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Phase-relation data for lanthanum manganese oxide, La,_,MnO;,;, with
emphasis on lanthanum and oxygen non-stoichiometry, unit-cell dimensions and
structure type are provided. The La deficiency covers the range
0.00>17>0.09 +0.02, and is mainly charge compensated by changes in the oxygen
content. The maximum formal oxidation state of manganese is reduced rather
than increased on increasing the La deficit. Quenching conditions for obtaining
one of three structural modifications (RH, ORT1, ORT2), as well as the
relationship between slowly cooled samples, quenched samples and samples
studied under in-situ, controlled oxygen partial pressure conditions are described.
Reoxidation during quenching is not important for air-equilibrated samples and
T'<1273 K. However, samples subjected to reducing conditions prior to quench-
ing tend partly to reoxidize. The first-order ORT1—ORT2—RH-type transitions
are rapid, implying that the situation conveyed by quenched samples from
specific T,p(0,) conditions differ from the in-situ equilibrium situation. Thermal
expansion and phase-transition data are presented for the three modifications.
On heating the Jahn-Teller deformed ORT1-type phase, the cooperative distor-
tion is destroyed around 450-600 K. A pseudocubic phase, possibly of the
ORT2-type, and the RH-type modification with regular MnOg octahedra, become
stabilized. The transitions are connected with discontinuous volume contractions.
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Lanthanum manganese(IIl) oxide, LaMnO,, takes a
distorted perovskite-type structure. It exhibits substantial
non-stoichiometry, as indicated by the notation
LaMnQO; 5. Variants substituted with alkaline earths
(La,M)MnO;,5, M=Ca and Sr, with high electronic
conductivities have recently been repeatedly investigated
owing to a technological interest in their use as cathode
materials in solid oxide fuel cells (SOFC).! Ideally, the
oxygen content (3+3) of the perovskite would be 3.00
when the rare earth (RE) and 3d-metal ions are trivalent.
However, manganese tends to oxidize into the tetravalent
state. Experimental data strongly suggest that any intro-
duced charge unbalance is compensated by vacancies at
the La and Mn sites in equal proportions, which implies
an increased nominal oxygen content.>* The defect struc-
tures of such oxygen-excessive compounds have been
studied by, e.g. thermogravimetric, electromotive force
(EMF) and conductivity measurements.*~ The Seebeck
coeflicient, as well as the variation of non-stoichiometry
with temperature and oxygen partial pressure, indicate a
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possible partial charge disproportionation of trivalent
manganese into di- and tetravalent manganese.”

The wide range of non-stoichiometry results in intri-
guing structural, electric and magnetic properties. For
example, whereas LaMnO; itself is a semiconductor,
increased Mn'Y content favours metallic conduction.’
For certain compositions a temperature induced metal—-
insulator transition occurs,'® and antiferromagnetism in
LaMnO; is converted into ferri- and ferromagnetism for
samples with significant amounts of Mn'.!' Also, the
crystal structure is susceptible to the oxygen content, and
changes from orthorhombic for =0 to rhombohedral
for §=0.15.12

The characteristics of lanthanum-deficient
La,_ MnOs;, ; were first reported by Shimoyama et al.!3
It shows an improved SOFC electrode performance
owing to higher compatibility with the electrolyte,
yttrium-stabilized zirconia (YSZ).!4® The alkaline-
earth substituted (La,M),_ ,MnO;,; compounds (M=
Ca or Sr) are popular electrode materials for SOFC, and
the La-deficient materials show a very reduced tendency
towards undesirable La,Zr,0, formation and exhibit
improved catalytic activity and chemical stability under
SOFC operating conditions.'” The La deficit affects
properties like unit-cell dimensions,'? sinterability,'*'®
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redox behaviour, electrical conductivity and also
the quenching temperatures required for providing mat-
erials of either orthorhombic or rhombohedral type.!?
From fundamental and applied points of view extended
knowledge on the properties of La; _,MnO;, is desir-
able. The present series of papers aims at establishing
correlations between composition, defect structure, aver-
age crystal structure, magnetic order and electronic prop-
erties. During the preparation of these, several papers on
LaMnO;, s appeared.?~?> Phase-relation data are pre-
sented in Part I, crystal structure data in Part II, magnetic
and electronic properties, including magnetic structures,
in Parts III and IV, and in-situ high-temperature powder
neutron diffraction data in Part V. Several aspects are
presently considered. The limits for La deficiency, and
the effect of non-stoichiometry (¢, 8) on the unit-cell
dimensions are described. The relation between quenched
samples and samples slowly cooled from specific temper-
ature (T) — partial pressure [p(O,)] conditions is discus-
sed on the basis of high-temperature powder X-ray
diffraction data, including in-situ studies. The operative
chemical formula La; _,MnO; ; is used, since the defect
structure itself is not a main concern of the paper.

Experimental

Four sets of samples with nominal La contents, #=0.00,
0.04, 0.08 and 0.12, were prepared via a coprecipitation
method. Aqueous solutions of LaCl; and MnCl,, with
concentrations determined by chelatometry, were used
as starting reagents. These were mixed in appropriate
amounts and dropped into an excess of ammonium
carbonate solution, resulting in precipitation of carbon-
ates. Since divalent manganese may form soluble amine
complexes, the manganese content in the separated solu-
tion was measured by chelatometry. The loss of mangan-
ese was <0.02% of the total. The precipitated mixture
of La,(CO;); and MnCO; was washed thoroughly until
no chloride was detected in the washing water by means
of silver nitrate solution. The dried precipitates were
calcined at 1373K for 12h in air to obtain oxide
powders. Each sample was ground into a fine powder
prior to further heat treatments.

Three kinds of La, _,MnO;, s samples were prepared,
termed respectively reduced, oxidized and quenched. The
reduced samples were obtained by treatment in
CO,/H,/Ar gas mixtures. The oxygen potential was
monitored with an yttrium-stabilized zirconia sensor and
kept at p(0,)=10"" Pa at 1273 K for 6 h, under which
conditions there is no decomposition into La,MnO, and
MnO. The subsequent cooling was performed while
keeping the ratio of the gas mixture unchanged. The
sample compositions were assumed as La, - Mn"™O0;_, 5,,
i.e. with solely trivalent manganese, assumptions which
are based on extensive data in the literature.*?° The
oxidized samples were obtained after final annealing in
air at 1023 K for 2d with subsequent slow cooling to
room temperature. The quenched samples were prepared
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by first treating the samples in a thermogravimetric (TG)
apparatus (Perkin Elmer, TGA7) at a selected temper-
ature (873-1623K) in O, flow. The samples were
annealed for 1-24 h after constant weight was reached,
before finally taken out in oxygen and quenched into
liquid nitrogen at a cooling rate of around 200 K s~*.

The oxygen contents of oxidized samples were estab-
lished by oxidizing the corresponding reduced samples
(with known/assumed compositions, see above) to the
oxidized state. This was done by annealing some 150 mg
of a reduced sample in the TG apparatus at 1273 K in
O, flow. The flow was kept during the subsequent cooling
to 298 K in order to obtain oxygen saturation. Maximum
weight was obtained around 850 K. An example of the
recorded weight change is given in Fig. 1. The quenched
samples were analyzed in a related way; (i) the composi-
tion prior to quenching at the quenching temperature,
T,, was assessed from the weight change occurring on
further heating above the maximum weight situation
(which served as reference level ), and (ii) the composition
of samples after quenching was derived from reoxidation
into the maximum weight situation.

Phase purity, homogeneity and unit-cell dimensions
were evaluated from powder X-ray diffraction (PXD)
data at 298 K [Guinier—-Hégg camera, Cu Ko, radiation,
Si as internal standard; a=543.1065 pm]. Unit-cell
dimensions were deduced on the basis of about 15 Bragg
reflections by means of the CELLKANT program.2® The
LAZY PULVERIX program?’ was used as aid in correct
indexing of reflections for the orthorhombic unit cell
with pseudocubic metric. All samples were characterized
by SEM/EDX (scanning electron microscopy/energy-
dispersive X-ray analysis; S-800, Hitachi Co. Ltd.,
Japan/Kevex Co. Ltd., USA).

High-temperature PXD data were collected with a
Siemens D500 diffractometer for the temperature range
473-1173 K at various oxygen potentials [p(0O,)]. Gas
mixtures of O,[ p(0,)=10°Pa] and H,/CO,/Ar [p(0,)=
1077 Pa at 1073 K] were flowed through the measuring
chamber, and a Zr(Y)O, sensor was used to analyze
p(0,) of the exhaust gas. The PXD profiles were analyzed
by the Rietveld technique, using the DBW3.2S program?®
in order to obtain the most correct unit-cell dimensions
and at the same time achieve verification of the structure
type. A Guiner-Simon camera was used for two-
dimensional visualization of temperature-induced
changes in Bragg positions. The sample (ca. 5 mg) was
kept inside closed (ca. 1 mm?®) or open silica glass capil-
laries. Cu Ko, radiation was used. The temperature was
varied between 300 and 1200 K, and the temperature
change was synchronized with movement of the film
cassette.

Results and discussion

(i) Non-stoichiometry. For 0.00>¢>0.08, PXD shows a
one-phase situation. The analyzed oxygen contents for
oxidized (3+8,,) and reduced (3+9,4) samples are
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Fig. 1. Weight change of reduced Lagg,MnO3. ; (solid line) during reoxidation in O,. The initial oxygen content of the sample
is assumed to be 3—1.5t=2.88. Maximum weight is obtained around 850 K. The dotted line refers to the temperature profile
during TGA experiments. The inset shows the oxygen content, 3+3, for La, - MnOs;, 5 analyzed by TGA in 1 atm O,.

given in Table 1. The range of oxygen non-stoichiometry
decreases with increasing nominal La deficit. Formally
seen, the reduced positive charge in the unit cell on
increasing ¢, is not compensated by further Mn'" forma-
tion but by reduced oxygen excess. Mizusaki et al.?°
reported that the average manganese valency (vy,) is
constant (3.30-3.35) irrespective of the La deficit. The
results in Table 1 suggest a reduction of vy, with ¢, in
line with wet chemical analysis data by Krogh-Andersen
et al.*® This controversy may just reflect the fact that
different conditions were chosen for oxygen saturation,
annealing at 600°C vs. slow cooling. The apparently
larger non-stoichiometry for z=0.12 (Table 1) is not
intrinsic to La, - MnOs; 5. For the t=0.12 samples, lack
of achievement of constant weight during TG treatment,
a reddish brown colouring of the Al,O; crucible,
SEM/EDX tracing of particles with anomalously high
manganese contents (Fig. 2), as well as powder X-ray
and neutron diffraction data proved precipitation of
manganese oxides. The upper limit for La deficit is
considered as t=0.09+0.02.

Table 1. Oxygen content, 349, of La;_MnO3,; as deter-
mined thermogravimetrically.

Upper average

t 3+ 8rea 3+ 80x Mn valency
0.00 3.00 3.14 3.28
0.04 294 3.05 3.22
0.08 2.88 2.98 3.20
0.12# 2.82 295 3.26

?Impurities observed.
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(ii) Unit-cell dimensions at 298 K. Three structural modi-
fications were confirmed; one rhombohedral (LaAlO,-
type, space group R3c, here termed RH-type) and two
orthorhombic (both GdFeO;-type, space group Pnma),
one of which showing a Jahn-Teller distorted structure
owing to Mn™ high spin atoms (a>c¢; termed
ORTI-type), the second having pseudocubic metric
(a~b/\/2~c; termed ORT2-type). Quenching condi-
tions, oxygen contents and unit-cell dimensions are listed
for selected quenched RH-, ORT1- and ORT2-type
samples in Table 2. Included are also data for reduced
and oxidized samples.

Within the three groups of oxidized, quenched and
reduced samples, changes in the La deficit cause small
yet significant variations in the unit-cell dimensions. The
variations as a function of ¢ are much less than expected
on the basis of molar volumes, which must be rooted in
a rather peculiar defect/vacancy situation.

For constant ¢, the unit-cell volume decreases with
increasing Mn'v content (8): e.g. for £=0.00 the volume
reduction is AV/ZA3~16 x 10° pm3. Krogh Andersen
et al.?® ascribed this contraction to differences in Mn'V—
and Mn"™-O bond lengths. The same observation is
presently done for quenched samples, for which the unit-
cell volume increases on going from the more oxidized
to more reduced samples (i.e. going from low towards
higher quenching temperatures, ¢ fixed; see Table 2). The
variation in unit-cell volume with quenching temperature
is shown in Fig. 3 for t=0.04. The volume change of
1.5 x 10° pm? per formula unit (Z=4) between 1100 and
1650 K in Fig. 3 gives a calculated A5x0.10. The data
in Fig. 3 refer to RH-, ORT2- and ORT1-type samples,
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Fig. 2. SEM image and EDX profile of a powder sample with nominal composition LagggMnOs3, s calcined in air at 1373 K.
The two-phase situation is illustrated by the white grain (A) having a much larger manganese content than the surrounding

grain (B).

Table 2. Unit-cell dimensions at 298 K for selected, quenched (in pure O,), oxidized and reduced samples of La,_MnO3, ;.2

t T/K Time/h Type alpm b/pm ¢/pm af° V/108 pm?® 345
0.00 995 24 RH 556.4 60.70 234.39(6)
1093 24 ORT2 548.7 777.8 553.1 236.02(11)
1279 16 ORT2 550.5 779.4 553.2 237.35(8)
1484 3 ORT2 551.3 780.3 552.2 237.50(6)
Oxidized RH 546.7 60.73 3.15
Reduced ORT1 573.4 770.3 554.0 244.71(8) 3.00°
0.04 1093 24 RH 547.2 60.66 235.21(5)
1283 16 RH 548.2 60.68 236.52(10) 3.022
1481 2 ORT2 550.4 781.4 553.8 238.18(17) 3.01
1632 1 ORT1 563.7 772.4 554.2 241.24(11)
Oxidized RH 547.4 60.64 3.05
Reduced ORT1 573.7 769.0 553.7 244.26(12) 2.944
0.08 1089 24 RH 547.4 60.59 235.05(6) 2.95
1293 1" RH 548.3 60.63 236.43(5) 2.94
1479 2 ORT2 548.7 781.1 553.5 237.22(17) 293
1634 1 ORT1 560.9 773.4 554.0 240.29(11)
Oxidized RH 547.6 60.58 2.98
Reduced ORT1 572.9 769.5 553.4 243.97(9) 2.88°

?Annealing time, quenching temperature (T;) and structural modification (RH-, ORT1-, ORT2-type) are given. Calculated
standard deviations in a, b, ¢ and a are one or two in the last digit. The volumes refer to the orthorhombic structure types
{(Vorr=2 Vsu; Z=4,; calculated standard deviations in parentheses). Analyzed oxygen contents, 3+, from reoxidation by

TGA given. ®? Assumed, see Experimental.

but no major discontinuity seems to arise in V(T) owing
to the change of structure type (cf. section iv). This
probably reflects the rather few observation points in
Fig.3 and the fact that the variation in volume is
dominated by changes in oxygen content. The
La-deficient samples show a larger increase in unit-cell
volume with T than that observed for ¢=0.00.
Removal of La atoms has a slight influence on the Mn
oxidation state for the oxidized samples (Table 1), and
hence only a small volume change is expected. The
oxidized samples with =0.00, 0.04 and 0.08 have increas-

ingly Mn™ contents as indicated by the nominal valencies

3.28, 3.22 and 3.20, respectively, which is consistent with
the observed increase in unit-cell volume, from
234.8 x 10° pm? for ¢=0.00 to 235.3 x 10° pm?® for =
0.04. The modest volume (and axial) contraction which
occurs for reduced samples (La; - ,MnO;_,;,; ca. 100%
Mn™), from 244.7 for t=0.00 to ca. 244.0 x 10° pm? for
t=0.08, is ascribed to vacancies at the La sublattice.
The unit-cell dimensions and their variation for the
reduced samples appears at first sight as quite different
from the reported situation with 1.1.% change for the a-
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Fig. 3. Unit-cell volume as a function of quenching temper-
ature for LagegMnO3 5.

axis between r=0.00 and 0.10.!' This discrepancy is
probably rooted in sample preparation. Takeda ef al.!!
reported ax 567, b=772 and ¢=x553.5 pm for reduced
LaMnO; quenched in air from 1300 °C, which matches
nicely results presently obtained for a sample heated in
reducing atmosphere and quenched in air (into liquid
nitrogen) from 973 K, a=568.7(2), b=771.0(2) and c=
554.0(1) pm. On the other hand, when such a sample is
slowly cooled from 1300 to 300 K while keeping the
reducing atmosphere, a=573.38(9), b=770.32(15) and
¢=554.04(13) pm. This clearly demonstrates that the
strongly reduced ORT1-type samples tend to reoxidize
during quenching in air. The volume variation reported
by Takeda et al.'! may result from a composition depend-
ent tendency for reoxidation (e.g. in oxygen diffusitivity).

These observations address the question of whether
studies of quenched samples are of real significance. The
variation of the oxygen stoichiometry in O, with temper-
ature is shown for La, -, MnOj. 5, 1=0.00, 0.04 and 0.08,
in the inset to Fig. 1. This should be compared with the
analyzed oxygen contents for quenched samples in
Table 1. For temperatures below 1273 K, the oxygen
contents are equal, whereas at 1473 K the reoxidation
during quenching increases & by 0.02. Yasuda et al.3°
estimated from tracer measurements the oxygen diffusi-
tivity in LaMnO; .5 as 1 x 10" 2 ¢m? s~ (at 1273 K in
0O,). Calculations on that basis are in reasonable agree-
ment with the observed reoxidation. At higher temper-
atures the diffusitivity will be much larger. Hence, the
state of samples obtained for 7,>1300 K will to a large
extent be determined by parameters like cooling rate and
particle size. The very low tendency of LaMnO;,; to
reoxidize at lower temperature, e.g. in comparison with
reduced LaCoO;_;, is rooted in the defect structure. For
LaMnO;,5 the oxygen sublattice is (nearly) perfect,
whereas for LaCoO;_; it contains large numbers of
vacancies.
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(iii) Phase relations for quenched samples. The conditions
required to obtain either of three modifications of
La,_,MnO;,; on quenching are given in Fig. 4. The
findings concur with Takeda et al.'! The depicted situ-
ation is not necessarily representative for the equilibrium
situation at the quenching temperature (section iv), but
may reflect subsequent reoxidation (for high T,) and
phase transitions. The border between RH- and
ORT2-type regions increases from 1073 to 1373 K with
increasing ¢, indicating that the La deficit favours the
RH-type. The Jahn-Teller deformed samples are
obtained on quenching from conditions where the Mn™
content is large; however, the cooperative deformation
takes place at temperatures far below 7.

(iv) High-temperature powder X-ray diffraction. PXD
data (Guinier-Simon) show that the Jahn-Teller-
deformed LaMnO;,, sample (ORTIl-type; in sealed
capillary), converts around 700 K into an intermediate,
pseudocubic phase via a first-order phase transition.
Temperature-induced changes in unit-cell dimensions are
shown in Fig. 5. On further heating, another first-order
transition around 820K, converts the sample into
RH-type, Fig. 5. The transitions ORTI1 —intermediate —
RH are connected with discontinuous volume contrac-
tions, Fig. 5.

When heating quenched samples of the ORT2-type,
definite line splittings of the Bragg reflections develop
above 500 K, showing the appearance of the RH-type.
The splitting develops continuously; however, from sym-
metry reasons the ORT2- to RH-type transition is of
first order, cf. LaCrQ;.3!

Within the resolution of the Guinier—Simon technique,
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Fig. 4. Phase relations for La;_MnO3,s; quenched in O,.
Occurrence regions (quenching temperature vs. composition
t) for three modifications of La; - MnOj. ; are given.
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no deviations from cubic metric could be identified for
the intermediate phase. It should be noted that Hervieu
et al.* recently described LaMnO; , 5 with 33% Mn'" as
cubic on the basis of electron diffraction data; however,
the intermediate phase under present consideration has
3+406~3.00. Furthermore, the ORT2-type structure may
for certain compositions attain pseudocubic metric; cf.
the ratios from Table 2: a/c~1.004 and b/,/2c~1.003.
(Tilted octahedra give rise to substantial internal
distortion.3!)

The equilibrium situation brought about by in-situ
PXD for +=0.00 and 0.04 is somewhat different from
that derived on the basis of quenched samples. Data for
unit-cell volume and structure type in O, and CO,/H,
atmospheres [p(0,)=10°> Pa and 1077 Pa at 1073 K,
respectively] are shown in Fig. 6. In O, the samples are
of the RH-type between 600 and 1100 K, and there is no
discrepancy between quenched and in-situ samples. In a
CO,/H,/Ar atmosphere the in-situ samples are of the
ORTI1-type at low temperatures. On heating, phase trans-
itions occur at 450 K and 650 K for #=0.00 and 0.04,
respectively, whereas quenched samples (say T, =800 K)
are always of the ORT1-type. The in-situ studies show

PHASE RELATIONS FOR La;_MnO3, 5
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Fig. 6. Unit-cell volume as a function of temperature for
La;_MnO3z,;, t=0.00 (open symbols) and 0.04 (closed sym-
bols), under in-situ conditions in pure oxygen and in a CO,/H,
gas mixture. Squares ORT1-type, diamonds RH- or
ORT2-type; for ORT2-type, see text.

furthermore that a two-phase mixture of RH- and inter-
mediate-type (possibly ORT2-type) phases occurs for =
0.00 and 450 < T< 650 K. Above 650 K only the RH-type
prevails. Rietveld analysis of PXD intensity data could
be done satisfactory when describing the intermediate
phase as being of the ORT2-type. For that reason the
intermediate phase is named ORT?2 in Figs. 5 and 6. For
the reduced samples the phase-transition sequence
appears to be the same for in-situ and closed capillary
experiments. The transition observed at 620-700 K
(vacuum) in heat-capacity data for LaMnOj;, ; measured
by the laser flash method corresponds to the ORT1- to
ORT2-/RH-type transition.3? The structural phase trans-
ition shows further up as a clear change in magnetic
susceptibility for LaMnQ; o, in the same temperature
interval.®?
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