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Graphical abstract 

Experimental and computed studies for (La1-xSrx)CoO3-δ show the correlation 

among the mixed ionic–electronic conduction, crystal, local, and electrical 

structures. The change of spin states estimated by pre-edge analysis was observed at 

x=0.15 to occur concomitantly the Metal-Insulator transition. 
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Correlation between structure and mixed ionic–electronic conduction
mechanism for (La1−xSrx)CoO3−δ using synchrotron X-ray analysis
and first principles calculations
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The mechanism of mixed ionic–electronic conduction (MIEC) for (La1−xSrx)CoO3−δ (LSC) (x = 0.00−0.50) was investigated
by the experimental as well as the theoretical studies including Rietveld refinements, Maximum Entropy Method (MEM) analy-
sis, X-ray absorption spectroscopy, and first principles calculations (FPC). The correlations among MIEC, structure parameters,
i.e, the bond length and the bond angle, electron density, and the spin configuration were discussed from the practical results.
Moreover, these correlations were verified by FPC, and interpreted by the band structure and the total energy of LSC. The elec-
tronic conductivity was affected by Co–O–Co bond angle, electron density, and the spin state. In particular, the spin transition
from the low spin state to the high spin one was accompanied by the cross-over from semiconductor to metallic at x = 0.15. Con-
cerning the oxide ion diffusion, LSC has large anisotropic atomic displacement parameters of the oxide ion sites, in the vertical
direction of Co–O bond, which associate with the high oxide ion diffusion. The total energy of LSC during migrating the oxide
ion was also calculated with varying Sr content, lattice parameters, and symmetry by using FPC. Consequently, the symmetry of
LSC is more effective to reduce the activation energy of the oxide ion diffusion than Sr content and lattice parameters.

1 Introduction

Perovskite oxides are the focus of intense interest for pos-
sessing various properties in electrical conductivity, ion dif-
fusion, catalysis, thermoelectric performance, magnetism,
etc1,2. Specifically, perovskite oxides are promising materi-
als used in electrochemical applications, such as the solid ox-
ide fuel cells (SOFCs), where they were used in the electrode,
oxygen pumps, oxygen sensors, and oxygen separation mem-
branes3–5. In the electrochemical applications, performance
of them is dominated by mixed ionic–electronic conduction
(MIEC) of perovskite oxides. Conduction in many perovskite
oxides occurs due to the electrons and the oxide ions; it is
also influenced by various parameters such as structural pa-
rameters, composition elements, valence states, and oxide ion
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vacancies.
For perovskites, lanthanum cobaltite perovskites are widely

used as the cathode materials of SOFCs because of their higher
MIEC than other perovskite oxides at medium operating tem-
peratures3,6–9. In particular, (La1−xSrx)CoO3−δ (LSC) has
been widely investigated from various viewpoints. As for
MIEC, the electronic conductivity (σe) and oxide ion diffusion
coefficient (DO2−) have been extensively studied for LSC.

Concerning a dependence of σe on x, the phase for x < 0.15
is semiconductive; whereas, that for x≥ 0.15 is metallic10–12.
The Metal–Insulator (M–I) transition is related to the crys-
tal structure of LSC10,13. The electronic structure of LSC,
which is deeply associated with σe, have been investigated by
first principle calculations (FPC) and X-ray absorption spec-
tra (XAS). It was reported that the hybridization enhanced be-
tween the Co 3d and O 2p band by FPC for LSC14,15. Kozuka
et al. presented that the higher mobility of electrons in LSC
arose from the transition to a high spin state by using FPC16.
In the available literature for studies of LSC, XAS has been
widely used for studying the band structure and the spin con-
figuration of Co atom. Toulemonde et al. recorded Co K-edge
X-ray absorption near-edge structure (XANES) for LaCoO3,
and proposed that the spin state was a mixed low spin and in-
termediate spin17.

In the case of DO2− , oxide ion vacancies, and oxygen
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nonstoichiometry have been studied in details by iodimetry,
thermo gravimetry (TG), and conductivity measurements, var-
iously and widely. Oxygen vacancies increase with increase in
Sr content x10,16,18. Mizusaki et al. studied the oxygen nonsto-
ichiometry, depended on temperature and oxygen partial pres-
sure, by TG in detail19. Berenov et al. studied that DO2− in-
creased with increase in x by using Secondary Ion Mass Spec-
troscopy20. Islam estimated oxide ion transport mechanism in
perovskites by computing modeling21.

Most of studies for LSC, however, did not discuss the cor-
relations among MIEC, crystal structure parameters, electron
densities, band structures, and spin configurations, quantita-
tively. In this work, we discuss these correlations in detail
on a semiquantitative level. The crystal structure parameters,
i.e., bond length, bond angle, and atomic displacement param-
eter are estimated by Rietveld refinements using synchrotron
X-ray diffraction (SR-XRD) data, and the experimental elec-
tron density is calculated by the Maximum Entropy Method
(MEM) analysis using results of Rietveld refinements. The
band structures and spin configurations are studied by using
the pre–edge in XANES. In addition, the correlation between
structural parameters and MIEC is verified by using FPC. We
present the correlation among MIEC mechanism, structural
parameters, electron densities, spin configuration, and band
structures, empirically and theoretically.

2 Experimental

2.1 Sample preparation and characterization

(La1−xSrx)CoO3−δ (LSC) (x = 0.00− 0.50 with 0.05 steps)
samples were prepared by the solid state reaction. Ap-
propriate amount of La2O3 (Furuuchi Chemicals, Japan >
99.9 %), SrCO3 (Honjo Chemical, Japan > 99.99 %),
2CoCO3·3Co(OH)2·4H2O (Kanto Chemicals, Japan > 99.9
%) were dispersed in AK-225AE (AGC, Japan) as an organic
solvent. The starting materials were mixed homogenously by
the planetary zirconia ball milling for 12 h. The slurry was
dried at 393 K in an oven, and the powder was calcinated
in air at 673K for 6 h, 873 K for 6 h, then grounded, and
followed by another calcination at 1473 K for 6 h. The an-
nealing procedure was performed at 673 K for 48 h in air,
and the slow cooling rate allowed the sample to remove the
oxide ion vacancies. X-ray diffraction (XRD) measurements
(RINT2200V, Rigaku Corp., Japan) of the compound con-
firmed that the samples were consisted of a single phase. The
metal elemental composition was determined by inductively
coupled plasma (ICP) atomic emission spectroscopy (SPS-
1700 HVR, SII Nanotechnology Inc., Japan), using the spec-
tral wavelengths of 408.6 nm for La, 407.8 nm for Sr, and
228.6 nm for Co. The average Co valence was determined
by potentiometric-titration measurements (AT-500N, KEM,

Japan) using Mohr’s salt22. Oxygen content and oxide ion site
occupancy were calculated from the average Co valence based
on the charge neutral principle with La3+, Sr2+, and O2−.

2.2 Structural parameters and electron density

Synchrotron X-ray diffraction (SR-XRD) experiments were
carried out using a large Debye-Scherrer camera installed at
BL19B2 beamline in SPring-8 (Hyogo, Japan)23. SR-XRD
data was taken for the 2θ range of values 5◦ − 40◦ with a
step interval of 0.01◦ with X-ray wavelength of 0.350334 Å,
which was determined by calibrating a NIST CeO2 standard
sample. Diffraction data of LSC were analyzed by Rietveld
refinement technique using the program RIETAN-FP24. SR-
XRD data were analyzed using the modified split pseudo-
Voigt function proposed by Izumi and Ikeda25. Maximum
Entropy Method (MEM) analysis was carried out using Dys-
nomia program, and performed on a unit cell of LSC which
was distributed over 60×60×144 pixels. MEM analysis used
structure parameters obtained from Rietveld refinements for
all samples26,27. Corresponding crystal structures and elec-
tron densities were visualized by using the software package
VESTA28.

2.3 X-ray absorption spectra

X-ray absorption (XAS) experiments at Co K-edge were per-
formed at BL14B2 beamline with the bending magnet of
SPring-8 (Hyogo, Japan) at room temperature. A Si(111)
double-crystal monochromator was used for energy selection.
X-ray intensities for incident and transmitted beams were
monitored using ionization chambers filled with a helium–
nitrogen mixture (50/50 %) and a nitrogen–argon mixture
(85/15 %), respectively. The statistical error of energy, esti-
mated from 30 scans, was 0.022 eV at Co K-edge energy. For
XAS measurements, LSC samples were mixed with a suitable
amount of boron nitride. The energy calibration was carried
out to be 7709 eV at the half normalized absorption for Co K-
edge XANES spectrum of pure Co foil with a 4 µm thickness.
All XAS data were normalized using software Athena in IF-
EFFIT 1.2.1129,30. A Hill function was used as a background
function at the Co pre–edge.

2.4 First principles calculations

Calculations for density of states (DOS) and the total energy
(Etotal) of LSC during migrating oxide ion were performed
by first principles calculations (FPC) using the density func-
tional theory on the basis of the full potential augmented plane
wave plus local orbital (APW+lo) method as implemented
in WIEN2k code31. The generalized gradient approximation
(GGA) in the scheme of Perdue Bruke Ermzerhof with an ef-
fective Coulomb parameter (Ueff), i.e., GGA+U, was used for
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Fig. 1 Structure model with space group P1 for first principles
calculating the total energy during migrating oxide ion. The initial
oxide ion deficiency site (Odef), The oxide ion site (Otrans) with the
lowest total energy in the oxide ion path from O1 to Odef.

the exchange correlation energy32. In APW + lo method, we
used the following electron configurations for the core state:
[Kr]4d10 for La, [Ar]3d10 for Sr, [Ne]3s2 for Co, and [He] for
O. The muffin-tin radii were chosen to be 2.48, 2.37, 1.96, and
1.69 au for La, Sr, Co, and O, respectively. The summation in
the Brillouin zone was performed using 1000 k−points. The
cutoff parameter was set to RmtKmax = 7. We chose a Ueff = 7
eV, which was referred from Korotin et al., for Co atom33. The
space group R3c and structural parameters, i.e., lattice param-
eters and bond angles, estimated by Rietveld refinements were
used in FPC for estimating DOS. Table S1 lists the conditions
of FPC for DOS†.

The structure in Fig. 1 with space group P1 was used for
calculating Etotal of LSC during migrating the oxide ion, and
the activation energy (Ea) of oxide ion diffusion by FPC. We
estimated the total initial energy (Eini) of LSC with the oxide
ion vacancy; The deficiency site was Odef site in Fig. 1 at the
initial state. The transition energy (Etrans) of LSC with Otrans
site was the lowest total energy in the oxide ion path from O1
to Odef in Fig. 1. Ea was defined to the following equation:

Ea = Etrans−Eini. (1)

We used parameters for FPC such as lattice parameter and
bond angles estimated by Rietveld refinements, and Sr con-
tent. In some cases of FPC, La1, La2, and La3 atoms were
substituted by Sr atom in Fig. 1. Table S2 gives the condition
of FPC for discussing the oxide ion diffusion†.

Fig. 2 (a) Co valence estimated by potentiometric–titration (open
circle) and calculated without oxide ion vacancies (broken line), and
(b) oxide ion content calculated from Co valence as a function of x
in (La1−xSrx)CoO3−δ .

3 Results and discussion

3.1 Characterization, Co valence, and oxide ion content

XRD patterns revealed that all samples showed a single phase
with a perovskite structure. All sample compositions were
consistent with the nominal composition within measurement
error by ICP.

The oxide ion content and the oxide ion site occupancy
[g(O)] were calculated from Co valence (Z) estimated by
potentiometric–titration measurements using Mohr’s salt22.
The relationship between Z and the oxide ion content is shown
below:

δ =
3+ x−Z

2
, (2)

where x is Sr content, and δ is oxide ion deficiency. Fig.
2 shows (a) Co valence and (b) the oxide ion content as a
function of x. For x ≤ 0.15, LSC is essentially stoichiometric
(δ ≈ 0 ). For x > 0.15, δ increases with increase in x. There
are many reports about Co valence and the oxide ion content
estimated by various methods10,16,18,34. Our results of the ten-
dency for Co valence and the oxide ion content as a function
of x are similar to the previous studies10,16,18,34. g(O) for Ri-
etveld refinements was calculated from the oxide ion content
by the following equation:

g(O) =
3−δ

3
. (3)

3.2 Rietveld refinements

Figure 3 shows the result of Rietveld refinements with the
observed SR-XRD and the calculated profile of (La0.75Sr0.25)
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Fig. 3 Observed, calculated, and differential patterns of Rietveld
refinements of synchrotron X-ray diffraction for
(La0.75Sr0.25)CoO2.985. The brown plus symbols and the green line
denote the observed and calculated intensities, respectively. Short
verticals indicate the position of possible Bragg reflections of
rhombohedral structure. The difference between the observed and
calculated profiles is plotted at the bottom. The wavelength of the
incident synchrotron X-ray is 0.350334 Å.

CoO2.985. The inset of Fig. 3 presents the crystal structure of
LSC with space group R3c. The existence of an 113 reflection
at a characteristic line at 2θ = 8.68◦, viz., d113 = 2.31 Å, in
all SR-XRD patterns indicates that the crystal structure of all
LSC samples belongs to the space group R3c. Tables S3 and
S4 list the positional data for analysis and the results of struc-
tural parameters along with the reliability factors (R-factors)†.
R-factors, after Rietveld refinements of SR-XRD for LSC, are
sufficiently small for discussing structural parameters in detail
and performing MEM analysis.

3.2.1 Lattice parameters and Co–O bond length
Figure 4 (a) shows the lattice parameters as a function of x.
The lattice parameter of the c–axis increase with increase in x.
The a and b–axis, on the other hand, increases up to x = 0.15,
and reduces for x > 0.15. The behavior of Co–O bond length
in Fig. 4 (b) denotes the same tendency of the a and b–axis.
The lattice parameters and Co–O bond length are in good
agreement with those reported by Kozuka et al., Mineshige
et al., and Iwasaki et al.9,10,16,18. Mineshige et al. discussed
the correlation between the M–I transition and the decrease
of Co–O bond length10. Kozuka et al. explained that Co–O
bond length was associated with the effective mass and the
spin transition9. It is well known that Co–O bond length re-
duces with increase in Co valence35. Therefore, the region for
x < 0.15, in which Co–O bond length increases, is seen as an
anomalous tendency reported by Kozuka et al., and Mineshige
et al.9,10. This region is consistent with the semiconductive re-
gion, as reported in literature9,10,16,18. We suggest that the in-
crease of the Co–O bond length is contributed by changing in

Fig. 4 (a) Lattice parameters of a,b, and c–axis, and (b) Co–O
bond length as a function of x in (La1−xSrx)CoO3−δ .

Fig. 5 (a) O–Co–O and (b) Co–O–Co bond angle as a function of x
in (La1−xSrx)CoO3−δ .

the spin configuration from the low spin (LS) to the intermedi-
ate spin (IS) and/or the high spin (HS) state. This supposition
is discussed using XAS and FPC as shown later.

3.2.2 O–Co–O and Co–O–Co bond angle
Figures 5 (a) and (b) show x dependence of O–Co–O and Co–
O–Co bond angle, respectively. The value of O–Co–O angle
approaches 90◦ with increase in x. This result indicates that
the symmetry of CoO6 in LSC becomes higher rapidly with
increase in x. Co–O–Co bond angles between CoO6 hexahe-
drons in LSC approaches 180◦ with increase in x in Fig. 5
(b). Furthermore, we find discontinuous changes of Co–O–
Co bond angles at x = 0.15 and 0.35. In particular, the com-
position x = 0.15 with this discontinuous change is in good
agreement with that with changing the tendency of Co–O bond
length and M–I transition. The correlation between Co–O–Co
bond angle and x was reported in detail by Kozuka et al., Mi-
neshige et al., and Mastin et al.9,10,34. They, however, did not
find the discontinuous change of Co–O–Co bond angle. In
contrast, it is possible to observe the discontinuous change of
Co–O–Co bond angle since we estimated the parameters very
precisely by Rietveld refinements using SR-XRD data in this
work. It has been known that electrons are able to be itinerant
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for increasing the overlap integrations between eg orbitals of
Co and σ and/or π bonds of oxide ion while Co–O–Co bond
angle approach 180◦ 10,37,38,41,42. We will attempt to discuss
the correlation among Co–O–Co angle, σe, and DO2− by us-
ing FPC in the later part.

3.2.3 Atomic displacement parameters
There are few reports discussing the atomic displacement pa-
rameter (U) of crystal structures. It is difficult to accurately
estimate U by Rietveld refinements, because U correlates
strongly with other parameters, i.e., the site occupancies, the
surface roughness, etc. Therefore, we evaluated the g(O) cal-
culated from Co valence estimated using the potentiometric–
titration22. Using high energy SR–XRD with a transmission
method for Rietveld refinements, the anisotropic atomic dis-
placement parameters (Uaniso), i.e., U11, U22, U33, U12, U13,
and U23, are able to be discussed. It is constrained for LSC
with space group R3c that U22 and U13 are equal to U11 and
U23, respectively. Fig. 6 shows Uaniso of the cation sites as
a function of x. Uii of the cation sites varies significantly in
x≤ 0.15. Meanwhile, Ui j of the cation sites is independent of
x, and the values of Ui j are smaller than those of Uii. The val-
ues of U33 of the cation sites are larger than those of U11 and
U22 for x≤ 0.15. These phenomena mean that the cations dis-
order along the c–axis for x ≤ 0.15. For x > 0.20, the values
of U33 are equal to those of U11 and U22, that is, Uaniso changes
to the isotropic atomic displacement parameter (Uiso). The in-
creased the symmetry with increase in x for LSC may cause
the change from Uaniso to Uiso of the cation sites.

Figure 7 shows Uaniso of the oxide ion site as a function of x.
The values of U33 are larger than those of U11 and U22 for the
whole region. In other words, the disorder and/or the thermal
vibration of the oxide ion toward the c–axis are larger than
those toward the a and b–axis in LSC. Furthermore, the values
of Uii increase with increase in x for x < 0.15, reduce with
increase in x for 0.15 ≤ x < 0.30, and become constant for
x≥ 0.3. Uaniso of the oxide ion site would be deeply correlated
to Co valence, oxide ion deficiency, structural parameters, and
symmetry of LSC. For x < 0.15, the origin of increasing Uaniso
would be increasing the rate of Co4+ by Sr substitution. On
the other hand, the decreasing Uaniso for x≥ 0.15 may respond
to become the higher symmetry with increase in x. For x> 0.3,
the values of Uaniso become constant due to the combination
of the next two effects. The first is that the becoming higher
symmetry of LSC contributes to reduce the value of Uaniso.
The second is that the values of Uaniso increase with increase
in oxide ion deficiencies.

The values of |U13| and |U23| of the oxide ion site are larger
than those of |U12| of this site. The direction of U13 and U23 of
the oxide ion site are in the vertical direction of Co–O bond.
This result consists with that of Yashima et al. using neutron
diffraction43,44. The U13 and U23 in the vertical direction of

Fig. 6 Anisotropic atomic displacement parameter of cation sites,
(a) U11, U22, and U33 of (La, Sr) site, (b) U12, U13, and U23 of (La,
Sr) site, (c) U11, U22, and U33 of Co site, (d) U12, U13, and U23 of Co
site as a function of x in (La1−xSrx)CoO3−δ .

Co–O bond would enhance the oxide ion migration to other
oxide ion site43,44.

3.3 Electron density estimated by Maximum Entropy
Method

MEM analysis is one of the methods for estimating elec-
tron density using experimental data45,46. Many studies dis-
cussed electron densities and disordered atoms in materials
by MEM analysis using SR-XRD and neutron diffraction
data43,44,47–53. In this present work, the electron density and
the covalency at (La, Sr)–O and Co–O planes for LSC is dis-
cussed by MEM analysis. MEM analysis is performed us-
ing the structure parameters obtained from Rietveld refine-
ments. Table S5 lists R-factors and full width at half max-
imum (FWHM) of (|FMEM|-|Fobs|)/σobs (|FMEM| : structure
factor calculated by MEM analysis, |Fobs|: observed struc-
ture factors, σobs: estimated standard uncertainty of observed
structure factor)†. Fig. 8 (a) shows the correlation between
frequency and (|FMEM|-|Fobs|)/σobs from the results of MEM
analysis for (La0.70Sr0.30)CoO2.973. Gaussian functions are
able to fit (|FMEM|-|Fobs|)/σobs of all MEM analysis. The val-
ues of RW are 1.2139–1.4400, and the values of FWHM for
(|FMEM|-|Fobs|)/σobs are 0.394815–0.796632 in Table S5†49.
These informations are sufficient to qualify for further discus-
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Fig. 7 Anisotropic atomic displacement parameter of oxide ion
site, (a) U11, U22, and U33, (b) U12, U13, and U23 as a function of x
in (La1−xSrx)CoO3−δ .

sion on MEM electron densities for these system.
Figure 8 (b) shows the electron density for LSC (x = 0.30)

with the isosurface 0.5 Å−3, and (La, Sr)–O and Co–O planes
of (102). Figs. 8 (c) and (d) show the electron density map of
(La, Sr)–O and Co–O planes, respectively. At a glance, it is
clear that Co–O plane possesses higher covalencies and more
isotropic bonds than (La, Sr)–O one.

We attempt to discuss the electron density of as a function of
x. In particular, the minimum electron densities (MEDs), de-
fined as the smallest electron density of A dashed line in (La,
Sr)–O bond [Fig. 8 (c)] and B dashed line in Co–O bond [Fig.
8 (d)], are estimated. Fig. 9 shows MEDs of (La, Sr)–O and
Co–O bonds. MED of Co–O bonds is higher than that of (La,
Sr)–O bonds, and the difference between MEDs is large, i.e.,
approximately 0.25−0.40 Å−3. MED of Co-O bonds in LSC
are close to those of Co–O, Mn–O, Zr–O, and Nb–O bonds
in perovskite oxide47,48,52,53. The results of MEDs indicate
that Co–O and (La, Sr)–O bonds are covalent and ionic, re-
spectively. In addition, Co–O planes with the high covalency
would dominate σe and DO2− more deeply than (La, Sr)–O
planes. MED of (La, Sr)–O bond decreases with increase in x
by reason of the substitution from La3+ to Sr2+. In contrast,
MED of Co–O bond increases slightly with increasing x for
x ≤ 0.20. The increased MED may enhance σe for x ≤ 0.20.
While MED of Co–O bond is saturated for x > 0.30, σe be-
come constant for this region. From the results of MED of
Co–O bond, the covalency of Co–O bond may be associated
with σe. This tendency of MED is in agreement with that re-
ported by Hanashima et al.15.

3.4 X-ray absorption spectra

It is well known that a K–edge energy of XAS is strongly af-
fected by a valence state. This relationship has been exten-
sively studied for a number of transition metal perovskite ox-
ides35,54–59. The normalized XANES spectra and pre–edge

Fig. 8 (a) 3D electron density view for x = 0.3 with isosurface of
0.5 Å−3, and Co–O and (La, Sr)–O plane with (102). (b) Correlation
between frequency and (|FMEM|− |Fobs|)/σobs, and red line: fitted
Gaussian function. Electron density distribution of (c) (La, Sr)–O
and (d) Co–O planes for x = 0.3 with contour line: 0.3-2 Å−3, step
0.1 Å−3. Minimum electron density defined in A and B dashed line
of (c) (La, Sr)–O and (d) Co–O planes.

peaks of Co K–edge are shown in Figs. 10 (a) and (b), respec-
tively. In this work, we do not discuss XANES, but pre–edge
peaks, which is interpreted easily for 1s→ 3d and/or 4p tran-
sition.

3.4.1 Pre-edge spectra
The origin of the pre–edge peaks is due to the electric
quadrupolar Co 1s→ 3d transition and/or dipolar Co 1s→ 4p
hybridized with Co 3d 60. The hybridization between d and
p orbitals is strictly regulated by the symmetry of the central
Co atom in the CoO6, and the existence of the p–character
would affect pre–edge features, remarkably. The symmetry of
Co species in all the present LSC samples is Oh. We assume
that the pre–edge of Co is derived from the quadrupolar Co
1s→ 3d transition in this work. As mentioned above, the ob-
servation on the pre–edge, which is related to the Fermi level
energy (EF) and DOS at EF, is worthwhile discussing the elec-
tronic structure and the spin configuration. Furthermore, the
electronic structure and the spin configuration are deeply re-
lated to σe. The pre-edge peaks of Co perovskite oxide have
been extensively studied in literature. Jiang et al. and Haas
et al. investigated x dependence of the pre–edge peaks of Co
atom in LSC. They, however, did not discuss quantitatively the
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Fig. 9 Minimum electron density in (La, Sr)–O bond (open circle),
and Co–O bond (closed circle) as a function of x in
(La1−xSrx)CoO3−δ .

Fig. 10 (a) X–ray absorption near edge structure spectra and (b)
pre–edge peaks at Co K–edge.

correlation among the pre–edge peak, the band structure, and
the spin configuration56,61. In this work, we analyze the pre–
edge peaks by fitting with Gaussian functions, and establish
the quantitative relation among the pre–edge peaks, the band
structures, and the spin configurations.

Figure 10 (b) shows the enlarged view around the pre–edge
peak. The pre–edge peaks of Co K–edge are composed of
several peaks with their energies around 7709 eV (G1), 7710
eV (G2), 7711 eV (G3), and 7712 eV (G4) as shown in Fig.
10 (b). The Hill function is used as the background function
for obtaining the net intensity of the pre–edge peak in Fig. 11
(a). The net intensity of the pre–edge peak was extracted from
the raw pre–edge intensity in Fig. 11 (b). At a glance, the
intensities and the positions of the pre–edge peaks increased
and shifted to lower energy with increase in x, respectively.
The increasing intensity of the pre–edge means that the hole
is doped to d orbital, that is, this result is in agreement with x
dependence of Co valence in Fig. 2 (b). With further inspec-

Fig. 11 (a) Pre–edge raw spectrum (open circle and solid line) of
LaCoO3 with background function (dashed line: Hill function). (b)
Net intensity of pre–edge peaks removed background function as a
function of x in (La1−xSrx)CoO3−δ . (c) and (d) Net intensity of
pre–edge spectrum of LaCoO3.000 and (La0.5Sr0.5)CoO2.931, fitted
by two Gaussian functions, open circle: net intensities, solid line:
calculated intensities with two Gaussian functions, blue line:
Gaussian function related to G1, orange line: Gaussian function
related to G3, green line: Gaussian function related to G2, red line:
Gaussian function related to G4.

tion at the pre–edge peaks, we find that the pre–edge peaks
are fitted by two Gaussian functions as shown in Figs. 11 (c)
and (d). For x < 0.15, the pre–edge peaks are composed of the
main (G3) and minor (G1) peaks around 7711 and 7709 eV,
respectively. On the other hand, for x ≥ 0.15, the pre–edge
peak becomes broad and weak around 7712 eV (G4), while
the peak (G2) around 7710 eV gets strong. In previous stud-
ies of Co pre–edge, the low energy peaks (G1, G2) and high
energy peaks (G3, G4) have been thought to be contributed,
respectively, by the transitions of 1s→ t2g and 1s→ eg

56,61–63.

The peak position, full width at half maximum (FWHM),
peak area, and eg/t2g area ratio are estimated from the fitting
pre–edge with two Gaussian functions as shown in Figs. 12
(a), (b), (c), and (d). Fig. 12 (a) shows x dependence of the
peak position energy of each Gaussian function as a function
of x. For x < 0.15, G1 and G3 peaks position energies are
around 7709 and 7711 eV, respectively, and remained virtually
constant. The difference of peak positions between G1 and
G3 peak is approximately 2 eV for x < 0.15. For x ≥ 0.15,
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Fig. 12 (a) Pre–edge peak energies of G1, G2, G3, and G4 as a
function of x in (La1−xSrx)CoO3−δ . (b) Full width at half maximum
of G1, G2, G3, and G4 as a function of x in (La1−xSrx)CoO3−δ . (c)
Area of pre–edge peak and G1, G2, G3, and G4 as a function of x in
(La1−xSrx)CoO3−δ . (d) eg/t2g area ratio of area as a function of x in
(La1−xSrx)CoO3−δ .

G2 and G4 peak position energies are around 7710 and 7712
eV, and these energies increased slightly with increase in x.
The energy difference between G2 and G4 peak positions is
greater than that for x < 0.15. This means that the symmetry
becomes higher with increasing x for x < 0.15.

Figure 12 (b) shows x dependence of FWHM of each fit-
ted Gaussian function. For x < 0.15, FWHM of G3 peak is
about twice larger than that of G1 peak, and remaines virtu-
ally unchanged. By contrast, FWHM of G1 peak increases
dramatically with increase in x. For x ≥ 0.15, FWHM of G2
peak is larger than that of G4 peak, although FWHMs of both
peaks remain virtually unaltered. These results suggest that
the band width of t2g is larger than that of eg for x≥ 0.15.

Figure 12 (c) shows x dependence of the area of each fit-
ting Gaussian function as well as the total area of two peaks.
For x < 0.15, the area of G3 peak is larger than that of G1
peak, and decreases with increase in x. On the other hand, that
of G1 peak increases with increasing x. The area of G3 peak
decreases dramatically at x = 0.15, and that of G4 peak main-
tains constant with increasing x for x≥ 0.15. On the contrary,
the area of G2 peak increases and is gradually saturated with
increasing x for x≥ 0.15. For x≥ 0.15, the dependence of the
total pre–edge area is similar to that of Co valence, that is, this

phenomenon supports our presumption of relating between Co
valence and the pre–edge. These results indicate that the hole
is doped to t2g state, and the spin state changes from LS to HS
state.

Figure 12 (d) shows eg/t2g ratio (eg: G3 and G4 and t2g:
G1 and G2) of area as a function of x, and this analysis is
preferred by Medarde et al64. These results suggest that the
spin states for x < 0.05 are a mixed LS and IS state whereas
for 0.05≤ x < 0.15, the spin states are IS. On the other hand,
for x≥ 0.15, the spin states are HS with x dependence of eg/t2g
area rate decreases with increase in x.

Fig. 13 shows the number of t2g (open circle), eg (closed
circle), and 3d total electrons (closed square) as a function
of x in the ionic (a) and covalent (b) models. This analysis
follows the method proposed by Medarde et al64. The total
number of 3d electrons was calculated with considering the
oxide ion vacancy estimated by the potentiometric–titration.
The electron number of t2g is larger than that of eg for the
ionic (a) and covalent (b) models in x < 0.15. By contrast, this
relationship gets the opposite tendency for x≥ 0.15. Actually,
the spin configuration of LSC would be combination of the
ionic and the covalent models. The model may be ionic one
for x < 0.15, and covalent for x≥ 0.15.

From the results of the pre–edge analysis, it is speculated
that the spin configurations are contributed by LS and/or IS
state for x < 0.15 whereas it is by the contribution from the
HS for x ≥ 0.15. The difference in the spin configurations
between x < 0.15 and x ≥ 0.15 would be associated with σe
and M–I transition. Especially, the transition from LS to HS
state involves the increase of the electron number of eg, e.g.,
dx2−y2 and d3z2−r2 . As a result, the covalency of Co–O bond
increases, and the behavior of σe is metallic for x ≥ 0.15.
Kozuka et al. reported that HS state had a higher mobility
than LS one16. The pre-edge analysis in this work is in good
agreement with their concept, and we confirmed the spin tran-
sition from LS to HS state at x = 0.15 to occur concomitantly
with M–I transition.

3.5 Density of states calculated by the first principles cal-
culations

The structural parameters with high accuracy and precision
were able to be obtained by Rietveld refinements using SR-
XRD data. These structural parameters, viz., lattice parame-
ters and Co–O–Co bond angles, are used as input parameters
in FPC to understand the influence of the change of structural
parameters on σe. Co–O–Co bond angle is changed by chang-
ing the oxide ion site fractional coordinate [x(O)] in FPC. In
this work, the structure model of LaCoO3 with space group
R3c is used for FPC. We are able to study more precisely the
influence of the structural parameters than that caused by the
hole doping during Sr substitution. Table S1 lists the condi-
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Fig. 13 Electron number of t2g (open circle), eg (closed circle), and
3d total electron (closed square) as a function of x in the (a) ionic
and (b) covalent model with oxide ion vacancies.

tions of FPC†. Figs. 14 shows DOS for LaCoO3 calculated
with GGA+U method. DOS in Figs. 14 (a), (b), and (c) are
calculated with varying Co–O–Co bond angles and lattice pa-
rameters. Figs. 14 (a), (b), and (c) are the results using the
lattice parameters and bond angles of x =0.00, 0.25 and 0.50,
respectively. These DOS are compared with those in Figs. 14
(d), (e), and (f) which are calculated with using only the lattice
parameters of x =0.00, 0.25 and 0.50, respectively. LS state
model is used to FPC in Figs. 14 (a) and (d). Kozuka et al.
reported that DOS of LaCoO3 which was calculated with LS
state model. The results in Figs. 14 (a) and (d) is consistent
with the result of Kozuka et al.16.

From results of the pre–edge analysis, HS state model of
FPC for x ≤ 0.15 is preferred than LS state model in Figs.
14 (b), (c), (e), and (f). DOS in Fig. 14 (b) has a tail near
EF, and DOS of Co 3d with the down spin comes down to
EF. These results are slightly different from those of Kozuka
et al.16. Because we did not consider Sr doping to La site
in FPC. DOS, which was considered the change of Co–O–
Co bond angle, has smaller band gap than that unconsidered.
Each band gap, considered and unconsidered the change of the
bond angle, is 0.16 and 0.36 eV. Kozuka et al. reported that
Co–O–Co bond angle did not enhance σe

9. Meanwhile, the
effect of Co–O–Co bond angle on σe is able to be observed,
and the results in this work are consistent with the general
assumptions41,42. By using HS model in Fig. 14 (c) with
structural parameters of x = 0.50, we observe increase in DOS
of Co 3d near EF. The result, however, considered only lattice
parameter, does not exhibit DOS at EF. Figs. 14 (c) and (f)
show the effect of Co–O–Co band angle. DOS near EF of Fig.
14 (c) contains mainly eg, e.g., dx2−y2 and d3z2−r2 , and this
DOS has narrow band width. This result is in good agreement
with that of FWHM for the pre–edge analysis.

Fig. 14 Density of states of Co (solid line) and oxide ion (broken
line) for LaCoO3 estimated by first principle calculations. (a), (b),
and (c) using the lattice parameters and bond angles of x =0.00,
0.25, and 0.50, respectively. (d), (e), and (f) using only the lattice
parameters of x =0.00, 0.25, and 0.50, respectively.

3.6 Correlation between the electron conductivity and
the band structure

It is discussed the correlation between σe and the band struc-
ture using the corresponding results of structural parameters,
electron densities, pre–edge analysis, and FPC. In particu-
lar, we focus on the band structure of x < 0.15 and x ≥ 0.15
with semiconductive and metallic behaviors, respectively. For
x < 0.15, the spin configuration changes from LS to IS and/or
HS state with increase in x, as is able to be appreciated from
the following results. Co–O bond length and Co–O–Co bond
angle increase with x, and the electron number of t2g is higher
than that of eg. Furthermore, the results of FPC in Figs. 14 (a)
and (d) explain σe of x = 0.00. The band structure of x = 0.00
has a clear band gap of approximately 2 eV. The results of
XAS and FPC indicate that t2g electrons for LaCoO3 localize
because of the narrow width of FWHM for the pre–edge and
DOS. The correlation between the width of DOS and elective
mass (m∗) is shown in next equation,

1
m∗

=
1
h̄2

d2ε

dk2 (4)

where h̄ is Planck’s constant, ε is energy of free electron, k
is wave number. Equation (4) reveals that the narrow width
of DOS results in a heavy m∗, that is, low mobility and σe.
Therefore, σe of LaCoO3, which has the heavy m∗ and the
large band gap, is small16,18.

From results of the pre–edge analysis, the spin transition
from LS to HS state occurs for 0.05 < x ≤ 0.15, that is, the
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Fig. 15 Activation energy (Ea) of oxide ion diffusion estimated by
first principle calculations. Parameters of FPC are lattice parameters
and x(O) of oxide ion site fractional coordinate (open circle), x(O)
(closed circle), lattice parameters (open triangle), and Sr content
(closed triangle).

electron numbers of eg, e.g., dx2−y2 and d3z2−r2 , increase with
increase in x. These results of the spin transition are in agree-
ment with the increase of Co–O bond length for x < 0.15, and
the increasing covalency of Co–O bond for x ≤ 0.2. The an-
gle between CoO6 hexahedrons gets close to 180◦, so that the
tailed DOS at EF, which means lightweight m∗, is generated.
From results of the pre–edge analysis and FPC for x > 0.3,
the width of DOS is narrow indicating m∗ becomes heavy, and
the spin configuration and the covalency of Co–O bond dose
not change significantly. These results and ideas relate to the
metallic behavior and the saturation of σe for x > 0.3.

3.7 Oxide ion diffusion studied by first principles calcu-
lations

It is well known that DO2− increases with increasing Sr con-
tent20. Recently, there are many studies for ion migration
using FPC68,69. In this work, DO2− is investigated by FPC
with varying the condition of calculations, viz., lattice param-
eter, the symmetry as O–Co–O and/or Co–O–Co bond angle,
and Sr content. The structural parameters were estimated by
Rietveld refinements using SR-XRD data. Table S2 lists the
conditions of FPC†. Fig. 15 shows Ea for DO2− . It is expected
that Ea would be reduced with increase in Sr content because
the covalency of (La, Sr)–O bond decreased with increase in
x. We, however, got the opposite results about Ea estimated by
FPC as a function of x. The covalency of (La, Sr)–O bond is
not related to DO2− . On the other hand, the change of lattice
parameters and the symmetry affect Ea. Specifically, the effect
on Ea of the changing symmetry is higher than that of lattice
parameters. Ea decreases with becoming higher the symmetry

of LSC. The effect of the symmetry is consistent with the re-
sults of Islam estimated by molecular dynamics techniques21.
As for the lattice parameters, the increased unit cell volume
with increasing x may make Ea reduced. It is speculated that
the oxide ion diffusion space increases with increasing the
unit cell volume, so that Ea decreases. The effect of lattice
parameters, however, decreases to reduce Ea with increasing
x because of the saturation of increased unit cell volume for
x > 0.4. We find that the importance for reducing Ea is not Sr
substitution but structural parameters, e.g., lattice parameters,
and symmetry of CoO6 in LSC.

4 Conclusion

MIEC mechanism of (La1−xSrx)CoO3−δ (LSC) (x = 0.00−
0.50) was investigated experimentally by Rietveld refine-
ments, MEM analysis, XAS analysis, and verified by FPC.
The LSC samples were prepared by the solid state reaction,
followed by annealing at 673 K and 48 h in air to ensure that
the samples were essentially in their controlled stoichiometric
compositions. Co valence and g(O) of LSC were estimated
by the potentiometric–titration using Mohrs salt for a detailed
discussion of Rietveld refinements and XAS analysis. No sig-
nificant δ was generated for x ≤ 0.15. Meanwhile, δ was
formed and increased with increase in Sr content for x > 0.15.
At x = 0.15, the change of the behavior for σe from semicon-
ductor to metallic accompanied by the spin transition from LS
to HS state which was confirmed by the pre–edge analysis. In
addition, the covalency of Co–O bond increased with an in-
crease in x for x ≤ 0.20. Concerning structural parameters,
Co–O–Co bond angle approached to 180 ◦, and had a discon-
tinuous change at x = 0.15. The results of FPC demonstrated
that Co–O–Co bond angle play an important role to change
of DOS. For these results, Co–O–Co bond angle may cause
the spin transition, and make the covalency of Co–O bond en-
hanced so that σe increase. For x > 0.30, σe was saturated in
this region, the spin state and the covalency of Co–O bond did
not change significantly.

As for DO2− , we discussed the correlation between struc-
tural parameters and DO2− , and verified this correlation by us-
ing FPC. A large Uaniso of the oxide ion site, which was in
the vertical direction of Co–O bond, was observed by using
Rietveld refinements, and helps the oxide ion migrate in con-
sequence. It was concluded that the main reason for reducing
Ea of DO2− is not Sr substitution but the lattice parameters
and the symmetry of LSC. Especially, the high symmetry of
LSC is more effective to decrease Ea of DO2− than the lattice
parameters.

In this work, we presented here a comprehensive relation
among MIEC mechanism for LSC, their structural parame-
ters, electron densities, spin configurations and band struc-
tures, empirically and theoretically.
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