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According to the thermodynamic equilibria between the low spin
state Co™" (#5,¢7) ion and the high spin state Co** (#],¢2) ion and
between the cobalt and manganese ions with different valence state
and spin state, an approximate semiempirical formula has been
proposed to calculate the magnetic susceptibilities of La
CoyoMny ,0; in a wide temperature range (100-1200 K). The
results show that the calculated susceptibilities of LaCog yMn, ,0,
are very close to the experimental susceptibilities, and the relative
errors are smaller than 5%, except in a few cases. In LaCo, 4Mn, ,0,
there may exist the low spin state Co' ion, the high spin state
Co** and Co?* ions, and the high spin state Mn®* and Mn** ions
at different temperatures. The content of the low spin state Co' jon
has been predominant in LaCog ¢Mn, ;0; in the whole temperature
range, and decreases gradually with increasing temperature. At
lower temperatures, the content of the Mn** ion in LaCo, ;Mn,, 0,
is larger than that of the Mn®* ion; however, at higher tempera-
tures, the manganese ion is mainly trivalent. The calculated results
arein good agreement with some experimental results; for example,
the effective paramagnetic moment of the compound agrees with
the paramagnetic Curie point of the compound. The temperature
dependence of the electric resistivity of LaCe, sMn, 0, has also
been predicted. © 1994 Academic Press, Inc.

INTRODUCTION

A large number of rare earth—transition metal oxides
with perovskite-type structure have been synthesized and
studied because of their having specially physicatl or
chemical properties, such as catalytic activity and electric
and magnetic propertics. Some systematic research on

the magnetic and electric properties of some rare
earth—transition metal oxides have been published (1-6).
Although the effect of the valence state and the spin state
of metal ions on the catalytic, electric, and magnetic prop-
erties of the compound is very significant, little attention
has been paid to the relationships between the relative
content of various metal ions with different valence states
and spin states and the physical or chemical properties
of the compound.

At any temperature some thermodynamic equilibria
must exist between various metal ions with different spin
states and valence states in any compound, especially
when the chemical reaction happens in the solid state
compound. Therefore, based on possible thermodynamic
equilibria between various cobalt ions and maganese ions
due to thermal excitation of the diamagnetic Co! ion or
due to the oxidation-reduction reaction and the deoxida-
tion of the compound at high temperatures, a semiempiri-
cal formula has been proposed to calculate the magnetic
susceptibilities of LaCojMng 0, over a wide tempera-
ture range (100-1200 K). In the calculations some super-
exchange interactions between the main components in
the compound have also been considered. The results
indicate that the calculated magnetic susceptibilities are
in good agreement with the experimental resukts, and most
of the relative errors are smaller than 5%. The other calcu-
lated magnetic parameters are also satisfactory. The pos-
sible variation of the resistivity of L.aCo,,Mn, 0, with
temperature can be predicted.
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FIGURE 1
EXPERIMENTAL

LaCoy Mng 0, is prepared by the thermal decomposi-
tion of the citrate complexes of lanthanum, cobalt, and
manganese. All the chemicals used in the experiments are
of analytical reagent grade. The freshly prepared citrate
complex of lanthanum, cobalt, and manganese in a
1:0.9:0.1 stoichiometric ratio is decomposed by slow
heating and kept at 870 K for about ! hr, and the resultant
powder is pressed into pellets and fired in air at 1230 K
for 6 hr.

" The results of the powder X-ray diffraction of the sam-

ple show that the compound is a single-phase material
with a rhombohedral structure. The calculated lattice pa-
rameters are @ = (0.5448 and ¢ = 1.3114 nm, respectively.
The magnetic susceptibilitics of LaCog,Mn,,0, have
been measured over the temperature range 100-1073 K
with a MB-2 automatic recording balance. The curve of
the inverse magnetic susceptibility per gram of La
CogoMn, ;05 vs temperature is shown in Fig, 1.

CALCULATIONS AND RESULTS

In LaCoO, the diamagnetic trivalent Co™ (15,¢)) is the
ground state at 0 K and the formation of the paramagnetic
trivalent Co?* (r3.¢2) is due to the thermal excitation of
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the diamagnetic Co™ ion; therefore, there must be the

thermodynamic equilibrium (6, 7)

X(Co*) _ L —EIkT
X(Co™) e ’

where X(Co') and X(Co®*) are the relative content of
the low spin state Co'! ion and the high spin state Co**
ion in LaCo, Mn, 04, respectively; E is the activation
energy from the ground state to the excited state; k is the
Boltzmann constant, and 7T is the absolute temperature.

In the La~Co—Mn-0O system, there may exist an oxida-
tion-reduction reaction

Coll =Co** and (1]

Co'3* + Mn** = Co?* + Mn**.

At any temperature, the above reaction can have a ther-
modynamic equilibrium

X(Co*") - X(Mn*")
X(COIII.H) . X(MIIH)

= Kj, [2]

where K| is the equilibrium constant for the reaction.
In addition, many of rare earth—transition metal oxides
will have deoxidation reactions at higher temperatures.
Because the relative content of the cobalt ion is much
larger than that of the manganese ion in LaCo, (Mn, 04,
the following deoxidation reaction will be considered,

Co'l** + $0* (lat.) = Co?* + 10, + Vj,

where O?"(lat.) is the oxygen atom in the lattice and V
is the oxygen vacancy in the lattice. When the oxygen
partial pressure of the atmosphere about LaCoy oMn, 0,4
is constant, the above deoxidation reaction can reach a
thermodynamic equilibrium state at a certain temper-
ature,

X(C 2+
X(—éo—ﬁl,ﬁf&_, [3]

where K, is the equilibrium constant of the deoxidation
reaction. Here the effect of the relative content of the
oxygen atom in the lattice, of the concentration of the
oxygen vacancy in the lattice, and of the oxygen partial
pressure on the deoxidation reaction equilibrium have
been included in the equilibrium constant K.

In a wide temperature range, the temperature depen-
dence of the reaction equilibrium constant can be de-
scribed approximately by a general function (8),

InT T T?
el T N ST
R b +c‘6R+

AH.
InK. = -2
n K 3R

; RT+(1

d;, [4}

where R is the gas constant; T1s the absolute temperature;
and AH;, a;, b;, ¢;, and d; are constant for a reaction
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system, Therefore, the relative content of the Co'!, Co3*,
Co?*, Mn**, and Mn*" ion in LaCo,y Mn, ;O; at any tem-
perature can be determined from the formulas [11-[3],

X(Col) =7 e‘Efk% 1+ Ky

X(COM = T RS

X(Co™) = %}; o]
X(Mn’*) = E%

X(Mn#*) = Klif'f;

where A and B are the total content of the cobalt and the
manganese in LaCoyMn,,0,. Here A = 0.9 and B =
0.1, respectively.

Because each magnetic metal ion ¢can contribute to the
paramagnetic mement of the molecule, we can have (9, 10)

M?=m}- X(Co'') + m?: X(Co**) + m} X(Co") (6]
+ mi- X(Mn?*) + mi- X(Mn*"),

where M is called the apparent magnetic moment of the
LaCoggMny 0, molecule, and m, m,, my, my, and ms
are the effective magnetic moments of the Co!", Co*",
Co?t, Mn*", and Mn** ions in the compound, respec-
tively.

The dependence of the magnetic susceptibility of La
CoysMng 04 on temperature may obey the Curie-Weiss
law; therefore, superexchange magnetic interactions be-
tween the metal ions in the compound must be considered
in the calculation of the susceptibility. According to a
similar method, we propose the following semiempirical
formula to approximate the magnetic susceptibility of La
CoysMn, O, at any temperature (7, 10),

(NI3k) - w3 - M2
:—T)_‘;':*, 7]

where N is the Avogadro constant; & is the Boltzmann
constant; T is the absolute temperature; up is the Bohr
magneton; and M is the apparent magnetic moment of the
LaCo, ¢Mny ;O; molecule. Here (9, 10)

T, = 6,X(Co" + 6,X(Co™)? + 26,X(Co"™ X (Co*")
+20,X(Co™ X (Mn?*), (8]

where @, is the superexchange magnetic interaction pa-
rameter for Co™—Q-Co'; g, for Co**-0-Co’*; 6, for
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TABLE 1
Parameters for Calculation of the Relative Content of Various
Cobalt and Manganese Tons and Parameters for the Magnetic
Interactions between Some Cobalt and Manganese Ions in LaCoy o
Mn, O, in the Temperature Range 100-1200 K

Parameters for activation energy E
and equilibrium constant K;

Superexchange interaction
parameters #8;

E = 0.0058 eV

AH, =2196.32 J/K-mol # =2756K
a = 0.294 J/K - mol 8, =926.1K
by =0.122  J/K:-mol 8, = “24.2K
¢ = —3.48 107 J/K*- mol g = —1669.1 K
d, = —0.0254

AH, = 141584 J/K-mol
a, = —182% J/K-mol
b, = —0.146  J/K?-mol
c; = ~1.45107* J/K3 - mol
dy = ~0.391

Co'M'-0-Co**; and 8, for Co™-O-Mn**. These parame-
ters 6; have been considered to be constant over the whole
temperature range.

We can obtain the values of all the parameters in the
formulas [1]-[8] through fitting to the experimentally mea-
sured magnetic susceptibilities of LaCo, ¢Mn, 0, in the
temperature range 100-1073 K by means of the formula
17]. The obtained parameters have been listed in Yable 1.
From these parameters, the equilibrium constants X, and
K, can be calculated using the formula [4]. Then the rela-
tive contents of all the cobalt and manganese ions with
different valence states and spin states in LaCoggMng 04
can be evaluated at any temperature using the formula
[5]. The variation of the relative contents of various cobalt
and manganese ions in LaCog Mn, ;O; with temperature
are shown in Figs. 2 and 3, respectively. In addition, the
variation with temperature of the logarithm of the ratio
of the relative content of the Mn** ion to that of the Co?*
ion in the compound is shown in Fig. 4. For comparison,
the curve of the calculated inverse magnetic susceptibili-
ties of LaCoy gMn, ;05 in the temperature range 100-1200
K is also shown in Fig. 1.

DISCUSSION

As Fig. 1 shows, the calculated inverse magnetic sus-
ceptibilities of LaCoy¢Mn, 0, in a wide temperature
range are very close to the experimental results. Most of
the relative errors between the calculated [/y and the
experimental 1/y are less than 5%.

From Table 1, we find that the calculated activation
energy E from the diamagnetic low spin Co'"" in the ground
state to the paramagnetic high spin Co*" in the excited
state 1s about 0.006 eV. This is slightly smaller than the
values other authors have suggested, E = 0.01 eV and
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0.02 eV, for the activation energy from Co™ to Co** in
LaCoO, (2, 11). This may be because the two compounds
are different from each other and the activation energies
of same thermal excitation process in different hosts will
be different.

We must point out that the parameters AH, and AH,
are integration constants and not the standard reaction
heat of the above reactions (8). In addition, the effects of
the relative content of the oxygen atom in the lattice, of
the concentration of the oxygen vacancy in the lattice,
and of the oxygen partial pressure have been included
in the equilibrium constant. Therefore, these parameters
may possess slightly different values for LaCogMn, ;0,4
with different crystal defects,

Because AGF = —RT In K, we can also evaluate the
free energy for the oxidation—-reduction reaction between
the cobalt and manganese ions and for the deoxidation
reaction of the compound at 300 and 600 K, respectively.
The calculated resuits are AG%y, ¢ = 12.743 kJ/mol and
AGYy x = 41.866 kJ/mol for the deoxidation reaction
of the compound and AGSy, x = 11.927 kI/mol and
AGEy, k = 104.515 kI/mol for the oxidation-reduction
reaction between the cobalt and manganese ions. Because
these A{; are positive, we can conclude that at lower
temperatures the main reaction in LaCoy sMn, ;O; may be
the oxidation-reduction reaction between the cobalt and
manganese ions, since its AG3is slightly smaller than that
of the deoxidation reaction of the compound. At higher
temperature the main reaction in LaCoq ¢Mn, ;O; may be
the deoxidation reaction of the compound, because its
AG3is much smaller than that of the oxidation—reduction
reaction between the cobalt and manganese ions.

As Figs. 2 and 3 show, the relative contents of all the
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cobalt and manganese ions in LaCoyMng 0, vary with
temperature. The refative content of the Co' ion and the
Co’* ion decreases and increases rapidly with increasing
temperature below 300 K. This is because some cobalt
ions go from a low spin state to a high spin state due to
thermal excitation. When temperature is above 500 K,
the relative content of both the Co™ jon and the Co** ion
will reach a constant value. However, the diamagnetic
low spin state Co™ ion has been the main component in
LaCo, ;Mn, 0, in the whole temperature range 100-1200
K. The relative content of the Co?* ion in LaCoy jMny O,
has been smaller, and has a maximum at about 200 K.
Because this maximum corresponds to the maximum of
the relative content of the Mn** ion or the minimum of
the relative content of the Mn** ion in LaCo, ;Mn, 05 at
200K, we can consider that these Co?* ions may be mainly
from the oxidation-reduction reaction between the triva-
lent cobalt ions and the trivalent manganese ions in the
compound. But when the temperature is above 500 K,
the relative content of the Co*" ion will reach a small
constant value; this may be because the deoxidation reac-
tion of LaCo, {Mn, ,0, is slower and smaller. As Fig. 3
shows, when the temperature is below 500 K, the variation
of the relative content of both the Mn** ion and the Mn**
ion in LaCoy¢Mny 0; with temperature is very large.
When temperature is above 300 K, the relative content
of the Mn*" ion is very small and ignorable. However, at
higher temperatures the manganese ions are mainly in
the trivalent state. The above results may be reasonable,
because the Co?* ions produced due to the high tempera-
ture deoxidation reaction of the compound can reduce
Mn** ions to Mn** ions, so that the high temperature
deoxidation reaction will suppress the oxidation—-reduc-
tion reaction between the trivalent cobalt and the trivalent
manganese ions in LaCoy gMng ,0;.

To check the effective magnetic moments of the cobalt
and manganese ions with different spin state and valence
state in LaCoyoMny,0;, we have used different values
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for the effective magnetic moments of the trivalent cobalt,
the divalent cobalt, the trivalent manganese, and the tetra-
valent manganese ions in the calculations for the magnetic
susceptibilities of LaCoy Mn; O;. We have found that
only when m, = 0.0 for the Co™ ion, m, = 5.0 ug for the
Co®" ion, my; = 3.8 ug for the Co? ion, m, = 5.0 u,
for the Mn** ion, and m; = 3.9 uy for the Mn** ion,
respectively, the satisfactory results can be obtained.
These effective magnetic moments are ¢lose to those of
the corresponding free ions: m; = 0 wg, my = 4.9 wug,
my = 3.87 g, my = 4.9 up, and ms = 3.87 g, respectively.

We have noted that the magnetic interaction parameter
8, for Co"-O-Mn’* possesses a larger absolute value.
This stronger interaction in the Co™-O-Mn** may be
related to the special electronic configuration of both the
Co'" ion and the Mn’* ion because the manganese ion
can very easily go from an electronic configuration 3 e}
to an electronic configuration tggef,, in which the manga-
nese ion possesses a stabler configuration with a half-
filled shell, when an ¢lectron transfers from the cobalt ion
to the manganese ion through the bridge Co'"'-O-Mn**,
Simultaneously, in the above process, the cobalt ion will
go from an electronic configuration 13.¢} to an electronic
configuration 13, e, in which the cobalt ion also possesses
a stabler configuration with a half-filled shell.

M, the apparent magnetic moment of LaCo,Mn,,0,
molecule, corresponds to the effective paramagnetic mo-
ment of the compound. Jonker has given the effective
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paramagnetic moment of LaCoQ,-LaMn(Q; solid state
solutions calculated from 1/y—T measurements (2). From
Fig. 5 of Jonker, we can evaluate the effective paramag-
netic moment of LaCoy ¢ Mn, 0, as about 3.3 uy at low
temperatures and about 3.8 up at high temperatures. Our
calculated M is between 3.2 ug and 3.7 ug from 100 to
1200 K. This is in good agreement with the results of
Jonker. From the figure of the paramagnetic Curie point
in the LaCoO;-LaMnQ, solid state solution, we can also
find that the paramagnetic Curie point of LaCoy;Mn, ;0,4
extrapolated from the low-temperature measurement and
from the high-temperature measurement is about —80 K
and 0 K, respectively (2). Our calculated T, is about —20
K from 300 K to 1200 K. We must emphasize that the M
and T, of any compound are related to the composition
of the compound, especially to the valence states and spin
states of various metal ions, as well as the oxygen defect
in the compound. Because the relative content of various
metal ions with different spin states and valence states
varies with temperature in LaCo,y,Mn,,0,, we can give
only some approximate vatues for the above results.
The LaCoO, and the Mn-doped LaCoO; is a p-type
semiconductor. From the calculated relative content of
various metal ions in LaCoy¢Mng ,0,, we may predict the
variation of the electric resistivity of the compound with
temperature. We can assume that in both the deoxidation
reaction and the oxidation-reduction reaction between
the cobalt and manganese ions in LaCoy¢Mny ,0,, when
a Co! or Co®* ion gains an electron, the Co! or Co’*
ion will become a Co?* ion; similarly, when a Mn®* ion
loses an electron, the Mn®* ion will become a Mn** ion,
and that the electrons in these processes may belong to
the valence band of the compound. Because in the oxida-
tion-reduction reaction between the cobalt and manga-
nese ions in LaCo, ¢Mn, ;05 the trivalent cobalt ion cannot
directly gain the electron from the manganese ion and the
trivalent manganese ion cannot directly give the electron
to the cobalt ion, any electron transfer between the cobalt
and manganese ions must pass through the oxygen bridge
Co'-0-Mn**. In most of the transition metal oxides, the
oxygen atom will bond with the metal atoms and form
a valence band. Therefore, when a trivalent cobalt ion
becomes a divalent cobalt ion, an electron in the valence
band will transfer to the cobalt ion, whereas, when a
divalent cobalt ion becomes a trivalent cobalt ion, an
clectron will transfer from the cobalt ion to the valence
band. When the valence band loses an electron, a hole
will be formed in the valence band. Thus, the formation
of a Co?* ion in LaCo, gMny ;G5 will imply the generation
of a hole in the valence band of the compound. Similarly,
when a trivalent manganese ion loses an electron and
becomes a tetravalent manganese ion, the electron lost
by the manganese ion will return to the valence band and
annihilate a hole in the valence band. Therefore, we can
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consider that the concentration of holes in the valence
band will be inversely proportional to the relative content
of the Mn** ion and proportional to that of the Co** ion
in LaCo,oMny ,0;. However, the electric resistivity of

the compound is inversely proportional to the concentra-’

tion of the hole in the valence band. In Fig. 4, we have
given the variation of the logarithm of the ratio of the
relative content of the Mn** ion to that of the Co?" ion
in LaCo, ¢Mny, ;04 with temperature in the range 250-650
K. We have found that the temperature variation of the
logarithm of X(Mn*")/X(Co?*) in LaCoy  Mn, ;05 is very
similar to the temperature variation of log p of LaCog,
Fe, ,0;. This is understandable, because the behavior of
the manganese ion in LaCo, 4Mny ;O is very similar to
that of the ferric ien in LaCog yMn, ,0;.

CONCLUSIONS

Based on the thermal excitation equilibrium between
the low spin state Co'! and the high spin state Co’*, on
the oxidation-reduction reaction equilibrium in La
CoygMn, 05, as well as on the magnetic interactions
between the main components in the compound, a semi-
empirical formula has been proposed to calculate the sus-
ceptibilities of LaCo,¢Mn, ,0; at different temperatures.
The calculated 1/x is very close to the experimental 1/
in a wide temperature range, 100-1200 K. The results
indicate that at lower temperatures the main reaction in
LaCog4Mng O, may be the oxidation-reduction reaction
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between the cobalt and manganese ions; however, at
higher temperatures the main reaction in the compound
will be the deoxidation reaction. The cobalt ion in La
CoysMn, O, is mainly in the low spin state Co'' (#5,¢2)
or the high spin state Co** (13,¢), and the manganese ion
is mainly in the high spin state Mn** (13,e}). The generation
and the annihilation of the hole in the valence band of the
compound may correspond to the formation of the Co?*
ion and the Mn*" ion in LaCo, ¢Mn, ,0;. From the varia-
tion of the logarithm of X(Mn**)/X(Co?") with tempera-
ture, the temperature dependence of the electric resis-
tivity of LaCoy jMn, 0, may be predicted.
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