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Abstract

The phase diagram of the SrCoggFey,03_5 compound has been determined at high temperatures (823 <7<1223K) and in the
oxygen partial pressure range (107> <pO,<1atm) by thermogravimetric measurements of the equilibrium pO,, high temperature
X-ray diffraction and electrical conductivity measurements. The cubic perovskite phase SrCoggFep,03_s is stable in a broad range
of oxygen content, while the orthorhombic brownmillerite phase SrCog gFe( 20, 5 stabilizes within a small range around 3—0=2.5 at
temperatures below 1073 K. Equilibrium pO, measurements under isothermal conditions show chemical hysteresis at the perovskite
to brownmillerite transition. The hysteresis loop decreases its amplitude in pO, with decreasing temperature. This behavior is
discussed considering the evolution from coherent intergrowth interfaces with elastic strain energy to incoherent interfaces without
elastic strain energy as T decreases. The thermodynamic quantities h%’fde and sg"jde for the perovskite phase decrease when increasing
the oxygen defects concentration. The electrical conductivity (¢) of the cubic phase exhibits a thermally activated behavior at high
temperature. The variation of ¢ with the oxygen content is non-linear and the activation energy varies from 0.4 to 0.28 eV as the

oxygen content increases from 2.4 to 2.6. These results are interpreted in the frame of the small polaron model.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

After the study of Teraoka et al. [1] on the oxygen
permeation properties of the perovskite oxide mixed
conductors (La, Sr)(Co, Fe)O,_;, the SrCoysFey»03_5
compound has received much attention due to its high
oxygen permeability [2—4]. The high ionic conductivities
(0.01<oi<1Scm™'), along with the high electronic
conductivity values (20<c.<2x10°Scm™") for the
temperature range 1073<7<1273K [2] make these
compounds suitable for electrochemical applications
such as electrodes in solid oxide fuel cells (SOFC) and
oxygen separation membranes [5,6]. For example, the
use of mixed conductors in oxygen separation mem-
branes would provide a low cost method for the
oxidation of methane in value added products such as
methanol, formaldehyde, ethane, ethylene, and syngas
[7]. In such devices the membrane separates two
atmospheres with different oxygen concentration. The
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feed side is exposed to a gas phase rich in oxygen, while
the other side is exposed to a gas phase with a low
oxygen partial pressure (pO,). The oxygen chemical
potential gradient established across the membrane
along with the high electronic and ionic conductivities
determine the spontancous oxygen permeation flux
through the membrane according to the Wagner
formula [8]. Thus, the membrane must be stable under
high oxygen partial pressure gradients at high tempera-
tures, highly reducing atmospheres and temperature
cycling.

The x =0 compound of the SrCo;_,Fe,O3_;5 solid
solution crystallizes in the R32 hexagonal symmetry
[9,10]. The addition of Fe changes the hexagonal
symmetry to cubic, which increases the oxygen perme-
ability to values as high as 10 *molecm ?s™' at 1173K
for x = 0.2 [3]. The cubic or pseudo-cubic structure (C)
of the SrCoggFey,03;_5 material [8] is stable in the
temperature range 823>7 > 1173 K for pO,>0.209 atm
where it exhibits a wide range of oxygen non-stoichio-
metry with 3—J values ranging between 2.43 and 2.65
[11]. In contrast, the brownmillerite phase (O) with
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orthorhombic symmetry (space group Icmm) displays a
narrow range of oxygen non-stoichiometry around 2.5.
The brownmillerite phase precipitates from the cubic
phase after the oxygen vacancies order along the [101],
direction in alternating (010) perovskite planes [12]
producing a /2ap x 4a, x /2a, supercell. The oxygen
ordering leads to a layer structure in which BOg
octahedra alternate with BO, tetrahedra along the
c-axis.

The cubic—orthorhombic transition occurring at
T <1073 K under a wide pO, range has been reported
to be a disadvantage for using SrCoygFey,03_ s as a
ceramic membrane [4,13]. The appearance of the
brownmillerite phase at the low oxygen concentration
side diminishes the oxygen flux across the membranes
due to a lower oxygen ion conductivity compared to the
perovskite phase [4].

The compound SrCoggFe,0;3_;5 has also been tested
as cathode in a SOFC based on the electrolyte
LaggSrg2Gags3Mg, 170281 The authors have reported
low cathode overpotential values, but thermal expansion
coefficients higher than those of the electrolyte [14].

Previous works have studied the oxygen non-stoi-
chiometry as a function of 7T and pO, of
SrCosFep203_s [11] and SrCoj_,_,Fe,Cr,Os3_s
[15,16]. In particular, Liu et al. [11] have determined
by thermogravimetry measurements at constant pO,
(isobars) the range where the cubic and orthorhombic
phases coexist in the SrCog gFey,03_5 compound for the
O, values 107°<pO,<latm and temperatures be-
tween 823 and 1173 K.

In the present work, we have undertaken a more
detailed study of the high temperature properties of the
SrCoggFep»03_5 compound. The equilibrium phase
diagram and the partial molar enthalpy and entropy
of oxygen solution in the cubic phase, A3 and s,
respectively, have been evaluated from thermogravi-
metric data of the equilibrium pO,, and high tempera-
ture XRD for 107°<pO,<1atm and 823< T <1223 K.
Transport properties as a function of temperature and
pO, have been determined from AC conductivity
measurements.

These measurements allowed us to obtain a more
detailed pO,—T phase diagram of the SrCoggFey,03_;
compound and to discuss the partial molar thermo-
dynamic properties of the C phase and the transport
properties of the C and O phases.

2. Experimental

The SrCog gFey203_s sample was prepared following
the solid state reaction method. Stoichiometric quan-
tities of highly pure SrCO3;, Fe,05, Co304 were weighed
and then ground in a ball mill. SrCO; was heated at
500°C before use in order to eliminate absorbed and

chemical bonded products. The powder was calcinated
at 1223 K in air for 12h. The final heat treatment was
performed at 1423K for a period of 12h with an
intermediate grinding.

Powder X-ray diffraction data of the as-made samples
were collected in the 26 region 10<260<90° on a Philips
PW1700 diffractometer using Cu Ko radiation and a
graphite monochromator. The collection time by steps
of 0.02° was 10s. The strong peaks of the X-ray data at
room temperature could be indexed on a primitive cubic
unit cell corresponding to the undistorted perovskite
phase (space group Pm3m). The presence of extra weak
reflections could be explained on the basis of a crystal
structure with orthorhombic symmetry at room tem-
perature [8]. No evidence of secondary phases was
detected.

For high temperature X-ray diffraction (HTXRD) the
sample was spread on a resistively heated platinum
ribbon mounted in an Anton Paar HTK-10 camera
coupled to the diffractometer. The pO, within the
camera was controlled by means of flowing N>—O,
mixtures supplied by an electrochemical system [17].

Isothermal measurements of equilibrium pO, and
isobaric runs under constant pO, were performed using
a highly sensitive thermogravimetric equipment [18]
consisting of a symmetrical thermobalance based on a
Cahn 1000 electrobalance coupled to an electrochemical
gas blending system similar to that used in the high
temperature X-ray camera. This electrochemical system
(zirconia pump and oxygen sensor) [17] provides a
controlled Ar—O, atmosphere for the thermobalance
with pO, values ranging from 1 to 10~¢atm. The error in
P05 in the Ar—O, mixtures, including systematic ones,
can be estimated as 2%. The thermobalance detects
changes in 3—0 within 0.0005 for a sample of about 1 g
of SrCoygFep,035_5. The oxygen content was deter-
mined by in situ reduction in dry 10%H;/Ar at 1273 K
assuming SrO, Co and Fe as final products.

Dense samples for conductivity measurements were
obtained by pressing the powder, originally calcinated at
1223 K for 12 h, into pellets and then sintering at 1423 K
for 12 h in air. Conductivity measurements as a function
of temperature under controlled pO, were carried out by
a standard four-probe AC method with a lock-in
amplifier on bar shaped samples. The electrical wires
were attached to the sample using Ag/Pd paste on
sputtered gold contacts.

3. Results and discussion
3.1. Thermogravimetry and HTXRD
Fig. 1 shows the isotherm at 1023 K obtained under

reduction and subsequent oxidation of the sample. Its
different parts are briefly described below.
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Fig. 1. Log(pO,/atm) vs. 3—0 plots at 823 and 1023K for
SrCoggFep,0;3_s5. Closed and open symbols correspond to the
reduction and oxidation processes, respectively.

Parts A and B: The sample was first annealed in pure
oxygen at 1023 K until equilibrium was reached (point
A). Afterward, the pO, was decreased and equilibrium
PO, data points between points A and B were obtained.
The oxygen content of point B is 3—0 =2.517 for
p0O,=4.1x 10" atm.

Parts B and C: When pO, was slightly lowered below
the value corresponding to point B, the weight loss
kinetics of the sample was slower than that observed for
part A-B. As a consequence the equilibrium corre-
sponding to point C was reached after two days.

Parts C—DI/D-E: Point D was obtained from point C
after equilibrium pO, was progressively lowered. In-
creasing pO, from point D, data points up to point E
were obtained. The reproducibility of the oxygen
content values for both increasing and decreasing pO,
indicates thermodynamic equilibrium states.

Parts E and F: After a slight increment of pO, beyond
point E, the sample became unstable and began to
oxidize reaching point F after two days. From point F
and increasing pO, the part F-A was reproduced. This
result indicates that the A—F data points correspond to
thermodynamic equilibrium states and that no evapora-
tion of the sample took place during the measurements.

Clearly, the isotherm exhibits two regions with
different behavior. Part A-B reveals the large range of
oxygen non-stoichiometry of the cubic phase, while part
D-E indicates the stabilization of the stoichiometric
brownmillerite phase Sr,Co; ¢Fe40s-

The slow weight loss kinetics observed after decreas-
ing pO, from point B indicates the precipitation of the
brownmillerite phase from the perovskite. Similar
behavior can be observed upon oxidation for pO, values
slightly higher than the pO, value corresponding to
point E. However, in this case the cubic phase
precipitates from the brownmillerite phase. The large

chemical hysteresis in the B—C/E-F region causes
multivaluated values of pO, for a given oxygen content.
Thus, the Gibbs rule that anticipates a unique pO, value
for the two-phase field region cannot be applied. The
hysteretic behavior in pO, has been extensively discussed
in the literature and is associated to the existence of two
phases with close compositions and related structures
[19,20]. These conditions are required to create coherent
interfaces or semi-coherent interfaces with low inter-
facial free energy and a non-negligible elastic strain
energy (AGs) [21]. The contribution of AG; makes the
Gibbs rule invalid and must be added to those of both
phases in order to describe the total Gibbs energy of the
system (G).

In Fig. 1 the 823 K isotherm overlapping that of the
1023 K isotherm is shown. The width of the two-phase
field region increases as 7T decreases. This is in
agreement with the two-phase field region of the T vs.
3—4 diagram determined by Liu et al. [11]. On the other
hand, the pO, amplitude of the hysteresis loop in the
pOs-composition isothermal path decreases with de-
creasing temperature becoming negligible for
T = 823K. This result rules out thermally activated
processes such as cation rearrangements to explain
chemical hysteresis. We believe that this behavior is
related to the fact that the compositional difference
(oxygen content) between both phases increases as T
decreases. These compositional differences should in-
crease the lattice misfit between both phases promoting
decoherence of the coherent or semi-coherent interfaces
with the consequent reduction of the elastic strain
energy and consequently chemical hysteresis. The phase
boundary between the cubic (C) and the two-phase field
region (C+ O) could not be determined univocally due
to chemical hysteresis. Thus, its determination depends
on the pO, history of the sample. For instance, under
reduction this boundary corresponds to point B, while
under oxidation it corresponds to point F. This
uncertainty in the determination of the (C+ O)/C phase
boundary is measured by the difference between points
F and B. The O/(C+ O) phase boundary can be more
accurately determined since the oxygen content values of
points C and E are closer.

In Fig. 2 we show all the isotherms obtained through
thermogravimetric measurements. For clarity, only
equilibrium pO, values determined under reduction
conditions are shown. These measurements indicate
that the two-phase field region (C+O) disappears at
T>1023K in agreement with those reported by Liu
et al. [11]. The wide range of oxygen non-stoichiometry
of the isotherms at 7>1073 K indicates that the cubic
phase is stable for the whole range of pO,. It can also be
seen that the ordered phase displays a small range of
oxygen non-stoichiometry. The behavior of the pO,-
0—T curves for the oxygen content region 3—9<2.5
indicates that for pO, values lower than 10~ atm, the C
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Fig. 2. Log(pO,/atm) vs. 3—0 plots for SrCoggFej,0;_5 at several
temperatures during the reduction process.

phase precipitates from the O phase when temperature
increases at constant pO,. Therefore, the temperature—
composition phase diagram should also contain a two-
phase field region for oxygen content values 3—0 <2.5.
Liu et al. [11] have only determined the C + O region for
oxygen content values 3—0>2.5. The equilibrium pO,
values corresponding to the coexistence of both phases
in the oxygen content region 3—0<2.5 are lower than
those for the oxygen content region 3—9>2.5. The
variation of the equilibrium pO, for the coexistence of
both phases with temperature in the range
1023<T<1073 seems to be very sensitive with tem-
perature. This effect along with the slow kinetics of the
sample to approach equilibrium for pO,<107>atm
hamper its determination by isothermal measurements.

An attempt at determining the two-phase field region
for oxygen content values 3—90<2.5 was performed
through thermogravimetric measurements at constant
p0O». The temperature was changed by steps from low to
high temperature while pO, remained constant. The
equilibrium data points for three isobars are shown in
Fig. 3.

The isobars obtained at pO,=1 x 1073, 2x 107* and
1 x 107> atm show that the orthorhombic phase displays
negligible oxygen non-stoichiometry at low temperature
(T <950K). At pO, =102 atm the sample begins to lose
oxygen at 7>1025K. The variation of the oxygen
content as temperature increases is qualitatively differ-
ent from the behavior obtained at pO,=2x 10~* and
1 x 10 atm. While at pO,=10"atm the oxygen
content of the sample shows a constant slope with
increasing T, at pO,=2x10"% and 1x 10 atm the
isobars show a region where a small increase of
temperature produces a significant change in the oxygen
content of the sample. These regions are indicated as
A-A’ and B-B’ in Fig. 3. This behavior suggests a
discontinuity of the oxygen content as a function of T'
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Fig. 3. Variation of the oxygen content with temperature for
SrCoggFe,0;_s at constant pO, values.
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Fig. 4. X-ray diffraction data of SryCo;¢Fep405 showing the 20
region 31<20<33 to follow the orthorhombic to cubic phase
transition with temperature. Patterns were recorded at constant
pO,=10"*atm.

that can be associated to the presence of a two-phase
field (C+O).

To support the presence of the two-phase field
detected from isobaric measurements we have studied
the evolution of the crystal structure as a function of T
under constant pO, by HTXRD. Fig. 4 shows the
variation of X-ray diffraction data of the O phase with
temperature in the 20 region 31<20<33° obtained
under pO,=10"*atm. The orthorhombic phase is stable
until 7 =973 K. At T = 1023 K the width of the peak
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Fig. 5. Phase diagram of SrCoqgFe,0;_5. Experimental data from
(e) isothermal measurements, (M) isobaric measurements, (A) Ref.
[11], and () Ref. [16]. The inset shows the schematic free energy—
composition curves for the cubic and orthorhombic phases at a given
T lower than 1023 K.

(122) of the O phase increases due to the (110)
reflection of the cubic phase begins to grow. Both
phases coexist at 7= 1023 and 1048 K though the
orthorhombic phase could not be detected at
T = 1058 K. This observation is in good agreement
with the data plotted in Fig. 3 where a substantial
change in the oxygen content occurs from 7" = 1025 to
1050 K indicating the coexistence of both phases.

Fig. 5 shows the T—(3 — o) phase diagram deter-
mined from the isotherms and isobars described above.
The (C+ O)/C and the O/(C+ O) (o) phase boundaries
at the rich oxygen side were determined from isothermal
measurements, while the (C+ O)/O and the C/(C+O0O)
phase boundaries at the poor oxygen side were obtained
from isobaric measurements (H). Literature data
corresponding to the phase boundary (C+ O)/C of the
SrCoggFe,03_5 compound [11,16] were also included
in Fig. 5 revealing a good agreement with our results.

In the inset of Fig. 5 we have drawn schematically the
free energy—composition curves for the cubic and
orthorhombic phases at a given 7 lower than 1023 K.
The cubic phase is represented by a broad free energy
function while that corresponding to the orthorhombic
phase displays a narrow range of oxygen non-stoichio-
metry. The common tangents between the C and the O
phases define the boundaries of each region in the
temperature-composition phase diagram of Fig. 5.

3.2. Partial molar thermodynamic properties of the cubic
phase

In thermodynamic equilibrium the oxygen chemical
potential of the oxide is equal to that of the gas
surrounding the sample and can be expressed as a
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Fig. 6. Oxygen chemical potential of SrCoggFey,03_5 as a function of
the oxygen content at various temperatures.

function of the pO, of the gas by the relation:
HRI = uE? = WL + RT In(pO, /pO5T), (1)

where R is the gas constant and pO§" = latm, pf the
oxygen chemical potential of the reference gas and is
given in tables [22]. The variation of u&i% with the
oxygen content at various temperatures for the cubic
phase has been computed from thermogravimetric data
(see Fig. 2) and is shown in Fig. 6. Unlike the perovskite
phases La;_,Sr,CoO; with x=0.2, 0.4 and 0.7 [23]
where u&i% shows little dependence on temperature, the
data obtained for the cubic phase indicate that ,ug’;lde
varies with temperature especially for ¢ values lower

than 0.5. The thermodynamic quantities /29 and s2xide

were computed from u‘g)";dedata shown in Fig. 6 using the
following relations:
id
Soxide _ _a'uoo);l e| N (2)
T

) o oxide T
hg)lede = ((/;E)lz/y{) )|0 3)

The results are displayed in Fig. 7 as a function of the
oxygen non-stoichiometry. Both 42 and sgi% de-
crease with increasing oxygen non-stoichiometry, which
agrees with s%"zide data computed by us from experi-
mental data of Liu et al. [11]. However, the variation of
syide with  the oxygen non-stoichiometry —for
SrCoggFe,03_5 contrasts with the behavior observed
for other perovskite phases such us La;_,Sr,CoO;_;
with 0 <x<0.7 where 539 increases with 6 [23,24]. The
oXygen vacancy concentration range of these perovskite
phases [24] is lower than the oxygen non-stoichiometry
observed for SrCoggFe(,03_5, which allows the appli-
cation of the ideal solution model to explain the
dependence of the s3“® with 6, as was discussed by
Mizusaki et al. [24]. In our case, due to the high oxygen
vacancy concentration, the electrostatic interactions
between oxygen defects could lead to the formation of
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Fig. 7. Plots of s‘(’)’;ide and hgfde as a function of the oxygen content for
SrCOO,gF€0_203_5.

ordered regions such as clusters or microdomains at
temperatures above that of the order transition. Thus,
the configurational entropy S = R In W would decrease
with respect to that of the ideal solution causing the
observed dependence of 539 on ¢ for the cubic phase.

3.3. Electrical conductivity measurements

Fig. 8 shows the variation of the electrical conductiv-
ity o with temperature on the low oxygen content side of
the phase diagram (6 >0.5) of SrCog gFe(,03_s for three
different values of pO,. The electrical conductivity
increases with increasing temperature in the temperature
range 800< 7'<1000 K where the orthorhombic brown-
millerite phase is stable. This result indicates that the
charge carrier transport mechanism for the O phase is
thermally activated. Under atmospheres with different
pO, values, the oxygen content of the O phase stays
practically constant at 3—Jd=2.5 causing small varia-
tions of the electrical conductivity at a given tempera-
ture. The inset of Fig. 8 shows the variation of the
electrical conductivity with temperature for the O phase
in Arrhenius coordinates. The activation energy of the
thermally activated conduction mechanism has been
estimated from the slope of the curve Ino7 vs. 10°/T.
The obtained value was E, = 0.17eV. At T~1000K the
electrical conductivity reaches a maximum and then
decreases with increasing temperature revealing the O to
C phase transition. The variation of the electrical
conductivity with temperature of the C phase at

Fig. 8. Variation of ¢ with temperature at constant pO, at the low
oxygen content side of the phase diagram of SrCoggFep203-5. (o)
p0,=88x10"*atm, (O) pO,=2x10"*atm, (A) pO,=7.5x
103 atm. The inset shows the electrical conductivity data correspond-
ing to the brownmillerite phase in Arrhenius coordinates.
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Fig. 9. Isothermal variation of ¢ with the equilibrium pO, for
SrCoggFe,0;_s for various temperatures.

T>1000K and constant pO, reflects the lowering of
the oxygen content of the sample with increasing
temperature and therefore a reduction of the charge
carrier concentration rather than a metallic behavior. In
fact, it will be shown below (see Fig. 11) that the
conductivity of the C phase increases as 7 increases at
constant oxygen content values revealing a thermally
activated conduction mechanism for the C phase.

Fig. 9 displays the isotherms of ¢ as a function of pO,
for the temperature range 873 <7< 1173. In agreement
with the thermogravimetric data of Fig. 2, ¢ exhibits a
monotonic behavior for T>1073K in the pO, range
where the cubic phase is stable. The presence of a
plateau in the isotherms for 7'<973K shows the
coexistence of the C and O phases.
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Fig. 10. Plots of ¢ as a function of the oxygen content for
SrCoggFep,0;_s at various temperatures.

The wvariation of the electrical conductivity with
oxygen content at several temperatures for the C phase
was calculated from the log (pO,/atm) vs. § and o vs.
log (pO,/atm) curves and is shown in Fig. 10. The
electrical conductivity increases with the oxygen content
“3—0". The dependence is non-linear and similar to that
reported for LagSrg4CoOs_s [25]. The behavior of the
electrical conductivity of Lag ¢Srg4CoO;_s was analyzed
in the frame of the small polaron model [25] described
by the formula

@A g B ppr
g=A T © =7¢ , 4)
where E is the hopping energy, e the electronic charge, a
the intersite distance (~3.8 A), k the Boltzmann’s
constant and vy the vibration frequency for optical
phonons. The factor A is related to the site fraction of
electron holes and gives the probability that neighboring
species have the appropriate charge to transfer the
polaron.

To determine the activation energy associated with
the polaron mechanism it is necessary to study the
behavior of the electrical conductivity with temperature
at constant oxygen content. In Fig. 11 we show In(aT)
vs. 103/T data corresponding to the cubic phase at a
fixed oxygen content obtained from those plotted in Fig.
10. The hopping energy for each oxygen content value
was estimated from the slope of the straight lines used to
fit the experimental data. It is found that the activation
energy decreases from 0.4 to 0.28eV with increasing
oxygen content (carrier concentration) from 2.46 to
2.54, which is also consistent with small polaron theory.
Mott [26] showed that the increase of polaron concen-
tration produces an overlap of the polarization clouds
with the consequent reduction of the energy required for

hopping.
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Fig. 11. Arrhenius plots of the variation of electrical conductivity of

the cubic phase with inverse temperature at different oxygen content
values.

The electrical conductivity of the cubic phase for an
oxygen content close to 3—0=2.5 compared with that of
the orthorhombic one shows activation energy values
(E.~0.34¢V) clearly higher than the value determined
for the orthorhombic phase (E, = 0.17¢V). This result
also correlates with the higher electrical conductivity of
the O phase relative to that of the disordered C phase.
These differences in the charge carrier transport
behavior suggest differences in their respective electronic
structures due to changes in both the crystalline
structure and the oxidation state of the metal transition
ions participating in the transport process. The simila-
rities observed in the variation of the electrical
conductivity with the oxygen content between
SrCog gFe,03_s and Lag3SrgcCoO;5_s [25] suggest that
the polaron mechanism may involve the jump of a hole
from the HS Co*" to the ts €lectron of the HS Co’*.
However, due to the presence of iron and the difficulty
of stabilizing Co** compared to Fe*", more experi-
mental evidence is needed in order to elucidate which
ions participate in the polaron transport mechanism of
the SrCoqgFep,0;_5 compound.

4. Conclusions

The T—(3 —9) phase diagram of the compound
SrCogsFeg,05_5 has been reviewed and determined in
more detail for the oxygen content range
2.46<3—0<2.6. While the brownmillerite phase stabi-
lizes at temperatures below 1073 K and exhibits a
narrow stability range around 3—0~2.5, the cubic
perovskite phase displays a broad range of oxygen
non-stoichiometry between 2.46 and 2.6. For
T<1073K, the cubic phase is separated from the
orthorhombic phase by two phase regions at both sides
of the orthorhombic phase. Chemical hysteresis was
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observed at the perovskite to brownmillerite transition
during the reduction/oxidation of SrCoggFey,03 s
under isothermal conditions. The amplitude in pO, of
the hysteresis loop decreases with decreasing tempera-
ture. We propose that coherent intergrowth with elastic
strain energy between both phases is the origin of the
chemical hysteresis. The negative variation of the partial
molar properties 4219 and sgi% with the oxygen non-
stoichiometry is explained considering the formation of
ordered microdomains in the cubic phase. The electrical
conductivity (¢) behavior of the cubic phase at high
temperature was analyzed in the frame of the small
polaron model.
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