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Orthorhombic stoichiometric LaMnO is prepared by heating 
rhombohedral LaMnO~+~ under N2 at 1173 K and cooling to room 
temperature under N,. The thermal transformations of orthorhom- 
bit lanthanum manganate(III) were investigated using high-tem- 
perature X-ray powder diffraction. Transformations orthorhom- 
bit-cubic-rhombohedral were observed. The dependence of the 
unit cell parameters on temperature was determined. The crystal 
structures of LaMnO at room temperature (orthorhombic) and at 
high temperature (rhombohedral at 1273 K in N,) were determined 
using neutron powder diffraction. 8 1% Academic PBS. IIIC. 

INTRODUCTION 

Lanthanum manganates(III)(IV) have attracted atten- 
tion as cathode materials for high temperature solid oxide 
fuel cells (SOFC). Especially materials doped with Sr or 
Ca show promising properties. Detailed knowledge of the 
structure and the defect distribution is of interest in order 
to understand the oxygen ion transport mechanisms. Solid 
oxide fuel cells will be operating at temperatures of 
1173-1273 K. It is therefore of considerable interest to 
know the crystal structure under actual working condi- 
tions. 

Lanthanum strontium manganates(III)(IV), La,_,%, 
Mn03+6Y have distorted perovskite-type structures. The 
distortion depends on the actual stoichiometry (oxygen 
content and the La&r ratio) and is sensitive to the method 
of preparation and the oxygen partial pressure. In the 
present work materials without strontium are studied. 
Their composition will be given as LaMn03+s, assuming 
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NY 11973. 

a La : Mn ratio of 1. Such materials prepared in air have 
rhombohedral structures and excess oxygen, or rather 
cation vacancies (1). Structural studies of rhombohedral 
lanthanum manganates(III)(IV) (2-4) as well as chemical 
analyses and density measurements (1) have shown that 
there is no interstitial oxygen. The oxygen lattice is fully 
occupied while cation vacancies are present, so that the 
crystallographic correct composition is La,Mn,O,, where 
z = 3/(3 + 6). For 6 > 0 manganese is present in oxidation 
states III and IV. 

Lanthanum manganate(II1) LaMnO,, e.g., obtained by 
heating at 1173 K under N,, is orthorhombic at room 
temperature (1). The structure has been investigated by 
Gilleo (5) and by Elemans er al. (6). In this work we have 
studied temperature-induced phase transitions and the 
crystal structure of LaMnO, at room temperature and at 
1273 K under N,. Two phase transformations are ob- 
served when lanthanum manganate(II1). is heated. The 
high-temperature phase is rhombohedral and an interme- 
diate cubic phase exists. 

This work is part of a study of the structural phase 
diagram of lanthanum manganates(III)(IV) and Sr-substi- 
tuted lanthanum manganates(III)(IV). A detailed study 
of chemical and structural properties of Sr-substituted 
lanthanum manganates(III)(IV) has been published in Ref. 
(1). Further studies concerning the structural dependence 
of temperature, oxygen partial pressure, and Sr substitu- 
tion are in progress. 

EXPERIMENTAL 

The rhombohedral phase LaMnO,,, was prepared from 
acetates by solid state reaction and was calcined in air at 
1373 K. The orthorhombic phase was prepared by heating 
the rhombohedral phase under a nitrogen flow at 1173 K. 

191 
00224596/95 $12.00 

Copyright 0 1995 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



192 NORBY ET AL. 

Further details concerning the preparation procedure are 
given in Ref. (1). 

By chemical analysis (determination of mean oxidation 
state of manganese and total manganese content (1)) the 
compositions of the materials were determined (normal- 
ized with respect to La); 

Rhombohedral phase La,,,Mn&Mr$sO,,,, 
Orthorhombic phase La,,,Mr#,t’,Mn&,O,,~~, 

The material was characterized by X-ray powder diffrac- 
tion at room temperature using a Siemens D5000 powder 
diffractometer equipped with a primary germanium mono- 
chromator giving CuKa, radiation (A = 1.5405981 A). 
Fluorescence radiation from manganese was reduced with 
energy discrimination using the technique described in 
Ref. (7). Unit cell parameters were refined from the X- 
ray data using the program CELLKANT (8). 

High-temperature X-ray powder diffraction was per- 
formed with a Guinier Simon camera up to 1273 K using 
CuKar, radiation. The movement of the film cassette was 
synchronized with the temperature, making phase transi- 
tions visible. The sample was contained in a quartz glass 
capillary and heated by a flow of hot nitrogen. 

High-temperature synchrotron powder diffraction data 
of the orthorhombic lanthanum manganate(II1) were col- 
lected at NSLS, Brookhaven National Laboratory, using 
the instrument X7B equipped with a position-sensitive 
detector (120” INEL CPS120). The wavelength was 1.4898 
A. The sample was kept in a quartz glass capillary and 
data were collected from room temperature up to 920 K. 
Unit cell parameters were determined using the profile- 
fitting program ALLHKL (9). 

Neutron powder diffraction experiments were per- 
formed at Rise National Laboratory, Denmark. In order 
to increase the amount of material in the beam the materi- 
als were pressed into pellets. For the room temperature 
measurements the pellets were mounted on an aluminum 
stand and wrapped in vanadium foil. Room-temperature 
data were collected using a wavelength of 1.0777 A from 
10 to 116” in 28, step length 0.053”. 

High-temperature neutron powder diffraction data were 
collected with the samples contained in a quartz tube 
under a flow of N,. The evacuated furnace was heated 
by a tantalum foil filament. High temperature data were 
collected using a wavelength of 1.4792 A from 20 to 126 
in 28, step length 0.053”. 

The program ALLHKL (9) was used for profile fitting, 
and DBW3.2S (10) was used for Rietveld refinement. 

RESULTS 

Room Temperature Structure 

The room-temperature X-ray powder diffraction pat- 
tern could be indexed based on an orthorhombic unit 
cell: a = 5.7046(2), b = 7.7029(4), and c = 5.5353(3) A. 
Systematic extinctions were in agreement with the space 
group Pnma, in accordance with the findings in Ref (6). 

Neutron powder diffraction data were used for the 
structure refinement. In order to determine small devia- 
tions from stoichiometry, especially oxygen contents, it 
is necessary to use neutron data and to include data at 
high sin(B)lh. When X-ray radiation is used, the heavier 
elements dominate due to their high scattering power, 
whereas oxygen has a high scattering length for neutrons. 

TABLE 1 
Structural Data for the Neutron Powder Diffraction Study of LaMnO, 

at Room Temperature 

x Y Z B n v 

La 0.5435(5) 0.25 0.0063(7) 0.3(l) O%(3) 2.9 
Mn 0 0 0 0.2(l) 1 3.1 
01 -0.0107(8) 0.25 -0.0733(g) 0.6(l) 1.06(4) 2.1 
02 0.3014(5) 0.0385(4) 0.2257(6) 0.5(l) 1.97(6) 2.0 

Mn-01 1.973(l) x2 Mn-02 1.918(6) x2 
Mn-02* 2.145(5) x2 
01-Mn-02 90.4(8) x2 89.6(8) x2 01-Mn-01 180 
01-Mn-02* 90.5(8) x2 89.5(8) x2 02-Mn-02 180 
02-Mn-02* 90.6(2) x2 89.4(2) x2 02*-Mn-02* 180 
Mn-0 1-Mn 156.0(3) Mn-OZMn 156(l) 

La-O 1 2.418(6) 2.579(5) 3.156(6) 3.189(5) 
La-02 2.46(2) x2 2.65(2) x2 2.72(3) x2 3.35(2) x2 

Orthorhombic Prima, a = 5.6991(7), b = 7.7175(9), and c = 5.5392(6) 8. Final R values: R,: 
7.6, Rw:9.7, S: 1.3. 

Note: Refined atomic coordinates, isotropic temperature factors B (A*), population factors 
n, and bond valence v (Ref. 12). Distances (A) and angles @). Standard deviations in parentheses. 
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FIG. 1. Observed, calculated, and difference neutron powder dif- 
fraction profiles for LaMnO at room temperature (orthorhombic). 

As starting parameters for the Rietveld refinement coor- 
dinates from Ref. (6) were used. Fifteen structural and 
ten profile parameters were refined using a pseudo-Voigt 
peak shape. Population parameters for all atoms except 
manganese were varied. The refinement converged at an 
R,, value of 9.7%. The refined parameters are listed in 
Table 1. Interatomic distances and angles are also given 
in this table. Observed, calculated, and difference dia- 
grams are shown in Fig. 1. Data up to sin(8)lh = 0.72 
were included in the refinement. 

The refined structure is in agreement with chemical 
analyses, showing the compound to be almost stoichio- 
metric. In evaluating population parameters it is neces- 
sary to consider the very high correlation between 
temperature factors and population parameters, as dem- 
onstrated in a recent paper (4). The small wavelength 
used is favorable in simultaneous refining of temperature 
factors and population parameters in nonstoichiometric 
compounds. Whereas the rhombohedral lanthanum man- 
ganate(III)(IV) at room temperature has a fully occupied 
oxygen lattice with vacancies at lanthanum and manga- 
nese positions, the refinement of the orthorhombic phase 
indicates that the populations of La, Mn, and 0 are 
equal. 

Thermal Transformation 

When orthorhombic lanthanum manganate(II1) is 
heated, two phase transitions are visible at the Guinier- 
Simon film below 1273 K. At ca. 600 K a transformation 
to a cubic phase is observed (a = 7.846(l) A). In compari- 
son to the unit cell of the ideal cubic perovskite, the 
axes have been doubled. Upon further heating a phase 
transition to a rhombohedral phase occurs at ca. 800 K. 
The unit cell dimensions at 1273 K were found from the 
Guinier-Simon film to be a = 5.545(l) and c = 6.733(2) 
A (hexagonal setting). These values deviate slightly from 
the values determined from the high-temperature neutron 
powder diffraction experiment (see below). The reason 
is that no internal standard was used in the Guinier-Simon 
experiment. From the synchrotron high-temperature ex- 
periments it was evident that the c axis was doubled, 
giving unit cell dimensions similar to those of the low- 
temperature rhombohedral LaMnO,+&. A thermally in- 
duced transformation from orthorhombic to cubic symme- 
try for LaMnO, was observed by Iserentant et al. (1 I), 
although at a lower temperature (523 K). 

The refined unit cell parameters and volumes deter- 
mined from the synchrotron powder diffractograms by 
profile refinement are shown in Fig. 2. To facilitate com- 
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FIG. 2. Unit cell parameters as a function of temperature when 
orthorhombic LaMnO is heated from room temperature to 920 K. Unit 
cell parameters were determined by profile refinement using the program 
ALLHKL (9). In order to compare the unit cells for the different phases 
the unit cell axes were transformed into psuedo-cubic axes. 
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TABLE 2 
Relations between Unit Cell Parameters in Distorted Perovskites 

a b C Volume 

“Ideal” cubic perovskite 
--&a 

a3 
Orthorhombic distortion -2a --da -4a’ 
“Cubic distortion” -2a -8a’ 

Trigonal distortion a C a Volume 

Hexagonal setting -da -2Ga -da3 
Rhombohedral setting -tia -60” -2a’ 

The ideal perovskite is cubic with unit cell parameter a. 

parison between unit cell dimensions, the unit cell param- 
eters have been transformed to a common pseudo-cubic 
scale by transformation to magnitudes comparable with 
those of the observed cubic phase. The relations between 
the unit cells of the orthorhombic, cubic, and rhombohe- 
dral phases are given in Table 2. 

Figure 2 shows that as the material is heated the 
difference between the orthorhombic a and c axes 
decreases, and they merge at the transition to the cubic 
phase. The volume of the orthorhombic unit cell shows 
normal thermal expansion until close to the orthorhom- 
bit-cubic transformation, where a decrease in unit cell 
volume is observed. The cubic phase shows again nor- 
mal thermal expansion, which continues across the 
cubic-rhombohedral phase transition. Upon further 
heating, the unit cell volume decreases, mainly deter- 
mined by a decrease in the c axis (hexagonal setting). 
This decrease is due to oxidation of the material, caused 
by diffusion of air into the capillary, leading to a 
shortening of the Mn-G bonds. 

TABLE 3 
Structural Data for the Neutron Powder Diffraction Study of 

Rhombohedral LaMnO, at 1273 K in N2 

X Y Z B n 

La 0 0 0.25 2.5(2) l.OO(5) 
Mn 0 0 0 1.4(3) 1 
0 O&+63(7) 0 0 3.4(l) 3.0(2) 

Mn-0 2.000(l) x6 
0-Mn-0 91.0(l) x6 89.0(l) x6 180 x3 
Mn-0-Mn 162.7(2) 

La-O 2504(4)x3 2.805(l) x6 3.107(4) x3 

Hexagonal setting (R%), a = 5.6109(5), c = 13.619(l) A. Final R 
values: R, : 7.8, RWP : 9.9, S : 1.4. 

Nore: Refined atomic coordinates, isotropic temperature factors B 
(A*), and population factor n. Distances (A) and angles @). Standard 
deviations in parentheses. 
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FIG. 3. Observed, calculated, and difference neutron powder dif- 
fraction profiles for LaMnO, at 1273 K in N2 (rhombohedral). 

High-Temperature Structure 

The high-temperature neutron powder diagram was fit- 
ted using the profile-fitting program ALLHKL (9). Good 
agreement between observed and calculated patterns was 
obtained using the space group R%. The refined unit cell 
parameters from the neutron data were a = 5.6109(S) and 
c = 13.619(l) A. As starting parameters for the Rietveld 
refinement DBW3.2S (lo), coordinates from Ref. (4) were 
used. Population parameters were refined except for man- 
ganese. The refined parameters are given in Table 3 to- 
gether with interatomic distances and angles. Observed, 
calculated, and difference profiles are shown in Fig. 3. 
Data from 35-37” in 28 were excluded from the refine- 
ments because of reflections from the furnace. 

The structure of the high-temperature rhombohedral 
phase is basically similar to the room temperature struc- 
ture of the rhombohedral lanthanum manganate(III)(IV). 
Structure refinement of low-temperature rhombohedral 
lanthanum manganate(III)(IV) (e.g., LaMnO,,,,, Ref. 3) 
indicates a fully occupied oxygen lattice and defects on 
the cation sites. In the rhombohedral high-temperature 
lanthanum manganate(II1) under N, the refinement indi- 
cates a fully occupied cation lattice in accordance with 
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FIG. 4. Projection of the crystal structure of orthorhombic LaMnO, along the b axis. 

the chemical composition. In the rhombohedral structure 
all Mn-0 distances are equal. The MnO, octahedron is 
slightly angularly distorted as seen from Table 3. The 
oxygen coordination of lanthanum is more regular than 
for the orthorhombic phase. 

DISCUSSION 

The lowering of symmetry from the ideal cubic perov- 
skite is due to two factors. In the ideal cubic perovskite 
the Mn-O-Mn angle is 180”. Lanthanum has 12 nearest 
oxygen neighbors at a distance of a-\/Z. By lowering 
the symmetry to trigonal, the Mn-0-Mn angle is 
allowed to deviate from 180”, and lanthanum becomes 
irregularly 1Zcoordinated. The MnO, octahedra have 
equal Mn-0 distances but are rotated around the three- 
fold axis. Structure determinations have shown that the 
octahedra are almost regular. The Jahn-Teller distortion 
of the MnO, octahedra lowers the symmetry further to 
orthorhombic, where the Mn-0 distances are allowed 
to vary. 

In the orthorhombic room-temperature phase both 
chemical analyses and the structure refinement indicate 

a near-stoichiometric composition with an average oxi- 
dation state of 3 for manganese. Bond valence calcula- 
tions (12) (Table 1) give reasonable values. The bond 
valence sum for Mn is 3.1 as opposed to the expected 
3.0. However, considering the accuracy of especially 
the Mn-02 distances, the discrepancy may not be sig- 
nificant. 

The oxygen coordination around manganese may be 
seen as a distorted octahedron; see Table 1. The MnO, 
octahedra in the room temperature orthorhombic lantha- 
num manganate(II1) are Jahn-Teller distorted as expected 
for Mn3+, with two long Mn-02 distances of 2.14 A . 
However, the distortion in the 3-dimensional Mn-0 
framework is not a polar distortion, and the distorted 
octahedra do not have square planar baseplanes. 

As seen from Table 1 the equatorial plane displays two 
signiccantly different Mn-0 distances of 1.97 (01) and 
1.92 A (02). O’, has two manganese neighbors at the same 
distance (1.97 A) and bonds the MnO, polyhedra together 
along the b axis. 02 has one short (1.92 A) and one long 
(2.14 A) Mn contact, giving a mean Mn-02 distance of 
2.02 A. Figure 4 shows a projection of the orthorhombic 
structure along the b axis. The Mn-01 bond (1.97 A) is 
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directed approximately along [OlO]. As seen in Fig. 4 the 
directions of the Jahn-Teller distorted Mn-0 bonds are 
not parallel. All the long Mn-0 bonds lie in the (101) 
plane, but are directed approximately along [loll and 
[loll in an alternating fashion. 

Only a few oxides containing Mn(III) have been struc- 
turally characterized. Jahn-Teller distortions in com- 
pounds with Mn-O-Mn contacts have been described 
for Mn,O, (13), where one of the manganese atoms has 
Jahn-Teller distorted oxygen coordination, In MnPO., 
H,O (containing no Mn-O-Mn bonds) similar distor- 
tions are observed (14). 

In connection with studies of structural aspects of stron- 
tium-substituted lanthanum manganate(III)(IV) we are es- 
pecially interested in the defect distribution. By combin- 
ing chemical analyses with detailed structural information 
we hope to elucidate the nature of the defects and shed 
some light on the oxygen ion transport mechanisms. 

In the present work we have investigated the stoichio- 
metric lanthanum manganate(III), LaMnO,, at room tem- 
perature and at 1273 K under N,. At higher temperatures 
phase transitions first to cubic and then to rhombohedral 
are observed. The phase transitions are not accompanied 
by chemical changes (e.g., changes in oxygen stoichiome- 
try), and in agreement with this the structure refinements 
show fully occupied oxygen lattices. The Jahn-Teller dis- 
tortion of the MnO, octahedra found in the orthorhombic 
room-temperature phase is not seen in the high-tempera- 
ture rhombohedral phase, where all Mn-0 distances are 
(crystallographically) equal. 
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