 4 14/mmm 32.9
Sty PriCoQOq4 KoNiF4 tI4 14/mmm 64.5
14 35:25:40 .
Sr1,Pr,CoO3 CaTiO; cP5 Pm-3m 35.5
SI‘3C0206 SI‘3C0206 0l68 Immm ~75
15 50:10:40 .
Sty PriCo0Oy4 KoNiF4 tI4 14/mmm ~25
16 20:46.7:33.3 Sty PryCoOy4 KoNiF, 4 1A /mmm 100
17 30:36.7:33.3 Sty PryCoOy4 KoNiF, 4 1A /mmm 100
18 40:26.7:33.3 Sr2.4Pr,CoO4 K,NiF4 tI14 14/mmm 100
PrCoO; GdFeO; oP20 Prnma 38.5
19 10:60:30 Sty PryCoOy4 KoNiF, 4 1A/mmm 31.6
PI‘7O12 PI‘7O12 hR57 R-3 29.9
Sr2..Pr,Co0Oy4 KoNiF, 4 14/mmm ~85
20 50:20:30
Sr(OH)»(H»0) Sr(OH)»(H20) oP8 Pmc2, ~15
Sr2.4Pr,CoO4 K,NiF4 tI14 14/mmm 40.9
Sr(OH),(H,O Sr(OH),(H,O P8 Pmc2 16.0
21 60:10:30 r(OH)(H0) r(OH)(H:0) ? et
SrO NaCl cF8 Fm-3m 5.0
SI‘3C0206 Sr3C0206 0168 Immm 38.1
S12..Pr,Co0Oy4 KoNiF, 4 1A/mmm 63.0
22 20:60:20
PI‘7O12 PI‘7O12 hR57 R-3 37.0
Sr2.4Pr,CoO4 K,NiF4 tI14 14/mmm 63.0
23 40:40:20 SrPrO4 Sr,PbOy4 oP14 Pbam 29.2
PI‘7O12 PI‘7O12 hR57 R-3 7.8
Sty PriCoOy4 KoNiF4 tI4 14/mmm 60.1
24 60:20:20 Sr(OH)»(H,0) Sr(OH)»(H20) oP8 Pmc2, 37.4
SI‘2PI‘O4 SrszO4 oP14 Pbam 2.5
18 Chem. Met. Alloys 16 (2023)
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Fig. 4 Phase diagram of the SrO—Pr,O3—CoO system from this investigation.

Table 5 Refined cell parameters within the solid solution (Sr,Pr)CoO; with cubic perovskite structure (CaTiO;
structure type, Pearson symbol cP5, space group Pm-3m).

Nominal composition 3
No (S10:1/2P1,05:Co0), mol. % a, nm V, nm Ry
1 25:25:50 0.38249(6) 0.05596 0.097
2 30:20:50 0.38226(3) 0.05586 0.081
3 35:15:50 0.38272(3) 0.05606 0.095
4 40:10:50 0.38376(3) 0.05652 0.083

Table 6 Refined cell parameters within the solid solution (Sr,Pr)CoO; with orthorhombic perovskite structure
(GdFeO:s structure type, Pearson symbol oP20, space group Pnma).

Nominal composition 3
No | (80:1/2Pr,05:C00), mol. % | ™™ b, nm ¢, nm V, nm Rs
1 5:45:50 0.54012(7) | 0.76035(14) | 0.53627(7) 0.22024 0.097
2 10:40:50 0.53690(7) | 0.76042(12) | 0.54183(7) 0.22121 0.135
3 15:35:50 0.53739(7) | 0.76046(12) | 0.54290(7) 0.22186 0.231
4 20:30:50 0.53826(5) 0.76055(9) 0.54391(6) 0.22266 0.089

Table 7 Refined cell parameters within the solid solution (Sr,Pr)»CoO4 (K2NiF; structure type, Pearson symbol
tI14, space group [4/mmm).

Nominal composition
No | (6r0:1/2Pr,05:C00), mol. % @, nm ¢, nm V, o’ Rp
1 20:46.7:33.3 0.38039(3) 1.2332(1) 0.17844 0.099
2 30:36.7:33.3 0.37850(4) 1.2359(1) 0.17706 0.120
3 40:26.7:33.3 0.37833(5) 1.2434(1) 0.17797 0.157
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Fig. 5 Diffraction pattern of a single-phase sample of SrosProsCoO3 cubic perovskite (sample composition
25 mol.% SrO : 25 mol.% 1/2Pr,0; : 50 mol.% CoO).
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Fig. 6 Diffraction pattern of a single-phase sample of Sro4ProsCoOs; orthorhombic perovskite (sample
composition 20 mol.% SrO : 30 mol.% 1/2Pr,03: 50 mol.% CoO).
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Fig. 7 Diffraction pattern of a single-phase sample of S Pr.CoO4 (sample composition
30 mol. % SrO : 36.7 mol. % 1/2Pr,03 : 33.3 mol. % CoO).
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Summary

The experiment was started from the synthesis and
investigation of polycrystalline samples with nominal
composition SrosRosCo0;, where R is a rare-earth
metal. Under the conditions of our experiment the
existence of four-component perovskites Sro sRo5C003
with cubic perovskite-type structure (CaTiOs type,
Pearson symbol c¢P5, space group Pm-3m) was
established for the light rare-earth metals (R = Pr, Nd,
Sm, Eu, Gd, and Tb). The samples with heavy rare-
earth metals (R=Dy, Ho, Er, Tm, Yb, and Lu)
contained in equilibrium the corresponding R,O3 oxide,
Co0, and a quaternary phase with cubic perovskite
structure, presumably the boundary of a solid solution
based on SrCoO:s.

The interaction of the components in the
SrO-Pr,03—CoO system was studied based on X-ray
diffraction of 24 ceramic polycrystalline samples,
synthesized by a two-stage solid-state reaction method,
starting from SrCOs, Pr;03, and CoCO;s. Final heating
was performed at 1200°C for 8 h. The existence of
three extended homogeneity regions was revealed:
PriSr,CoOs with orthorhombic perovskite type
(GdFe0s3), Sri,Pr,.CoOs; with cubic perovskite type
(CaTiOs), and Sr2.Pr.CoOs with tetragonal type
K:NiF4. The formation of SroPrO4 (own structure type,
Pearson symbol oP14, space group Pbam), PrCoOs
(GdFeOs structure type, Pearson symbol oP20, space
group Pnma), SrsCosO15 (BagNisO;s structure type,
Pearson symbol #R78, space group R32), and Sr3C0,0¢
(own structure type, Pearson symbol 0/68, space group
Immm) phases was confirmed in the boundary systems.
An approximately isothermal section of the phase
diagram of the SrO-Pr;0;—CoO system under the
conditions of our investigation was constructed in the
full concentration range. It contains 9 one-phase,
17 two-phase and 9 three-phase regions.
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