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Based on the results of X-ray diffraction analysis of quenched
samples and coulometric titration measurements, the phase equi-
libria of the La—Sr—Mn—O system at 1100°C were examined and
are illustrated in the form of phase diagrams. Two types of solid
solutions La,_.Sr,MnO;., and (La,_,Sr,),MnO,., were found
to exist in the system. The homogeneity ranges of solid solutions
depended on thermodynamic conditions (7, Po,, and composi-
tion Of the System). © 1997 Academic Press

INTRODUCTION

Recently there has arisen great interest in the alkali earth-
substituted lanthanum manganates because of their electri-
cal, catalytic, and mechanical properties, which make them
useful as cathodes in fuel cells, catalysts, oxygen membranes,
and other items (1, 2). The effect of the giant magnetoresis-
tance found in these systems has also drawn attention to
them (3). Thus, a knowledge of phase equilibria in the
La—Sr—Mn-O system at different temperatures and oxygen
partial pressures in very important. Related quasibinary
systems have more or less been studied before.

La-Mn-0O system. Two complex oxides, LaMnOj 4
and La,MnOy4;, exist in this system. Only LaMnOs3 4+,
appears to be stable in air. The phase diagram of the sys-
tem in air was constructed by van Roosmalen et al. (4).
La;MnQy. 15 was obtained in atmosphere with low oxygen
pressure at temperatures higher than 1380°C (5). The ther-
modynamic stability of LaMnO3+s had been studied by
TGA (6, 7), gas chromatography (8), EMF technique (9), and
electrical conductivity measurements (10). It had been
shown that lanthanum manganate decomposes to MnO
and La,O; below 1380°C. The oxygen content of
LaMnOs; 4 ; changes from an oxygen excess in air to an
oxygen deficit near the decomposition boundary (5-7,
10-14). The oxygen content of lanthanum manganate is
closely connected to the oxidation state of manganese ions.
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The correlation between crystal structure and Mn** con-

tent had been described elsewhere (15-17). Together with
oxygen nonstoichiometry, cation nonstoichiometry was ob-
served for lanthanum manganate. A deficit of lanthanum
La; _,MnOj.;was reported in (4, 13, 18-20) and a deficit of
manganese in (4). The phase boundary on the La-rich side
depends on temperature. It changes from &y, = nyy,/
(M + 1) = 0.452 at 900°C to &y, = 0.475 at 1200°C. The
phase boundary on the Mn-rich side maintained a practic-
ally constant composition &y, = 0.524 with increasing tem-
perature to 1700°C (4).

Sr—Mn—0 system. A number of phases were found to
be stable in air in the temperature range 800-1800°C,
ie, SrMn;O,, SrMnO;, Sr,MnO,, SrMn,0-,, and
Sr,Mn;0Oq,; however, the phase diagram of this system had
not been constructed earlier.

SrMn;O, has orthorhombic structure with unit cell para-
meters a = 9.45, b = 11.51, and ¢ = 5.05 A (21). The oxygen
content (x) changes from 6.06 at 900°C to 5.78 at 1200°C. At
1215°C, SrMn;0, decomposes on Mn;0, and StMnO;.

a-SrMnO; has a hexagonal structure (22-24). Above
1036°C a-SrMnO; begins to lose oxygen, and at 1400°C, its
composition can be expressed as SrMnO, go with a dis-
torted hexagonal structure.

The crystal structure of -Sr,MnQO,, which is formed in
air in the temperature range 800-1200°C, has not been
described. At higher temperatures, o forms of StMnO; and
Sr,MnQO, are transformed into fS-forms. -Sr,MnO, has
a tetragonal K,NiF,-type structure (a = 3.787 A, ¢=
12.497 A) (25). The perovskite-type f-SrMnOj;_, was ob-
tained in air in the temperature range ~ 1200-1400°C. The
value of x changes from 0.26 to 0.38 (24). It melts incon-
gruently at 1740°C.

Sr3Mn,O- appears at 1700°C and remains the only stable
phase at 1800°C (26).

Single crystals of Sry,Mn;0,, were grown from a melted
mixture of components with SrCl,—SrF, as a solvent (33). It
has an orthorhombic structure with the unit cell parameters
a=5443, b = 12427, and ¢ = 12.500 A. Above 1500°C, it
decomposes.
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La—Sr-0 system. It has been shown (27) that no ternary
oxides exist in the La—Sr—O system at 1100°C in air, but SrtO
is slightly soluble in La,O3 [&s, = ng/(ns, + ny,) < 0.05].
All ternary oxides found in this system existed at temper-
atures above 1500°C (28).

La—Sr—Mn—O system. Solid solutions with perovskite-
type structure, La;_,Sr,.MnO;, s, have been recognized
since Jonker (29). He obtained La;_,Sr.MnO;,; with
x < 0.7 by the standard ceramic technique in air in the
temperature range 1200-1400°C. Lauret et al. (30) obtained
the solid solution La, _,Sr,MnOj; ,; with x = 0.8. It was
shown (30, 31) that all compositions had rhombohedral
(hexagonal) structure (R3¢ space group).

The thermodynamic stability of La; _,Sr,MnO3; , 5 with
x = 0.2 and 0.4 at low oxygen pressure has been studied
by Mizuzaki et al. (32) by the coulometric titration
technique. They found that Lag gSry,MnO;_; at low
oxygen pressure decomposes on La,Oz;, MnO, and
La,_,Sr,MnO,, whereas La, ¢Sr; ,MnO;_; decomposes
on (Lag ¢Srg 4),MnO, and MnO. These data do not agree
with the results of Kuo et al. (11), who reported that the
decomposition products of Lag gSry ,MnO;_; are La,O5,
MnO, SrMnO3;, and La,MnO,. Exact values of the equilib-
rium decomposition pressure were not cited in either paper;
however, approximate values taken from the figures are for
Lay sSro,MnO;5_;, about 107 '®atm at 900°C (32) or
10" **atm at 1100°C (11), and for Lag ¢Sro 4MnO;_;,
about 10~ atm.

The possibility of cation nonstoichiometry in stron-
tium-doped lanthanum manganates that can be described
by the formula (La;_,Sr,);-,MnO;,; in air in the
temperature range 800-1200°C has been reported (19).
The value of y decreased from 0.15 to 0 with an increase
in strontium content (x) from 0 to 0.4. It should be
noted that from the structural point of view, there
were three single phases with different structures (two
orthorhombic and rhombohedral) inside the homogeneity
range.

Solid solutions of the general formula (La, _,Sr,),MnO,
were obtained as decomposition products of La;_,Sr,
MnOj; . ; in an inert atmosphere (32) and by solid-state
synthesis with x = 0.5 (34) and 0.5 < x < 1 in (35). All solid
solutions had tetragonal K,NiF-type structure. Thermo-
dynamic data for these solid solutions have not been found
in the literature.

Thus, despite the wealth of information on the
physicochemical properties of the single phases found in the
La—-Sr-Mn-O system, the phase diagram and thermodyn-
amic properties of the phases are still not clear. Therefore,
the aim of the present work was determination of the phase
relations as a function of temperature and oxygen pressure
and construction of the phase diagram of the La—Sr—-Mn—-O
system.

EXPERIMENTAL

The starting materials were La,O; (99.99% purity),
Mn,O; of “pure for analysis” grade, and SrCOj; of “special
purity” grade, previously annealed in air at 1200°C (La,O3)
and 700°C (Mn,0O3; and SrCO3) for 3-5 h. The materials
were mixed in appropriate ratios and ground in an agate
mortar. All samples were fired in air at 850°C for 24 h.
950°C for 24h, and 1100°C for 24-70 h. A number of
samples were fired later at 1100°C in atmospheres with
different oxygen partial pressures for 24-40h. Oxygen
pressure was monitored and controlled with the help
of zirconia (ZrO, + 0.1Y,03) cells. X-ray diffraction
(XRD) patterns of powder samples were obtained on
a DRON-3 diffractometer using CuKo radiation. Neutron
diffraction measurements were made at the research reactor
located near Ekaterinburg, Russia, on the D7A diffrac-
tometer with a double monochromator (002) reflection of
a single crystal of pyrolytic graphic and a (333) reflection of
germanium. The wavelength employed was 1.515 A. The
boundary of phase stability of Lay -Srg 3;MnO5_; was de-
termined using coulometric titration with solid zirconia-
based electrolyte.

Because oxygen content and oxidation state of manga-
nese ions change as a function of metal ratio and oxygen
pressure, the composition in the phase diagrams was pre-
sented as the relative mole fraction of metal &; = n;/ Zni, for
example, &y, = My /(MLa + Ns; + Nyy) In the quasiternary
La-Sr-Mn-O system and &y, = nyg/(Bsy + nyn) in the
quasibinary St—-Mn-O system (n = amount of moles of cor-
responding metal component). The oxygen content of solid
phases was not taken into account in the phase diagrams.
This simplified the graphic presentation of the phase dia-
grams.

RESULTS AND DISCUSSION
Phase Equilibria at 1100°C in Air

The only phases that have been found to exist at 1100°C
in air in quasibinary systems were LaMnOs;,; in the
La—Mn-O system and SrMn;O,., «-SrMnO;, and o-
Sr,MnO, in the Sr—-Mn—O system. The slight solubility of
SrO in La,0; (&, ~ 0.05) in the La—Sr—O system was re-
ported earlier (27).

The only phase found in the quasiternary La—Sr—Mn-O
system was a solid solution based on LaMnQOj; , 5. Based on
XRD analysis samples with La; _ .Sr,MnOj; . s composition
(x =0.1, 0.2, and 0.3) were identified as single phases.
The sample with x =04 -consisted of Sr-saturated
La, _,SryMnO;,; and a-SrMnOj;. The composition of
the Sr-saturated solid solution was estimated to be
Lag 6,519 3sMnO; . 5 by quantitative XRD analysis, where
o' is the fixed (positive or negative) value of oxygen non-
stoichiometry at 1100°C in air for a fixed value of x ~ 0.38.
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The solid solution Lag ¢Sro ;MnOj., quenched from
1100°C in air had orthorhombic structure (Pnma space
group), similar to LaMnQO; ;5. Solid solutions with x = 0.2
and 0.3 quenched from 1100°C in air had rhombohedral
structure R3¢ space group). «-SrMnQj5, which was present
in all samples of nominal composition La;_,Sr,MnO; , ;
(x > 4) had hexagonal structure (P6;/mmc space group).
The unit cell parameters calculated in the present work and
listed in Table 1 are in good agreement with those obtained
in (15,24,31).

The homogeneity range of La; _ . Sr,MnOj; , ; in the di-
rection of Mn-rich and Mn-deficient compositions to form
solid solutions such as La; _,Sr,Mn, , ,O; , 5 has not been
examined in this work.

The results of XRD patterns of more than 40 samples of
different composition allowed us to divide the phase triangle
as shown in Fig. 1. Special attention has been paid to
the possibility of formation of Sr,_,La MnO, solid solu-
tion in air at 1100°C. It was found that the sample with
nominal composition Sry ¢¢lay 0.MnO, quenched from
1100°C consisted of Sr,MnO,, Lag 6,51y 3sMnO5 .5, and
La,03(SrO) solid solution. Thus, we concluded that the
solubility of La ions in Sr,MnO, was negligible under these
conditions and did not exceed x = 0.04. The homogeneity
range of perovskite-type solid solution in the direction of
Mn-rich and Mn-deficient compositions was drawn based
on the results taken from (4, 19).

Phase Equilibria at 1100°C and Various Oxygen Pressures

The study of phase equilibria at 1100°C and various
oxygen partial pressures [0.21 > P, (atm) > 10~ '*] within
the compositional ranges (n;, + ng,)/ny, = 1 and (ny, +
Ns) /My, = 2 was performed by XRD of quenched samples.
The samples, previously equilibrated in air, were annealed
in the special cell at 1100°C and fixed oxygen pressure and
then quenched to room temperature by replacing them
inside the evacuated cell from the hot side of the cell to the
cooled metal vessel.

(Mn 3O 4)
~ Air, 11000C

OTO 0?1 012 I 073 I 074 ' 015 016 I 0?7 I Ot8 0!9 1!0
SrO
(La,0,) (Sr0)
g

FIG. 1. Gibbs triangle of quasiternary La—Sr—Mn-O system at 1100°C
in air. The fields inside the triangle represent the following coexisting
phases: (I) La;-,Sr,MnO;,; + Mn;0,4; (II) Lag 6,Sr9.3sMn0O; 45 +
Mn;0,4 + StMn;0;; (III) Lag ¢,S19.33sMnO; . 5 + StMn;0, + StMnOj;;
(IV) La; -, Sr:MnOj ;5 + La,O3—SrO solid solution; (V) Lage»
Sry.3sMnO; 5 + Sr,MnO, + Sr-saturated La,O;—SrO solid solution;
(VI) Lag 2S19.3sMnO3 4 5 + Sr;MnO,4 4+ StMnO3;  (VII) Sr,MnO, +
Sr-saturated La,O3;—SrO solid solution + SrO.

Sr

With respect to the phase triangle shown in Fig. 1 the
observed phase equilibria can be represented as cross
sections perpendicular to the plane of the triangle along
the lines ¢LaMnOs;,;—SrMnO3;)» and {“La,MnO,’-
Sr,MnQO, Y, respectively. The results obtained in such cross
sections are shown in Figs. 2 and 3.

The changes in the limiting composition of La;_,Sr,
MnOj; . , versus oxygen partial pressure (Fig. 2) is rather
unusual. In the oxygen pressure range 0.21-10~° atm the
limiting value of x increases from ~ 0.38 to ~ 0.7, whereas
oxygen pressure decreases. Further decrease in oxygen
pressure led to a decrease in strontium content in the

TABLE 1
Unit Cell Parameters of La,_.Sr.MnOs,; Quenched from 1100°C in Air

o

Unit cell parameters (A)

Total value of x Phase composition a b ¢ Space group

0.0 LaMnO; . 5 5.5292(2) 7.7824(2) 5.5391(2) Pnma

0.1 Lag ¢Sro.1MnOs3 . 5 5.4995(2) 7.7900(3) 5.5405(2) Pnma

0.2 Lag gSro.,MnO3 , 5 5.5282(1) 13.3683(2) R3c

0.3 Lag 7S1o.3MnOs; . 5 5.5073(1) 13.3571(3) R3¢

0.4 Lag 62519.3sMnO3 , 5 + STMnO; 5.4958(1) 13.3685(4) R3c
5.4483(5) 9.0746(9) P6;3/mmc

1.0 SrMnO3; 5.4483(3) 9.0746(5) P63 /mmc
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FIG. 2. “Oxygen pressure—composition” cross section of the phase
diagram of the system La-Sr—-Mn-O along the line {LaMnO;, s
SrMnO;) at 1100°C. The fields represent the following coexisting
phases: (I) La; -,Sr,MnO3, ; single phase; (II) Sr-saturated La,_,Sr,
MnOj; ,; + 2-SrMnOj;;  (III) Sr-saturated La;_,Sr,MnOj,; + f-Sr
MnOj;; (IV) Sr-saturated La;_,Sr,MnOj.; + f-StMnO3; (V) Sr-
saturated La;_,Sr,MnOj;, s + La-saturated (La,-,Sr,),MnOy,, ; + Sr-
saturated La,0;-SrO solid solution; (VI) (La; -,Sr,),MnOy, . ; + MnO;
(VII) La-saturated (La; —,Sr,), MnOy . ; + Sr-saturated La,O;—SrO solid
solution + MnO.

Sr-saturated solid solution (La; -, Sr,MnO¥%", ;). From the
general point of view, it is obvious that the decrease in
oxygen partial pressure must lead to a decrease in oxygen
content in complex oxides and to a decrease in the average
oxidation state of manganese ions. In contrast, the increase
in Sr content leads to an increase in the average oxidation
state of manganese ions and a decrease in oxygen content.
Thus, the broadening of the homogeneity range of
La; . Sr,MnO;,; in the oxygen pressure range
0.21-10"° atm can be explained as follows. Significant loss
f oxygen inside that oxygen pressure range leads to a
situation where, even if the average oxidation state of
manganese ions decreases, the strontium content of the Sr-
saturated sample can increase. In this way manganese ions
reach their equilibrium average oxidation state, which
became lower but at a slower rate in comparison with the
changes in oxygen content. It was shown earlier that
the thermodynamic properties of perovskites of 3d-
transition metals strongly depend on their electronic config-
uration (36). So an equilibrium average oxidation state of
manganese ions at fixed conditions (T, Po,, composition

2

log(P o /atm)
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"x"in "(La1_xer)2MnO4"

FIG. 3. “Oxygen pressure-composition” cross section of the phase
diagram of the system La-Sr—Mn-O along the line {“La,MnO,"—
SrMnO;) at 1100°C. The fields represent the following coexisting
phases: (I) La;_,Sr,MnOj;, s + La,O3;—SrO solid solution; (II) Sr-
saturated La; -, Sr,MnOj; . ; + Sr-saturated La,O;-SrO solid solution +
Sr,MnOy; (III) (La; - ,Sr,),MnO, ., single phase; (IV) La-saturated
(La; - ,Sr,),MnOy, ;. ; + Sr-saturated La,0;-SrO solid solution + MnO.

of the system) controls the composition of the solid solution.
At lower oxygen pressure (< 10~ 9 atm), when the losses of
oxygen became much smaller, the decrease in the average
oxidation state of manganese ions occurs mainly by a
decrease in Sr content.

Decomposition of LaMnO3 was found to occur inside the
oxygen partial pressure range 10~ 13-10~* atm at 1100°C.
This result is in good agreement with the value of equilib-
rium oxygen pressure for LaMnOj;, log(Po,/atm) =
—13.25, obtained by Borlera and Abbattista (5).

The value of the decomposition oxygen pressure of
Lag ¢Sro 4MnO; . ,, log(Po,/atm) = —10.25, is in good
agreement with that found in (32). This composition is also
interesting because a change in the mechanism of the
decomposition reaction of La; _,Sr,MnOj; ., took place
in the vicinity of Lag 6Sro 4MnOj; ., as Po, decreased. The
samples of La; _,Sr,MnO; ., with 0.7 > x > 0.4 decom-
posed in the oxygen pressure range ~ 107°-1071%2% atm
while oxygen pressure decreased according to the reaction

1— ,
La -Sr,MnO$Y, = - ~ La,_  Sr.MnO§™;
— X
x — X'
+—2(1 — x,) Srzanos +z + ka, [1]
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where x’ < x. In this range of oxygen pressure, the samples
whose compositions lie outside the homogeneity range of
La; _,Sr,MnOj , , consist of solid solution with the limiting
composition coexisting with Sr,Mn,0Os5 . ..
For oxygen pressures lower than ~ 10~
decomposition process can be written as follows:

10-25 atm, the

La;_,Sr,MnO$*; = nLa, _ Sr, MnO§?;
+ m(La, - ,Sr,), MnO§Y,

+ (I —n—mMnO + kO,. [2]
Here, x > x" and x < y.

It should be noted that use of “equilibrium” EMF
measurements in their standard form for determination
of the phase boundary of La,_,Sr,MnO$§*); is debatable
because reactions [ 1] and [2] do not represent true thermo-
dynamic equilibria where all participants of the reactions
coexist under the same conditions. In fact, the right sides of
these reactions represent an equilibrium state at higher Pg_,
and the left sides, an equilibrium state at lower Po,. In
this respect, the products of decomposition depend on the
final Po,. As will be shown later, the products of decom-
position of Lay gSry,MnO;_; can be La,O;, MnO and
La,_,Sr, MnO,, as was reported in (32), if the decrease
in Py, that led to the decomposition was large enough
and the final Py, was below the decomposition pressure
of LaMnO;. However, if the decrease in P, is infinitely
small, decomposition of Lag, gSry,MnO;3_;, we believe,
must be described by reaction [2]. Nevertheless, the values
of the stability boundaries determined by electrochemical
removal of oxygen from the zirconia cell in (32) for x = 0.2
and 0.4 and in the present work for x = 0.3 are in good
agreement with the results of XRD for quenched samples
(Fig. 4).
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-10 x=0.3 present work
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/atm)

-164 [5:7.8] x=0.4 [32]
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FIG. 4. Dissociation oxygen pressure of La;_,Sr,MnO;,; versus
temperature.
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FIG. 5. Gibbs triangle of quasiternary La—Sr—Mn—O system at 1100°C
and Po, = 10787 atm. The fields inside the triangle represent the follow-
ing coexisting phases: (I) La; -, Sr,MnOj,;+MnO; (II) Sr-saturated
La; -, Sr,MnOj; , 5 + -StMnO; + MnO; (IT) La; -, Sr,MnO; , 5 +
La,O0;-SrO solid solution; (IV) La;_,Sr,MnO;.,; with some fixed
x + La,03-SrO solid solution of fixed concentration + La-saturated
(La; - Sr,);MnOy ; ;; (V) La; - Sr,MnOj ; 5 + (Lay +,S1,),MnOy 4 ;5
(VI) Sr-saturated La;_,Sr,MnOj;, s + f-StMnO; + Sr,MnO,; (VII)
(La; - ,Sry)2MnOy . ; + La,O;3-SrO solid solution; (VIII) Sr-saturated
La,03;-SrO solid solution + Sr,MnO, + SrO.

(La; - ,Sr,),MnO, , ; solid solution was found to exist at
1100°C in atmospheres with Py, < 1077 atm (Fig. 3). The
homogeneity range of this solid solution broadens signific-
antly in the Py, range ~ 10~ 7-107%* atm and remains prac-
tically unchanged up to 10~ ** atm. It is interesting that this
broadening takes place approximately in the same range of
Po, in which the homogeneity range of La; _,Sr,MnO; . ;
starts to narrow. It is known that (La, _ ,Sr,),MnO, , ; solid
solutions remain stable up to extremely low oxygen activities,
even in an atmosphere of hydrogen (37).

The experimental results illustrated in Figs. 2 and 3 allow
us to draw conjectural phase triangles at low oxygen partial
pressures (Figs. 5-7). Although the possibility of cation
nonstoichiometry has not been checked at low oxygen pres-
sure in the present study, the homogeneity range of solid
solution with the general formula (La, _,Sr,); . ,MnO; . ;
is shown by the short-dash lines schematically, but omitted
in the figure legends. Figure 7 represents an example of
a final Pg, at which the sample of nominal composition
“Lag ¢Sry ,MnO;_;” consisted of La,O;, MnO, and
(Lay -, Sry),MnOQy, as reported in (32).

CONCLUSION

It was shown that Sr content in Sr-saturated La, _ Sr,
MnO$*; strongly depends on thermodynamic conditions
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FIG. 6. Gibbs triangle of quasiternary La—Sr—Mn—O system at 1100°C
and Po, =107'% atm. The fields inside the triangle represent the follow-
ing coexisting phases: (I) La;_,Sr,MnOs; , ;+MnO; (II) Sr-saturated
La; _,Sr,MnOj;, ; + La-saturated (La,-,Sr,),MnO, . ; + MnO; (III)
(La; -,Sr,),MnO, ;. , + MnO; (IV) La,_,Sr,MnO;.;+ La,O3;-SrO
solid  solution; &/) Sr-saturated La;_,Sr,MnOj; . ; + La-saturated
(Lay -,Sr,),MnOy, ;. ; + La,O3-SrO solid solution of fixed concentration;
(VI) (La; -,Sr,),MnOy , ; + La,03-SrO  solid  solution;  (VII) Sr-
saturated La,O;—SrO solid solution + Sr,MnO, + SrO.

and is controlled mainly by the oxygen content and equilib-
rium advantageous average oxidation state of manganese
ions. The mechanism of the decomposition reaction of
La, -, Sr,MnO$*; changed near x~04 at Py =~
1071923 atm. (La;_,Sr,),MnO,,; solid solution was

(MnO)

~

/og(PO fatm)=-13.5
2

SrZMnO .
00 02 04 06 08 10
(La203) (Sr0O)

FIG. 7. Gibbs triangle of quasiternary La—Sr—Mn-O system at 1100°C
and P, = 10~ 13> atm. The fields inside the triangle represent the follow-
ing coexisting phases: (I) La-saturated (La, -,Sr,),MnO, . ; + La,0; +
MnO; (II) (La;-,Sr,),MnO, . ; + MnO; (III) (La,-,Sr,),MnOy, . ; +
La,03-SrO solid solution; (IV) Sr-saturated La,O3;—SrO solid solution

+ Sr,MnO, + SrO.

found to exist at 1100°C and Py, < 10~ 7 atm. The co-

existence of the phases in samples of different composition
are shown in cross sections of the phase diagram.
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