Electric and magnetic properties of Lanthanum Barium Cobaltite
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Abstract

The cubic BaosLaosCo0s-s was synthesized using solid state reaction. The structural

properties were determined by the simultaneous refinement of Synchrotron Powder X-

ray Diffraction and Neutron Powder Diffraction data. lodometric Titration was used to

examine the oxygen stoichiometry and average cobalt oxidation state. Low-temperature

magnetic studies show soft ferromagnetic character of fully oxidized material, with 8p =

198(3) Kand pefr=2.11(2) ps. Electric measurements show the thermally activated nature



of conductivity at low temperatures, whereas, due to the variable oxidation and spin state

of cobalt, a single charge transport mechanism cannot be distinguished. Around room

temperature a wide transition from thermally activated conductivity to semi-metallic

behavior is observed. Under the inert atmosphere, the oxygen content lowers and the

cation ordering takes place, leading to coexistence of two, ordered and disordered,

phases. As a result of this change, thermally activated conductivity is observed also at high

temperatures in inert atmosphere.

Introduction

The perovskite cobaltites, with a general formula Bao.sLnosCoO3 (where Ln stands for rare

earth metal), have gained much attention due to their electric and magnetic properties

(1-3). In this group of materials the metal-insulator transition was observed, as well as

high ionic conductivity (3). Additionally, the spin configuration of cobalt may vary for this

system causing the antiferromagnetic (4), ferromagnetic (5) and even spin glass behavior

(6). Moreover, high-temperature electrical properties BaosLaosCoOs3 (BLC) have been

intensively studied for their potential application as electrode material for intermediate

temperature solid oxide fuel cells and electrolyzers (IT-SOFC / -SOEC)(7,8).

Lanthanum barium cobaltites(2,9) crystallize in two crystal structures, i.e. disordered

cubic (Ba1-xLaxCo0s-s), and ordered tetragonal (BaLaCo0206)(2,6,10). In the cubic phase, La

and Ba cations occupy the same perovskite A-site, while in the tetragonal polymorph,



divalent barium and trivalent lanthanum cations form alternating layers of [Co-0]/[Ba-

0]/[Co-0]/[La-0] along the c-axis. The A-site cation ordering phenomena is a result of the

difference between Ba and La ionic radii and occurs only for x = 0.35(6).

Cobalt exhibits different oxidation states (Co2%*, Co3*, Co**) stable in the perovskite

structure both in pyramidal and octahedral coordination(11-13). Moreover, the spin

state of cobalt (3+ and 4+) changes with temperature, due to competing phenomena such

as crystal field splitting (Ac), and the exchange interaction (Ag) of occupied orbitals and

3d electrons. With increasing temperature, the favorable spin state changes from the low

spin state, through intermediate to high spin state(12,14). The mixed-valence of cobalt is

connected to changes in oxygen stoichiometry of BLC, strongly affecting the electrical

conductivity of the material(2,4,9). Oxygen stoichiometry can be controlled by modifying

processing parameters, e.g. temperature and p02(9).

In the present work, the structural, electrical, and low-temperature magnetic properties

of cubic BLC were examined. The electrical conductivity was measured in both low (2 K -

RT) and high (RT - 800 K) temperature and under oxidizing and inert atmospheres. The

change of oxygen non-stoichiometry has been analyzed in the wide temperature range

while the atmosphere has been switched from oxidizing to inert. The work aims at

establishing a relationship between the changes in Co spin and oxidation states, electrical

conductivity, and magnetic behavior. Barium lanthanum cobaltite perovskite have been



investigated by structural, electrical and thermal methods yielding a broad landscape of

its properties.

Experimental

Bao.sLaosC003-s was synthesized by solid-state reaction. Stoichiometric amounts of La203
(99.99% Alfa Aesar, preheated at 900 °C for 5 h), BaCO3 (99.9% Sigma Aldrich) and Co304
(99.98% Alfa Aesar) were hand mixed and ground in an agate mortar with isopropyl
alcohol as a medium, pelletized and annealed at 1150°C for 48 h in ambient air

atmosphere.

The phase composition was characterized by X-ray powder diffraction method (Phillips
X'Pert Pro) with Cu Kq radiation. Synchrotron Radiation Powder X-ray Diffraction (SR-
PXD) patterns were obtained at the Swiss-Norwegian Beamlines (SNBL, BM01), ESRF,
Grenoble with a Pilatus 2M 2-dimensional detector and a wavelength of 0.78956 A. The
samples were contained in 0.3 mm borosilicate capillaries that were rotated 90° during
the 10 s exposure. The sample-detector distance was 138.2 mm. 1D data were obtained
by integration of the 2D diffraction patterns using the program Bubble(15). Powder
Neutron Diffraction (PND) data were collected at room temperature using the PUS
diffractometer (A =1.555 A) at the JEEP II reactor (Kjeller, Norway)(16). The sample was
loaded in vanadium can with 6 mm diameter. The results were analyzed using the Rietveld

method(17) with the Topas software from Bruker-AXS. The peak shapes were described



by Thomson-Cox-Hasting split pseudo-Voigt fucntions with ten refinable parameters. The

backgrounds were modeled with 6t order (PND) and 12t order (SR-PXD) Chebyshev

polynomials. The structure model was refined simultaneously using the PND and SR-PXD

data. The displacement parameters (Biso) used to fit the SR-PXD pattern were allowed to

differ from those refined from the PND data since they correlated strongly with the X-ray

absorption.

Cobalt oxidation state and oxygen stoichiometry was determined by means of iodometric

titration at room temperature. For this purpose, 15-20 mg of the sample and an excess of

potassium iodide (ca. 0.2 g) were placed in a three-neck flask. To remove air from the flask

and keep inert conditions during the whole measurement, nitrogen was continuously

flowed through. After that, 15 ml of 2M HCl was added to dissolve the sample. The iodine

ions were titrated using an aqueous solution of 0.01 mol/dm3 Na25203 in a 10 ml

microburet (0.05 ml) while starch was used as indicator.

Micromeritics system was used to carry out a Temperature-Programmed Reduction

(TPR). 100 mg of the solid sample was degassed under Ar flow for 1 h and then subjected

to reduction under Hz/Ar (1/9 vol/vol) flow (50 ml/min), and heating rate of 10°C/min

till 950°C. The H2 consumption was measured by a Thermal Conductivity Detector (TCD).

The temperature dependence of the electrical resistivity was studied from 2 Kto 1073 K.



The high-temperature (between RT and 1073 K) measurements were carried out with DC

4-point probe method using KEYSIGHT 34970A under synthetic air and argon. DC

conductivity was recorded on a rectangular sample with a relative density of 77% and

geometry of 2.45 x 1.05 x 4.5 mm?3 during the heating from RT to 800°C in air. Next, the

atmosphere was changed from air to Ar and the sample was left to equilibrate in Ar for 13

hrs at 800°C. The voltage drop under 50 mA DC current was monitored during the

equilibration process to reveal reduction kinetics through the change in electrical

conductivity. Conductivity in Ar was measured during cooling after reaching equilibrium

at 800°C.

The thermogravimetry (TGA) has been performed using Netzsch TG 209 F3 Tarsus

thermobalance. The baseline for buoyancy correction was collected before the

experiment by running a blank curve on empty alumina crucible. The measurements have

been performed in tank dry purge gas (air upon heating and argon upon cooling) with

heating/cooling rate of 2K/min. The starting point for cobalt oxidation state has been

determined via iodometric titration as described previously.

Low-temperature measurements of resistivity were performed with a Quantum Design

Physical Property Measurements System (PPMS). The resistivity was determined using a

standard four-probe technique, with four 37 pm diameter platinum wire leads spark-

welded to the flat polished sample surface. The measurements were carried out between



2 Kand 300 K under zero magnetic field. PPMS (with an AC susceptometer) was also used
to measure the temperature-dependent magnetization. The measurements were
performed in the temperature range of 2-300 K, in FC and ZFC mode, under an applied

magnetic field of 0.5 T.

Results and discussion

Figure 1 presents the ND and SR-PXD patterns of BLC. The simultaneous Rietveld
refinement of the PND and SR-PXD data confirmed the cubic structure (space group no.
221 Pm-3m) with a unit cell parameter of 3.8845(1) A. A few minor peaks from an
additional cubic phase are visible, and are fitted by a second cubic perovskite phase with
the same composition as the main phase but with a = 3.9959(7) A. The refined content of
the secondary phase is 2.6(3) wt%. The structural data for the investigated sample are
summarized in Table 1. The refined occupancy of the oxygen site is unity with a standard
deviation of 0.007, giving an average cobalt valence state of +3.5. The result is consistent
with the iodometric titration studies, in which the cobalt oxidation state has been
determined as 3.42(9). The oxygen non-stoichiometry calculated from this value gives 6
= (0.042(4). On the other hand, the thermally-programmed reduction study showed that
the average oxidation state of cobalt is 3.95(1), which is equivalent to 6=-0.225. Both
titration and TPR studies have been repeated several times yielding reproducible values.

The results suggest that Hz-based TPR is not suitable to investigate this composition and



iodometric titration results should be used as the value of the averaged oxidation state of

Co in the system.

Analysis of the electrical and magnetic properties requires consideration of at least three

degrees of freedom for Co ions: oxidation state, coordination, and spin state. Based on the

titration results and refinements of the neutron diffraction data, we consider a fully-

oxidized system with half the Co ions in +3 and half in +4 oxidation states. The

concentration of oxygen vacancies at room temperature is thus minuscule, and Co ions

are located in oxygen octahedra. Thus, the number of Co ions coordinated pyramidally by

five oxide ions is expected to be negligible at room temperature. The 3d electrons of Co in

oxidation state 3+ or 4+ can be in high spin (HS), intermediate spin (IS), or low spin (LS)

configuration, depending on temperature and degree of crystal field splitting (Figure

2)(1).

Temperature dependence of magnetic susceptibility as well as electrical conductivity was

measured to determine the effect of spin transitions on conduction mechanisms. Figure

3a depicts the zero-field-cooled (ZFC) and field-cooled (FC) magnetization (M) as a

function of temperature under an applied magnetic field of 0.5 T. Below 200 K a strong

increase of magnetization is observed with decreasing temperature, indicating the

transition from para- to ferromagnetic state. The reciprocal magnetic susceptibility x-1(T)

(where x is defined as dM/dH, where M is the magnetization and H is the applied magnetic



field) presented in the inset of Figure 3a, was used to calculate the transition temperature
and the effective magnetic moment pefr. Between 225 and 300 K, the experimental data
were fitted to the modified Curie-Weiss law (R? = 0.99), y = C/(T-6r), where C and 6p are
the Curie constant and the paramagnetic (PM) Curie temperature, respectively. The fit,
shown by the red solid line in Figure 3a (inset) gave C = 1.67(2) emu K and 6, = 198(3) K,
whereas the derivative of the temperature dependence of magnetization shows the
minimum at 180 K (not shown here). The obtained value is in good agreement with the
data published previously(2). Also, Fauth et al. reported the transition between para- and
ferromagnetic state in the stoichiometric BLC at 180 K (18). Moreover, they also observed
the onset of the structural transition from cubic to tetragonal below 180 K. From C, the

effective magnetic moment pefr, was calculated using the following relation:

Herr = \% (1)
where kg stands for Boltzmann constant, ps is Bohr magneton, and Na is Avogadro
constant. The effective moment determined from the Curie constant, peff=2.11(2) ps, is
comparable with the values reported elsewhere(2). The effective magnetic moment
2.11(2) ps is related to the spin state configurations of cobalt. Knowing that the average
cobalt oxidation state is +3.5 in BLC, the pefr value denotes the mixed-spin states of the

cobalt ions. At temperatures below RT, low-spin states are preferable but pefr calculated

for both Co3* and Co#** in low-spin configuration is 0.87 ps, which is significantly lower



than the measured value. Possible spin states of cobalt ions in perovskite cobaltites have
been studied for many years [see the references in (19)]. In view of these reports, the
model postulating the presence of Co3* and Co** in both LS and IS states may explain the
effective moment. However, it should be taken into consideration that the presence of
Co3* and Co** in both low- and intermediate-spin states introduce lattice strain. The ionic
radius of IS Co3* is 0.56 A (20) whereas the radius of IS Co%* may be expected to be lower.
On the other hand, it is known that BLC may undergo a transition from a disordered cubic
perovskite into a B-site charge-ordered tetragonal structure. The phase transition is
driven by the Jahn-Teller distortion of the CoOs octahedra, which is required for the
intermediate spin state (21). Nakajima et al. reported that BLC undergoes the charge-
ordering phase transition at 140 K (2), whereas Fauth et al. reported transition at 180 K
(18). IS state of cobalt ions was reported in several cobaltites. Nakajima et al. (2) and
Fauth et al. (18) explained the properties of BLC with the presence of IS state, whereas

Toulemonde et al. observed IS cobalt state in strontium-doped lanthanum cobaltite (22).

Figure 3a shows that below 40 K the magnetization curves obtained in the FC and ZFC
modes diverge. Several perovskite cobaltites show differences between ZFC and FC
curves below the Curie temperature. In particular, for measurements carried out in the
low magnetic field, ZFC temperature dependence of magnetization may exhibit a
maximum below Tc, whereas the magnetization decreases to a very low value with

decreasing temperature, e.g. (23). Kumar and Banerjee showed that the difference



between the FC and ZFC curves decreases with increasing field and at 1 T the FC and ZFC

curves almost coincide (24). Such a characteristic is observed in our work since the

magnetic field of 1 T was applied. In Figure 3b, we show the electrical resistivity in the

same temperature range, showing no apparent effect of phase transition on the

conductivity.

Figure 4 presents field dependence of isothermal magnetization in the paramagnetic

regime at 250 K and below the transition temperature at 10 K. The coercive field, Hc, at

10 K is 1.35(10) kOe. The low value of Hc and low residual to saturation magnetization

ratio indicates the nature of a soft ferromagnetic material. Above the transition

temperature, hysteresis is not observed.

Temperature dependence of resistivity is shown in Figure 5. In the temperature range

from 2K to room temperature (Figure 5a), resistivity decreases with increasing

temperature, changing the slope of the resistance curve, whereas in the range of high

temperatures (Figure 5b) it increases with increasing temperature. That means that a

semiconductor-metal transition occurs at a temperature close to RT. There is significant

scatter in the reported temperatures at which the minimum of resistivity is observed.

Some authors(2,5) observed the minimum of resistivity at 120 K-140 K which they

interpreted as resulting from charge ordering transition. On the other hand, Rautama et

al. observed this change in the conductivity as a function of T-slope corresponding to a



semiconductor-metal transition at Tc, around 190 K (25). Differences in resistivity

dependences may originate from different microstructure, oxygen stoichiometry or local

spin ordering of the studied samples.

Electronic conductivity in BLC occurs through electron (hole) hopping between different

cobalt sites(11). The temperature dependence of resistivity in these materials is a

complex problem since the energies of different interactions are comparable with one

another. The most relevant energy scales are the bandwidth and bandgap, the on-site

Coulomb repulsion, the long-range Coulomb interaction, the magnetic exchange energy

and the crystal-field splitting which determines the different spin states in this system.

Moreover, in these materials, strong electron-phonon interaction, as well as electron

scattering on charged point defects, may be expected. Therefore, in different temperature

ranges different conductivity mechanisms may occur. In view of the qualitative analysis

of the p(T) plot and magnetic transition observed at 180 K- 200 K, we divided the

discussion into three main temperature ranges, namely, below 40 K, between 40 K and

180 K and above room temperature.

In the lowest temperatures studied, between 2 K and 10 K, the resistivity approaches the

finite (residual) value. This suggests that the charge transport is not thermally activated

in this temperature range and the residual resistivity is observed. At temperatures above

10 K, the resistivity starts to decrease with increasing temperature so that a thermally-



activated transport process begins to be dominant. Nevertheless, between 10 K and 40 K
a continuous change of the p(T~1) slope can be seen, suggesting that a single transport

mechanism cannot be distinguished.

In the temperature range between 40 K and 180 K, four different models for describing
the temperature dependence of resistivity were applied. These are models, where either

pT 1o exp(T™1), p x exp(T™1), Efros-Shklovskii-type (ES) hopping p o« exp (Tgs/
1 1
T) 2) (26), or Mott’s variable range hopping (VRH) p o« exp ((TVRH/T)Z) (27). Figure 6

shows the plots of resistivity versus 7=/ n, where n is 1, 2 or 4. Curve in Figure 6a shows
no linear dependency in the whole measured range of temperature, whereas in Figures
6b-6d the ranges in which the plotis linear are 85 K-150 K, 70 K- 156 Kand 70 K- 160 K,
respectively. As can be seen, none of the above models describe the resistivity properly in
the whole measured temperature range (Figure 6). Figure 6a represents conductivity
dominated by small polarons hopping in which pT~! « exp(T~1). There is no linear
dependency in the pT~! « exp(T~1!) the plot, thus this type of transport should not be
taken into consideration at low temperatures. This is in agreement with previous works
since small polaron conductivity in barium doped lanthanum cobaltites may be expected
in the paramagnetic state (28), which in the case of BaosLaosCo0s is attained above 180 K.
The second model, in which p « exp(T~!), shown in Figure 6b, typically represents

resistivity dominated by thermal excitation of electrons from valence- to conduction band



in conventional semiconductors. This model is not appropriate either. However, the
charge carriers are generated through the band gap, the temperature dependence of
mobility is different from that exhibited by semiconductors, due to magnetic scattering
and electron correlations. Both hopping mechanisms, i.e. Efros-Shklovskii (ES) hopping
(Figure 6c) and variable range hopping (Figure 6d) mechanisms, seem to be in better
agreement with the measured resistivity. ES hopping occurs in the presence of Coulomb
interactions between electrons, which is present in cobaltites. Characteristic temperature
Tes is equal to 120 K, which limits the applicability of this model to the temperatures
below 120 K. Moreover, the standard deviation of the p (T-1/2) is higher than that of p (T-
1/4) dependence, which describes the variable range hopping transport. VRH mechanism
occurs when the electron hopping between the closest neighbors is not always the most
favorable and transport, therefore, takes place between ions further away from each other
(29). Coexistence of Co3* and Co#** at different spin states would promote the VRH
mechanism due to the spin blockade between some states. In the cubic structure, cobalt
ions at different oxidation states are randomly distributed in the crystal lattice, thus the
distance between cations between which electron transfer is blocked is not constant. The
Variable Hopping Range model (VRH) describes resistivity with the relation pyry =
poexp((Tyry/T)Y*) and using the linear fit (Figure 6d) the Tvrn may be determined.

Knowing the Tvru temperature, the density of localized states at the Fermi level can be

calculated, k;, Tyry = where 21 is a numerical factor calculated for many systems

21
{3N(Ef)



(30), Cis the decay length of the localized states at Fermi level, usually taken as unit cell
parameter. The Tvra temperature was determined as 2500 K, so the density of states was
N(Ep) = 1.7 - 10** eV ~1cm™3, which is higher than of typical oxides, but is consistent
with the observed semi-metallic behaviour and low resistivity. The VRH model describes
transport mechanism well between 50 - 140K. Above 140K, the temperature
dependence of resistivity deviates from the VRH relation. That may be attributed to the

charge ordering transition, reported before(2).

Between 180 K and room temperature, we observe that resistivity becomes nearly
independent of the temperature. This is usually explained by the partial occupation of the
eg band by electrons coming from IS states, which results in a semi-metallic
behaviour(31). As the temperature increases, more and more Co ions get excited to IS and
HS states, which results in the formation of a conduction band and disfavors spin ordering
and thus destroys ferromagnetism(1,32). Indeed, the resistivity in air above room
temperature increases with increasing temperature (Figure 5b), suggesting a metallic-
like conductivity. The temperature dependence of resistivity differs from that of a
conventional metal, that is, resistivity is not proportional to T but to its higher power
(approximately 3.5). The reason for the stronger dependence of resistivity on
temperature could be related to decreased mobility, trapping on charged point defects or

reduction in charge carrier concentration.



Summing up, the electrical conductivity of BLC in the temperature range from 2 K to

1070 K is dominated by different transport mechanisms, schematically shown in Figure

7. At the lowest temperature, below 10 K, the residual resistivity is observed. Between 10

- 40 K the resistivity decreases with increasing temperature and, due to continuous

change of slope, it cannot be ascribed to any particular model. Above this regime, the

variable range hopping is a prevailing mechanism. Further temperature increase gives

rise to cobalt at intermediate- and high-spin state population and another thermally-

activation conductivity mechanism are observed between 140 K and room temperature.

Electrical conductivity from RT to 1073 K was measured in air (RT-1073 K) and Ar (pO2

106 atm (1073 K - RT)) (Figure 8). Between 370 K and 1070 K semi-metal behavior is

observed, which indicates high-spin states of cobalt dominance associated with

conduction band filling. Conductivity and mass change were monitored at 1073 K upon

switching from air to argon to study electrical behavior during the reduction process

(Figure 8b). During the reduction, conductivity decreased in two steps, one fast (30 mins)

and one slow (9 hrs). Similar behavior is observed in mass relaxation. With increasing

temperature, and decreasing oxygen partial pressure the material is reduced, which

results in increasing charge carrier concentration. After reaching equilibrium in Ar,

conductivity was measured upon cooling from 1073 K to RT in Ar, revealing much lower

values than upon heating in air. While the conductivity in air was semi-metallic above RT,



the material shows thermally activated conductivity in a more reduced state under an

inert atmosphere.

Figure 9 shows the XRD patterns of the sample before and after the reduction. The initially

sharp, cubic reflections are widened and beginning to separate after reduction, indicating

phase separation. Under an argon atmosphere, partial A-site ordering is observed as the

tetragonal double perovskite structure of BaLaCo206 emerges(33-35). Therefore, two

stages of the reduction process may be explained in the following way: The first stage

changes only the oxygen stoichiometry, which leads to a change in oxygen coordination

of Co from octahedral to square pyramidal, with the additional splitting of the Co 3d

orbital energies; a decrease of dz2, and an increase of dxz-y2. As an effect, dz2 no longer

forms an overlapping conduction band. In such a case instead of metallic conductivity, an

activation-type of conductivity is observed stemming from hopping of tzg electron holes

between cobalt (10,36). The electrical conductivity results are in accordance with

previous (9,10).

In the second step i.e. in the slow process invelves—a much smaller mass change is

observed, therefore this process involves mostly cations ordering which leads to the

formation of the double perovskite structure of BaLaCo20s. The presence of this phase

contributes to a decrease in conductivity.



Conclusions

BaLaCoOs adopts cubic structure with fully occupied oxygen positions at room

temperature. The electrical and magnetic measurements showed the influence of cobalt

spin states and oxidation state on the electrical properties. The low-temperature

electrical and magnetic measurements (2K-RT) reflect the difference in cobalt spin states

at different temperatures. At low temperatures, LS is preferable, while IS and HS states

population increases with temperature, forming a conduction band by overlapping eg

levels. Therefore, metallic type conductivity can be observed above 370 K, when the

concentration of IS or HS cobalt ions is high enough to form a conduction band. The

electrical conductivity mechanism of BLC in the high-temperature range (RT-1073K)

varies with the measurement atmosphere, changing from metallic-like behavior in air, to

activated polaron hopping between reduced Co tzg-states states in Ar. We suggest that the

change from metallic to thermally activated conductivity is caused by the change of local

symmetry around Co ions induced by reduction, and leading to LS electron configuration

due to crystal-field splitting.
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Figure 1 PND (a) SP-PXD (b) powder diffraction patterns of BLC fitted by Rietveld
refinement. The wavelengths are 0.7896 A and 1.5543 A, respectively. Black points are
experimental data, the solid profile is calculated from the refined model and the red line

below is the difference plot. Vertical tick marks show Bragg peak positions.
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Figure 2 Possible distributions of electrons in, a high spin (HS), intermediate spin (IS) or

low spin (LS) state for cobalt 3+ and 4+.
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Figure 3 Magnetic susceptibility as a function of temperature under field cooling (FC)

and zero-field cooling (ZFC) mode (a) and temperature dependence of resistivity (b)



150 | 10K

3 °
100 /
e

%0

«
&

--‘.‘s\

250 K

o

3 !

E : 9 29 9 0 00

QL Op---mmmmmmmmeee & "___._.L.n- ___ B0 M e —
= :

,..ooaooi°

100 k- /
1

-150 1 : ] ] : ] ) ]

-30000 -20000 -10000 0 10000 20000 30000
Magnetic Field (Oe)

Figure 4 Field dependence of magnetization M(H) at 10 K (black) and 250 K (red)
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Figure 5 Temperature dependence of resistivity in air frim 2 K to room temperature (a),

and high temperature (b)
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Figure 6 Low-temperature resistivity explained by the means of different transport

models: small polaron hopping (a), thermally activated conductivity (b), Efros-

Shklovskii mechanism (c), Variable range hopping (VRH) (d). The straight lines in red

color represent the model fits and the black points are the data
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Figure 7 Temperature dependence of predominant transport mechanism under air

atmosphere
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Figure 8 High-temperature resistivity in air and argon (a) and kinetics of sample
reduction in argon at 800°C measured by the means of DC-4W electrical and

thermogravimetric relaxation (b)
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Figure 9 X-ray diffraction pattern of BLC before (black line) and after (red line) electrical

measurements in Ar
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Atom Position Occupancy B, (A~H?

La 000 0.5 0.45(3)
Ba 000 0.5 0.45 (3)
Co ala s 1 0.34 (5)
O 0%'s 1.002 (7) 1.30 (2)

Note: Space group Pm-3m; a = 3.8850(1) A. Phase content in sample:
97.4(4) wt%. Ry,(SR-PXD) = 5.23%; R,,,(PND) = 4.22% R, (total) = 4.71%.
*Values from B;, are refined from PND data only. B,,, was constrained to be
identical for La and Ba.

Table 1 Crystal structure of Bao.sLaosCoOs refined from PND and SR-PXD data.



