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g~o~2 (O/Mn)r has been measured accurately by a high temperature thermogravimetric study of 
pbysicochemical equilibria between a gaseous oxidoreducing phase and oxide sample. Moreover 
this method allowed us to know the phase boundaries of manganese monoxide towards MnaO4. 

hoM2 (O/Mn)r has been directly measured using a high-temperature microcalorimeter. Results 
obtained remove the uncertainty about values computed by derivation ofgg~. 

From the experimental results, a statistical thermodynamics model has been built up. This model 
satisfactorily accounts for the high temperature physicochemical properties of manganese mon- 
oxide. 

Many structural, electric, magnetic, and 
thermodynamic studies have been carried out 
on nonstoichiometric compounds and speci- 
fically on oxides. Thus, for a number of oxides, 
the results available are sufficient to build up 
statistical thermodynamics models which 
give a satisfactory explanation of their 
properties. 

Of course, these models must take into 
account all physicochemical results available, 
but it will only be possible to accept them if the 
corresponding thermodynamic quantities are 
in good agreement with experimental data: 
these data appear as essential in order to test 
any model and it is of paramount  importance 
to determine them accurately. 

The most important thermodynamic func- 
tions for oxides are go'z, ho~ 2, So~, respec- 
tively, partial molal Gibbs free energy, 
enthalpy and entropy of mixing of oxygen in 
the oxide. As these functions are tied together 
by the relationship 

gg2 = - rsg  

just two of them need to be known. 
gg2 = RT In Po~ can be directly measured 

either by the method of physicochemical 
equilibria between an oxidoreducing gaseous 
Copyright  ~1 1974 by Academic Press, Inc. 
All rights of  reproduction in any form reserved. 
Printed in Great  Britain 

phase and an oxide sample, or by the emf 
method. These methods are now well known 
and, when adequately used, the results they 
yield are generally in agreement. 

As for MnOt+x oxides, emf measurements 
allowed one to determine oxygen partial 
pressures in equilibrium with the diphasic 
system MnO-Mn304 (1-3) and the system 
M n - M n O  (4, 5). Using MnOl+x as measuring 
electrode, the composition of which is altered 
coulometrically, Fender and Riley (3) deter- 
mined, on the same sample, log Po2 (T) for 
various compositions. As was the case with 
FeOt+~ (6) the results so obtained suggest to 
them the existence of several monoxide 
varieties whose fields would be contiguous. 
Compositions, however, are given with a 
fairly important uncertainty: 0.002, that is the 
fifth part of the extent of the homogeneity 
range at 1000°C. 

Moreover, it seems that the few attempts 
(7-10) towards direct thermogravimetric de- 
termination of log Po2 (O/Mn)r  gave only 
scarce and far too imprecise results. 

Generally, all authors give the stoichio- 
metric monoxide as the limit towards man- 
ganese of the homogeneity range. Kawahara  
(11, 12), however, having carried out con- 
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Experimental 
Field Ref. techniques h~ kcal mole -1 

Mn-MnOl.ooo 

MnO~ +., 

(MnOl +.,)1 

--Mn30~ 

Elliott (13) Emf -184.5 
Alcock (4) Emf -185.9 
Davies (9) Equilibria 0 
O'Keeffe (14) Conductimetry -22 J Single 
Bransky (10) Thermogravimetry -13.8 values 
Fender (3) Emf 3 fields from-130 to 

-49 
Hahn (15) Equilibria -118.5 

(1248-1540°C) 
Blumenthal (1) Emf -117.3 

(788-1051°C) 
Marion (16) Equilibria -112.2 
Fender (3) Emf -109.1 
O'Keefe (14) Conductimetry -107 

ductivity measurements, suggested that there 
could exist a substoichiometric monoxide 
corresponding to the n-type conduction 
oxide (Ili-I) but it has been so far impossible 
to determine the composition range of exis- 
tence for this oxide. 

On the other hand, hoM determination is 
more difficult. Indeed, although this function 
can be computed by derivation of gg~_,, that is 

3 
3(l/T) [g~z/T]x 

it is difficult to reckon the accuracy obtained 
for h~¢_, thus calculated, for the inaccuracy on 
gg~ (O/M, T) is not well known. It is found, 
moreover, that even when the g ~  are in good 
agreement, the h~ 2 deduced from them are 
often inconsistent with each other because 
small differences between the gg2 can involve, 
owing to the derivation, large variations of the 
hg~. 

Values for hg~ computed by several authors 
are given in Table I. They differ considerably 
from each other, especially for the MnOl+x 
phase. 

We believe that direct measurement with a 
high temperature microcalorimeter is the best 
procedure to determine hoM. 

In this work, we strove to determine 
accurately, the thermodynamic quantities 

gg~ and h~2 which, in turn, allowed us to build 
up a new model in statistical thermodynamics 
for these oxides. 

I. Determination of gg2 (O/Mn)r 

goM2 at 1000, 1050, l 100, and 1150°C for the 
MnOl+.~. oxides has been measured using the 
method of physicochemical equilibria be- 
tween an oxide sample and a gaseous oxido- 
reducing phase. Oxide compositions have been 
determined by means o f a  thermobalance. 

Apparatus,  procedure, and results were 
previously described (17). We shall review 
some of their main characteristics: 

(1) We chose Mn304 as a gravimetric 
reference. This oxide is stoichiometric 
at 1000°C in air. 

(2) We determined thereafter the compo- 
sition of the oxides in equilibrium with 
gaseous mixtures such that PcoJPco 
= 0.246 and we concluded that these 
oxides are stoichiometric within the 
accuracy of our experiments, that is 
6 x = 1 . 5 x  10 -4 . 

(3) With these new reference points in 
hand, we modified the gaseous mix- 
tures in order to cover at each tem- 
perature the whole of  the monophasic 
field. Our results are shown in Fig. 1, 
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10 

- log po 2 ~11..~00~150 :/OOO 

O/Mn 

1.00 1.01 1,02 1.03 

FIG. 1. --Iog~o Po2 (O/Mn) at 1000, 1050, 1100, 
l l50°C. Arrows at the end of the isotherms show, for 
each temperature, the oxygen partial pressure for which 
we observe an oxidation of MnO~ + x in Mn304. 

and are almost identical to those ob- 
tained by Bransky (10) in the small 
composition zone 1.000 < O/Mn 
< 1.004 he studied. Although our 
isotherms are in good agreement with 
those of Hed and Tannhauser (7) with 
O/Mn < 1.004, large differences can be 
found for higher compositions. More- 
over, the deviation of our results from 
those of Fender and Riley (3) is never 
greater than 6.,. = 0.002, a satisfactory 
conclusion if we consider the fact that 
their compositions are given for 
60 /Mn  = + 0.002. 

(4) For each temperature, we bracketed 
the oxygen partial pressure in equi- 
librium with the 2 phases MnO-Mn304 
as well as the boundary composition of 
the monophasic field towards Mn304. 

(5) As oxides vaporize highly for very 
low Po~, we could determine neither the 
limits of the field towards Mn nor the 
oxygen partial pressures in equilibrium 
with Mn-MnO.  We arrived only at the 

conclusion that if the equilibrium of 
oxides with the mixtures H2-O2 we 
used is quickly reached, the width of 
the substoichiometric field must then 
be lower than O / M n = 0 . 0 0 0 2  at 
1000°C. 

Lastly, it seems these boundary partial 
pressures of oxygen can only be deter- 
mined by the electrochemical proce- 
dure. 

II. Determination of hoM2 (O/Mn) 1050°C 

We measured partial molal enthalpies of  
mixing of oxygen in oxides MnO~+x using a 
Tian-Calvet  type microcalorimeter operating 
at 1050°C. This method has already been used 
in the laboratory when studying oxides UO2+x 
(18), FeOl+x (19), and ZrO2_x (20), and it has 
been demonstrated (18) that this procedure 
is more reliable than the derivation method of 
g~. 

H. 1 Apparatus and Measurements Principle 

We blow small quantities of oxygen, 6n, of  
some 4-5 x 10-6mole onto the sample situated 
in the test tube, in vacuum, inside the micro- 
calorimeter and we measure the small quanti- 
ties of heat released, 6q, ranging from about  
0.1 to 1 cal. The microcalorimeter we used has 
already been described (18). 

Oxygen quantities, which are constant 
within 0.8%, are released by means of a 
hollow handle tap and measured within 0.4,% 0 
using the calibrated tube o f a  Mckeod gauge. 

Samples are rectangular small plates. The 
sample holder placed into the test tube is 
made of recrystallized Morgan alumina. It 
allows us to block all 4 small lateral sides of 
the sample so that oxygen can be consumed 
only by both large parallel faces, which in 
turn gives a better honlogenization of oxide 
during elementary oxidations. 

For each release of oxygen, the following 
reaction can be written: 

MnOl+.,. + 6n 02 -+ ~ MnOl+x + 2 6n/~.. 

It takes place in a container having a constant 
volume. 6AUT..v being the internal energy 
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change for this reaction, it can be shown that: 

h~2 = (6A Ur. v/~n) - RT. (19) 

If, on another hand, we can demonstrate that 
-6AUT. v differs very little from the measured 
heat release, 6q, we shall obtain: 

h~ t, ~- - (6q/6n) - RT. 

We therefore must measure 6q and show that 
6q ~_ - 6AUr. v in order to determine hg z. 

H. 2. Preparation of  Samples 

As we shall point out later (1I. 4), it is neces- 
sary to prepare dense samples. Moreover 
they must be rather highly reactive with oxy- 
gen. Indeed, it is important that the duration 
of consumption of oxygen be constant or at 
least short enough, t ~< 5 min. If these con- 
ditions are not fullfilled, the calibration 
coefficient varies as well as the endothermic 
effect (due to residual gases in the test tube) 
which then can take high values (21). Compen- 
sations which ought to be brought thereafter 
are not known with sufficient accuracy. 

We tested several methods to make up our 
MnO samples. 

(a) ShTtered manganese monoxide samples. 
We used MnO~.ooo in powder prepared from 
Koch Light Mn304 as a basis. This powder is 
pressed then sintered at 1600°C during 5 hr 
under a pressure of argon of about 200 mm. 
This sample is then reduced to MnO~.ooo by 
heating it at 1050°C during 48 hr in an ade- 
quate oxidoreducing atmosphere. Density is 
then 94 ~ of theoretical density. 

Oxygen consumption under the test con- 
ditions in the microcalorimeter ranges from 
4 to 17 rain, according to the composition of 
the sample. As aforesaid, this is very un- 
favorable, inasmuch as quantities of heat 
measured are very low. 

Moreover, the 6q (O/Mn) curves obtained 
with these samples do not show any dis- 
continuity when crossing the boundary to- 
wards Mn304, as should be observed, but they 
exhibit a slow variation on a large composition 
field. This phenomenon could be attributable 
to large differences in the consumption rate of 
oxygen in the oxide. But this does not seem to 
be the case because of the slow rate of con- 
sumption. We rather feel that in these samples, 

M n 3 0 4  grains temporarily obtained during 
the release of a small quantity of oxygen cannot 
easily dissolve in the matrix of MnO: dissolu- 
tion of these grains would then be the limiting 
step, not oxygen diffusion in the oxide. It 
becomes therefore necessary to prepare 
samples having such a texture that this disso- 
lution will take place quickly. 

(b) Reduction of  a sintered Mn304 sample. 
Pressing and sintering of Koch Light Mn304 
is much easier. Just heating in air at 1400°C to 
obtain a density reaching 92 ~ of theoretical 
density told us to continue our efforts. 

Unfortunately, reduction of these sintered 
samples of Mn304 at 1100°C in an adequate 
CO-CO2 mixture gives deeply cracked 
samples. 

(c) Oxidation of  manganese. After numerous 
attempts, we came to the conclusion that 
satisfactory samples could be obtained using 
the following procedure. 

We oxidize, at 1150°C, Johnson Matthey 
electrolytic manganese small plates. Their 
spectroscopic analysis reveals 40 × 10 -6 Mg, 
5 × 10 -6 Fe, 2 x 10 -6 Si and less than 10 -6 Cu. 
One face of the plates is smooth, the other is 
granular. The former has been ground and the 
plate is oxidized at 1150°C by a gaseous 
CO-CO2 mixture having such characteristics 
that oxide, in equilibrium with the oxygen 
partial pressure corresponding to this mixture, 
be in the homogeneity range of the monoxide. 
After a 2 mo reaction, we cool the furnace and 
obtain a 0.8 mm thick MnO layer which can 
easily be separated from its manganese support. 
After being cut to the sizes of the sample holder, 
the sample is brought to a composition of 
MnO~.ooo in the same conditions as aforesaid. 

Oxide samples show big grains on their 
surface, contrary to samples obtained by 
sintering. 

Consumption rate of oxygen always remains 
under 5 min, a quite favorable feature if we 
take into account the preceding remarks. 
Moreover, the shape of the curves 6q/6n 
(O/Mn), having a sudden variation when 
crossing the boundary and constant values in 
the diphasic field (II. 5) certifies that thermo- 
dynamic equilibrium has been really reached. 
Samples so prepared are therefore convenient 
for microcalorimeter studies. 
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II. 3. Measurement of 6q : Rating of the Micro- 
calorimeter 

The calibration coefficient k = 6q/S of the 
microcalorimeter must be known before 
calculating 6q from the surface S of a thermo- 
gram expressed in arbitrary units. The micro- 
calorimeter can be calibrated using several 
methods (18). We chose the method which 
seems to be the most reliable and which 
involves the following relationship: 

4/3 

½ f ho 2d(O/Mn) 
1 

where h~2 and the integral are dependent only 
on k and where AH is the standard enthalpy 
of the reaction : 

6 MnO + Oz ~ 2 MnsO+ 

AH can be determined using the data con- 
tained in the tables (17), i.e., AH~oso = -108.2 
kcal/mole. Any future modification of AHloso 
will obviously result in a change of our 
calibration coefficient and consequently of our 
values for h~+2 (O/Mn) 

II. 4. KhTetics 
As mentioned above, measured quantities 

of heat 6q can be used for the determination of 
h~  only if it can be shown that 6q ~ - 6A Ur. v. 
This will be the case if, 20 min after the release 
of  a small quantity of oxygen, a duration 
after which we no longer observe any thermal 
effect, the oxide has reached a state of  homo- 
geneity such that the residual quantity of  heat e 
to be released or absorbed to reach the perfect 
state of homogeneity will be negligible (19). 

This assumption can be checked by con- 
sidering the oxidation kinetics of our samples 
by oxidoreducing gaseous mixtures. We 

performed this study by following, by means 
of  a thermobalance, the variation of weight 
of  the oxide as a function of time. This pro- 
cedure allows us to obtain M,/M~o = f  (t) where 
M, and M~o are the quantities of  oxygen 
absorbed by the oxide, respectively, after a 
time t and an infinite duration of reaction. 
The utilization of results by means of Crank 's  
abacuses (22) allows us to compute /3 ,  chemi- 
cal diffusion coefficient (Table 11). 

We shall assume the mean value /3/12 
= 1.37 × 10 -2 min -~, i.e., /3 = 1.6 × 10 -6 cm 2 
s -j ,  a result which is in good agreement with 
those of  Bransky (23) and Childs (24). Ob- 
viously enough, this utilization applies only 
to dense enough samples. Besides, the oxida- 
tion kinetics are supposed in the calculus to be 
limited by the diffusion in the oxide, which 
results in the determination of a lower 
boundary for /3 .  

In order to deal with the case when small 
plates are oxidized by oxygen, we use the 
approximation that all oxygen which is about  
to diffuse lies on the free surface of the sample. 
We then use Carslaw's formula (25) for an 
instantaneous plane source to calculate the 
composition gradient at time t: 

C o - C -  1 + 2 ~ (_l)nexp [_  D~n2t]__ 
Co-C+ 

where Co and C~o are initial and end compo- 
sitions and C the composition at time t at a 
distance e from the surface of the sample, e 
varying from 0 to a. 

After a 20 rain reaction in the micro- 
calorimeter this gradient becomes for our 
0.8 mm thick small plates 

C o - C _ l _ 2 e x p [ - 1 . 6 × l O - 6 r c 2 1 2 0 0 ] .  
Co - Coo (0.04) 2 

TABLE II 

15/I 2 
M,/ M~ t (rnin) Dt/l 2 ×102 rain -I 

0.6 20.5 0.2809 1.37 
0.7 29 0.4070 1.40 
0.8 41 0,5700 1.39 
0.9 63 0.8464 1.34 
0.95 85 1.1449 1.34 
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It is seen that, in the case of the plate, oxidation 
is brought by completion by 99.998 %. Under 
these circumstances, due allowance being made 
for the form of the curve hoU2 (O/Mn), which 
will be considered later (II. 5), we deduce 
that e is quite negligible compared to 6q. 

11. 5. Results  

We have made 3 series of  experiments, 2 
of these being carried out in the interval of 
composition 1.00 ~< O/Mn ~< 1.03. When com- 
positions are close to the boundary towards 
Mn304, the partial pressure of  oxygen is 
already high enough to allow a reduction of 
the sample by the dynamic vacuum of a 
mercury diffusion pump, a fact which in turn 
would cause a shift of the curve h~2 (O/Mn) 
towards high O/Mn. This phenomenon has 
indeed been found during preliminary experi- 
ments. In order to avoid this reduction, we 
took care not to create vacuum on samples 
having a composition O/Mn > 1.010. 

Our results appear on Fig. 2. Our measure- 
ments are reproducible within + 1.5 kcal. 

We can observe a rapid variation of h~t2 
near the boundary. This variation takes place, 
in one case, in a composition interval A x  
= 0.005 and, in the other, A x  = 0.003. We 

believe this lack of discontinuity at the boun- 
dary to come from a small difference of oxygen 
consumption by the small plate. It has indeed 
been already demonstrated (20) that these 
differences in the rate of consumption, even 
though very small, can result in a flattening of 
the curve ho~ 2 which will be all the more marked 
as the discontinuity is greater. We have 
therefore rectified our experimental data near 
the boundary and these rectifications are 
included in the mean h curve. 

Figure 2 shows the values we obtained by 
derivation of g~2 for compositions between 
O / M n = 1 . 0 0 5  and O / M n = l . 0 1 0 .  Our ex- 
perimental data being far too imprecise in the 
area close to stoichiometry, we did not plot 
them. 

We plotted the results arrived at by other 
authors using a derivation procedure. Our 
experimental data are diametrically opposed 
to the values calculated by Fender and Riley 
(3). 

Finally, we can note that, in the diphasic 
field, our results are constant within 1 9/0 and 
are in good agreement with those of the other 
authors: that is the result of the fact that 
gM,s are generally well known in the diphasic 

O 2  

fields and provide reliable values for h~,. 

1 0 C  

- h~  Kcal  m o l e  -~ 

' II : I I 

i 
c i 

b L 

× 
0.01 0.02 0.03 

FIG. 2. -ho'2 kcal/mole (O/Mn) at 1050°C. Direct 
measurements: • • • our experimental data for 3 
series of experiments chosen assumed mean curve; 
Results obtained by derivation of g~J2: [] our results; 
a Fender (3), data drawn from go*~ (T) O/Mn obtained 
by the electrochemical method; b Davies (9); c 
Bransky (•0); d Single values method--O'Keeffe (•4); 
and in the diphasic field: e--Hahn (•5); f----Blumenthal 
(•); g--Marion (16). 

III. Interpretation of Experimental Results by 

Means of a Statistical Thermodynamics Model 

We interpreted our experimental values for 
goM2 and hoM2 for oxides MnO~+x by a statistical 
thermodynamics model. The deviations from 
stoichiometry of these oxides being rather 
small, statistical thermodynamics studies are 
made much easier because the interactions 
between the various defects can be neglected 
in this case. It is then well-founded to consider 
that these latter are randomly dispersed, a 
fact which allows us to calculate the con- 
figurational entropy in the usual way using 
approximations which are very good in our 
case. 

111. 1. Nature o f  the Defects  

Numerous studies on the variation of 
electrical conductivity of manganese mon- 
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oxide as a function of partial pressure of 
oxygen (7, 8, 11, 14, 26, 27) at constant tem- 
perature reveal that n-type conduction changes 
to p-type conduction when partial pressure of 
oxygen such as PcoJPco is about 1. 

Authors distinguish 3 parts in the homo- 
geneity field : 

(a) An area A corresponding to very low 
oxygen partial pressures in which the 
oxide has n-type conduction. The fact 
that the slope of the curve log a~ 
(log Po~)r is -1 /6  (8, 25, 27) suggests 
the presence of doubly ionized man- 
ganese interstitials, which according to 
Kroger's notation is represented by 
Mni'. 

Only one author (11) finds a slope -1/8,  
a result which can be interpreted as 
showing the presence of triply ionized 
manganese interstitials: Mni".  

From his studies on diffusion of man- 
ganese in the monoxide, Price (28) 
deduces the existence, in this field, of 
interstitial manganese M Mn~ -, with 
m = 1 o r  2 .  

We should, however, notice that the self 
diffusion coefficient of Mn does not 
increase when the partial pressure of 
oxygen decreases (11, 26) as should 
happen if Mni" was the main defect in 
the whole of the area A.We can therefore 
conclude that in the long run, Mn i 
concentration will be greater than the 
concentration of the other defects(which 
will be considered later) only in the 
field of very low Po2 of area A. 

Let us now mention that Kawahara (11) 
thinks that this area corresponds to a 
substoichiometric field, a hypothesis 
which we previously discussed (17). 

(b) An area B, approx, corresponding to 
a field of oxygen partial pressures in 
which 1< Pco2/Pco < 1000, where the 
oxide exhibits p-type conduction; the 
slope of the curve log tr/(log Po2)r is 
+ 1/6 (7, 8, 11, 25, 26). It is generally 
considered true that the main defect 
is then represented by doubly ionized 

metal vacancies: V~.. Price (28), too, 
admits this hypothesis. 

(c) An area C, with high partial pressures 
of oxygen, in which conduction is still 
p-type. Price (28) admits there the 
presence of singly ionized metal va- 
cancies, V~,. This conclusion is ascer- 
tained by Bransky's interpretation (16) 
of his own measurements of equilib- 
rium between oxide and gaseous oxido- 
reducing phase. 

Furthermore, Kofstad (29), having studied 
the experimental results of Hed and Tann- 
hauser (7), suggests that there may be non- 
ionized metal vacancies Vr~., in addition to 
V~, vacancies which appear in the area C. 

The presence of defects V~,, V~, and V~, 
is confirmed after consideration of the slopes 
[O log Po2/O X]r of our own isotherms. Let us, 
however, notice that for our study, both of the 
latter point defects are quite equivalent to the 
associations (V~. Mn/~,) and (V~, 2 MnM.) 
where MnM, represents an electron hole 
localized at the manganese on a normal site. 

This latter association has been evidenced 
by Goodenough (30) in a study of the electronic 
structure of MnO~+x: an isolated cation 
vacancy would trap a pair of Mn 3+ ions, one 
on each side of it, so as to optimize the 
Madelung energy. On the other hand, we have 
no experimental data available which would 
allow us to choose between the V~, vacancy 
and the association ( V~. Mn/~.). 

All previous physicochemical results having 
been reviewed, we would consider the 4 
following types of defects: Mni',  V~,, 
(V~o Mn£1,) or V~., (V~. 2 Mn/~.). 

We prefer association (V~. MnM,) to V~. 
vacancy, for this choice has no severe con- 
sequence and is expressed only by the intro- 
duction of a minor constant into the grand 
partition function for defects. 

To ascertain electric neutrality, we shall in 
addition admit that Mn/~. and Mn~. can be 
found, i.e., electrons localized at the Mn 
atoms on normal site, in proportion of 2 Mn~,  
to one Mni', of  2 MnM. to 1 V~. and of 1 
Mn/~, to one association (V~, Mn/~,). 

For the convenience of the reader, we shall 
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from now on substitute the following nota- 
tions for the indexes : 

Structural elements Notation 
Mn i" i 
V~. V 

VM, MnM, a 
VM. 2MnM, C 

MnM. M" 
MnM, M'  
Mn~,  M 
Oo ~ 0 

111. 2. Utilization of  the Model 

We shall use the same method as Ger- 
danians'  (31) in his study of UO2+~ oxides. 

(a) The standard state chosen is the 
perfect stoichiometric crystal having N 
manganese sites and N oxygen sites: 
Energy is at zero level when Mn and 
O atoms are infinitely dispersed, 
motionless, at their lowest level of  
energy. 

The quantities of  energy required to 
create an interstitial Mn~", to fill a 
vacancy VM. or tO break an association 
(VM, MnM,) or (VM.2 MnM.) are 
represented by E~, Ev, Ea and E~, 
respectively. These quantities are posi- 
tive and correspond to the following 
reactions: 

Oo x + 3Mn~n--+ O® + Mni'" 
+ 2 MnM. E~ 

Oo x + 2 MnM. + VM. -+ Oo~ 
+ 2 Mn~.  Ev 

Oo x + MnM. + (VM. MnMo) ---> O¢o 
+ 2 Mn~,  E, 

Oo x + (VM, 2 Mnfi,) ~ O~o 
+ 2 Mn~,  Ec. 

The symbol O® represents oxygen 
atoms infinitely dispersed and all Mn 
and all O atoms are motionless at their 
lowest level of energy. 

We shall assume that the various energies 
E i are independent of temperature and 
composition. The numbers of defects 
are N~, N~, N~ and Arc, respectively, 
their concentrations being 0~ = NJN, 
Oo = N,/N, 0,, = N,,/N and 0¢ = NdN. 

with 

(b) All thermodynamical properties of a 
crystal containing defects can be ob- 
tained from its semigrand partition 
function, -=o. 
~,o (T, V, 20, N) = Z F.P. (Ns)r. v.,,o.N, 
2o N + (No + Na + Nc - N~) where N + 
(Nv + Na + Nc - N~) is the number of 
oxygen atoms of the system and N s is the 
interaction of variables N~, N,,, Na and 
No. E.P. (17i) is the partition function of 
the system for given N s and N values. 
We obtain : 

"~ 2 
F.P. = QQ { q'qM' ~Ni{qM'qo)~ N~ _--ZY--_ 

~ qMqo ] \ qM ] 

x ( ~ ] N " ( % ] N ~ e x p [ - ~ ]  qM / \qM ! 

E is the additional energy of the system with 
given Nj compared to the stoichiometric 
perfect crystal. As seen above the interactions 
between the defects for small deviations from 
the stoichiometry can be neglected and E is 
then equivalent to the energy of formation of 
these defects: 

E =  N, E , -  N,,Eo - N,,Ea - N~E~. 

Omega is the number of separate configura- 
tions of the system with given Nj and N values, 
having the same values for E. 

Q is the partition function of the perfect 
crystal. 

ql is the product of the vibrational, electronic 
and nuclear partition functions for the 1 
individual. The first function is calculated 
from the zero level of energy, which corres- 
ponds to a motionless 1 in the crystal, and the 
2 other ones are calculated from the lowest 
level of electronic and nuclear energy. 

The semigrand partition function can then 
be written as follows: 

,E o = Q ),o N ~ f2 (qo 2o) -N,+No+No+Nc 
Nj 

x O s, OoNvO NoQcNcexp _ 

Q, =\-~-M 3 ] Qo \qM'! 

O a : (  qM'q" ] O~ = ( ~ )  • 
\ qM 2 ] 
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This function can then take the following form: 

~o=Q),oNZ 
where ~ can be considered as the grand par- 
tition function of the defects. This latter 
function will only appear later. 

In order to compute f2, we assume that the 
various types of defects are randomly dis- 
persed on the sites they can reach, a hypothesis 
which can be made for small variations from 
stoichiometry, as we have previously outlined 
it. Taking the perfect crystal as a basis, the 
N~ M n ; '  interstitials and 2 N~ Mn~. defects 
are first introduced, then the N~ vacancies 
with 2 N,, MnM., thereafter the N. associations 
(V~. Mn/~.) with N, MnM. and finally the Arc 
(V~.2 MnMo) associations. Omega can then be 
transformed as a product of 4 factors, each 
one corresponding to one type of defect. 

f2 = ~i ~v f2, f2~. 

We deduce: 

N! N! 
( 2 i =  

(N - N~) [ Ni! (N - 2Ni) [ 2Nit 

( N -  2Ni)! 
(N-  2Ni - N,,)!N,,! 

(N - 2N~ - N,,) ! 
× 

f2= 

(N - 2N~ - 3N,, - N.) ! (2N,, + N.) ! 

(2cOs.( N -  2N' 23N,'-  N.) , 

(3fl)N~(N- 2Ni 33N~- 3No) ! 

N -  2NI - 3 N v -  3No - 3N~' 1 !Nc[ J 3 

in which :~ is the number of ways of placing one 
MnM. around one vacancy V~. and fl the 
number for 2MnMo around V~.. 

We find that the formulation of f2 depends 
upon the order of introduction of the various 
types of defects into the crystal. The differ- 
ences, however, are negligible for small 
departures from stoichiometry. 

It is known that equilibrium values for 
N~, N~, N. and Arc correspond to the greatest 

term of~E. These values can be obtained using 
the four following conditions : 

01n~ 
ONj = 0 where N~ = N~, N~, N., Arc. 

Four relationships can thus be determined 
which can be simplified, due allowance being 
made for the fact that the 0j's are much lower 
than 1. We have: 

ln2°=[ -lnq°+lnQ~4 k ~ ]  - 3 1 n 0 i  (1) 

ln2o=[-lnqo-lnQv--~]  

+ In 0v + 2 ln(20v + 0,) (2) 

ln2=[- lnqo- lnc~Q.-~]  

+ In 0, + In (20~ + 0,) 

I E.] ln2o=  -lnqo-lnflQc--~-@ +ln0c.  

(3) 

(4) 

0g, 0v, 0, and 0c can be computed with these 
equations as a function of Tand  20 if the terms, 
contained in the square brackets, of each of the 
4 preceding equations are known, x (T, 20) can 
then be deduced using the relationship: 

x = 0~ + 0, + 0c - 0z. 

We deduce 2o (T, x) and, as a consequence, 
go~ z (7, x). gg2 is, indeed, tied to 20 by the 
expression : 

M g% - 2 RTln 20 + RTIn (kTQ) + Do2 
where R In (kTQ) is the "free energy function" 
at 0°K and Do_, is the dissociation energy for 
02 at 0°K. 

gg2 (7, x) being known, hoM can be deter- 
mined using the relationship: 

b-i L TJ.  
o r  

hg, = -2 RT 2 ~ [In 2o]x + Do2 

+ R + T i n  (kTQ). 
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When T =  1323°K 

hoM2 = 107,715 - 2RTZ~[ln2o].,: 

a result we obtained by adopting Brix and 
Herzberg's (32) value for Do~ = 117,960 cal/ 
mole and Still and Sinke's (33) values for kTQ. 
We finally come to the following expression 
for h ~  (Appendix) 

h~oso = 1 2 3 , 4 8 9 c a l - 2 E , ~ - 2 E o - ~  

with : A1 = 20~ (30~ + 0.) 
A2 = 6 0~ 2 
Aa = 3 0. (40~ + 0.) 
A4 = 6 0c (30~ + 0,) 
D = A I + A 2 + A 3 + A 4 .  

IlL 3. Results and Discussion 
In order to use this model, the 8 following 

factors need to be known: QJqo, Q,, qo, ~ Q, 
qo, flQ~ qo, E,, Ev, E~, and E~. 

As physicochemical measurements allow- 
ing an independent determination of these 
values were unavailable, we chose them so 
that experimental measurements of goM and 
h~t2 at 1050°C be in good agreement with 
theoretical forecasts. 

However, this procedure does not allow us 
to determine the parameters related to the 
M~" defect, since this latter defect is pre- 
ponderant only for very small deviations 
from stoichiometry for which we have no 
thermodynamic measurements available. 
Therefore, we determined QJqo and E~ by 
setting 2 supplementary conditions : 

(a) The conduction change occurs for the 
value of log Po~ = -13.2 at 1050°C, a 
value found by most authors. 

(b) hoM has a value smaller than -184.5 
kcal/mole at the boundary. 

The first condition is usable if the mobility 
of holes and electrons is known. Actually, the 
knowledge of the ratio of these mobilities is 
sufficient. This latter ratio can vary con- 
siderably from one author to another. We 

assumed p,/pp = 1000, a value which agrees 
with de Wit's (34) and O'Keeffe's (14) results. 

The second condition is derived from the 
following considerations: we know that, 
when crossing the boundary, hg2 undergoes a 
discontinuity, the direction of which depends 
upon the slope of that boundary in the T 
(O/M) diagram. Thus, in case of a negatively 
sloped boundary, ho~ decreases when going 
from the diphasic to the monophasic field. 

We do not know the boundary of the 
MnO~+x field towards Mn at high temperature. 
We know, however, that at lower temperatures 
this boundary corresponds to stoichiometric 
MnO. Furthermore, the substoichiometry is 
very likely to broaden when temperature rises, 
a fact which would cause a negatively sloped 
boundary and a decrease of hg2 when crossing 
the boundary. 

Using the tabulated data (13), we compute 
hoM for the diphasic field Mn-MnO,  i.e., 
-184.5 kcal/mole. In the monophasic field, 
-hgz is likely to start from a value greater than 
184.5 and to decrease rapidly to overtake 
experimental values. 

In figs. 3 and 4, we present the theoretical 
forecasts for g ~  and hg~ at 1050°C obtained 
with the following set of parameters : 

Ei = 215 kcal/mole 

Ev = 57 kcal/mole 

Ea = 73 kcal/mole 

Ec = 96.5 kcal/mole 

Qi T 
og~o 4-~qo = -6.06008 - 3 loglo 1323 

T 
-logto Qvqo =-2.71875 - 31ogto 1323 

T 
-loglo ctQaqo = -2.55242 - 3 log~o 1323 

T 
-log~o flQcqo = -0.19273 - 3 log~o 1323 

Although the Ej's are temperature inde- 
pendent, according to the hypothesis we have 
assumed, the same does not hold true in respect 
of other parameters. Among them, only qo 
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FIGS. 3 and 4. -loglo Po2 (O/Mn),oso°C.-hg2 
(O/Mn)~oso. We plotted in abscissas x in MnO~+x. 
For each fig. continuous line represents the function 
computed at 1050°C according to the model, the points 
represent our experimental values. 

depends upon T. Assuming Einstein's approxi- 
mation, one deduces : 

whence: 

lnqo % 31n-T 
0 

T 
[A lnqo]r323 = 3 ln-1323 

Let us point out that, at 1050°C, one 
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FIG. 5. --log Po2 (O/Mn) at 1000, 1050, 1100, and 
ll50°C. We plotted in abscissas x in MnO~+x. Con- 
tinuous lines have been computed from our model. 
Points represent our experimental values. 

obtains for MnOl+x a boundary composition 
towards Mn such that 60 /Mn  = - 5 . 6  × 10 -6 
if one assumes for the oxygen partial pressure 
in equilibrium with the diphasic mixture 
Alcock's (4) value i.e., log Po2 = - 2 6 . 7 .  This 
result agrees with the conclusions we drew 
above (17). 

We shall notice that this result depends upon 
the chosen p./p. ratio. However, this value is 
not decisive. Indeed, if we should have 
assumed p./pj, = 100, a value close to that 
given by Tannhauser (36), our forecasts 
would have been practically unmodified, with 
the exception of the width of the substoichio- 
metric range which would become 60 /Mn  = 
12 x 10 -s. This latter modification is due to 
the variation of the Qff4qo which would then 
be such that: 

Q, 
loglo .--- = -3.06008 - 3 loglo T 

4qo 1 323 

This model satisfactorily accounts for the 
set of isothermal curves g ~  (Fig. 5) with the 
exception of 2 experimental points at 1150°C 
for which we observe a weak deviation of the 
composition of about 5 x 10 -4. 

Using this model, we can also compute 
log a (log Po2) at 1050°C, except for a constant. 

It has been demonstrated (8) that electric 
conduction in MnOx+x oxides is mainly 
electronic, hence: 

a ~ ( ~ ) 2  0, + (2 Ov + Oa). 
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FIG. 6. log a (log Po2) at 1050°C, except for a con- 
stant, computed from our  model (we assumed 

/t__~, = 1000). 
Pt, 

We shall assume, as above, p,lp,, = 1000. The 
computed  curve shown in Fig. 6 accounts  for 
the essential characteristics of  the experimen- 
tal results. Indeed, one can observe a first 
zone, previously called A, where conduct ion is 
n-type with a - 1/6 slope; thereafter a B zone 
with p-type conduct ion and slope + 1/6; and 
lastly a C zone with the same type of  conduc-  
tion and + I/4 slope. 

Using the previous energies of  formation,  
we can compute  the internal energy change for 
the following reactions: 

½02 + 2 M n ~ .  -+ Oo ~ + V~o + 2 Mnr~, E~ 
t 

VM. + M n ~ ,  ~ V~,  + Mn~t,. Ez 

We find : 

E~ = 2 kcal/mole 

E = 16 kcal/mole. 

These values are close to those found by Hed 
and Tannhauser  (7), i.e., respectively, - 2  and 
23 kcal/mole. We can also determine the first 
ionization energy of  a vacancy, i.e., 23.5 
kcal/mole. 

Appendix  

h ~  = 107,715cal - 2 RT2~[ ln2o]x .  

In order to express O/OT [In 2o].~ we define: 
a" = [(0 In 2o)/(OT)]O i where In 20 is given by the 

8 

expression (n) (Ill.  2); n = 1,2, 3 or 4. 
b j " =  [(Oln2o)/(OOj)]r.O/ where In 2o is given 
by the expression (n) j = i, v, a, c; the 0j' index 
indicates that the O's other than 0 i are con- 
stant. 

= [ ° ° , 1  Cj L-~J  .,: 

As x = O o + O . + O ~ - O ~ ,  one deduces: 

~" [(OOj)/(aT)]x = O. 

One then obtains 4 ;elationships such as : 

[ 01n2o] [Oln2o] 

- - ~ - J  ~ = L--aT-J Oj 

(5) 

plnq [a0j] 
+ ~ [ - - ~ - j - j j T ,  OJ[-ff-f j: '(6-9) 

a" b"j c j 

Using 5-9 relationships one obtains the 
following system of  4 equations with 4 un- 
known quantities : 

a 2 -- a ~ = Ct (bi 1 - b~ 2) + Co(by ~ - b~ z) 
+ c a  (b .  x - ba 2) + Cc (bc ~ - bc 2) 

a 3 - -  a z = C i (b i  2 - b i  3) + Cv  (by 2 - by  3) 

+ Ca (ba 2 - ba 3) + C c (bc 2 - bc  3) 

a * - a 3 = C~ (b~ 3 - bi*) + C~ (b~ 3 - b~ 4) 
-~- Ca ( h a  3 - -  b,*) + C~ (b~ 3 - b~ 4) 

0 = - C ~ +  C~+ C , +  C~. 

F rom relations (1)-(4) (see llI .  2) one can 
compute  the a"s ,  b F s ,  Cj 's ;  as In qo ~_ 3 In T/O 
one can deduce" 

Olnqo 3 
OT T 

there comes:  

hg2 lO5O = 107,715 + 6 R T  

with A1 = 2 0i (3 0L, + 0,) 

A 2 = 6 0v z 

A3 = 3 0, (4 0v + 0°) 

A ,  = 6 0c (3 0v + 0,) 

D = A I + A 2 + A 3 + A o .  
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