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The short- and long-range order correlations of the crystal structure in the distorted perovskites
La;_,Sr,CoO3 and La;_,BayCoOs (0.0<x<0.5) have been studied by the neutron powder diffraction
(NPD) and the Co K-edge X-ray absorption spectroscopy (XAS) measurements. The results of XAS and
NPD indicate a local distortion around the Co>* ions in LaCoO5 at room temperature. The substitution of
the La®* ions by the Sr?*(Ba2") ions leads to a gradual increase of the Co-O-Co angle and is accompanied

by an increase of the mean square relative displacement (MSRD) of the Co-O bond. These results
correlate with an increase of the oxygen amplitude vibration in the direction perpendicular to the Co-O
bond. The possible explanation of the observed changes of the crystal and electronic structures in the
above-mentioned cobaltites is discussed.

© 2008 Published by Elsevier Ltd.

1. Introduction

The discovery of the “colossal” magnetoresistance (CMR) in the
manganites with perovskite structure [1] has stimulated the
research of the compounds exhibiting large magnetoresistance.
Recently cobaltites with perovskite-type structure have attracted
a considerable interest because of their specific properties, which
make them promising materials for use in solid oxide fuel cell
(SOFC), chemical reactors, gas separation membranes and many
other applications [1]. In LnCoO3 oxides (Ln—Ilanthanide), the Co>*
ions in the ground state are characterized by the low spin (LS)
electronic configuration tggeg (§=0). This LS state gradually
passes to the intermediate (IS; tgge;, S=1) [2] or high spin
(HS; t‘z‘geé, S=2) state [3] with temperature increase. For
example, in the case of LaCoOs the spin state of the cobalt ions
gradually changes from LS to IS or HS in the temperature range
from about 20 to 100K [3].
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The magnetic and transport properties of the La;_,SryCoOs3
cobaltites and La;_,Sr,MnOs; manganites have common features.
In both systems the substitution of La* with divalent Sr** creates
a paramagnetic to ferromagnetic transition (x~0.2) as the dopant
concentration increases. The Sr?* and especially Ba%* ionic radii
are significantly larger than that of La*, so one can expect
stabilization of the IS or HS state of the cobalt ions upon
substitution. Moreover, the appearance at such heterovalent
substitution of Co*" ions leads to the ferromagnetic metallic
ground state [4]. The origin of the ferromagnetism in the metallic
cobaltites and manganites is a subject of discussion for a long
time. Most studies on the spin states of Co suggest that the
trivalent and tetravalent cobalt ions coexist in the mixed LS and IS
states [5]. There is evidence that the origin of exchange
interactions differ in the cobaltites and manganites. That is,
the classical double exchange model is more appropriate for
the manganites but is not applicable for the mixed valence
cobaltites [6].

In this work we present the results of the extended X-ray
absorption fine structure (EXAFS) and X-ray absorption near-edge
structure (XANES) studies at the Co K-edge as well as neutron
powder diffraction (NPD) measurements of the La;_,Sr(Ba)yCoO3
(x =0, 0.2, 0.3, 0.5) solid solutions. The sensitivity of XANES and
EXAFS to chemical composition, local lattice distortion, “chemical
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pressure” effect and to a mixture of the low, intermediate and
high spin states of Co>" and Co*" ions in these cobaltites is
analyzed. The correlation between the long-range structure
parameters determined by NPD and the local atomic and
electronic structures obtained by EXAFS/XANES is discussed.

2. Experimental procedure and data analysis

Polycrystalline samples of La;_,Sr(Ba)yCoO3; have been synthe-
sized by the conventional ceramic technique. Starting materials
La,0s, Co30, SrC0O5, BaCO3; were calcined in air for 3 h at 950°C and
admixed in stoichiometric proportions. Powders obtained have been
pressed and sintered in air for 12 h. Synthesis temperature have been
decreased gradually from 1280°C for x =0 compound down to
1180 °C for the x = 0.5 samples. The samples have been slowly cooled
down to room temperature. No impurities were detected by means
of the laboratory X-ray diffraction measurements.

The NPD experiments were carried out on the fine resolution
neutron diffractometer E9 [7] at the BER-II reactor in Hahn
Meitner Institute. Data were collected over the range 10°<20<
150° with the neutron wavelength / = 1.7973 A. The NPD data
were analyzed using the Rietveld method by the FullProf program
[8]. The room temperature NPD measurement for LaCoO3; sample
was carried out on the high-resolution Fourier diffractometer [9]
at the IBR-2 pulsed neutron source in the Joint Institute for
Nuclear Research. The structures were refined by the Rietveld
method using the program MRIA [10].

The Co K-edge (Ex = 7709 eV) X-ray absorption experiments
were performed at the E4 beamline HASYLAB, DESY (Germany).
The storage ring energy and the average current were 2.0 GeV and
100 mA, respectively. Synchrotron radiation was monochroma-
tized using a Si(111) double-crystal monochromator. The energy
resolution AE/E was about 4 x 10~%. The spectra were recorded in
transmission mode by two ionization chambers filled with argon
gas as detectors. The energy steps were 0.1 and 2 eV in the XANES
and EXAFS regions, respectively. The samples were prepared as
pellets with the varied thickness to obtain the absorption edge
jump of about 1.0-1.5.

The Co K-edge (Ex=7709eV) XANES experiments were
performed at the Al beamline HASYLAB, DESY. The present
measurements were carried out in the high-resolution mode
(using a 4-crystal channel-cut Si(111) crystal monochromator
with a resolution of about 0.5eV at the 7keV) at 290K. The Co
K-edge XANES spectra were recorded in transmission mode, using
two ionization chambers filled with argon gas, as detectors. The
energy step was 0.1eV. The XANES data analysis in the range
7650-7820 eV was performed. All measurements were carried out
at 290K.

EXAFS spectra were treated using the EDA software package
following the standard procedure [10,11]. The energy position Eo,
used in the definition of the photoelectron wave number
k = [(2me/h?)(E—Eo)]"?, was set at the threshold energy of
7714 eV.

The Fourier transforms (FTs) of the EXAFS y(k)k* spectra
were calculated in the wave number interval k = 1.4-15 A" with
a Gaussian-type window function. A curve-fitting procedure
[11,12] was used in the same wave number interval to determine
the Co-O distance for the first coordination shell of cobalt and
the mean-square relative displacement (MSRD). The scattering
amplitude and phase shift functions, required in the EXAFS
analysis, were obtained from reference LaCoOs sample, measured
at T = 20K, and setting the coordination number N;.f = 6 and the
Co-O distance Ref= 1.9254 A, based on structural data from
the results of Rietveld refinement of our neutron diffraction
patterns. Thus, the relative MSRD values A¢?(Co-0) = ¢%—(oref)?

were found in the fitting of solid solutions. Note that a single
Gaussian model gives a good fit in all cases, suggesting the
absence of detectable CoOg octahedra distortion or unharmonicity
effects.

3. Results and discussion
3.1. Neutron diffraction results

According to the NPD results for La;_,Sr(Ba)CoOs, all observed
Bragg peaks were indexed in the rhombohedral R 3¢ space group
for 0.0<x<0.5, but in the cubic Pm 3m space group in the case of
LapsBagsCo0s3. An example of the room temperature refinement
for LaggBagCo05 is shown in Fig. 1.

Fig. 2 shows the Co-O-Co bond angle dependence for
La;_,Sr(Ba)xCoO3 at T=290K. The Co-O-Co angle increases
linearly with Sr/Ba-doping in both compounds. However, in the
case of La;_xBayCoOs, the value of Co-O-Co angle is essentially
larger than that in La;_,Sr,CoOs. The changes shown in Fig. 2 can
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Fig. 1. Neutron diffraction pattern of LaggBag,Co03 at 290 K: experimental curve
(continuous line), refinement points (open circles) and their difference (contin-
uous line below). Ticks show the predicted 26 positions for the Bragg peaks.
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Fig. 2. Composition dependence of the Co-O-Co angle in La;_,SryCoOs (open
squares) and La;_,Ba,CoOs3 (solid squares) at T = 290K. Lines are guides for eyes.
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be related to the increasing of the mean value of ionic radius in the
A-sublattice. It should be noted that the La®* ionic radius
(Ria = 1.36A) is smaller than those of Sr** (R, = 1.44A) and
especially Ba®* (Rg, = 1.61 A).

In La;_,SryCoO5 the substitution of the La®* with Sr?* results in
the increase of the Co-0O-Co angle from ~164° (x = 0) to ~171°
(x=0.5) and a decrease of the Co-O distance from ~1.935A
(x = 0) to ~1.927 A (x = 0.5), whereas the Co-Co distance remains
nearly constant and equal to ~3.83A. In La;_.Ba,CoO; the
increase of the Co-O-Co angle from ~164° (x =0) to ~180°
(x = 0.5) upon substitution of the La*>* with Ba%* is accompanied
by an increase of both Co-0 and Co-Co distances to ~1.945 A and
~3.89 A, respectively.

3.2. EXAFS and XANES results

Experimental EXAFS y(k)k? signals at the Co K-edge and their
FTs for La;_,BayCoOs3 solid solutions at T = 290K are shown in
Fig. 3. The FTs signals are typical for perovskite-type structure and
show well-resolved peaks up to 7 A. Here we will consider only
analysis of the first peak at 1.9A, corresponding to the first
coordination shell composed of six oxygen atoms around absorb-
ing cobalt atom. One should note that all EXAFS (k)k? signals are
of very good quality up to about 15A~",
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Fig. 3. Composition dependence of experimental Co K-edge EXAFS signals y(k)k?
and their Fourier Transforms (modulus and imaginary parts) for La;_,Ba,CoO3 at
T = 290K (only few spectra are shown for clarity).
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Fig. 4. Composition dependence of the Co-O distances in La;_,SryCoO3 (open
symbols) and La;_,Ba,CoOs (solid symbols) obtained by NPD (squares) and EXAFS
(circles) at T = 290 K. The half-length of the Co-Co distance from NPD is shown by
triangles. Lines are guides for eyes.
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Fig. 5. Composition dependence of the relative MSRD A¢?(Co-0) in La;_,SryCoO3
(open circles) and La,_,Ba,CoO5 (solid circles) at T = 290K. Lines are guides for
eyes.

The variation of the Co-0 and Co-Co bond lengths, obtained by
EXAFS and NPD for La;_,Sr(Ba),CoOs at T = 290K, is shown in
Fig. 4. It should be noted that the EXAFS results were obtained
using the low-temperature (T =20K) LaCoOs; spectrum as a
reference, since the CoOg octahedron is not distorted at tempera-
tures below about 60K [13]. Because of the difference of the Sr?*
and Ba?* ions radii, the unit cell volume and the average Co-O
distance are affected in a different way upon substitution: they
increase in the case of Ba%*, but slightly decrease for Sr**. This
tendency is well visible in Fig. 4. For x> 0.2, the values of the Co-O
distances determined by EXAFS are always longer than the ones
obtained by NPD, and the difference grows up with x. Such
behavior can be explained by an increase of the oxygen atoms
vibration amplitude in the direction perpendicular to the Co-O
bond [14]. However, one should note that in LaCoOs; the Co-O
distance determined by EXAFS at T=290K is unexpectedly
shorter than that obtained from NPD. This unusual behavior can
be related to the lowering of crystal symmetry (due to the
cooperative Jahn-Teller distortions, for instance) at high tempera-
tures [13] or to the peculiarities of the local lattice dynamics and



2190 E. Efimova et al. / Journal of Physics and Chemistry of Solids 69 (2008) 2187-2190

1 8 T T T T T T T T
La,,Ba,CoOy 1s = 4p
x=0.0

----x=02
s | e x=0.3
'-g_ 12 L x=0.5
IS}
(7]
Q
<
O
(0]
N
©
E 06 |
o 1s —>
z

3d(eg+tzg)+2p(0)
/ 0.00 -
— 7704 7706 7708 7710 7712 7714
0.0 t s 1 s 1 Ene:gy o 1 s
7700 7710 7720 7730 7740 7750

Energy (eV)

Fig. 6. XANES spectra at the Co K-edge in La;_,Ba,CoO3 (x = 0.0-0.5) at T = 290K;
the inset shows the pre-edge region.

will be discussed elsewhere. Fig. 5 shows the composition
dependence of the relative MSRD A¢? for Co-O bonds in
La;_,SryCoO3 and La;_,Ba,CoOs. In both compounds the relative
MSRD increases with Sr/Ba-doping. The relative MSRD value for
La;_4Ba,CoOs3 is always larger than that for La;_,Sr,CoOs. Such
behavior is probably caused by the changing of the Co-0-Co
angles and Co-O bond lengths upon Sr/Ba substitution (Figs. 2
and 4).

Fig. 6 shows the composition dependence of the normalized Co
K-edge XANES spectra for La; _4Ba,CoOs5 (x = 0.0-0.5). The dipole-
allowed 1s— np transitions at the Co K-edge dominate the XANES
spectrum above the absorption edge [15]. The 3d orbital of cobalt
mix heavily with the oxygen 2p orbital [16] and the cobalt 3d
orbital are expected to split by the crystal field (4c¢) and by
Hund’s rule coupling (Jy). Although the 1s—t;; and 1s—eg
transitions are forbidden in the dipole approximation, they could
be experimentally observed mainly because of oxygen p states
admixing [17] and also some contribution of quadrupole channel
[15]. Therefore, we attribute the pre-edge peaks, shown in Fig. 4
below 7705eV, to the 1s—3d(Co)+2p(0) transition: its energy
position and splitting can be used to evaluate the valence and spin
state of cobalt ions. The J,, could result in additional unresolved
splitting of the t,, and e; subbands, thus contributing to the
observed peak broadening (Fig. 6, inset). Note that this intera-
tomic exchange splitting could actually be comparable with the
crystal field effect in the case of cobaltites. Principal modification
of the pre-edge peak in XANES of La; _,Ba,CoOs is observed (Fig. 6,
inset) as its splitting into A; and A, peaks and a shift toward the
lower energy by about 0.8 eV as was found by us previously for
La;_,SryCo03 [18,19]. Note that a shift to higher energy is expected
since cobalt ions change their formal valence state from 3+ to 4+
upon substitution of La®>* by Sr?*/Ba%*. We relate this unexpected
shift direction with a change of excited electron screening by
other electrons being in 3d(t,,) state [18,19]. The decrease of
splitting can be due to an increase of symmetry from rhombohe-

dral to cubic that makes t,; and eg subbands less separated by the
crystal field and also to the substitution of IS Co®>*by LS Co?".

4. Conclusions

NPD and X-ray absorption spectroscopy studies of polycrystal-
line La,_,Sr(Ba)yCoO3 have been performed at room temperature.
The structural parameters calculated from NPD and EXAFS
analyses strongly complement each other. We have found that
an introduction of the Sr?*(Ba®*) ions leads to a decrease
(increase) of the average Co-O distance and to a growth of the
Co-0-Co angle, that influences the Co-0O interaction and appears
in XANES as a broadening and a shift toward the lower energy of
the Co 3d pre-edge peaks. The NPD and XAS results indicate that
the CoOg octahedra in La;_,Sr(Ba),CoOs remains undistorted for
all compositions. The substitution of the La®>* jons with Sr>*(Ba%*)
ones is accompanied by an increase of the MSRD of the Co-O
bonds. Above-mentioned result is in correlation with increasing of
the oxygen amplitude vibration in the direction perpendicular to
the Co-O bond as evidenced from the difference in the Co-O
distances obtained by EXAFS and NPD.
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