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Electrical conductivity, Seebeck coefficient, and thermogravimetric behavior of compositions in the
systems Y,_,Ca,MnO; and La,_,Ca,MnO; were studied as functions of temperature and ambient
oxygen activity in order to determine the mechanism of electrical transport and defect structure.
Compositions in Y;..,Ca,Mn0, exhibited very slight oxygen activity-dependent behavior as the ambient
oxygen activity was reduced. A defect mode! which includes the thermally excited disproportion-
ation of Mn** into Mn®* and Mn** pairs was applied 10 the oxygen-activity-dependent data for
Lag 44Caq ,qMnQ, and Lay Cay ,oMnO,. For these compositions, the experimentally observed depen-
dence of oxygen stoichiometry, electrical conductivity, and Seebeck coefficient upon ambient oxygen

activity was explained using this modei.

1. Introduction

In the preceding paper, Part I (1), results
of measurements of electrical conductivity
and Seebeck coefficient in air for composi-
tions in the systems Y,_,Ca,MnO, and
La _,Ca,MnO; were reported. In that
study, a new defect model was introduced
which incorporated the thermally excited
disproportionation of Mn** cations into
Mn** apd Mn?* pairs. It was found that the
Seebeck data could be satisfactorily ex-
plained with this model if the Mn** were
treated as a conduction site-blocking spe-
cies. Simultaneous solition of the equations
for fraction of sites occupied, mass balance,
and electroneutrality allowed the concentra-
tions of the three valence states of Mn to be
calculated for a given composition at a given
temperature. The presenl paper reports on
measurements of conductivity, stoichiome-
try, and stability of these compositions as
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functions of the ambient oxygen activity.
The defect modet is extended to oxygen ac-
tivity-dependent data for compositions in
La,_,Ca,MnO,.

2. Experimental Procedure

The procedures for specimen preparation
and measurement of electrical conductivity
and Seebeck coefficient can be found in the
Experimental Procedure section of Part |
().

The thermogravimetric apparatus con-
sisted of a Metller AE163 balance from
which a powder specimen (in an alumina
crucible) could be suspended in a vertical
tube furnace that was sealed from the atmo-
sphere. The oxygen activity in the furpace
was controlled by flowing gas mixtures of
N, and O, or CO, and forming gas at a linear
flow rate of 0.5 cm/sec. Powders for thermo-
gravimetric analysis (TGA) were coarsened

0022-4596/93 $5.00
Copyright © 1993 by Academic Press, inc.
All rights af repraductian in any form reserved.



186

STEVENSON ET AL,

3.20 T T N T T T T T T T T T T T
L 12713 K
800 £ I = NG D,__......Q—«-—-———‘-'-'-“—<
E ¢

b=

Z 280 | B

W

-

=

=]

O 260 | N

z

H 1

%

35 240 4
——n - - - et 4
gk - - - ah & ¥gCa MnO;g

220 4——————0 - - - o4 4 ¥ gCaghtnos B
4 ¥ CaghinGy
T—o .- - 0% o YpCagMnd;
2AUQ PR | 1 I 1 1 1 13 L ' . i i i
-120 -110 -100 50 BO 7D -BD 50 40 A0 20D <1.0 0.0

L0G OXYGEN PARTIAL PRESSURE

Fii, 1. Oxygen content vs log oxygen partial pressure for the indicated compositions al 1273 K.
Oxygen content represents Of/Mn mole ratio; pxygen parlial pressure in atmospheres,

by calcination at 1273, 1373, and 1523 K (24
hr at each temperature} so that the desired
mass of 15-20 g could be placed in the alu-
mina crucible. This  high-temperature
calcination also easured that any volatile
inorganic impurities remaining in the speci-
men were removed. TGA runs were per-
formed by equilibrating the specimen at the
desired temperature in a pure oxygen atmo-
sphere, after which the oxygen activity was
reduced systematically (approximately 1 or-
der of magnitude at a time). The equilibrivm
weight was recorded at each oxygen activ-
ity. After the specimen was fully reduced,
reoxidation was performed to ensure that
the process was reversible.

3. Results and Discussion

Thermogravimetric analysis {TGA) was
performed on several compositions in
Y,-,Ca,MnO; in order 1o determine their
stability and oxygen stoichiometry as a
function of oxygen activity. The TGA re-
sults for Y,,Cay MnO;, Y, Cag:MnQ,,
Y0_4C30_6Mn03 ) and Yﬂ_zca{)_gMn03 at
1273 K are shown in Fig. 1. The effect of

temperature on thermogravimetric behavior
can be seen in Fig. 2, which shows TGA
results for Y, (Cay ,MnQ; at 1273, 1373, and
1473 K. Compositions with y = (.40 or 0.50
were stoichiometric at high oxygen activity,
As the oxygen activity was reduced, the ox-
ygen content remained nearly stoichiomet-
ric untif a critical oxygen activity was
reached. Compositions with y > 0.50 were
oxygen-deficient at high oxygen activity,
but, as in_the case of Y, Ca, MnO; and
Y sCagsMnO,, the oxygen content re-
maitted nearly constant with decreasing ox-
ygen activity until the critical activity was
reached. While compositions in La,_ Sr,
MnQ, equilibrated to a successively lower
oxygen content as the oxygen activity was
fowered (2), the Y,_,Ca ,MnO; composi-
tions displayed no such oxygen-activity-
dependent region. Lnstead, once the critical
oxygen activity was reached, a dissociation
reaction occurred, resulting in extensive
weight loss. At sufficiently low oxygen ac-
tivities, the specimen weight remained un-
changed with further reduction in oxygen
activity., X-ray diffraction performed on
powder specimens quenched from these
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FiG. 2. Oxygen content vs log oxygen partial pressure for Yy, Ca, MnO; at the indicated temperatures.
Oxygen content represents O/Mn mole ratio; oxygen partial pressure in atmospheres.

fully reducing conditions verified that the
Mnions were reduced to a + 2 valence state.
For YMnQy, the fully reduced products
were Y,0, and MnO. In compositions con-
taining Ca, the Ca was incorporated into
the MnO structure so that the final products
were Y,0; and a (Ca, Mn)O solid solution,
The existence of this solid solution is not
surprising given the similar ionic radii of
Ca?* and Mn?* (1.00 and 0.82 A, respec-
tively, in 6-fold coordination (3)) and the
fact that CaQ and MnO both crystallize in
the rock-salt structure.

The fully reduced state provided an im-
portant reference point. Since the valences
of all the cations in the specimen were
known at that point, the exact amount of
each species present in the specimen could
be determined. This reference state then al-
lowed the oxygen content at other oxygen
activities to be calculated.

The weight loss upon dissociation pro-
ceeded so stowly that it was only possible to
follow it to completion for one composition,
Y,¢CaysMnQ;, at one temperature, 1473 K.
For all other thermogravimetric runs, the
weight loss was tracked until it became ap-

parent that the critical oxygen activity had
been reached. (Since the specimens were
still losing weight at that critical oxygen ac-
tivity, in the figures these nonequilibrium
points are accompanied by downward point-
ing arrows). The oxygen activity was then
reduced sufficiently to accelerate the disso-
ciation so that the fully reduced state couid
be reached. The oxygen activity was then
increased step-wise to find the limit of the
fully reduced state, In the figures, the points
at which weight gain began to occur upon
reoxidation are accompanied by upward
pointing arrows. During the step-wise reoxi-
dation the weight gain began to occur at an
oxygen activity somewhat lower than the
critical oxygen activity for dissociation. As
soon as the upper limit of the fully reduced
state was determined, the oxygen activity
was increased to 1 atm in order to verify
the reversibility of the oxidation—reduction
behavior. X-ray diffraction confirmed that,
upon reoxidation, the material returned to
the original single phase composition.

The observed weight gain at oxygen activ-
ities below the critical oxygen activity dur-
ing stepwise reoxidation from the fully re-
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FiG. 3. Log ac conductivity vs log oxygen parlial pressure for Y,:Ca,,Mn0O; at the indicated
temperatures. Conductivity in units of S/cm; oxygen partial pressure in atmospheres.

duced state {(e.g., at an oxygen activity of
10~? atm. at 1273 K) was attributed to the
onset of cation deficiency in the (Mn, Ca)Q
solid solution. Also, the phase transition
from MnO to Mn,0, occurs at oxygen activi-
ties between the critical oxygen activity and
the upper limit of the fully reduced state.

Log a.c. electrical conductivity vs log ox-
ygen partial pressure at 1273, 1373, and
1473 K for Y, (Cay ,MnO, is shown in Fig.
3. Log ac conductivity vs log oxygen partial
pressure at 1273 K for compositions with
0.40 = y = (.90 is shown in Fig. 4. (Lines
were added to Fig. 4 to help distinguish one
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composition from another.) The electrical
behavior was consistent with the TGA re-
sults in that the step-wise reduction of the
oxygen activity had only a slight effect on
conductivity until a critical oxygen activity
was reached at which point the conductivity
decreased abruptly. Upon reoxidation, the
specimen conductivities returned to only 50
to 75% of their original value due to the
dissociation. It was concluded from the
measurements of oxygen stoichiometry and
conductivity as a function of oxygen activity
that a high Ca’* content resulted in reduced
stability upon reduction. It was also appar-
ent that, for a given composition, stability
in reducing environments decreased with in-
creasing temperature, This temperature-de-
pendent behavior was consistent with that
of compositions in the La,_,Sr,MnO; sys-
tem as reported by Kuo et al. (4).

The determination of the critical oxygen
activity allowed the free energy of for-
mation, AG?, to be caiculated. Since all the
products and reactants in the dissociation re-
action were in the solid state except for O,,

P
AG? = nRT(2.303) log [:P—OOZ} n
0,

where # is the number of moles of oxygen
liberated when 1 mole of the material disso-
ciates, Pg, is the critical oxygen activity,
and P}, is the standard state of oxygen (0.1
MPa or 0.9869 atm). Since the dissociation
of these materials occurred in the oxygen
activity range where Mn,O, is the stable Mn
oxide, the free energies of formation were
calculated for the following formation re-
action:

('—;—l)vzm + %and + yCa0

(1 + 3y

+
12

0,=Y,_,CaMnO;. (2)
The calculated values are listed in Table 1.
The free energies of formation for the com-
positions studied in Y,_,Ca,MnO; are con-
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TABLE 1

CarLcuLAaTED FREE ENERGIES OF FORMATION, AG?,
FOR THE INDICATED COMPOSITIONS

Composition Temperature (K) AGY (kJ/mole)
Yo5CagMnO, 1273 —12.1 £22
1373 -313x24
1473 —26.Bx 26
Y,5Cay sMnO, 1273 —36.5+25
1373 —328x127
Y,.4Cag MnO, 1273 —358 %28
1373 —33.0x30
Y,,Ca0,MnO, 1273 —310 =35
Lay¢Cay ,Mn0O, 1373 —90.7 £ 3.9
1473 —88.8 £ 4.2
Lay (Cag Mn0O, 1373 —69.0 = 4.6
1473 -64.1 =49
LaMnOy* 1273 -96.9
1373 -93.3
1473 —83.2
Lay S1o,MnOy* 1273 -105.9
1373 —108.5
1473 —94.6
Lay STy -MnO; 1273 -118.2
1373 -110.4
1473 —108.3

4 Reference (4).

siderably lower in magnitude than those for
the LaMnOs;-based compositions. These
smaller values of AGY are indicative of lower
stability in the Y,_,Ca MnO; compositions.
This reduced stability may be attributed to
the small size of the Y** ions.

It was important to test the defect model
incorporating the disproportionation of Mn
by applying it to oxygen-activity-dependent
thermogravimetric and e¢lectrical conduc-
tivity data. Since the compositions in the
system Y,_,Ca,MnO; did not exhibit the
required oxygen-activity-dependent behav-
ior, measurements of oxygen stoichiometry
and ac conductivity as functions of ambient
oxygen activity were performed on two
compositions in the La,_ ,Ca, MnO; system
(Lag ¢Cap,Mn0O, and Lag (Ca, ,MnO;). The
results of thermogravimetric analysis on
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F1G. 5. Oxygen content vs log oxygen partial pressure for Lag 4Cay ,MnO; at the indicated tempera-
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lines were calculated using the defect model.

La, ¢Ca,,MnO, at 1373 and 1474 K are
shown in Fig. 5. The results for
Lay (Ca; ;MnO, at the same temperatures
are shown in Fig. 6. The presence of a sig-
nificant oxygen-activity-dependent region

suggests that the absence of a similar region
in compositions in the system Y,_,Ca,
MnO; can be attributed to the small size of
the Y** ions, which apparently reduces the
stability of Y-containing perovskite struc-
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tures so that they dissociate as soon as the
loss of oxygen begins. The calculated free
energies of formation for Lay¢Ca,,MnO;
and Lag (Ca, ;,MnO; are listed in Table L. For
comparison, the calculated free energies of
formation for compositions in the system
La,_,Sr,MnO, (2) are also listed.

fer L4 r - nr
Lag 400(VTa)0.007C a0 200M Np.202M0G 35M0g_44a(V Y0 )0.007O3 020
" ’ r b i
La&soo(VLa)o.omcao.zonMno.zooMnﬁ.zssMﬂo.442(VMn)o.nm'Os.ozo

Lag goCag oMny ;Mng 3Mng 5,05

The step-wise reduction of oxygen activity
initially resulted in only slight changes in the
oxygen stoichiometry. The region in which
the stoichiometry was essentially indepen-
dent of Pg, represented the ‘‘stoichiomet-
ric”’ region. For Lag 3Ca, ;MnQ,, this region
extended to oxygen activities of approxi-
mately 1077 and 107% atm at 1373 and
1473 K, respectively. For La, (Cay ,MnO;,
the corresponding oxygen activities were
approximately 1077 and 10~* atm. Further
rcduction of the oxygen activity led to a
Py -dependent oxygen deficient region
which extended over several orders of mag-
nitude of oxygen activity before dissociation
of the material occurred.

The transition from slight oxygen excess
to the stoichiometric composition in La, _,
Ca,MnO, can be represented by the reac-
tion (assuming that the cation vacancies are
fully ionized and equally distributed over A
and B sites)

Laj_,Cal(VT)ysMop Mg Mnu(Vi,) 103 00+
2 Laj_,CaiMn;:, ,Mn{  ;Mn; O,

X

50, (3

T3

where r', 5', and ¢’ represent the initial con-
centrations (in mole fractions) of Mn’, Mn*,
and Mn’, respectively. The variables a', b’
and ¢’ represent the change in concentration
of those three valence states of Mn when
the material is reduced to the stoichiometric
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The thermogravimetric results indicated
that Lag ¢Ca,,MnO, was slightly cation de-
ficient at high oxygen activitics, white
La, Cag sMnO; was stoichiometric. Simul-
taneous solution of the equations for frac-
tion of sites occupied, mass balance, and
electroneutrality (see Part I (/1)) vielded the
fully oxidized formulae below:

(1473 K)
(1373 K)
(1373, 1473 K).

state. Since La** and Ca’* are very stable
cations, only the Mn cations are assumed to
change valence to maintain electroneu-
trality as oxygen is removed from the crys-
tal. Equation (3} has the advantage of being
quite general in that it allows any or all of
the three valence states of Mn to be altered
to provide charge compensation for the re-
moval of oxygen. Equation (3) can be simpli-
fied (by elimination of those ions whose con-
centration remains constant) to

xQy + 23_x Vigea'Mng, + &' Mny,
+ ¢'Mnyy, + %oz (4)

or

2m 8 g '
OO + E VI{fZ—MnMn + _Mnih‘
X X
1

202.

+ %Mn;ﬂn + (5)

In order to be able to determine the for-
mula of the material, it is necessary to know
a', b', and ¢’ as functions of the amount of
oxygen removed, x. Mass balance in Eq. (5)
requires that

a + b +c =9, (6)

since the total amount of Mn in the crystal
remains unchanged. Electroneutrality re-
quires
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Equations (6) and (7) allow the changes in
concentration of two of the valence states
of Mn to be expressed in terms of the change
in concentration of the third, e.g.,

a =2x+ ¢ 8)
and
b= -2x — 2¢'. ()]

Thus, if the relationship between ¢’ and x is
determined, values of a’, ', and ¢’ can be
calculated for a given value of x. The re-
quired relationship between ¢’ and x was
obtained from experimental values of the
Seebeck coefficient, 2, as a function of oxy-
gen activity. Those values were used to ob-
tain the fraction of available sites occupied
by carriers, C, for a given oxygen activity.
Since x was known at each oxygen activity
(from the thermogravimetric data) it was
possible to obtain C as a function of x for
each composition at each temperature.

C was constant in the stoichiometric re-
gion, so

[(Mnj]

7 Mng,] + [Mn,]
B (s' + b')
[(s" + b)Y+ { +c’

(10)

where C, is the experimentally determined
fraction of sites occupied for the fully oxi-
dized material. The combination of Egs. (9)
and {10) gave the required relationship for
¢’ as a function of x:

CQx =51 = C) + Gt
B C,—2 )

!

(1

The stoichiometric formula was calculated
by substituting the degree of oxygen excess
in the fully oxidized condition, x, into Eq.
{11) to obtain c¢', after which a’ and b’
were obtained from Eqgs. (8) and (9). The
resulting stoichiometric formula at 1373

STEVENSON ET AL.

and 1473 K for La;zCay,MnO; was
Ly s00Cag 200Mng 225 Mg 34Mng 42603 000 -
Further reduction in the oxygen activity
caused the stoichiometric material to be-
come oxygen deficient,
Laj_,Ca;Mn,Mn;Mn,0O; oo =
Laj_,CaMn;, Mng, ,Mn;, O;4_(V5),

20,, (12)

T3

wherer=r +a',5s=s"+b', =1+t +
¢', and a, b, and ¢ are the changes in the
concentrations of the three valence states
of Mn as the stoichiometric material loses
oxygen. Equation (12) simplifies to

a , b, .
Op =2 o Mny,, + ;MnMn
1
2
The equilibrium constant for Eq. (13) is
K13

[Mnlrun]alx[Mni{n]bfx[Mnl'“n]cfr[va]l)gf

N [Oo] ‘

+§~Mn;ﬂn+vg+ 0,. (13)

(14)

Substitution of the concentrations in terms
of mole fraction yields

(r + ) (s + bY¥™(r + c)“"(x)Psz
3—x )

13 =
(15)

In the oxygen-deficient region, the rela-
tionship between C and x (as determined
from experimental measurement of (J as a
function of oxygen activity) was highly lin-
ear so linear regression was used to generate
an equation for C as a function of x. That
relation was used in conjunction with the
mass balance and electroneutrality relations
to obtain a, b, and ¢ as functions of x. A
value for the equilibrium constant, K3, was
then determined from Eq. (15) using the ex-
perimentally obtained values of x as a func-
tion of ambient oxygen activity. The solid
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were calculated using the defect model.

lines in the oxygen-deficient region of Figs.
5 and 6 were calculated from Eq. (15) using
the experimentally determined equilibrium
constant.

Measurements of ac conductivity as a
function of ambient oxygen activity were
performed at 1373 and 1473 K for
LagsCay,MnO,; and LayCa, ,Mn0O,, as
shown in Figs. 7 and 8, respectively. As in
the TGA results, a significant Po,-dependent
region was observed. Within this region, the
conductivity decreased significantly as the
dcgree of oxygen deficiency increased. The
electroneutrality condition indicates that a
change in oxygen content would alter the
relative proportions of the three valence
states of Mn. It is not surprising that this
redistribution of valence would affect the
electrical conductivity of the material,

In considering the electrical behavior in
the Py -dependent region, it was necessary
to consider the expression for adiabatic po-
laron mobility. A carrier ¢an only hop to
an adjacent site if the site is available for
conduction and if that site is not already
occupied by acarrier. If a carrier was always

surrounded by unoccupied available sites
the mobility, g, would be

eD
n= (16)
where D, the diffusion coefficient, can be
expressed in terms of the lattice dimension,

a, and the hopping rate, W, as

D = o'W, (17

An additional term is required in Eq. (16) to
account for the fact that some of the sites in
the crystal may be either unavailable (e.g.,
due to site-blocking) or already occupied.
It is customary to assume that mobility is
proportional to the fraction of sites that are
unoccupied and therefore can accept a car-
rier. If all sites are available for conduction,
this assumption can be represented by the
term (1 — C). However, if noncarrier site-
blocking occurs, this term must be modified.
In the case of La,_,Ca,MnO;, all Bsites are
occupied by Mn ions, so the initial fraction
of B sites which can potentially participate
in conduction is 1.00, This fraction must be
reduced by the fraction of Mn sites which
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Fig. 8. Log ac conductivity vs log oxygen partial pressure as a function of temperature for
Lay¢Cag 4 MnO;. Conductivity in units of S/cm; oxygen partial pressure in atmospheres. The solid lines

were calculated using the defect model.

already contain a carrier (e.g., [Mny,,] if the
carriers are holes), and by the fraction of
Mn sites which are blocked, [Mny,]. Thus
the correction term is (1 — [Mny,]
[Mn;4, 1), which equals [Mn3, ], so that

_ (IMnyy Dea’ W,

= e (18)

Similarly, if the carriers are electrons, the
correction term is (I~ [Mnjl
[Mnyy,]), which equals [Mn;,,], so that

([Mnyy,lea’W,

kT (19)

MHe =

Since the transport of carriers between
adjacent Mn cations occurs through an ex-
change interaction involving the oxygen
anions between those cations, the removal
of oxygen from the lattice also affects carrier
mobility by introducing oxygen vacancies
which break the bond between adjacent Mn
cations and prevent this exchange from oc-
curring. Parris (5) used effective-medium
theory to develop an expression to calculate
the effect of a changing concentration of

unbroken bonds on the diffusion coefficient,
D,

_@W(pd - 1)

D=
T (20)

where  i5 the number of dimensions of the
lattice (3 for a real solid) and p is the unbro-
ken bond concentration, which can be
equated to the fraction of occupied oxygen
sites per formuia unit:

=3‘x
b=

(21)

Substitution of Eq. (21) into Eq. (20} gives

bl x
D=ga|1-2|w.
“[ 2}

Accordingly, the reduction in maobility can
be approximated by replacing W with the
term [l — (x/2)]W, so that Egs. (18) and (19)
become

(22)

(Mny,Dea’[1 — (x/21W,,
kT

My = (23)

and
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(IMny,Dea’[l — (x/2)}W,

= 4
He T , (24)

respectively. Since o = (NC)eu, and

4] ‘
NC = v ([Mny,, b (25)
for electron conduction and
ve=| 4 oman o6
- _VC_J OpMn

for hole conduction, where N is the density
of available sites and V. is the unit cell vol-
ume (see Part I (1), then the conductivity is
given by

[

(Mgl My, e’ell — (/2]W
kT

@7

regardless of whether the carriers are elec-
trons or holes.

The conductivity of the material in its oxi-
dized state, o,, can be expressed as

[ 4 ] (M) My, ) )e*a* W
M % kT ’

c

(28)

where [Mny, ], and [Mny,], refer to concen-
trations in the oxidized state. Accordingly,
the electrical conductivity in the oxygen
deficient region can be calculated in terms
of o,:

[Mngy, ] [Mny dil - (x/)]
a = o
[Mnjy, |, [Mngy,1,

or (29)

Thus, if the values of {(Mny,]l, (Mng,l,
and x were known as a function of P, ,
the electrical conductivity could be calcu-
lated as a function of P, using Eq. (29).
For a given value of K,;, Eq. (15) fixes
the degree of oxygen deficiency, x, as a
function of oxXygen activity. Since the
model provides [Mngy,] and [Mny,] as
functions of oxygen activity (through their
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dependence on x}, a given value of K4
also fixes the electrical conductivity as a
function of oxygen activity (through Eq.
(29)). Therefore, if the model is correct it
should be possible to find a single value of
K5 giving a reasonable fit to both the
thermogravimetric and conductivity re-
sults. The solid lines in Figs. 7 and 8
were calculated from the model. While
the calcufated conductivity values and the
experimental data are not in perfect
agreement (the experimental values de-
crease with decreasing oxygen partial pres-
sure somewhat more rapidly than do the
calculated values), the relatively good fit
between the experimental data and the
values generated by the model suggests
that the defect model derived in this study
is a valid representation of the defect struc-
ture of La,_,Ca MnO, perovskites. The
discrepancy between the calculated and
experimental values may be due to the fact
that dilute solution was assumed so that
species concentration could be substituted
for activity in the equilibrium exXpressions.
Since the compasitions in this study were
highly doped, such an assumption is un-
likely to be completely valid.

From the experimentally obtained values
of K,; it was possible to calculate values
for the free energy of formation for oxygen
vacancies, AGg, from the relationship

—AGY
K13=exp[ RTf].

Values of the enthalpy, AH{, and entropy,
AS?, for vacancy formation were also
calculated. The results of these calcula-
tions are listed in Table 1I. For purposes
of comparison, the calculated thermody-
namic values for oxygen vacancy forma-
tion in Y, _,Ca,CrOy (6), La;_,SrMnQ,
#), and LaCr,_ Mg,O, (7) are also listed
in Table II. The calculated enthalpies of
oxygen vacancy formation for La,Cay,
MnO, and La; Ca, Mn(, are similar in

(30)
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TABLE II

THERMODYNAMIC YALUES FOR FORMATION OF OXYGEN VACANCIES IN THE INDICATED
COMPOSITIONS

AG? AH? AS?
Composition Temperature (K) Log K (kJ/mole) (kJ/mole) {J/mole)
Lag ¢Cag ;Mn0O, 1373 —6.41 162.0 + | 257 = 20 65 = 15
1473 -5.74 168.5 = 1
Lag ¢Cag MnO, 1373 -5.36 140.8 = 1 263 + 30 89 = 20
1473 —4.68 131.9 = 1
Y 1.95Ca0,65Cr04° 1273 —6.85 — 189 = 15 18
1373 —6.31 —
1473 -5.79 ——
Yo 0Cato,iCrO; 1273 - 6.66 - 196 + 15 25
1373 —6.14 —
1473 —557 —
Y,45Ca 15Cr0y0 1273 —6.48 — 203 + 15 kL
1373 —5.98 —
1473 —-5.34 —
Y .50C 0 2Cr0Oy° 1273 —6.29 — 242 £ 18 67
1373 —5.81 —
1473 —5.11 —
Lal,,Sr,MnO;" 1273-1473 — — 360 = 21 —
000 =x=1020
LaCr,_ Mg Oy 12731673 — 136-169 272 £ 16 —
002 =x=0.10

“ Reference {6}.
b Raference (4).
¢ Reference (7).

magnitude to those reported for the other
systems.

4. Conclusion

Thermogravimetric and electrical con-
ductivity measurements performedon Y _,.
Ca,MnO, (y = 0.30) showed that as the
oxygen activity was reduced at high temper-
atures, the oxygen stoichiometry remained
essentially constant until a critical activity
was reached at which point the materials
abruptly dissociated. This sudden dissocia-
tion behavior in the YMnO, compositions
contrasted with that in LaMnO, based com-
positions where a significant region of P -
dependent oxygen stoichiometry and elec-
trical conductivity was observed.

The defect model developed in Part T (f)
was extended to the oxygen-activity-depen-
dent thermogravimetric and conductivity
data for compositions in La,.,Ca MnO;.
Mass balance and electroneutrality relations
were used in conjunction with experimental
Seebeck data to calculate the oxygen stoi-
chiometry and electrical conductivity as
functions of ambient oxygen activity. The
values calculated from the model were in
good agreement with the experimental ob-
servations.
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