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The quasi binary systems LaMnO3–SrMnO3 and LaMnO3–CaMnO3 were studied. Both
systems show a miscibility gap at intermediate La:Sr and La:Ca ratios below about
1400 °C in air. This phenomenon causes the decomposition of single-phase
(La,Sr)MnO3−x and (La,Ca)MnO3−x solid solution into La-rich SrMnO3−x + Sr-rich
LaMnO3−x and La-rich CaMnO3−x + Ca-rich LaMnO3−x at lower temperatures,
respectively. At 1400 °C in the system LaMnO3–SrMnO3, a structure transformation of
(La,Sr)MnO3 from orthorhombic to rhombohedral with increasing Sr content was not
observed, and the structure of La0.7Sr0.3MnO3 was determined to be orthorhombic with
a 4 0.54927 ± 0.0009 nm,b 4 0.54582 ± 0.0009 nm, andc 4 0.76772 ± 0.0034 nm.

I. INTRODUCTION

Sr- or Ca-doped LaMnO3−x (LM) is of great techno-
logical interest for magnetic information storage systems
due to its significant magnetoresistive properties.1 In ad-
dition, high-temperature oxygen and electron conductiv-
ity as well as catalytic properties qualifies the compound
to be a cathode material of solid oxide fuel cells (SOFC).2

The maximum values of electron conductivity and mag-
netoresistivity have been observed for compositions with
intermediate contents of alkaline earth elements.2,3

The binary systems La2O3–Mn2O3,
4 SrO–Mn2O3,

5

and CaO–Mn2O3
6 contain the perovskite-structured

phase ABO3 with A 4 Sr, Ca, or La and B4 Mn. The
crystal structure of LM is a function of the Mn3+/Mn4+

ratio. For LM with a high Mn4+ content, e.g., Sr- or
Ca-doped LM, a rhombohedral structure has been re-
ported for temperatures of 1000–1200 °C,3,4,7 whereas,
at a lower Mn4+ content (low Sr or Ca content), LM
crystallizes in an orthorhombic structure.4,7 Urushibara
and co-workers3 observed the phase transition of Sr-
doped LM from the orthorhombic to the rhombohedral
modification at 1200 °C in air atxSr 4 0.175.

Mitchell and co-workers7 observed that at lower Mn4+

content (xSr below 0.175) orthorhombic and rhombohe-
dral LM coexist at 1000 °C in air.

For Ca-doped LM, a cubic8 (at 950 °C) as well as
orthorhombic structure was reported.9,10SrMnO3−x (SM)
exhibits a phase transformation from orthorhombic to
orthorhombic distorted hexagonal at about 1400 °C and
to hexagonal at 1035 °C due to uptake of oxygen with
decreasing temperature combined with an increase of the
Mn4+ content of the phase.11 At 1200 °C in air the Mn4+

content is about 90%.11

The crystal structure of CaMnO3−x (CM) is ortho-
rhombic at high and low Mn4+ contents, but the cell
parameters significantly vary with the Mn4+ content.12,13

LM and SM as well as LM and CM form complete
solid-solution series at temperatures of about 1400 °C in
air. The extent of solid solution at lower temperatures has
not been studied. However, knowledge of the solid solu-
bility at the operating temperature of solid oxide fuel
cells and the synthesis temperature of Sr- or Ca-doped
LM films (800–1000 °C) is of great interest for the reli-
ability of LM electrodes during operation of fuel cells
and for the preparation of single-phase thin films of LM
materials.

In addition, recent studies of the magnetic phase dia-
gram of Ca-doped LM suggest that ferromagnetic LM
and antiferromagnetic CM co-exist at intermediate Ca
contents.14 Knowledge of the thermodynamic phase dia-
gram LM–CM is eminent to clarify this phenomenon.

In this work the extents of the solid solutions
(La,Sr)MnO3−x and (La,Ca)MnO3−x are studied using
microprobe analysis and x-ray diffraction (XRD) meas-
urements.

II. EXPERIMENTAL

Samples with the compositions La0.5Sr0.5MnO3−x and
La0.5Ca0.5MnO3−x were prepared by using La2O3,
SrCO3, CaCO3, and MnO2 (purity > 99%), respectively.
The powder mixtures were calcined at 1200 °C in air for
12 h, ground, and cold isostatically pressed. The samples
were than sintered at 800, 900, 1000, 1200, 1300, 1350,
and 1400 °C in air for 48 h with intermediate regrinding
as well as pressing and finally furnace cooled to room
temperature (batch 1). A second batch of samples with
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the composition La0.5Sr0.5MnO3−x and La0.5Ca0.5

MnO3−x, respectively, was sintered at 1400 °C in air and
subsequently annealed at 1350, 1300, 1200, 1000, 900,
and 800 °C in air for up to 500 h and furnace cooled
(batch 2). In addition, samples with the composition
La1−xSrxMnO3−y and La1−xCaxMnO3−y with 0 ø x ø 1
were prepared in air at 1200 as well as 1400 °C and at
1300 as well as 1400 °C, respectively.

In addition to the powder metallurgical synthesis,
samples with the composition La0.5Sr0.5MnO3 were pre-
pared by a modified glycine–nitrate process using urea as
a fuel in order to clarify whether processing conditions
influence the phase formation within the systems. For
each sample, appropriate volumes were taken from de-
fined aqueous stock solutions of the corresponding cat-
ion–nitrates and mixed. The amount of urea added was
calculated by following a method by Jain, Adiga, and
Verneker derived for complete combustion.15 For the
present synthesis, solutions rich in fuel (combustion
parameterFe ≈ 2) were prepared. Excess water was
evaporated from each solution until gelling, before the
mixtures were transferred into covered alumina crucibles
and placed into a box furnace. Thermal treatment was
carried out in a one-step process by first bringing samples
to the ignition temperature and subsequently to the an-
nealing temperature chosen for a particular phase study.
Annealing times were typically in the range of 25 to 50 h.
All samples were furnace-cooled to room temperature.

The solidus line of the (La,Ca)MnO3 solid solution
was determined by differential thermal analysis (DTA)
with a heating rate of 10 K/min between room tempera-
ture and 1500 °C and 3 K/min between 1500 and
1700 °C in air. Samples with different La:Ca ratios
which were sintered at 1400 °C were measured.

Phase identifications were performed by using scan-
ning electron microscopy (SEM) with EDX (Zeiss DSM
982 Gemini, Oberkochen, Germany) and XRD (Cu Ka1

,
radiation, Siemens D-5000, Munich, Germany). The
structure analyses were performed by using the Rietveld
analysis program DBWS-9807.

III. RESULTS

The samples prepared at temperatures above 1350 °C
consist of single-phase (La,Sr)MnO3−x and (La,Ca)
MnO3−x solid solutions, respectively. Below that tem-
perature a miscibility gap between LM and SM as well as
LM and CM has been observed not depending on the
synthesis route.

Figure 1 shows a micrograph of the sample of batch 2
sintered at 1200 °C. Ca-containing LM with the compo-
sition La0.64Ca0.36MnO3 and La-containing CM with the
composition La0.33Ca0.67MnO3 can be easily identified
with the scanning electron microscope using EDX. This
observation indicates that separated phases other than a

complete solid solution exist at that temperature. In
Fig. 2 the section of the XRD pattern of the sample with
the composition La0.5Ca0.5MnO3 shows the [220] reflec-
tions of CM and the [024] reflection of LM, which indi-
cates the existence of LM and CM in the La0.5Ca0.5MnO3

sample at 1200 °C.
The decomposition of single-phase La0.5Sr0.5MnO3−x

(batch 1, prepared at 1400 °C in air) into LM and SM
after annealing at 1200 °C also can be detected by the
XRD pattern of the sample showing reflections of both
phases, LM and SM (Fig. 3). The XRD pattern of SM
indicate that at 1200 °C in air La-rich SM crystallizes
in the orthorhombic distorted hexagonal modification

FIG. 1. Micrograph of a sample with the composit ion
La0.5Ca0.5MnO3−x at 1200 °C in air (batch 2).

FIG. 2. Section of the XRD pattern of the sample La0.5Ca0.5MnO3−x

sintered at 1200 °C showing the [220] reflections of CM and the [024]
reflection of LM (rhombohedral). (Orthorhombic structure of CM
considered.)
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determined by Ref. 8. EDX analysis of the sample con-
firms that the single-phase sample decomposes during
the annealing at 1200 °C forming LM with the compo-
sition La0.62Sr0.38MnO3−x and SM with the composi-
tion La0.36Sr0.64MnO3−x. An additional annealing step of
the same sample at again 1400 °C for 24 h results
in the reaction of LM and SM into single-phase
La0.5Sr0.5MnO3.

In Figs. 4 and 5 the temperature concentration dia-
grams for the quasi binary system LaMnO3–SrMnO3 and
LaMnO3–CaMnO3 show the miscibility gap between LM
and SM as well as LM and CM at temperatures below
1400 °C in air determined mainly by SEM/EDX (see also
Table I).

The DTA measurements indicate that the peritectic
melting of the LM–CM solid solution depends on the
La:Ca ratio. It increases with increasing La content
(Fig. 5). The determined onset values of melting of the
measured samples are listed in Table II.

At 1200 °C in air pure LM has found to be orthorhom-
bic. The transformation of LM from orthorhombic to
rhombohedral has been observed at a Sr content of about
0.2 at 1200 °C at (Fig. 6).

At 1400 °C the transition from the orthorhombic to the
rhombohedral modification of Sr doped LM has not been
observed. The Rietveld analysis of a sample with the
composition La0.7Sr0.3MnO3−x sintered at 1400 °C and
quenched in air shows that Sr-doped LM is orthorhombic
(Fig. 7, Table III). In the system LM–CM a phase trans-
formation of Ca-doped LM was not observed. The ob-
tained XRD patterns of the samples do not make it
possible to distinguish between either orthorhombic or
cubic structure.

At 1400 °C the increase of the Sr and Ca content of the
solid solution, respectively, is reflected in a significant
decrease of thea-axis parameter of LM (Fig. 8,
Table IV).

IV. DISCUSSION

The results of the experiments clearly show the occur-
rence of a miscibility gap between LM and SM as well as
LM and CM at temperatures below about 1400 °C in air.
The fact that the samples of batches 1 and 2 as well as the
samples prepared with the glycine–nitrate process show
the same results suggests that the observed phase con-
tents of the samples represent thermodynamic equilibria.
In addition, the fact that a multiphase sample with the
composition La0.5Sr0.5MnO3 can be transformed into
a single phase sample at 1400 °C and vice versa gives
an additional evidence for thermodynamically stable
conditions.

The occurrence of the miscibility gap between LM and
SM appears to correlate with the phase transformations
of Sr-doped LM from orthorhombic to rhombohedral
with decreasing temperature. However, the reason for the
miscibility gap between LM and CM is still not clarified
but may be caused by a transformation from orthorhom-
bic to cubic structure of Ca doped LM with decreasing
temperature.

FIG. 3. XRD pattern of a sample with the composition
La0.5Sr0.5MnO3−x sintered at 1400 °C (bottom) and subsequently an-
nealed at 1200 °C (top) in air (batch 1). The stars mark reflections of
SrMnO3.

8 All other reflections can be attributed to LaMnO3.

FIG. 4. Temperature–concentration diagram of the quasi binary sys-
tem SrMnO3–LaMnO3: black squares, single-phase samples; gray
squares, multiphase samples, results of EDX analysis of LM (black
dots) and SM (gray dots) of the samples of batch 1 and 2. The
melting temperature of LM is after Ref. 4, and that of SM, after
Ref. 5.
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The decomposition reaction below 1400 °C is slow,
and therefore, it does not affect the material during fur-
nace cooling. Annealing times of above 100 h are nec-
essary to decompose the single-phase samples into two
phase samples at 1200 °C in air.

The decrease of thea-axis parameter of the
(La,Sr)MnO3−x solid solution with increasing Sr content
cannot be explained with the known volume requirement
of the ions considering ionic radii for eightfold coordi-
nation: La3+, 116 pm; Sr2+, 266 pm.16 This decrease may
be caused by the decrease of the ion size of Mn with
increasing oxidation state. The differences in the deter-
mined axis parameters of the different groups is probably
due to different Mn3+/Mn4+ ratios of LM of the prepared
samples.4,7 The significant decrease of thea-axis param-
eter with increasing Ca content of LM is supposedly due
to both the decrease of the ion size of Mn and the smaller
volume requirement of the Ca2+ ion (100 pm) compared
to the La3+ ion.16

The observed transformation of doped LM from or-
thorhombic to rhombohedral at 1200 °C is in agree-
ment with the results of Refs. 3 and 7. At temperatures

above 1350 °C a transformation of LM from orthorhom-
bic to rhombohedral with increasing Sr content has not
been observed. Therefore, it is assumed that orthorhom-
bic LM is the high-temperature modification of Sr-
substituted LM.

As the orthorhombic to rhombohedral phase transfor-
mation of Sr-doped LM is due to an increase of the
Mn3+:Mn4+ ratio, the question arises why rhombohedral
LM is not stable above 1350 °C. The reason is believed
to be a decreased oxygen content of LM at high tempera-
ture which stabilizes the orthorhombic modification of
LM. This effect is also known from SM.11 So, a detailed
analysis of the oxygen content of Sr-doped LM as a
function of the temperature is necessary to clarify this.

V. CONCLUSIONS

With respect to the high operating temperatures (800–
1000 °C) and long operating times (about 50,000 h) of
SOFC, decomposition of LM could be important for the

FIG. 5. Temperature–concentration diagram of the quasi binary sys-
tem CaMnO3–LaMnO3. Black diamonds: temperature of the onset of
melting determined by DTA measurements. For all other symbols, see
Fig. 4 caption. The melting temperature of CM is after Ref. 6.

TABLE I. Analyzed La:Sr and La:Ca ratios of LM, SM, and CM
versus temperature. Data points refer to Figs. 4 and 5.

T (°C) SM (La:Sr) LM (La:Sr) CM (La:Ca) LM (La:Ca)

1400 51:49 49:51
50:50 50:50
51:49

1350 52:48 62:38
55:45 62.5:37.5
56:44 63:37

64.5:35.5

1300 44:56 54:46 33.5:66.5 63:37
58:42 34:66 64:36
59:41 34:66 65:35
60:40

1200 36:64 62:38 32:68 63:37
38:62 64:36 33:67 64:36

34:66 65:35
66:34

1000 32:68 62:38 39:61 67.5:32.5
34:66 63:37 41:59 68:32

66:34 68.5:31.5

900 35:65 62:38 66:35
63:37 66:34
65:35 68.5:33.5

800 34:66 62:38 36.5:63.5 65:35
37:63 65.5 34.5

66:34

TABLE II. Determined temperature of the onset of peritectic melting
of Ca-doped LM.

La:Ca ratio

0.2:0.8 0.4:0.6 0.5:0.5

T (°C) 1504 1584 1562
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reliability of the cathode material. The experiment shows
that a decomposition of Sr- or Ca-substituted LM is de-
tectable after only 100 h at 900–1200 °C indicating that
the decomposition of LM occurs at the beginning of the
operating time of a SOFC which is expected to be 5–10
years. Even the properties of the cathode could be sig-
nificantly affected by the decomposition, as La-doped
SM has poor electron-conducting properties. Therefore,
for the design of LM cathodes of solid oxide fuel cells
and Sr- and Ca-doped LM films Sr contents of below
La0.65(Sr/Ca)0.35MnO3−x have to be considered to avoid
decomposition.

The existence of a miscibility gap influences the in-
terpretation of magnetic phase diagrams of Sr- or Ca-
doped LM. In samples with intermediate compositions
prepared at temperatures below about 1400 °C ferromag-
netic LM exists beside antiferromagnetic SM and CM,
respectively. This aspect has to be taken into account for
the drawing of magnetic phase diagrams of LM. The

FIG. 6. XRD pattern of LaMnO3 and La0.8Sr0.2MnO3−x sintered at
1200 °C in air.

FIG. 8. a-axis parameter versus the Sr content of LM solid solution:
black squares, Sr-doped LM, this work; gray squares, Ca-doped LM,
this work; black stars, Ref. 3; gray squares, Ref. 7.

FIG. 7. Rietfeld analysis of orthorhombic samples with the composi-
tion La0.7Sr0.3MnO3−x sintered at 1400 °C in air. S: sample holder.

TABLE III. Crystallographic data for orthorhombic Sr-doped LM pre-
pared at 1400 °C (see Fig. 11).

No. hkl

d value 2u

observed calculated observed calculated

1 110 3.87000 3.87167 22.961 22.951
2 200 2.74600 2.74635 32.581 32.577
3 020 2.72900 2.72910 32.790 32.788
4 202 2.23400 2.23357 40.339 40.347
5 022 2.22400 2.22425 40.528 40.523
6 220 1.93700 1.93584 46.864 46.894
7 310 1.73600 1.73585 52.662 52.686
8 130 1.72750 1.72712 52.961 52.973
9 312 1.58150 1.58165 58.294 58.288

10 204 1.57300 1.57320 58.640 58.631
11 400 1.37350 1.37318 68.224 68.242
12 040 1.36540 1.36455 68.685 68.734
13 224 1.36300 1.36296 68.823 68.825
14 402 1.29320 1.29294 73.116 73.133
15 420 1.22700 1.22665 77.772 77.798
16 332 1.22370 1.22327 78.021 78.054
17 240 1.22260 1.22202 78.105 78.149
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observed rhombohedric to orthorhombic phase transition
of LM with intermediate Sr content with increasing tem-
perature allows one to study the influence of the crystal
structure of LM on its magnetoresistive properties at con-
stant Sr content. However, with respect to the system
SrMnO3–SrMnO2.5,

6 a possible temperature dependence
of the oxygen content of LM has to be taken into account
which could influence the Mn3+:Mn4+ ratio of LM and its
magnetoresistive properties.
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TABLE IV. Determineda-axis parameter of orthorhombic Sr- and
Ca-doped LM prepared at 1400 °C.

La:Sr ratio a axis (nm) La:Ca ratio a axis (nm)

1:0 0.5526
0.9:0.1 0.5506 0.9:0.1 0.5522
0.8:0.2 0.5500 0.8:0.2 0.5500
0.7:0.3 0.5493 0.7:0.3 0.5478
0.6:0.4 0.5488 0.6:0.4 0.5437
0.5:0.5 0.5482 0.5:0.5 0.5418
0.4:0.6 0.5478 0.4:0.6 0.5402
0.3:0.7 0.5470 0.3:0.7 0.5362
0.2:0.8 0.5464 0.2:0.8 0.5329
0.1:0.9 0.5458 0.1:0.9 0.5316

0:1 0.5454 0:1 0.5280
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