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The Defect Chemistry of LaMnO,, ;
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The defect model for LaMnOs , 5 has been studied. The defects
that are formed in LaMnQ;, ; are La and Mn vacancies in equal
amounts. Thermogravimetric analyses indicate that the relation
between composition (§) and oxygen partial pressure can be de-
scribed by charge disproportionation of Mn** into Mn®* and
Mn*t. The same model holds for (La,Sr)MnQ;, 5.  © 1994 Academic

Press, Inc.

1. INTRODUCTION

In the previous parts of this series a defect model for
LaMnO;_; (1), structural aspects of the defects in LaM-
n0,, 5 (2), and the density of (La,4)MnQy,,;, A = Ca,
Sr, Ba (3), have been described. In this part a defect
model is proposed that describes the relation between
composition (8) and oxygen partial pressure (po) for
LaMnO, . ;. Finally, in part 5 the thermodynamics of the
defect chemistry of LaMnO,_; will be discussed (4).

2. EXPERIMENTAL

The defect chemistry of (La,Sr)MnO,,; was studied
by thermogravimetric analysis (TGA) between 1010 and
1290 K. (La,Sr)MnO;, ; powders were obtained by a co-
precipitation method described elsewhere (3). A Cahn
D-101 digital recording balance was used to measure the
weight changes of the samples of about 1 g with an accu-
racy of £10 ug. The sample was placed in a Pt crucible
and suspended from the balance by a Pt wire leading into
a quartz tube positioned in a vertical furnace. Oxygen
partial pressures between 1 and 1 X 10~* atm were ob-
tained by mixing oxygen with argon. For reduction of the
samples 5% hydrogen in argon was used.

To obtain absolute values of & the weight changes have
to be related to a reference state. One reference state
is the stoichiometric composition (La,Sr)MnQO; 44 - Upon
reducing (La,SriMn0O, _ ; until it decomposes, a character-

istic change in the weight loss is observed at the stoichio-
metric composition. The second reference state is reached
upon further reduction, the formal state (La,Sr)MnO, ;.
The weights of both reference states are in good agree-
ment and are combined to obtain the values of 3 from
the measurements. The reducing and oxidizing processes
were also recorded with high-temperature X-ray diffrac-
tion. Upon reduction, at the stoichiometric composition
a phase change occurs. Upon further reduction, LaMnO,
decomposes into La,0; and MnO, while (La,Sr)MnO,
decomposes into (La,Sr,MnO, and MnO. The weight loss
is fully reversible.

3. DEFECT MODELS

The defects in LaMnQ;,; are La and Mn vacancies
in equal amounts, as foltows from neutron and electron
diffraction {2) and density measurements (3). The overali
defect chemical reaction is therefore:

LaMnO, + g 0,

3+35
= _3_{(L33f(3+ﬁ)1j5f(3+ 5) (1]

(an +15>D.5,'(3 +503}.

The final defect model that describes the relation between
oxygen partial pressure and 8 must be based on this overall
defect model, Therefore, the defect model used by Shi-
moyama et al. (5) based on La and O vacancies will not
be considered here.

Kuo et gl. (6) used a model with La and Mn vacancies
in equal amounts to describe the defect chemistry of
LaMnO,_ .

] " o .
LaMn03 + 5 02 = (LaDm)(Mn, _ 25Mn25i:|5,3)03 +5° [2}
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This has to be corrected for Oy,5 to (3 + 8)/3)0,,
yielding

(Lallg,)(Mnj_»;Mn%;0055)05 5
34+8 "
=3 {(Laya, T8/04s) (3]

(Mn3.; 25/ +oMnTas; +al o +500s),
or in terms of species participating in the reaction;
6Mn** + 30, = 6Mn** + 307+ O, + Oy,, [4]
with the equilibrium constant

(23)6 . 33 . 82

M=t—wraro o Gl

Another model in which the La:Mn ratio does not
change is the uptake of oxygen at interstitial positions.
Although from neutron and electron diffraction (2) and
density measurements (3) it is evident that this is hardly
likely, this model is included here for completeness:

LaMnO; + goz ~ LaMn{_,Mn%0,0!.  [6]

The reacting species are
2Mn*t + 30, = 2Mn** + O}, 7
with the equilibrium constant

2,
K, = 28

EREORTT o

There are a number of remarkable features concerning
the defect chemistry of (La,Sr)MnO,, that cannot be
explained easily by reaction [3] or by reaction [6]. The
overall amount of Mn** in (La,Sr)MnO;, , ; does not seem
to exceed about 40% of the total amount of Mn. The
overall amount of Mn** is found by

[Mn**] = 28 + x. [9]

The literature data on LaMnO,, ; does notexceed & = 0.2.
This can be seen especially well in the low-temperature
measurements, for instance those of Shimoyama et al. (5)
In La,_,Sr,MnO,,; the maximum value of 8 seems to
decrease as a function of x, to about zero for x = 0.40
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(7), keeping the maximum overall amount of Mn** more
or less constant.

These features can be described by considering charge
disproportionation of Mn** into Mn?* and Mn**, or in
the Kroger—Vink notation

LaMnO,; = LaMn;Mn}_,,Mn?O,, [10]
in which £ is the amount of Mn? " and Mn** that is formed
by the charge disproportionation.

Charge disproportionation is not very common, al-
though it has been observed in CaFeQ; and related com-
pounds (Fe** = FePt + Fe’*) (8, 9). It is noteworthy
that Fe** and Mn** have the same, relatively unstable,
3d* configuration,

By the uptake of oxygen Mn?* is oxidized to Mn’*:

6Mn?* + 30, = 6Mn’* + 307 + [0;, + Oy,. [11]
The complete chemical reaction becomes
LaMn;Mnj_,MnzO, + %02

= (Lalg/)(Mng_p;Mnj o, ;sMn2005,5)04, 5 1]

3+ 38 " ,
= 3 {(Lay;;, o534 5))(Mn3_(§ —28)/(3+8)

Mnj_ 26 +281(3 +5)Mn§ff(3 +a8045) 0s}.

The equilibrium constant for reaction (I1) is repre-
sented by

Mo (0P - (O] - By

K
1 [Mn2+]6 p(3)ﬁ'§

(13]

or K, =

(3-(1w2.5+25))“,33_( 5 )( 5 )
3+5 3+s8) \3+3

(3-(5—26))"_ 30
3+6 0,
(1 =2+ 280387

“E-r o+ Y

4. TGA MEASUREMENTS

The results obtained by TGA between 1010 and 1290 K
are shown in Fig. 1. To test the models only the 1010 and
1290 K results have been used. The values of K,, K,,
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FIG. 1. Results of the thermogravimetrical analyses at 1010, 1080,
1150, 1220, and 1290 K. The data have been fitted according to model
3: charge disproportionation of Mn** into Mn?* and Mn'* in combina-
tion with La and Mn vacancies in equal amounts.

and K, are obtained by a nonlinear least-squares analysis
of the data. The total ¢rror that is made in the determina-
tion of 8 from the measurements due to, for instance,
fluctuations in temperature, weight, and oxygen partial
pressure is estimated to be 0.002. In Fig. 2 the TGA results
at 1010 and at 1290 K are plotted, together with the best
fit of K, K, and K;. From this figure it was clear that
model 3 gives the best description of the data. This model
was used to fit all data obtained by TGA, as can be seen
in Fig. 1. The temperature dependence and other thermo-
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FIG. 2. Results of the thermogravimetrical analyses at 1010 and
1290 K for LaMnO;,;, fitted according to various models. Model 1, La
and Mn vacancies in equal amounts; model 2, interstitial oxygen ions;
and model 3, La and Mn vacancies in equal amounts in combination
with charge disproportionation of Mn** into Mn?* and Mn**.
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FIG. 3. Results of the thermogravimetrical analyses at 1080, 1150,
1220, and 1290 K for LaggsMng 50s,5, fitted according to the charge
disproportionation model in combination with La and Mn vacancies.

dynamic properties of defect formation will be discussed
elsewhere (4}.

5. THE EFFECT OF STRONTIUM

The radius of Sr** is about the same as that of La**.
Therefore, Sr is incorporated in the LaMnO, lattice on
the La site. The difference in charge between La*" and
Sr’* can be compensated in two ways. The first is forma-
tion of Mn** ions in equal amounts to Sr, the second is
the formation of oxygen vacancies, in half of the amount
of Sr. In the oxygen excess region the charge is compen-
sated by Mn*" ions. Due to the oxygen excess there are
even more Mn** ions than Sr** ions. The behavior of
La,_,Sr,MnQ,_; is very much the same as that of La
Mn0O,, .. The same model can be applied to describe the
defect chemistry. As mentioned before, the maximum
amount of oxygen excess decreases with increasing Sr
content, which means that the amount of Mn** that dis-
proportionates decreases with increasing Sr content.

The same model as that for LaMnO, ,; holds for La,_,
Sr,MnO,, ;. This means that vacancies are formed on
both (La,Sr) and Mn sites:

La,_, SriMnj_ Mn}O, + g O,

3 + 6 + it
= T {(La3'(l —x)(3 +6)Sr3xf(3+ E)D&'G +5))
[15]

(Mn3. 250 oM x 2+ 250G+5)

Mn3. - o Dhia ) Ost
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The equilibrium constant becomes

_(—x—2¢+29°-3 8§
(€ - 26F-( + o8 - poy.

K [16]

The experimental results obtained by TGA are plotted in
Fig. 3, together with the best fit according to the defect
model. It is obvicus that our defect model describes the
measured data correctly.

6. CONCLUSIONS

Previous results (2, 3) have indicated that the defects
formed in LaMnQO,; , ; are La and Mn vacancies in equal
amounts. A characteristic feature of the defect chemistry
of (La,Sr)MnO;_; is the maximum overall amount of Mn*+
of about 40% of the total amount of Mn. This feature can
be described by charge disproportionation of Mn** into
Mn?* and Mn**. The relation between composition (5)
and oxygen partial pressure {p ) can be described satis-
factory with this model. The amount of Mn®* that is dis-
proportionated seems to decrease with an increase of
strontium ¢ontent.
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