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Oxygen non-stoichiometry, structural properties, and phase relations in Ca and Sr substituted LaMnOs; 4 5
were studied by means of thermal analysis, X-ray diffraction, and iodometric titration. Hexagonal

a-StMnOj; _ 5 and LaMnOs; 4 5 perovskite are only partly miscible. Room temperature metastable

La; — ,Sr,MnOj; . , solid solutions, prepared by quenching from high temperatures where there is complete
solid solubility between cubic B-SrMnO; _ 5 and LaMnO; . 5 perovskite, have rhombohedral, tetragonal or
cubic symmetry dependent on the Sr content. Orthorhombic LaMnOj; . s and CaMnOj; _ 5 form a stable

La; - ,Ca,MnOj; . ; solid solution in the whole composition region. The unit cell volume of

La; - ,Sr,MnO; ; 5 and La; _ ,Ca,MnOs , ; solid solutions is reduced with decreasing La-content mainly due
to the correlated change in average oxidation state from Mn>* to Mn**. The oxygen stoichiometry changes
from cation deficient (oxygen excess) at high La-content to oxygen deficiency at low La-content. The enthalpy
of the phase transitions of CaMnOj; _ 5 and the transition from a-SrMnO; (hexagonal) to B-SrMnOj; _ ;
(perovskite) were obtained by differential thermal analysis. Finally, the physical appearance of first order phase
transition between different perovskite-related structures is analysed in terms of the Gibbs phase rule. First
order transitions between different structures of a ternary oxide ABO3 _ s become two-phase regions in a

quasi-binary system like ABO; _ ~A'BO; _ ;.

Introduction

The substitution level of A in La; - ;A,MnO; . s(A = Sr or
Ca) strongly influences the magnetic and electronic properties
as well as the ionic conductivity, and a large number of studies
have reported various materials properties as a function of
substitution level.'”” However, the phase relations in the
systems LaMnO3;-SrMnO; and LaMnO3;-CaMnOs are still a
matter of discussion, and so is the variation in structural
properties with oxygen non-stoichiometry for compositions
ranging from pure LaMnO; ; 5to AMnO; _ 5 (A = Ca or Sr).

The crystal structure of perovskite LaMnO; 4 5 is deter-
mined by the formal oxidation state of Mn.?® LaMnO; ;4 5
(6 < 0.1) is orthorhombic, while for § > 0.1(> 44% Mn*")
LaMnO; , 5 is rhombohedral.® LaMnO; ;. ; quenched in air
from below 1000°C is orthorhombic and above 1000 °C
rhombohedral.'®'?> A two-phase mixture of rhombohedral
and orthorhombic LaMnO; , s was observed in materials
quenched from 1000 °C in air.'%!! Orthorhombic LaMnOs3 o
(ORT1) transforms to a second orthorhombic (ORT2) phase at
around 700 K3%!% and further to a rhombohedral structure at
820 K. Both transitions are connected with discontinuous
volume contractions and are first order in nature. The enthalpy
associated with the transitions and the unit cell parameters of
the three phases are dependent on the oxidation state of Mn in
LaMnOs; ; 5 (6). With increasing oxidation state of Mn the
ORTI1-ORT?2 phase transition temperature is suppressed from
about 700 K (8 = 0) to below 77 K (6 = 0.073).> Rhombo-
hedral LaMnOs . 4 is stable up to 1000 °C in oxygen partial
pressures between 1 and 107> atm.'* At lower partial pressures
the two orthorhombic structures were observed below
700°C. The defect chemistry of LaMnOjs 4 s is unique and
both oxygen deficient and oxygen excess materials are stable.
The oxygen excess LaMnOs; . ;is in reality cation deficient and
thus more correctly described as La; - ,Mn; _ },03.15
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Calcium substituted lanthanum manganese oxide, La; _ -
Ca,MnOj; 4 s (LCM), is either rhombohedral or orthorhombic
dependent on substitution level and partial pressure of O,. At
low substitution levels, x < 0.14, and high oxygen content,
LCM is rhombohedral with space group R3¢.! For 0.2 < x <
1.0 LCM is orthorhombic with space group Pnma.>>'%17

The crystal structure of perovskite CaMnO; in air is
orthorhombic below 896 °C, tetragonal between 896 and
913°C, and cubic above 913 °C.'"® The corresponding phase
transitions were also observed for Ca; — .\La,MnO; _ 5
(x = 0.05 and 0.1), but were not observed for x > 0.1."
Orthorhombic CaMnOj; can be topotactically reduced at about
300°C to CaMnO,s, an orthorhombic perovskite-related
phase with ordered oxygen defects.?’ The reoxidation of
CaMnO, s is rapid in air at temperatures as low as 300 °C.%°

Strontium substituted lanthanum manganese oxide,
La; - .Sr,MnOs+;s (LSM), has been found to crystallise in
rhombohedral, orthorhombic, tetragonal and cubic structures.
LSM prepared in air and slowly cooled is rhombohedral for
0.0 < x < 0.5.27% Lag Sro;MnOs 4 5 is rhombohedral up to
1000°C in 1-10" " atm O,."” Rhombohedral Lag ;Sro3;Mn-
O; . 5 was stable up 900°C in 1-10"'°atm O,, but trans-
formed to the cubic structure above 900 °C. Orthorhombic
LSM with low Sr content is stabilised by quenching from high
temperatures or reducing conditions.”’*>?*?> Single phase
LSM with x > 0.6° is only obtained at high temperatures due
to the low solubility of hexagonal a-SrMnQOs, which does not
have the perovskite structure.?® Kikuchi et al.® found that after
annealing in oxygen, materials with 0.5 < x < 0.6 were
tetragonal, while materials with 0.7 < x < 1.0 were cubic.

While Mn-Og octahedra share corners in perovskite
B-StMnOs _ 5, they share faces in hexagonal o-SrMnO;.2°
a-SrMnQO; g9 transforms to B-SrMnQO, 74 at about 1400 °C in
air.%® On further heating p-SrMnOs _ 5 becomes more oxygen
deficient until it melts at 1740 °C.2° The temperature for the o—p
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SrMnO; _ s transition was found to decrease with decreasing
partial pressure of oxygen.?” B-SrMnOs _ 5 quenched from
1525°C in air had an orthorhombic structure, and cubic
SrMnO; was easily obtained by oxidation at 300°C in air.?
The phase transition from metastable B-SrMnO; to the stable
2-SrMnO; was observed at about 800 °C.%°

Cherepanov et al.®® have studied the phase equilibria in the
pseudo binary system LaMnO3;-SrMnO; at 1100°C and
various partial pressures of oxygen (0.21 atm > Po, >
10~ atm). The solubility of o-SrMnQOj; _ 5 in La; — ,Sr,Mn-
05 _ 5 perovskite was x = 0.38 in air. Decreasing the partial
pressure of oxygen increases the solubility limit to x = 0.7 at
Po, = 10~% atm, while the solubility decreases again on further
reduction of the partial pressure of oxygen. Majewski ez al.”®
have reported quasi binary phase diagrams for the systems
LaMnO3;-SrMnO3; and LaMnO3;—CaMnO;. They found that
both systems show a miscibility gap at intermediate La/Sr and
La/Ca ratios below about 1400°C in air. The La-rich
SrMnO; _ 5 phase was found to crystallise in an ortho-
rhombic distorted hexagonal modification as found for pure
o-StMnOj; _ 5 between 1222 and 1400°C.* Sr- and Ca-rich
LaMnO; _ 5 and La-rich CaMnOj; _ 5 all had a perovskite-
type structure. The SEM and XRD data provided for the two-
phase regions by the authors are unclear and do not strengthen
their conclusion. The two-phase region in the LSM system can
be understood in terms of the immiscibility of hexagonal
a-SrMnOj3 and Sr-substituted LaMnOj3 perovskite. The two-
phase region in LCM has not been supported by other studies.

We have started a program to investigate the thermodynamic
properties of the solid solutions La; - \A,MnO; 4 5 (A = Ca
or Sr, 0 < x < 1). In the present paper we report on the oxygen
non-stoichiometry and unit cell parameters in these systems.
Phase relations in the two systems are also discussed.
Furthermore, measurements of the enthalpies of oxidation of
Ca,Mn,0s5, Ca,MnO,4 and Sr,Mn,Os by in situ adiabatic
calorimetry,®® the heat capacities of CaMnO;_; and
SrMnO; _ s by adiabatic calorimetry,’’ and finally the
enthalpies of formation of La; - \/A.MnO; . ;s by high
temperature solution calorimetry®> are reported in separate
papers.

Experimental procedure

Synthesis

LCM and LSM powders with 20, 40, 60, and 80 mol%
substitution were synthesised by the amorphous citrate process.
Pure LaMnOs; ;. 5, CaMnO;, and SrMnO; were prepared by
the EDTA precursor method. La(NOs;);-6H,O(> 99.0%,
Merck), Ca(NO3),'H,O (>99.0%, Merck), Sr(NO;),
(>99,0% Merck), and Mn(NO3),4H,0 (>98.5%, Merck)
were used in the two synthesis routes. The nitrates were heat
treated between 700 °C and 1100°C to determine the exact
amount of crystal water.

Table 1 Heat treatment for the materials

In the amorphous citrate process the citric acid (>99.5%,
Merck) was dissolved in 20 ml of ion-exchanged water, then the
stoichiometric amounts of nitrates were dissolved in the
acidic solution. The solution was heated on a hot plate to
80+ 3 °C. The solution was continuously stirred at 80 °C until
viscous foam was formed. The foam was dried overnight at
150-200 °C.

In the EDTA method stoichiometric amounts of nitrates
were dissolved in ion-exchanged water, then an EDTA
(ethylendiamine—tetraacetic acid, >99.7%, Sigma) solution
(0.8 M and pH 8-9) was added. The final solution was heated
on a hot plate to 80+3°C. The solution was continuously
stirred at 80 °C until a gel was formed. The pH was controlled
during heating, and NHj (concentrated, 15 M) was added to
keep the pH at 7-11 depending on the type of ions in the
solution. The gel was dried overnight at 150-200 °C.

The dried precursors from the two synthesis routes were
crushed, and the powders were then fired at approximately
500 °C to remove all the organic matter. To obtain phase pure
materials the powders were heat-treated at varying tempera-
tures, see Table 1. In order to achieve the metastable perovskite
SrMnO; _ 5, hexagonal SrMnO;, powder was annealed at
1525°C in air for 2 h and subsequently air quenched to room
temperature. This gave a cylindrical body where the outer
surface was hexagonal (due to oxidation during cooling), while
the interior of the cylinder was pure perovskite StMnO; _ .
These two phases were easily separated due to colour
differences, and all further handling and measurements were
performed on the metastable perovskite phase of StMnO3. The
crystal symmetry of the perovskite STtMnO; _ 5 was confirmed
by X-ray diffraction.

Several pellets of the precursor of Lag»SrosMnO; 4 5 were
heat-treated at temperatures between 1100 and 1350 °C for 60 h
before being quenched in air. This was done to study the phase
behaviour of Lay,Sro sMnO; 4 s as a function of temperature.

Characterisation

Lattice cell dimensions of the materials were determined by
X-ray diffraction (SIEMENS D5005, Siemens Germany) using
Cu-K,, radiation. Silicon was used as an internal standard in
order to determine the unit cell parameters. Powder X-ray
diffraction was also used to study the phase relations in the
systems LaMnO;-CaMnO; and LaMnO3;-SrMnOs.

The oxygen stoichiometry of the materials was determined
by thermogravimetry (Perkin Elmer TGS2 or TGA 7, Perkin-
Elmer Corporation, USA) and iodometry. In the thermogravi-
metric measurements samples of 35-80 mg were used. The
weight change from room temperature to 700 °C and from 700—
1000 °C in steps of 50 °C was recorded, in both synthetic air and
N, (Po, = 3 x 10~® atm). The measurements were corrected
for drift due to the change in buoyancy with temperature. The
corrected weight changes were used to calculate the oxygen
stoichiometry at the different temperatures, using the results

Sample Starting condition Heat treatment Atmosphere Air quenched
LaMnOs; ;4 5 Precursor 1000°C/96 h + 1100°C/5 h Air —
LaMnO_;DO LaMn03 + 0 900 °C/198 h N2 —
LCM, Ca = 0.2 Precursor 1000°C/96 h Air —
LCM, Ca =04 Precursor 1000 °C/96 h Air —
LCM, Ca = 0.6 Precursor 1000 °C/96 h Air —
LCM, Ca = 0.8 Precursor 1000°C/96 h Air —
CaMnO; Precursor 1100°C/72 h + 1200 °C/96 h Air —
LSM, Sr = 0.2 Precursor 1150°C/120 h Air —
LSM, Sr = 0.4 Precursor 1150°C/60 h Air —
LSM, Sr = 0.6 Precursor 1400°C/24 h Air \'%
LSM, Sr = 0.8 Precursor 1400°C/24 h Air \'%
a-SrMnOj; (hex.) Precursor 1100°C/72 h Air —
B-SrMnO; (per.) o-SrMnO; 1525°C/2 h Air v
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Table 2 Unit symmetry, oxygen stoichiometry, and unit cell parameters of the materials

Sample Structure alA blA clA ag/A ol® VIA3

LaMnOs ¢ Hexagonal/Rhombohedral 5.5248(4) 13.331(1) 5.470 60.663 58.733
LaMnOs; g3 Orthorhombic 5.538(1) 7.712(1) 5.6905(7) — — 60.756
LaggCag,MnOs3 o7 Orthorhombic 5.473(4) 7.740(4) 5.497(3) — — 58.212
Lag ¢Cag4MnO; Orthorhombic 5.445(1) 7.685(2) 5.456(2) — — 57.071
Lag 4Cag sMnOs oo Orthorhombic 5.398(3) 7.599(3) 5.402(2) — — 55.404
Lag,CagsMnOs g Orthorhombic 5.332(3) 7.549(4) 5.335(3) — — 53.678
CaMnO3 o Orthorhombic 5.274(3) 7.467(5) 5.2717(2) — — 51.952
Lag gSrg-MnOs g4 Hexagonal/Rhombohedral 5.5155(2) — 13.3543(7) 5.473 60.512 58.637
Lag ¢Srg4MnOs5 g Hexagonal/Rhombohedral 5.49(4) — 13.35(1) 5.463 60.293 58.027
Lay 4Srg¢MnOs Tetragonal 7.681(1) — 7.736(2) — — 57.041
Lag »SrosMnOs g Cubic 3.8281(1) — — — — 56.098
SrMnOs g9 Cubic 3.8061(1) — — — — 55.138
SrMnO» o5 Cubic 3.8073(5) — — — — 55.189
SrMnOs _ Hexagonal 5.4516(6) — 9.091(1) — — 58.494

from iodometric titration. The oxygen stoichiometry of
CaMnO; _ 5 and SrMnO; _ 5 was also determined by TG.
Samples of calcium and strontium manganite were heated to
700 and 500°C in air, respectively, where they became
stoichiometric. The oxygen stoichiometry of the materials
was then calculated from the increase in mass due to oxidation.

The oxygen stoichiometry of the materials at room
temperature was measured by iodometric titration.>* The
powders used for these measurements were slowly cooled
(1°Cmin~") from 700°C to room temperature prior to
analysis. The obtained data were used as a reference for the
thermogravimetric analysis.

ITodometric titration was performed on 10-30 mg of sample.
The sample was weighed out in a round-necked vessel. An
excess of potassium iodide (KI) and ca. 10-20 ml distilled
degassed water were added. The solution was made acidic by
the addition of a few droplets of 0.1 M hydrochloric acid, then
the vessel was closed and heated in order to dissolve the sample.
The solution was cooled and titrated with standardised sodium
thiosulfate (0.01 M). Starch was used as an indicator. This gave
the mean valency of manganese, and the amount of oxygen in
the materials was then calculated.

Heat effects (endothermic/exothermic) for some composi-
tions were measured by differential thermal analysis (DTA)
(STA 449 C, Jupiter, TG/DSC sample holder, NETZSCH-
Geridtebau GmbH, Germany). Powders were analysed from
room temperature to 1200 or 1350 °C in flowing air or N, with
a heating and cooling rate of 10°C min~'. Temperature and
sensitivity calibrations were performed according to the
recommendation of the supplier, by measuring the temperature
and enthalpy of melting of Sn, Ag, Au, CsCl, Al, Zn, and Cu.

Results
The LCM system (0.0 < x < 1.0)

Unit cell dimensions. The crystal system and unit cell dimen-
sions of the materials are given in Table 2. LaMnO; _ 5 was
synthesised with two different oxygen stoichiometries. The
crystal structure of rhombohedral LaMnQOs; ;4 was consistent
with literature.'>!® Reduction of LaMnO;¢ in N, gave
orthorhombic LaMnQOj; o3 with unit cell dimensions in good
accord with published data.’®3* La, _ .Ca,MnO; 16 (x=
0.2,0.4, 0.6, 0.8, and 1.0) were indexed as orthorhombic, which
is also consistent with the literature.>!%17-3

The unit cell dimensions of the orthorhombic LCM
(0.0 < x < 1.0) materials are plotted in Fig. 1. The unit cell
dimensions decrease with an increasing substitution level of Ca.
The unit cell volume of the materials with stoichiometric
oxygen content (LCM with x = 0.4, 0.6, 0,8, and 1.0) shows a
near linear correlation with the degree of substitution, while the
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oxygen excess materials LaMnQOs3 3 and LaggCag,MnOs3 o7
deviate from this linear relationship.

Phase relations. La; _ .Ca,MnO; . 5(x = 0.0,0.5,0.8, 0.9,
and 1.0) was studied by DTA/TGA. No evidence of a
miscibility gap was observed for the LCM system in contra-
diction to the study by Majewski et al.?’ CaMnO; _ ;5 gave
endothermic peaks at 904 + 2 and 923 + 2°C on heating to
1200°C in air, and exothermic peaks at 906 + 2 and
925 + 2°C on cooling, respectively see Fig.2. The energy
involved in the two transitions were 1.7 and 0.3 kJ mol~! for
the first and second transition, respectively. Only the first phase
transition was observed for Laj 1CagoMnO; 4 5at 914 + 2°C
on heating, and on cooling an exothermic peak appeared at
922 + 2°C (Fig.2). The phase transitions of both
LapCagoMnO; ;. s and CaMnOj; _ 5 are correlated with a
change in the oxidation state of Mn (Fig.2). The oxygen
stoichiometry of CaMnOj; _ s showed no hysteresis at a heating
and cooling rate of 10 °C min ', while significant lower oxygen
content was observed for LagoCayMnOjs _ 5 during cooling
due to slow oxidation. No endothermic or exothermic peaks
were observed for Lag-,CaysMnO5 and Lag sCag sMnOs. The
reduction of Lag,CagsMnOs _ 5 initiated at about 930 °C in
air.

No evidence for phase transitions was observed by DTA/
TGA during heating of LaMnOs ;4 to 1350°C in air. The
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Fig. 1 Pseudocubic unit cell dimensions for the orthorhombic LCM
system. Filled symbols with solid lines are results from this work. Open
symbols with dotted lines are literature data.>'” La; _ .Ca,MnO; with
x =04, 0.6, 0.8, and 1.0 are stoichiometric, while materials with
x = 0.0 and 0.2 have oxygen excess. The dashed line shows the linear
relationship between the unit cell volume and the degree of substitution
for stoichiometric samples.
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Fig. 2 DTA (solid lines) and TGA (dashed and dotted line) curves for
La; — xClaanO3 _ s with x = 0.9 and 1.0 in air. The heating rate was
10°Ch™".

reduction of LaMnOs; ¢ initiated at 700°C. The oxygen
stoichiometry was reduced to LaMnOj; o4 at 1350 °C, which
is considerably less than the oxygen stoichiometry at the
rhombohedral to orthorhombic phase transition taking place
at room temperature.8
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Fig. 3 Oxygen stoichiometry of La; — ,Ca,MnOj; ;. 5 between 700 and
1000 °C with steps of 50°C. Filled symbols are literature data** and
open symbols present data. Lines shown in the figure are guides to the
eye. The TGA measurements were performed in a) air and b) N,
(3x 107 %atm O,).

Oxygen stoichiometry. The oxygen stoichiometry of the
materials at room temperature was determined by iodometric
titration combined with thermogravimetry. The data are given
in Table 2. At 40 mol% Ca or higher all the compositions
were stoichiometric within the uncertainty of the iodometric
titration (3.00 + 0.01). At low Ca-content the materials are
oxygen excess or more precisely cation deficient.">* The
temperature dependence of the oxygen non-stoichiometry was
further studied by thermogravimetry in air (Po, = 0.21 atm)
and in flowing nitrogen (Po, = 3 x 10~% atm). The data are
shown as a function of the Ca-content in Fig. 3(a) and (b). High
La-content gives cation deficiency (6 > 0), while high Ca-
content gives oxygen deficiency (6 < 0). At intermediate
substitution LCM is stoichiometric with respect to oxygen in
the whole temperature range studied.

The LSM system (0.0 < x < 1.0)

Unit cell dimensions. The unit cell dimensions and crystal
system of the LSM materials are given in Table2. In the
La; - ,Sr,MnOj; , 5 system (0.2 < x < 1.0) rhombohedral,
tetragonal, and cubic perovskites were observed. LaggSrg -
MnOs; ¢ and Lag ¢Sry4MnOs oy were rhombohedral, as pre-
viously reported.’*?* Lag4Sro¢MnO; adopted a tetragonal
symmetry after annealing at 1400 °C. This was also reported by
Kikuchi ef al.,? but no unit cell dimensions or space group were
given. Sundaresan et al¥y’ reported that LagsSrgsMnO; _
was tetragonal with space group [4/mcm and unit cell
dimensions a = b ~ \/2 xa, and ¢ = 2xa, The X-ray
pattern for Lag4Srg¢MnO;5g could not be indexed with
these settings. PrgsSrgsMnO; was found to be tetragonal
with space group F4/mmec, which is a setting of I4/mcm with the
same tilt system (a°a°c”) and space group number (140).3 The
difference is given by the wunit cell dimensions were
a=b=x2a, #c~2xa, for FAlmmc. With these settings
Lag 4SrgsMnO3 o9 was indexed as tetragonal with space group
F4lmmec. Lag,SrosMnOs o9 and SrMnOs o, were found to be
cubic, which is consistent with literature.>°

The unit cell dimensions of LSM (0.0 < x < 1.0) are plotted
in Fig. 4. The unit cell volumes of the stoichiometric materials
(x < 0.4) show a near linear correlation with the degree of
substitution, while the cation deficient (oxygen excess)
materials LaMnOs 14 and Lag gSrg ,MnOs o6 deviate from this
linear relationship.
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Fig. 4 Pseudocubic unit cell dimensions for the LSM system,
rhombohedral (x < 0.4), tetragonal (x = 0.6) and cubic symmetry
(x > 0.8) with increasing degree of Sr substitution. The unit cell
parameters for materials with x > 0.2 are for metastable
LSM. La; - ,Sr\MnO; with x = 0.4, 0.6, 0.8, and 1.0 are stoichio-
metric, while materials with x = 0.0 and 0.2 have oxygen excess. The
dashed line shows the linear relationship between the unit cell volume
and the degree of substitution for stoichiometric samples.
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Fig. 5 Proposed phase diagram for the pseudo binary system
LaMnO; 4 s~SrMnO; _ 5 in air. Filled triangles are single-phase
materials with rhombohedral or cubic symmetry. Crosses are two-
phase samples with the saturated LSM solid solution and the hexagonal
a-StMnOj; _ 5. The filled circle is the reported phase transition from
hexagonal to perovskite StMnOs _ 5.2

Phase relations. The phase relation in the LSM system was
studied by DTA/TGA and X-ray diffraction of materials
annealed at various temperatures. The pseudo binary system
LaMnOs; 4 sSrMnOj — 5 at high SrMnO; _ 5 content is
shown in Fig. 5. The o—f SrMnO; _ ; phase transition at
1400 °C develops into a two-phase region separating the phase
field for La; - ,Sr,MnO; ;. ;s perovskite and hexagonal
a-SrMnQOs _ 5. The two-phase region reported at 1100 °C in
air by Cherepanov et al.®® is adopted in Fig. 5. The phase
composition for Lag,SrosMnO; 4 ; annealed at different
temperatures was studied by XRD. A single-phase cubic
perovskite was observed above 1330 + 10 °C, while below a
two-phase mixture of a-SrMnO; _ 5 and La; — ,Sr,MnOj 4 5
perovskite were observed. The unit cell dimensions for the two
phases as a function of annealing temperature are shown in
Fig. 6. The cubic cell parameter for the perovskite decreases
with increasing annealing temperature in line with increasing
Sr-content. The unit cell parameters of a-SrMnQOj3 _ 5 changes
with increasing annealing temperature in the two-phase region,
and approaches those for pure o-SrMnOj; _ s annealed at
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Fig. 6 a) Cubic lattice parameter for Lag »SrosMnOj3 _ 5. b) Hexagonal
lattice parameters for o-SrMnO; _ 5. Open symbols represent two-
phase samples, while the filled symbols are single-phase samples. All
samples were cooled at 600°C h™ .
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1350°C (all samples were cooled at 600°Ch™'). A low
solubility of LaMnOs; ; s in a-SrMnQOs _ 5 is inferred from
the fact that formation of o-SrMnO; _ 5 from metastable
La;_,Sr,MnOj; . ; solid solutions is slow.

DTA measurements on Lag4Sro¢MnO; 1 5 and Lag Sty g-
MnO; 4 5 gave broad endothermic peaks between 800 and
885°C on heating to 1200 °C in air, and between 800 and
1100°C in N, (ca. x 107% atm O,), respectively. The materials
were stoichiometric with respect to oxygen before and after the
DTA measurement in air, and X-ray diffraction verified that
the crystal structure had not changed as a result of the thermal
treatment. Measurements under a gas flow of nitrogen changed
the oxygen stoichiometry of Lag 4Srg¢MnOs3 oo and Lag ,Srg g-
MnOj; g to 2.97 and 2.89, respectively. A change in the crystal
structure was also verified by XRD, where the splitting of the
ca. 33° 20 peak disappeared for Lag4Srg¢MnO;_ s and
appeared for Lag»SrosMnOs3 _ 5.

The o—f SrMnOj; _ ;5 phase transition was investigated by
DTA/TGA in a gas flow of both air and N,, and the data are
shown in Fig. 7(a) and (b). Cubic metastable StMnOs _ 5 is
initially oxidised at 530 + 5°C, but reduction becomes
predominant at 585 + 5°C. The phase transition from cubic
to hexagonal SrMnO; _ 5 is accompanied by an oxidation
showing that o-SrMnOj; _ 5 is considerably more stoichio-
metric than metastable -SrMnOs _ 5. In N, the reduction of
B-SrMnO; _ 5 is initiated at 310 + 5°C. At the phase
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Fig. 7 DTA (solid line) and TGA (dotted line) curves for metastable
perovskite StMnO, ¢g heated in a gas flow of a) air and b) N,. The first
order phase transitions between the crystal modifications are shifted to
lower T with higher o (lower Po ).



transition the oxygen stoichiometry is nearly constant due to
the formation of the stable o-SrMnO; phase. The o—f
SrMnO; _ ;5 phase transition was initiated at 840 + 10 and
825 + 10°C in air and N,, respectively. The transition
enthalpy was estimated to be 7.1 kJmol™' in air and
5.1 kJ mol™! in N,. The enthalpy of the phase transition was
estimated by the following procedure: the enthalpy due to the
simultaneous oxidation/reduction of the material was sub-
tracted from/added to the measured enthalpy by using the
measured mass loss and enthalpy of oxidation of StMnOj; _ 5
reported by Rermark ez al.>°

Oxygen stoichiometry. The oxygen stoichiometry of the
LSM materials at room temperature was determined by
iodometric titration combined with thermogravimetry. The
data are given in Table 2. At 40 mol% Sr or higher all the
compositions were stoichiometric within the uncertainty of the
iodometric titration (3.00 + 0.01) except for metastable cubic
SrMnO; _ 5. At low Sr-content the materials are cation
deficient (oxygen excess). The temperature dependence of the
oxygen non-stoichiometry was further studied by thermo-
gravimetry in air (Po, = 0.21 atm) and in flowing nitrogen
(Po, = 3% 107° atm). The data are shown as a function of the
Sr-content in Fig. 8(a) and (b). High La-contents give oxygen
excess, while high Sr-contents give oxygen deficiency. At
intermediate substitution LSM is stoichiometric with respect
to oxygen in the whole temperature range studied. For
metastable B-SrMnO; _ 5 the oxygen non-stoichiometry was
only measured at 700°C, due to the formation of stable
o-SrMnQO; above 710°C. The formation of o-SrMnO; was
initiated between 710 and 720°C in both air and N,
(3 x 107 % atm O,). The formation of a-SrMnO; was confirmed
by both oxidation (in air) and X-ray diffraction of
B-SrMnO; _ 5 annealed at 720 °C for 3-4 h. The oxygen non-
stoichiometry for 750 < 7 <1000 °C, shown by crosses in
Fig. 8(a) and (b), is interpolated from the present measure-
ments and literature data for stable B-SrMnOj; _ s at
T > 1200°C.*%*7

Discussion
The LCM system (0.0 < x < 1.0)

Unit cell parameters. The orthorhombic cell parameters
shown in Fig. 1 are consistent with the literature data as shown
in Fig. 1. The unit cell parameters and the unit cell volume
decrease with increasing x. All materials were stoichiometric
except LaMnO; g3 and LaggCag,MnOs; o7, which are cation
deficient. The reduction in the unit cell volume is mainly due to
the increasing amount of Mn*", which increases from 6% in
pure LaMnO3 o3 to 100% in pure CaMnOs o (ionic radii of 6
coordinated Mn*" and Mn’* are 0.53 and 0.645 (HS) A,
respectively®®). The substitution of La with Ca also contributes
to the shrinkage of the unit cell volume (ionic radii of 12
coordinated Ca®>" and La*" are 1.34 and 1.36 A respec-
tively®). The exothermic enthalpy of formation of La; _ -
Ca,MnO; has been found to increase with increasing
substitution of Ca.*® This is mainly due to oxidation of
Mn’" to Mn*", which reflects shorter bond lengths due to the
smaller ionic radii of Mn** and Ca** compared to Mn*" and
La** in accordance with the trends we found for the unit cell
dimensions (Fig. 1).

The Goldschmidt tolerance factor ¢ = (ra + ro)/
(\/2(rB +rp)) can be used to obtain information on the
distortion of the perovskite lattice. ra, rg, and ro are ionic radii
of the A and B cations and the oxygen ion, respectively. Using
the ionic radii from Shannon,” the calculated tolerance
factors for LaMnO;, and CaMnOs, are 0.954 and 1.004,
respectively. The coordination numbers used were 12 for La**
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Fig. 8 Oxygen stoichiometry of La; — ,Sr,MnO; , ; between 700 and
1000 °C with steps of 50 °C. Filled symbols are literature data,** open
symbols measured data, and crosses interpolated data from present
measurements and literature data.?*?” The lines are guides to the eye.
Measurements were done in a) air and b) N, (3 x 10™% atm O,).

and Ca®* and 6 for Mn**, Mn**, and O?". The symmetry of
the perovskite is expected to become more symmetric with
increasing tolerance factor in accord with the unit cell
parameters shown in Fig. 1.

The near linear relationship between cell parameters and Ca-
content breaks down at low Ca-content due to Jahn-Teller
distortion (Fig. 1). LaMnOj; o3 takes a Jahn-Teller distorted
variant (ORT1) of the orthorhombic GdFeOj5-type structure.'?
The Jahn-Teller distortion also explains why the unit cell
volume of LaMnOj ; 5 is situated slightly above the linear
relationship for the stoichiometric materials. The unit cell
volume of Lag 3Cay,MnOQOs (7 is smaller than the linear relation
found for the stoichiometric materials (0.4 < x < 1.0). The
increasing Mn** concentration with increasing cation defi-
ciency (oxygen excess) results in a contraction of the unit cell.

For LCM with x > 0 the a and ¢ axes are almost equal
(Table 2). From a study of interatomic distances and angles in
LCM with 0.2 < x < 0.6, fairly symmetrical MnOg octahedra
were found.? The octahedra are tilted, and have the same
orthorhombic structure as found for LaMnOj; . s with
intermediate amounts of Mn** (ORT2).>!?

Phase relations. Phase transitions were observed for both
CaMnOj; _ 5 and LagCagoMnO; _ 5, see Fig.2. There are
only small discrepancies between our transition temperatures
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and those reported by Taguchi er al.'® However, the oxygen

stoichiometry reported for CaMnOj; _ s by Taguchi et al. (2.65
and 2.56 at 900 and 920 °C, respectively) were far lower than
those found in the present study (2.975 and 2.956 at 900 and
950 °C, respectively, see Fig. 3(a). Taguchi et al.'® investigated
also Ca; - \La,MnO, o7 with x = 0.05-0.4. The phase transi-
tions were only observed for x = 0.05 and 0.1 at 887 and
917°C. Here, only a single endothermic peak at 914 °C was
observed for LagCaygoMnOs; _ 5, while no transitions were
observed for Lag sCagsMnOs _ s and LaygCag,MnO;3 _ 5.

The reduction of Mn correlated with the phase transitions of
CaMnOj; _ s and La substituted CaMnOs; _ 5 (see Fig 2.) raise
the question whether the phase transitions are related to the
oxygen non-stoichiometry. According to Gibbs phase rule, the
maximum number of coexistent condensed phases in
CaMnOj; _ 5 at a given partial pressure of oxygen is 2, and
the solid—solid phase transition corresponds to an invariant
point. Here, we have assumed that the Ca/Mn ratio is constant
in both phases. This analysis supports that the transitions in
CaMnOj _ 5 are of first order, in line with the data shown in
Fig. 2. The reduction in the phase transition temperature with
increasing oxygen vacancy concentration is illustrated in Fig. 9.
The temperature is constant when going through the two-phase
region at constant partial pressure of oxygen.

In La substituted CaMnOj; _ 5, the number of components
increases by one relative to CaMnO; _ 5. Two coexisting
condensed phases give one degree of freedom, and the solid—
solid phase transitions of La substituted CaMnO; _ ;5 are no
longer an invariant point according to the phase rule. The first
order phase transition of La-substituted CaMnO; _ 5 now
occurs over a temperature range and should be more difficult to
detect by DTA as shown for Lag ;Cag oMnO; _ sin Fig. 2. The
compositional width of the two-phase region is expected to
increase with increasing La-content, and the two-phase region
is expected to shift to higher temperatures in line with the
observation. Higher transition temperatures are expected due
to the fact that the phase transition is associated with the
increasing oxygen deficiency, which is shifted to higher
temperatures with increasing La-content (Fig. 3). If sufficient
cation mobility is present, the high temperature phase will
nucleate and grow at the expense of the low temperature phase.
The heat associated with the phase transition will therefore be
consumed over a temperature interval that increases with
increasing La-content. It is therefore reasonable that the DTA
signature of the phase transition is strongly suppressed with
increasing La-content in line with the present observations.
Additional investigations (i.e. high temperature diffraction) are
necessary in order to elucidate the two-phase regions in the
LCM system at high Ca-content.

cubic

teh'agonal-.“

Temperature

8in CaMnO, ;

Fig. 9 Schematic illustration of the oxygen non-stoichiometry (J) of
CaMnOs; _ ; as a function of temperature at constant partial pressure
of oxygen. The partial pressure of oxygen is varying in the manner
Py > P, > P;.
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No evidence for phase transitions of LaMnO; ;s was
observed by DTA up to 1350 °C in air. LaMnO3; 4 s is found
to tolerate both La excess and deficiency, La; . ,MnOj; 4 5.0
However, assuming that the La/Mn ratio is not allowed to
change during heating (low cation mobility), the Gibbs phase
rule gives the same conditions as for CaMnOj; _ ;5 At
sufficiently high temperature the stoichiometric restriction
(constant La/Mn-ratio) does not hold due to the possibility of
cation diffusion. According to Gibbs phase rule two coexisting
condensed phases does then give one degree of freedom. It is
therefore reasonable that a mixture of orthorhombic and
rhombohedral LaMnOs . s is observed by quenching materials
annealed under certain conditions (inert or reducing atmo-
sphere).®!2 Similar two-phase mixtures of LSM materials have
also been obtained by quenching experiments under various
atmospheres.?® In quenched samples the final oxygen content in
the material decreases with increasing annealing temperature
and decreasing partial pressure of oxygen. Rhombohedral
structure is then found for high oxygen content, orthorhombic
at low oxygen content and a two-phase mixture for inter-
mediate oxygen content. The oxygen stoichiometry at 1000 °C
is LaMnO3; 1 according to the present DTA/TGA measure-
ment. This is close to the limit between rhombohedral and
orthorhombic LaMnO3 4 s at room temperature. We therefore
conclude that LaMnO; ;s maintains rhombohedral symmetry
in air up to 1350 °C. Reducing the oxygen partial pressure of
oxygen to 107> atm is not sufficient to stabilise one of the
orthorhombic structures as reported by Tagawa et al.'*

No evidence for immiscibility near 50 mol% LaMnO; was
observed in the LCM system, in contradiction to what was
found by Majewski et al.”® The complete miscibility is in accord
with the linearly decreasing enthalpy of formation from the
binary oxides with increasing Ca-content.>? It is important to
note in this context that orthorhombic La; - ,Ca,MnO5 _ ;5 is
expected to transform to rhombohedral or tetragonal per-
ovskite structure at elevated temperatures. Based on the
analysis of the Gibbs phase rule presented above, the phase
transitions are expected to be associated with two-phase
regions, which may explain the observation by Majewski et
al.®® A careful mapping of these two-phase regions should be
followed up in future investigations.

Oxygen stoichiometry. The LCM materials were apparently
stoichiometric in the region around 40 mol% Ca in both air and
N, 3x10 %atm O,), see Fig.3(a) and (b). This is also
illustrated in Fig. 10(a) and (b). The non-stoichiometry is given
as the amount of Mn**, where the broken line along the
diagonal of the figures represents stoichiometric materials. The
enthalpy of formation of LCM from the binary oxides is found
to increase linearly with increasing Ca-content.*> The oxygen
non-stoichiometry in LCM, which is fairly stoichiometric at
intermediate degree of substitution, is therefore not determined
by the Gibbs energy of formation of the stoichiometric
perovskites as discussed in the following.

Pure CaMnOj is easily reduced (Fig. 3 and Fig. 10) leading
to the formation of oxygen vacancies:

CaMnO3;=CaMnO;_;s+0/20,(g) (1
or described by point defect equilibrium
Of +2Mny,, =V +2Mn' v, + 1/204(g) (2)

where Of is oxygen in an oxygen site, Mny,, is Mn** in a
Mnj:-site, V{, is an oxygen vacancy, and Mny;, is Mp_ in a
Mn" " -site. On the other hand, pure LaMnOj3 is easily oxidised
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Fig. 10 The amount of Mn*" as a function of x in La; _ ,Ca,Mn-
O; 4 s between 700 and 1000 °C with steps of 50 °C. Filled symbols are
literature data,** and open symbols are calculated from measured
thermogravimetric data. Measurements were done in a) air and b) N,
(3x 10" %atm O,).

(Fig. 3 and Fig. 10) leading to the formation of equal amounts
of La and Mn vacancies:

3+0
LaMnO; + 5/202(g):LaMn03 +o— T La3/(3 +5)Mn3/(3+5)03 3)

or described by point defect equilibrium
6Mnyp, +3/20:(2)=V"1a + V" Mn +6Mny, + 305 (4)

where Mnj,, is Mn®* in a Mn?*site, V], is a La vacancy, Vy,,
is a Mn vacancy, and Mny,, is Mn*" in a Mn?*-site. For the
pure phases, Ca,Mn,Os (containing only Mn**) is obtain-
able,2* while LaMnOs s (containing only Mn**") has never
been prepared. This shows that Mn>" is more stable relative to
Mn** for CaMnO; _ ; than Mn*" relative to Mn®" for
LaMnOs; ; 5. The enthalpy of reduction of CaMnO; is
positive,®® while the enthalpy of oxidation of LaMnOs is
negative.’” Substituting La for Ca in CaMnOs increases the
endothermic enthalpy of reduction as demonstrated by the
decreasing oxygen non-stoichiometry (Fig. 3). On the other
hand, substituting Ca for La in LaMnO; decreases the
exothermic enthalpy of oxidation as shown by the decreasing
oxygen excess with increasing Ca-content (Fig. 3). Reaction (3)
is completely shifted to the right at around 40 mol% Ca. At this
Ca concentration and higher the enthalpy of oxidation,
eqn. (3), has become small or even endothermic. The LCM
materials are therefore most stoichiometric both with respect to

oxygen excess and deficiency at intermediate Ca-content (40—
50 mol% Ca).

Special attention should be given to the CaMnOj; _ 5 sample
measured in 3 x 107 atm O,. Two phase transitions are seen,
where the non-stoichiometry changes drastically in a step of
50 °C. The change is seen between 750 and 800 °C and between
900 and 950 °C (Fig. 3(b) and Fig. 10(b)). The first transition
appears in the same oxygen non-stoichiometry range as the
phase transitions seen for measurements in air, but at a lower
temperature. This agrees with the assumption that a decrease in
oxygen partial pressure will reduce the temperature for the
phase transition due to the association between vacancy con-
centration and phase transition. The second transition may be
due to the formation of an ordered reduced CaMnQOs _ s phase,
but the order—disorder transitions or the homogeneity regions
for these reduced phases are not known.*!

The LSM system (0.0 < x < 1.0)

Unit cell dimensions. The unit cell volume increases from
LaMnOs ¢ to LaggSrgoMnOs g6, and then decreases with
increasing x (Fig. 4). The amount of Mn** is 32% in both
LaMnO3,16 and La0<8Sr0,2MnO3_06. The 1\/[1‘14Jr concentration
increases further continuously to 100% in SrMnO;gy. The
higher unit cell volume of LaggSry,MnO; o compared to
LaMnOs; 4 is explained by the substitution of the bigger Sr ion
in place of La ions, equal amounts of Mn*" in both
compounds, and the higher cation deficiency (oxygen excess)
for LaMnOs 4. The reduction of the unit cell volume from
x > 0.2 demonstrates that the increasing concentration of
Mn*" is far more important for the unit cell volume than the
substitution of La with Sr. The decrease in the unit cell volume
is less in LSM than in LCM, see Fig. 1 and Fig. 4, which is
expected since Ca®" is smaller than Sr*>*.%

The Goldschmidt tolerance factor for LaMnO;o and
SrMnO; g is 0.954 and 1.041, respectively (ionic radii:* Sr**
and La’*, CN = 12; 1.44 and 1.36 A, Mn*" and Mn’",
CN = 6: 0.53 and 0.645 (HS)). The cubic symmetry found for
high Sr-content is therefore in line with the increasing tolerance
factor with increasing Sr-content.

The enthalpy of formation of stoichiometric LSM becomes
more exothermic with increasing Sr-substitution.>? This is
mainly due to oxidation of Mn’* to Mn**, which reflects
shorter bond lengths due to the smaller ionic radii of Mn**
compared to Mn®" as in the case of the LCM system.

Phase relations. The transition of the metastable cubic
B-SrMnO; _ 5 to the stable hexagonal a-SrMnO; _ 5 in air
was found, by Negas and Roth,?® not to involve oxidation.
DTA/TGA measurements of B-SrMnO, o5 (Fig. 7(a)) demon-
strate that B-o SrMnOj; _ 5 transition indeed involves an
oxidation. In air B-SrMnOj _ 5 is reduced prior to the
transition, while an oxidation occurs during the transition
since the oxygen vacancy concentration in o-SrMnQO; _ s is not
significant before 950 + 10 °C. In N, (Fig 7(b)) only reduction
of B-SrMnO; _ 5 occurred prior to the phase transition. The
oxygen stoichiometry becomes nearly constant in certain
temperature intervals (600-700°C, 3—0 ~ 2.91 and 850-
1150°C, 3—90 ~ 2.88). A possible explanation for this beha-
viour is the formation of phases with ordered oxygen vacancies.
The B-o SrMnOj; _ 5 transition involves no change in the
oxygen stoichiometry in pure N, as no oxygen is available for
oxidation. The enthalpy of the perovskite to hexagonal
transition in SrMnO; _ s was estimated to be —7.1 and
—5.1kJmol™! in air and N,, respectively. The transition
enthalpy found for SrMnOs; _ 5 is in good accord with the
transition enthalpy of BaTiOs(perovskite) to BaTiOs(hexago-
nal) from solution calorimetry, which was found to be
5.6 + 3.4kImol".*?

The present investigation has shown that the crystal
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structure of LSM perovskites is sensitive to both oxygen non-
stoichiometry and the level of Sr-substitution. According to the
discussion of the Gibbs phase rule in relation to the LCM
system, it is clear that a first order transition between two LSM
phases with different crystal structures is expected to be
associated with two-phase regions. DTA in air on LSM with
x = 0.6 and 0.8 showed broad endothermic peaks on heating
and no peaks on cooling but no structural difference was
observed by XRD after the measurement. High temperature
X-ray diffraction is necessary in order to find out if the
endothermic events are associated with a two phase region
separating LSM materials with different symmetry. The DTA
measurements in N, showed broader peaks than in air. In
addition the oxygen stoichiometry was reduced and the crystal
structure had changed during the thermal cycling. The
structural change is probably related to the increased oxygen
vacancy concentration.

Based on the present findings and previous investigations,
the two-phase region between LSM perovskite and hexagonal
a-SrMnOj; _ 5 has been established. At temperatures below
1000 °C LSM with x ~ 0.3 or higher is metastable with respect
to hexagonal a-SrMnO; _ ;s and LSM with lower content of Sr
(Fig. 5). This is of particular importance for application of
LSM in solid oxide fuel cells. In this respect it is fortunate that
the solubility of a-SrMnO; _ ; in LSM is increasing with
decreasing partial pressure of oxygen.?® Based on the present
investigation it is shown that the crystal structure of metastable
LSM changes from rhombohedral to tetragonal to cubic
with increasing Sr-content. The precipitation of stable
o-SrMnQ; _ 5 from metastable LSM solid solution is slow,
probably due to the low solubility of La in o-SrMnOj; _
(Fig. 5).

28

Oxygen stoichiometry. The LSM materials were apparently
stoichiometric in the region around 40 mol% Sr in both air and
N, (3106 atm O,), see Fig. 8(a) and (b). This is also illustrated
in Fig. 11(a) and (b). The non-stoichiometry is given as the
amount of Mn*", where the broken lines along the diagonal of
the figures represent stoichiometric materials. Mizusaki ef al.**
have measured the oxygen non-stoichiometry of La; _ ,Sr,-
MnO; 4 5 with x = 0.1, 0.2, 0.3, 0.4, and 0.5. These results
support that Lag¢Srg4MnO; and LajsSrgsMnO; are near
stoichiometric at both 0.21 atm and 3 x 10~ atm O,, and that
the oxygen excess increases from Lag;Sro3MnO; to pure
LaMnOs; ; 5. As for LCM, the enthalpy of formation of LSM
is found to increase with increasing Sr-content.’ The defect
chemistry of LSM can be explained by the two reactions (1) and
(3) given previously for LCM. The endothermic enthalpy of
reaction (1), where Sr replaces Ca, increases with increasing
Sr-content. The exothermic enthalpy of reaction (3) decreases
with increasing Sr substitution in line with arguments presented
in the case of the LCM materials.

Conclusions

The present work has shown that orthorhombic LaMnOj; 4 5
and CaMnOs; _ 5 form a stable solid solution in the whole
composition region. In contrast SrMnO; _ 5, which forms a
hexagonal structure of face sharing octahedra, is only partly
soluble in LaMnO; . s, and the solubility is strongly
temperature dependent. Above 1400 °C, where the transition
of hexagonal to perovskite SrMnOs; _ 5 occurs, perovskite
La; - .Sr,MnO; _ 5 solid solutions are stable in the whole
concentration region. Metastable perovskite La; — .Sr.Mn-
O3 _ s with high Sr-content may easily be prepared due to slow
nucleation of hexagonal a-SrMnQO;. The crystal structure of
metastable La; _ .Sr,MnOj _ s varies from rhombohedral,
tetragonal to cubic, but the stability regions for these are still
not established. The unit cell volume of the solid solutions
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Fig. 11 The amount of Mn*" as a function of x in La; _ ,Sr,MnO; o
between 700 and 1000°C with steps of 50°C. Filled symbols are
literature data,** open symbols are calculated from measured
thermogravimetric data, and crosses are values interpolated from
present measurements and literature data.’*?’ Measurements were
done in a) air and b) N, (3 x 107° atm O,).

La; - \Ca,MnO; . s and La; - ,Sr,MnO; ;. ;5 decreases
nearly linearly with decreasing La-content mainly due to the
transformation from Mn*" to Mn**. At high La-content the
solid solutions are cation deficient (oxygen excess) relative to
the ideal perovskite stoichiometry, while at low La-content and
elevated temperature the materials are oxygen deficient.
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