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We report the electronic and local structural investigation of double pervoskites Sr,_,La,CoNbOg (x =0 — 1)
using x-ray absorption near-edge structure (XANES) and extended x-ray absorption fine structures (EXAFS) at
the Nb, Co, and Sr K edges. The ab initio simulations and detailed analysis of the Nb and Co K-edge XANES
spectra demonstrate that the observed pre-edge features arise from the transition of ls electrons to the p-d
hybridized states. We reveal a z-out Jahn-Teller (JT) distortion in the CoOg octahedra, which decreases monoton-
ically due to an enhancement in the JT inactive Co”* jons with x. On the other hand, the z-in distortion in NbOg
octahedra remains unaltered up to x = 0.4 and then decreases with further increase in x. This sudden change
in the local coordination around Nb atoms is found to be responsible for the evolution of the antiferromagnetic
interactions in x > 0.6 samples. Also, we establish a correlation between the degree of octahedral distortion
and intensity of the white-line feature in the XANES spectra and possible reasons for this are discussed. More
interestingly, we observe the signature of KN; double-electron excitation in the Sr K-edge EXAFS spectra for
all the samples, which is found to be in good agreement with the Z + 1 approximation. Further, the Co L, 3 edge
shows the reduction in the crystal-field strength and hence an increase in the charge-transfer energy (A) with

the La substitution.
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I. INTRODUCTION

The octahedrally coordinated Co possesses the intriguing
magnetic, transport, optical, and electronic properties due to
the small energy difference between its various oxidation and
spin states [1-3]. The strength of the crystal field (CF) is
a crucial measure to govern these properties, as a delicate
competition between the Hund’s exchange energy and CF
splitting decide the electronic distribution in the CF splitted
fe and e, states [4—6]. In this case, the Co-O bond distance
plays the key role in controlling the CF strength. For example,
Chen et al. have reported a correlation between the Co-O bond
length and spin-state transition of Co®* from high-spin (HS)
state (3d°; 1y,e7) to the low-spin (LS) state (3d°; 15,e?) in
SrCop sRup 503_5 using the pressure (hydrostatic) dependent
x-ray absorption and emission spectroscopy [7]. It was found
that a Co-O bond length >1.93 A favors the HS state, whereas
a smaller value results in the most stable LS state due to the
large CF splitting in the latter [7]. Also, an increase in the
Co-0-Co bond angle enhances the Co 3d-O 2p orbital hy-
bridization, which stabilizes the intermediate-spin (IS) (3d°;
tfge;,) state of Co in LaCoO; [8]. On the other hand, the

Co** usually stabilizes in the HS state (3d7; t25ge§) due to
the weaker CF as compared to Co®* in Co-based perovskite

oxides [1,2,9]. Thus, a precise understanding of the chem-
ical and local coordination environment around Co and its
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evolution with the external parameters like temperature, me-
chanical pressure, and chemical pressure (doping) and hence
CF strength is extremely important to engineer the various
physical properties of the complex oxides and their vast use
in the technological applications [10,11].

In this context, a stable crystal structure of the per-
ovskite oxides [ABO3; A= rare-earth and alkali earth metals,
B = transition metals (TM)] provides a suitable matrix to
accommodate the wide range of elements with tunable CF
strength and hence degree of TM-O orbital hybridization
[12—14]. Further, a 50% substitution of B-site cations results
in the alternating ordering of BOg and B’(say)Og octahedra,
where the degree of ordering depends on the ionic and va-
lence mismatch between two B-site cations [15]. This ordering
results in the additional B-O-B’-O-B exchange interactions
along with the conventional B-O-B channels, resulting in
the exotic magnetic and transport properties [16-20]. For
example, the antisite disorder-driven several exchange inter-
actions are found to play a crucial role in determining the
inverse exchange bias effect observed in Gd,CoRuQOg [21].
In the double-perovskite family, the Sr,CoNbOg is one of the
most interesting candidates, where high-resolution electron
microscopy (HREM) shows the B-site ordered domains of less
than 100 A; however, no such evidence was observed in the
x-ray and neutron powder diffraction measurements due to
their large coherence length as compared to the size of the
ordered domains [9,22]. This is because Sr,CoNbOg is a bor-
derline candidate of the ordered-disordered configurations due
to the moderate ionic and valence mismatch between Co**

©2022 American Physical Society
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and Nb>* jons and even a small perturbation can transform
it into either regime [15]. This intriguing crystal structure
of Sr,CoNbOg is closely related to its observed colossal di-
electric properties, complex ac impedance spectroscopy, and
cluster-glass-like magnetic ground state [23-25].

Recently, we studied the doping-induced spin-state tran-
sition of Co** from HS to LS/IS state in Sr,_,La,CoNbOg
(x =0 — 1) samples using the magnetization measurements
[9]. Here it is important to note that the substitution of each
La’** ion at Sr>* site is expected to transform one Co from 3+
to 24 state, which systematically reduces the CF strength and
stabilizes the Co®* in HS state [1,9,26]. A very small tetrago-
nal (/4/m) distortion was observed in the x = 0 sample from
the perfect cubic (Pm3m) symmetry, which increases with
the La substitution (x) up to x = 0.4, and then transformed
into the monoclinic (P2;/n) structure for x > 0.6 samples [9].
Further, an increase in the valence mismatch between B-site
cations (AV =& 2 — 3) with x transform the disordered parent
sample to the highly ordered state in the x = 1 sample [9].
Importantly, an abrupt enhancement in the B-site ordering
and evolution of antiferromagnetic (AFM) interactions were
reported for x > 0.6 samples [9,25], which indicate the strong
correlation between the local crystal structure and the com-
plex magnetic interactions present in these samples. Also,
the specific-heat measurements indicate the persistence of the
discrete energy states resulting from the crystal-field splitting,
spin-orbit coupling, and octahedral distortion [25]. However,
extent of the octahedral distortion, which can play a key role
in governing the various spin states of Co®*, and its evolution
with the La substitution have not been quantified. There-
fore, a systematic study of change in the electronic structure
and local coordination around different cations is essential
to understand the origin of complex magnetic interactions in
these samples. In this direction, x-ray absorption spectroscopy
(XAS) is a versatile tool to investigate the ligand field, spin
state, valence state, centrosymmetry, metal-ligand overlap,
and the local coordination geometry [27].

Therefore, in this paper, we use x-ray absorption spec-
troscopy to investigate the element-specific electronic and
local structure of Sr,_,La,CoNbOg (x = 0 — 1), and focus on
the Nb, Co and Sr K edges in both the x-ray absorption near-
edge structure (XANES) and extended x-ray absorption fine
structure (EXAFS) regions. The Nb K-edge XANES shows a
very weak pre-edge feature in spite of the completely unoc-
cupied 4d states, indicating the presence of Nb atoms in the
centrosymmetric octahedral environment. However, a strong
pre-edge feature is observed in case of Co K-edge XANES
spectra, which indicates its off-center displacement in the
CoOg octahedra. The analysis suggests that pre-edge features
in both Nb and Co K-edge spectra result from the transition
of s electrons to the p-d hybridized states. Further, the Co
K-edge XANES spectra indicate the deviation of the formal
valence state of Co from the expected (3 — x)+ state, resulting
in the small oxygen nonstoichiometry in the La-rich (x = 0.8
and 1) samples. Moreover, we found a strong correlation
between the intensity of the white line and degree of octa-
hedral distortion in CoOg and NbOg, where a higher degree
of octahedral distortion (compression as well as elongation)
results in the reduction of white-line intensity of the respec-
tive K-edge absorption spectra. The Co K-edge spectra show

the monotonic reduction in the distortion in CoOg octahedra
with the La substitution (x). However, the Nb K-edge spectra
show an abrupt change in the NbOg octahedral distortion for
x > 0.6 samples, causing a sudden enhancement in the degree
of B-site ordering, resulting in the observed AFM interactions
at this critical doping. Further, the presence of multielectronic
excitation in all the samples in Sr K-edge EXAFS spectra is
confirmed using Z + 1 approximation as well as La L3-edge
absorption spectra. The Co L, 3-edge spectra show the pres-
ence of Co’" in the IS/HS state and significant reduction in
the crystal-field strength with x.

II. EXPERIMENT

Polycrystalline samples of Srp_,La,CoNbOg (x =0 — 1)
were synthesized by usual solid-state route; more details and
characterization can be found in Ref. [9]. The x-ray absorption
spectroscopic data were recorded at Nb, Co, and Sr K edges
in the transmission mode for all the samples using BL-09
(4-25 keV) beam line at Indus-2 synchrotron source (2.5 GeV,
200 mA) at Raja Ramanna Center for Advanced Technology
(RRCAT) in Indore, India. The polycrystalline powdered sam-
ples were thoroughly mixed in the boron nitride (BN) using a
mortar pestle in such a proportion that absorption edge jump
(Ap) lies between 0.7 to 1, calculated using the XAFSMASS
code [28] and then pressed the total 100-mg powder into the
circular disk of ~15 mm diameter, and sandwiched between
the kapton tape for the stability. A Si(111) double-crystal
monochromator was used for the precise energy selection of
the incident beam with a resolving power of AE/E ~ 107*.
More technical details of the beam line can be found in
[29]. We calibrate all the recorded spectra using the following
energy-dependent relation [27]:

gEexpl
(E2 &%)sin(AB) + gcos(AB)

expt

ey

Ecalb =

where Ecp and Eey are the calibrated and experimen-
tally recorded energies, respectively, g ~ 1977.1eV for the
Si(111) crystal, and A6 was calculated, by recording the same
absorption edge for the reference metal foils, using the equa-

tion below:
AO = sin1<£> — sinl(—g ) 2)
EO Ecalc

where E.y. is the position of the first maxima of the first
derivative of the absorption coefficient of the reference metal
foil and E, is its known reference energy taken at 7709
and 18986eV for Co and Nb K edges, respectively, from
Ref. [27]. Due to unavailability of the reference metal foil,
Sr K-edge spectra were calibrated by aligning the first max-
ima of the first derivative for the x = 0 sample at 16 105eV
(for Sr** [30]) using the above energy-dependent calibration
equations (1) and (2), and then other samples were calibrated
with reference to the x = 0.

A linear pre-edge and a spline post-edge background were
subtracted from the XAS spectra and the resultant spectra
were normalized at 800 eV above the edge jump for all the
samples. The FEFF9.6.4 code for the ab initio calculations,
using the full multiple scattering within a sphere around
the absorbing atom with the muffin-tin approximation in a
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self-consistent loop [31,32], is used to simulate the XANES
spectra of Nb, Co, and Sr K edges. The input structural pa-
rameters are taken from the refinement of diffraction patterns
where the Nb and Co atoms are considered in completely
ordered and disordered states at two different B sites for
the x = 0 and 1 samples, respectively [9,26]. We use Hedin-
Lundqvist (HL) exchange-correlation potential to simulate Nb
and Co K edges, and Dirac-Hara 4+ HL for Sr K-edge XANES
spectra with a fully screened core hole (final-state rule).

The Co L,3-edge and O K-edge XAS spectra were
recorded in the total electron yield mode at beam line BL-
Olof the same synchrotron source. A constant energy shift
in each spectra was employed to align the center of Lj
edge of the x = 0.2 sample by considering 2.8+ formal va-
lence state of Co as determined by Co K-edge analysis and
using Ref. [33], due to the unavailability of the reference
sample. The Co L3 edge is simulated by the CTM4XAS
software based on the atomic-multiplet, crystal-field, and
charge-transfer approaches [34,35], as the single-electron ap-
proach is unable to reproduce the transition metal L-edge XAS
spectra. The simulated spectra of HS Co*" and HS Co®* were
arbitrarily shifted to align with the x = 1 and 0.2 samples,
respectively.

III. RESULTS AND DISCUSSION

A. X-ray absorption near-edge structure

The normalized XANES spectra of Nb K edge are pre-
sented in Fig. 1(a) for Sr,_,La,CoNbOg (x = 0 — 1) samples
to probe the electronic structure and multiple scattering (MS)
mechanism around the Nb atoms. We first discuss the pre-
edge region, where no significant intensity is evident around
18980eV at the first glance, in spite of the completely un-
occupied Nb 4d states (4d° for Nb°T) in these samples. Note
that the low intense pre-edge features in the XANES spectra of
TM oxides result from the transition of 1s electrons to the un-
occupied pure d states (quadruple transitions; Al = 2), and/or
transition into the d states hybridized either with their p states
or oxygen 2p states [12,36-38]. The probability of the pure
quadruple transitions is significantly lower and hence intensity
of the pre-edge feature(s) depends mainly on the degree of p-d
hybridization [36,37]. The group theory predicts the absence
of the p-d mixing and hence the pre-edge feature in case of
the ideal octahedral symmetry (Oy,), i.e., when absorbing atom
lies in the centrosymmetric O, environment and intensity of
the pre-edge features increases with increase in the off-center
displacement of the absorbing atoms [36,39,40]. Interestingly,
we observe an asymmetricity in the first derivative of the
absorption coefficient in the pre-edge region of the Nb K-
edge spectra for all the samples as highlighted by the dotted
ellipse in Fig. 1(b), which indicates the minimal off-center
displacement of the Nb atoms in NbOg octahedra. However,
the weak pre-edge feature can also result from the thermal-
assisted dynamic distortion in the NbOg at room temperature,
as reported even in centrosymmetric perovskite EuTiO3 [41].
In order to understand the origin of this weak pre-edge feature,
the Nb K-edge XANES spectra have been simulated for the
x = 0 and 1 samples using the FEFF9.6.4 code for a spherical
cluster of 45 atoms. Here, it is interesting to note that we

have allowed only dipole transitions in the simulations and
the weak pre-edge feature is well reproduced in the simulated
spectra for both the samples, as compared in Fig. 1(b). In fact,
we find that there is no significant enhancement in the pre-
edge feature by introducing the quadruple transitions from 1s
to the unoccupied d states, as shown in Fig. 1(c). This suggests
that the pre-edge feature in all the samples is predominantly
due to the dipolar transition from the 1s to the d states of
Nb that hybridize with its p states and/or p states of oxygen.
To understand further, we plot the d-local density of states
(LDOS) for the absorbing Nb atoms (Nb,s) in Fig. 1(b) for
the x = 0 and 1 samples. Interestingly, we observe a sharp
Nb,ps d-LDOS at around 18 980 eV corresponding to the weak
pre-edge feature, which suggests the key role of the Nb d
states in determining the pre-edge feature in these samples.
However, a slight discrepancy in intensity behavior between
Nb d-LDOS and the simulated spectra is evident in the pre-
edge region for the x = 0 and 1 samples. The possible reason
can be a change in the degree of p-d mixing due to different
octahedral distortion in two cases, which is also observed in
the EXAFS analysis, discussed in the next subsection. On the
other hand, this small change in the pre-edge feature with x is
difficult to detect in the experimental spectra.

We now discuss the rising edge (around 18990eV) and
other features (denoted by 1, 2, 3) observed in the Nb K
edge [see Fig. 1(a)]. We note that there is no significant shift
in the rising edge position suggesting the invariance in the
valence state of Nb with the La substitution. A comparison
with the reference Nb,Os sample confirms the pentavalent
state of Nb in all the samples [see Figs. 1(a) and 1(b) of [42]].
Further, two prominent features 1 and 2, which are separated
by ~13eV, can be attributed to the 1s — Sp transition and
the resonance due to multiple scattering of the photoelectrons
from the neighboring atoms, respectively [46—48]. It is inter-
esting to note that the intensity of the feature 2 remains almost
invariant up to the x = 0.4 and then increases monotonically
with further increase in the La substitution for the x > 0.6
samples [see inset (al) of Fig. 1(a)]. This is possibly due to an
abrupt change in the local coordination environment around
the Nb atoms, which can be speculated as the origin of the evo-
lution of antiferromagnetic interactions in the x > 0.6 samples
[9]. We will get back to this point during the discussion of
the EXAFS part in the next subsection. Also, a post-edge
feature (marked as 3) is observed in all the samples, which
shifts towards the higher-energy side [see inset of Fig. 2(a)
of [42] for clarity] with a monotonic reduction in its strength
[see inset (a2) of Fig. 1(a)] with the La substitution (x). The
quantitative changes in the different spectral features with x
can be inferred from the Fig. 3(a) and Table I of [42].

In order to understand the origin of the feature 3, in
Figs. 1(d) and 1(e), we show the simulated Nb K-edge spectra,
which are in good agreement with the experimental spectra
in the entire energy range. In fact, the tendency of a doublet
around 19050-19 110eV turning into the singlet with the La
substitution [highlighted by downward arrows in the inset of
Fig. 2(a) of [42]] is well reproduced in the simulated spec-
tra. Note that we use a shift of —22.0eV and an additional
broadening of 2.0 eV in the simulation to account for the
uncertainty in the Fermi level and core-hole lifetime, respec-
tively. Interestingly, we find that the feature 3 shifts towards
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FIG. 1. (a) The normalized Nb K-edge XANES spectra of Sr,_,L.a,CoNbOg (x =0 — 1) samples where 1, 2, 3 represent the main
absorption features, and enlarged views of features 2 and 3 are shown in the insets. (b) The first derivative of the experimental absorption
spectra of the Nb K edge along the simulated spectrum for the x = 0 and 1 samples and their corresponding Nb,,; d-LDOS in the XANES
region. The red dashed ellipse highlights the presence of pre-edge feature in both experimental and simulated spectra, and sharp Nb,,s d-LDOS
at this energy. All the experimental spectra have been vertically shifted by fixed 0.025 units for clarity. (¢) The comparison of first-order
derivative of the simulated absorption coefficient of Nb K edge for dipole, and dipole plus quadrupole transitions for the x = 0 sample. (d), (e)
The experimental and simulated Nb K-edge absorption spectra along the calculated p-LDOS of absorbing Nb atoms for x = 0 and 1 samples.
The experimental spectra have been vertically shifted by 0.3 units for clarity. The black dashed line represents the Fermi level and red dashed
lines indicate the shift in the Nb,,s p-LDOS peak corresponding to the feature 3 (shaded region).

the higher energy with x and to understand this, we plot the suppressed completely on removal of all the eight first-nearest
Nb,ys p-LDOS in Figs. 1(d) and 1(e) for the x =0 and 1 Sr atoms, as shown in Fig. 2(a) and its inset (al). More
samples, respectively. A clear shift of around 4.5 eV in the interestingly, the tendency of doublet turning into the sin-
unoccupied density of Nb p states corresponding to feature 3 glet in the EXAFS region is also evident on the removal of
(shaded areas) is observed with x, as highlighted by the red  these Sr atoms, as shown more clearly in the inset (a2) of
vertically dashed lines, which indicates an increase in the Fig. 2(a). The corresponding Nb,ys p-LDOS are presented
probability of 1s — p transition at the higher energy in case in Fig. 2(b), where the inset shows the enlarged view of the
of the x = 1 sample. This perturbation in the unoccupied Nb  highlighted (red dashed rectangle) region corresponding to
p-LDOS states with La substitution is originating either from feature 3. A monotonic reduction in the Nbyys p-LDOS is
the atomiclike electronic redistribution due to evolution of the clearly observed with the removal of first-nearest Sr atoms,
new La states or/and from change in the multiple scattering which indicates the nonlocal hybridization between the Nb

mechanism due to variation in the local coordination environ- and Sr p orbitals, where an obvious reduction in the Sr p-
ment around the Nb atoms. However, these need to be further =~ LDOS is observed around this energy (see Fig. 4 of [42]).
explored for complete understanding. A nonlocal orbital hybridization has been widely reported in

Therefore, we simulate the Nb K-edge XANES spectra for several correlated electron systems; for example, the presence
the x = 0 sample by selectively removing the neighboring of Pt and Ir d-LDOS at the different energies causes a shift
atoms from the spherical cluster. We find a strong depen- in the pre-edge peak in the Co K-edge spectra of La,CoPtOg
dency of feature 3 on the first-nearest Sr atoms located at  and La,ColrOg due to Pt/Ir 5d-Co 4p orbital hybridization
3.430 A from the absorbing Nb atoms, where the intensity [49].
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FIG. 2. (a) The simulated Nb K-edge XANES spectra for the
x = 0 sample by varying the number of first-nearest Sr atoms. Insets
(al) and (a2) represent the enlarged view of the spectra in different
energy regimes. (b) The Nby,, p-LDOS corresponding to the XANES
spectra presented in (a), and the inset shows the enlarged view of
the highlighted region. (c) The comparison of simulated Nb K-edge
spectra of the x = 0 sample for all first-neighbor A-site atoms as Sr
and La (on the left axis) and corresponding Nb,,s p-LDOS (on the
right axis), and the inset shows the enlarged view of the highlighted
region. (d) The Nb K-edge spectra for the x = 1 sample with all
eight first-neighbor A-site atoms as Sr, four each of La and Sr as
well as eight La. The insets (d1) and (d2) represent the enlarged
view of the highlighted region and the corresponding Nb,,s p-LDOS,
respectively.

Further, we observe a small but consistent shift in the
Nb p-LDOS towards the lower energy with the removal of
the Sr atoms [see inset of Fig. 2(b)], which is opposite to
the observation for feature 3 in the experimental data with
x. Therefore, in order to disentangle the effect of change in
the multiple scattering paths (structure) and evolution of new
atomiclike states with x, we present in Fig. 2(c) the simulated
Nb K-edge XANES spectra by replacing all the first-nearest
Sr atoms by La atoms in the crystal structure of the x = 0
sample (/4/m symmetry). A clear reduction in the intensity
of feature 3 and corresponding Nb p-LDOS [see inset of
Fig. 2(c)] is evident with the La substitution at the first-nearest
Sr site. This clearly indicates that the strength of feature 3

depends on the atomiclike states of Sr atoms. However, no
shift in the Nb p-LDOS is observed around feature 3 with La
substitution. Further, the doublet at the higher energy recov-
ered with the La substitution, indicating the local structure as
its origin. In order to further confirm the nature of feature 3,
we now use the structural parameters of x = 1 sample (P2, /n
symmetry) and simulate the Nb K-edge XANES spectra in
three configurations: keeping (i) eight Sr, (ii) four La, and
four Sr, and (iii) eight La first-nearest A-site atoms, as shown
in Fig. 2(d). We find a reduction in the strength of feature 3
with decrease in the Sr concentration [see inset (d1)], which
further indicates its dependence on the atomiclike states of
the Sr atoms. On the other hand, no shift in the Nb p-LDOS
is observed with change in the nature of first-nearest A-site
atoms [see inset (d2)], however, as discussed above, a shift of
~4.5¢eV is observed as compared to the x = 0 sample. These
results suggest that unlike amplitude, the position of feature
3 depends mainly on the arrangement of Nb—La/Sr scattering
paths.

In Fig. 3(a) we show the normalized XANES spectra of Co
K edge, which show several absorption features (marked A to
G) for Srp_,La,CoNbO¢ (x = 0 — 1) samples. The pre-edge
feature A around 7710 eV can be attributed to the transitions
from s to 3d states of Co, which are mixed with its 4p final
states and/or 2p states of oxygen atoms, where the strength
of this pre-edge feature increases with the extent of p-d hy-
bridization [36,37,50]. The presence of the strong pre-edge
features in the Co K-edge XANES spectra suggest the higher
degree of off-center displacement of Co in the octahedra as
compared to the Nb atoms (discussed above). This difference
in the local coordination environment around the two B-site
cations is also supported by the upcoming EXAFS analysis
and useful to understand their complex electronic, magnetic,
and transport properties and hence their potential use as the
multiferroics [9,23,51,52]. Further, when we increase the La
concentration, a significant reduction in the pre-edge feature
A is clearly observed along with a monotonic shift towards
lower energy [see inset of Fig. 3(a)]. The electron doping in
Sr,_,La,CoNbOy is expected to transform Co** into Co®*,
which brings the p-d hybridized states of Co closer to the 1s
states due to increase in the screening effect, resulting in the
shift of this quadruple-assisted transition to the lower energy.
Additionally, an extra electron doped in the d band of Co
(3d°® in Co** and 3d7 in Co?*) results in the reduction of the
density of the unoccupied 3d states with x, which decreases
the transition probability from 1s to partially unoccupied
3d-O(2p)/Co(4p) states and consequently the strength of the
pre-edge feature A.

Moreover, we observe an enhancement in the intensity of
feature B at around 7713 eV with the La substitution [refer
Fig. 3(b) and Table I of [42] to see the quantitative changes],
as indicated by an arrow in the inset of Fig. 3(a) (also see
Fig. 5 of [42] for clarity). These two pre-edge features (A and
B) have also been observed in the XANES spectra of LaCoOj3
and assigned as the transition from 1s state to the crystal-field
splitted unoccupied ,, and e, states of Co in Refs. [5,53].
However, in the present case the Co®" is more likely to exist
in the HS state (3d7; tzsgeﬁ) as compared to Co>* due to weaker
crystal field in the former [1,9], which advocates the reduction
in the strength of the feature B due to decrease in the density
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FIG. 3. (a) The normalized Co K-edge XANES spectra of
Srp_,La,CoNbOg (x =0 — 1) samples. The letters A—G represent
the absorption features resulting from various electronic transitions
(see text for the detail). The red arrow indicates the shift in the rising
edge towards the lower energy with the La substitution. The solid
black arrow and dashed red line represent the shift and invariance in
the white line for x < 0.4 and x > 0.6 samples, respectively. Inset
shows the enlarged view of the A and B (arrow) pre-edge features
for clarity. (b) The average oxidation state of Co (open circles) on
left axis and oxygen concentration (open triangles) on the right axis,
as a function of x. Dashed red and blue lines represent the ideal
behavior for the full transformation of Co from 34 to 24 valence
state (considering the linear relationship between shift in edge po-
sition and oxidation state) and six oxygen atoms per formula unit,
respectively. (c) The Co K-edge XANES spectra for the intermediate
compositions, i.e., x = 0.2-0.8 samples, where the solid black lines
represent the Co valence state weighted linear combination of the
x =0 (Co**) and x = 1 (Co>*™*) spectra. Each spectrum is verti-
cally shifted cumulatively by 0.5 units for clarity.

of unoccupied e, states with the La substitution, contrary to
the observation as just discussed above. This discards the
transition from 1s to pure e, states of Co as the origin of
this second pre-edge feature B. In this line, based on the
charge-transfer multiplet calculations, Vanké et al. assigned
this second feature B as the dipolar transition from 1ls to
Co(4p)-O(2p)-Co’(3d) hybridized states in LaCoOs, where
Co’ represents the next-nearest Co ions [54]. This hypothesis
was further supported by the angular independence of the
intensity of this second feature (B) in the x-ray absorption
study on the epitaxial thin films of LaCoOj3 [55]. Here, the
enhancement in the strength of feature B with the La substi-
tution indicates that the latter hypothesis is clearly favored
in the present case. Also, the higher transition probability
from 1s state to the Co(4p)-O(2p)-Nb(4d) hybridized states as
compared to Co(4p)-O(2p)-Co’(3d) states can be the possible
reason for the enhancement in the strength of this feature B,
as alternating ordering of CoOg and NbOg octahedra increases
with the La substitution [9].

The feature C around 7717 eV is attributed to the charge
transfer from oxygen to Co ions in the final state due to strong
Co 3d-0 2p orbital hybridization, indicating the small charge-
transfer energy (A) in these compounds, i.e., 1s'¢3d°L? —
1s'¢3d"L! process, where ¢ and L represent the core and
ligand holes, respectively. For example, Chainani et al. found
the ground state of LaCoOj3, an octahedrally coordinated Co**
perovskite, to be 38.5% in lslg3d6L2, 45.4% in lslg3d7y,
and 14.5% even in 1s'c3d3L? state from their x-ray pho-
toemission spectroscopic measurements [56]. A small but
consistent reduction in the feature C is observed with the
La substitution [see Fig. 3(b) and Table I of [42]], which
indicates a decrease in the tendency of charge transfer from
ligand to metal. A decrease in the valence state of Co and
increase in Co-O bond distances (as evident from the EX-
AFS analysis, discussed later) with the La substitution can
result in the enhancement of the A, and hence reduction
in the intensity of feature C. This reduction in the orbital
overlapping can also be the possible reason for decrease in the
electronic conductivity of these samples with x [9]. A similar
correlation between the electronic conductivity and orbital
hybridization was observed from the XAS measurements of
the Sty Nd,Cr,oRe;_, /206 samples [57].

It is important to note that a monotonic shift in the rising
edge (region between features C and D) is observed towards
the lower energy, as indicated by red arrow in Fig. 3(a), which
indicates the changes in Co valence state from 3+ towards 2+
with the La substitution. A comparison with the Co K-edge
XANES spectra of reference LaCoO3; sample [58] indicates
the valence state of Co close to 3+ in the x = 0 sample, as
shown in Fig. 6 of [42]. Note that an overall shift of 2.5 eV
is reported for the complete transformation of Co from 3+ to
2+ state [59,60], which is used to quantify the formal valence
state of Co as a function of La substitution in all the samples,
due to the unavailability of the reference sample for pure
Co?™, as shown on the left axis of Fig. 3(b). Here, we consider
a linear relationship between the shift in the absorption edge
position and change in the valence state of Co [61], where
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the absorption edge position (Ep) is taken at ud = 1 for all
the samples. The red dashed line in Fig. 3(b) represents the
linear behavior for the full transformation of Co from 3+ to
2+ valence state. The extracted values of the formal valence
state of Co follow this linear relationship up to the x = 0.6
sample, whereas a small enhancement (oxidation of Co) is
observed for the x = 0.8 and 1 samples. This deviation in the
valence state of Co from the 24 can be the possible origin for
the weak FM interactions observed in the x = 1 sample [9], as
Co?T is AFM in the octahedral environment [2]. The extracted
Co valence state of 2.25 + 0.05 in case of the x = 1 sample
suggests that the reduction of Co below this is energetically
less favorable than the presence of oxygen nonstoichiometry
in these La-rich samples. Therefore, we estimate the oxygen
concentration from the Co valence states, as the valence states
of La**, Sr’*, and Nb>* are invariant, and present on the right
axis of Fig. 3(b). The blue dashed line represents the oxygen
stoichiometric condition with six oxygen atoms per formula
unit, where a small deviation (§) is observed in case of the
x = 0.8 and 1 samples with § = 0.07 and 0.13, respectively.
The presence of excess oxygen and hence oxidation of the
transition metal cations was also reported in several other
perovskite oxides [59,62—-64]. However, deducing the oxygen
content from the Co valence state in the present case is a
naive approximation due to the significant Co 3d-O 2p orbital
hybridization, as evident from the strong pre-edge features
in the Co K-edge XANES spectra as well as the ab initio
simulations, discussed later.

For the intermediate (x = 0.2-0.8) compositions, the Co
is present in the mixed valence states where either all the
Co atoms can exist in the nonintegral intermediate valence
states or can fluctuate between the valence states of two end
members (x = 0 and 1) [65]. In order to disentangle this, in
Fig. 3(c) we compare the XANES spectra of the intermediate
compositions with the linear combination of x = 0 (Co>0h)
and x = 1 (Co**T) spectra, keeping the average oxidation
state of Co equal to that presented in Fig. 3(b). A good agree-
ment between the experimental and weighted sum spectra of
the two end members is observed for all the intermediate com-
positions, even the post-edge features and white-line intensity
reproduces well. This behavior indicates that the valence state
of the intermediate compositions is fluctuating between those
of the two end member samples, i.e., between Co*0t (for
x = 0) and Co?>?* (for x = 1). These results reveal that the
mixed valence states of Co in these samples belong to the class
II of Robin and Day classification, i.e., the electronic cloud is
delocalized, but still the two sites of Co (with different formal
charges) are distinguishable [65].

Moreover, the most prominent feature D around 1725 eV is
attributed to the most probable 1s — 4p dipole transition. A
monotonic shift in this feature to the lower energy is observed
from x = 0 to 0.4, as indicated by the black arrow in Fig. 3(a),
whereas this feature remains almost invariant with the further
La substitution for x > 0.6 samples (vertical red dashed line).
Note that the position of the white line depends not solely on
the valence state but also on the local coordination environ-
ment around the absorbing atom [51]. A structural transition
from the tetragonal to the monoclinic phase was reported
in these samples for x > 0.6 from our previous x-ray and neu-
tron powder diffraction measurements [9,66]. Thus, a cumula-

tive effect of both valence shift and structural transformation
results in the minimal shift in the feature D for the x > 0.6
samples. Further, the strength of this feature increases with a
monotonic reduction in the peak broadening, which indicates
a decrease in the disorders in these samples with x. This is
because the disorders result in the statistically varying energy
states, which broaden the spectra, whereas f-sum rule states
that the overall integrated intensity of the absorption spectra
remains constant, irrespective of the final state [67], causing
a reduction in the peak height [60]. A similar variation in the
nature of the white line has been reported in the Ti K-edge
absorption spectra of various complex oxides with the varying
degree of the disorders in [37], where a comparison between
the crystalline, radiation-damaged, and glassy CaTiSiOs
clearly demonstrates the increase in the broadening and de-
crease in the main-edge peak height with reduction in the crys-
tallinity [37]. A variation in the white line of the Co K-edge
XANES spectra of Srp_,La,CoNbOg is more clearly illus-
trated in Fig. 7 of [42]. In the present case, reduction in the oc-
tahedral distortion (in CoQg) as well as B-site disorders with x
can be the possible origin for this monotonic enhancement in
the intensity of the white line of Co K-edge XANES spectra.
On the other hand, the Nb K-edge XANES spectra show no
significant variation in the intensity of the white line up to
x = 0.4 [see inset (al) of Fig. 1(a)]. Note that the influence
of the B-site disorders on the main-edge feature is expected
to remain the same for both Co and Nb K-edge spectra. This
clearly demonstrates that the intensity of white line is solely
governed by the degree of the octahedral distortion, which is
also evident from the EXAFS analysis, discussed later.

We find the systematic decrease in strength of post-edge
features (E, F, and G) of Co K-edge XANES spectra with x.
For example, the evolution of a valley between E and F fea-
tures is clearly observed in Fig. 3(a). Using the spin-polarized
DOS calculations, Pandey et al. assigned the similar post-edge
features in the Co K-edge XANES spectra of LaCoOj as the
transition of Co 1s electrons to Co 4p states hybridized with
the La 6p and/or O 2p states [68]. In the present case, our
analysis of the FEFF simulations suggests that a decrease in
the O 2p states in the post-edge region causes a reduction in
theses features (particularly feature F) with the La substitution
(see Fig. 8 of [42]). Here it is important to reemphasize the
fact that transformation of Co from 3+ to 2+ state with the
La substitution decreases the extent of orbital overlapping
between Co and oxygen atoms due to weaker CF in the latter.
This reduces the delocalized nature of the Co p states and
hence the strength of post-edge features in the Co K-edge
XANES spectra with x.

Now we move to the discussion of the Sr K-edge XANES
spectra [see Fig. 4(a)] to probe the chemical environment and
local structure around the A-site atoms and its evolution with
La substitution. There is no signature of pre-edge peak even
in the first derivative of the absorption coefficient (not shown)
for all the samples. The inset (al) of Fig. 4(a) shows the
first derivative of the absorption coefficient in the rising edge
region, where no significant shift (as indicated by the vertical
dashed line) indicates the invariance in the valence state of
Sr with x. Further, the most intense feature, marked as I, is
attributed to the dipole-allowed 1s — 5p transitions, which
vary nonmonotonically with x. Interestingly, the intensity of
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FIG. 4. (a) The normalized Sr K-edge XANES spectra of
Sr,_,La,CoNbOg (x = 0 — 1) samples. The inset (al) shows the first
derivative of the absorption coefficient, where the vertical dashed line
represents the invariance in the rising edge position. These curves are
vertically shifted for better presentation. The inset (a2) presents the
enlarged view of feature II, where the arrow shows the shift in the
peak position with x. (b) The normalized Sr K-edge (on top and right
axis) and La L;-edge (on bottom and left axis) spectra for the x = 1
sample in 150-eV range in the vicinity of the white line. The dashed
line represents the presence of the absorption feature II at the same
position with respect to the white line in both the spectra.

post-edge feature II increases significantly with x, as shown
more clearly in the inset (a2) of Fig. 4(a). Also, a shift in
feature II towards lower energy is clearly observed with x,
as shown by the arrow in inset (a2) [see Fig. 3(c) and Table
I of [42] for the quantitative changes]. A similar post-edge
feature in the La L3 and Sr K-edge XANES spectra has been
observed in La,_,Sr,CuO,4 samples, which is attributed to
the removal of apical oxygen around the absorbing atoms
with Sr substitution [69]. However, this hypothesis was later
contradicted by the theoretical calculations by Wu et al. [70].
In order to understand the origin of this feature, La L3;-edge
XANES spectrum has been recorded for the x = 1 sample
and compared with Sr K edge in Fig. 4(b). The presence of
similar absorption features above the white line in case of La
L;-edge XANES spectra [see vertical dashed line in Fig. 4(b)]
discard the atomiclike states of Sr as the origin of this feature.
This suggests that the multiple scattering from the neighbor-
ing atoms gives rise to the feature II in these samples. The

ab initio simulations of the Sr K-edge XANES spectra indi-
cate that the feature II originates from the multiple scattering
from 12 nearest-neighbor oxygen atoms, where any change in
the Sr-O scattering paths with the La substitution alter the oxy-
gen p-LDOS at this energy, and hence intensity and position
of the feature II [see Figs. 9(a) and 9(b) of [42] and discussion
therein]. Also, a comparison of the La L3-edge spectra of the
x = 1 sample with the reference La, O3 sample indicates the
presence of La in the trivalent state (see Fig. 10 of [42]).
However, the low La concentration unable us to record the
good quality La L3;-edge XAS spectra for the other samples,
which can be complementary to the Sr K-edge spectra.

B. Extended x-ray absorption fine structures

Having discussed the electronic structure, we now focus
on the EXAFS part of XAS spectra to understand the local
coordination environment around different elements in these
samples. In Fig. 5(a), we show the amplitude of the Fourier
transformed k> x (k) of high-resolution EXAFS spectra of Nb
K edge for all the samples and the normalized raw data are
presented in Fig. 2(a) of [42]. The background-subtracted
EXAFS spectra are fairly smooth up to k ~ 14 A~ (see
Fig. 11 of [42] for the x = 0 sample), allowing us to probe
even the small spectral features from the higher coordination
shells with reasonable accuracy. In Fig. 5(a), the first intense
maxima around 1.5 A (phase uncorrected) is attributed to the
Nb-O scattering paths in the NbOg octahedra. It is interesting
to note that the intensity of this maxima remains almost con-
stant for x < 0.4 samples and then it increases monotonically
with further increase in the La substitution, analogous to the
variation in intensity of the white line observed in the Nb
K-edge XANES spectra [see inset (al) of Fig. 1(a)]. Here,
it is important to note that in the tetragonal (/4/m) symmetry,
the four equatorial (O,; in ab plane) and two axial (O,; along
¢ axis) oxygen positions lead to the two sets of different
Nb-O bond distances [71]. Invariance in the peak intensity
corresponding to Nb-O scattering path indicates almost no
change in the degree of NbOg octahedral distortion for the
x < 0.4 samples. This is also evident from the local distortion
parameter (A,) around the Nb atom (denoted by Anp) (see
Table I), quantified using the equation [72]

1 & (dy — (d)\?
Ay = — D et

T ; ( (d) ) ’ ¥
where n is the number of atoms coordinated to that site, d,, is
the bond length between that site and nth coordinated atom,
and (d) is the average bond length of all the coordinations
to that site. In the monoclinic (P2 /n) symmetry for x > 0.6
samples, four Nb-O, bonds further split in two sets of different
bond distances. However, in order to avoid overparametriza-
tion, we assume the identical Nb-O, bond distances in the
EXAFS fitting, as shown in Figs. 5(h)-5(m) for the x = 0 — 1
samples, respectively. Here, an increase in the intensity of
the Nb-O scattering path for x > 0.6 samples [see Fig. 5(a)]
indicates the statistically narrow distribution of the Nb-O path
lengths, i.e., decrease in the octahedral distortion (in NbOg)
for these samples (see Anp values in Table I). This is found
to be interesting as the NbOg octahedra accommodate the
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FIG. 5. (a) The magnitude of the Fourier-transformed &> x (k) spectra for Sr,_,La,CoNbOg (x = 0 — 1) in 0—6 A spectral range, derived
from the EXAFS region of the Nb K edge. The inset shows the comparison of simulated spectra of the x = 0 sample for two different
Nb-O,-Co/Nb angles (Nb-O,-Co/Nb = 180°). (b)—(g) The enlarged view of (a) between 3.75 to 5.75 A with cumulative increment in x to
clearly show the evolution of an additional scattering path resulting from the Co/Nb atoms, located diagonally to the absorber, as indicated
by the arrows (refer text for more details). (h)-(m) The fitting of the | x (R)| and corresponding Im[x (R)] spectra in the window shown by the
dotted green line, each Im[ x (R)] spectrum is shifted downward for clarity in presentation.

chemical pressure exerted by the substitution of smaller La**
ions at the Sr>7 site [73] up to the x = 0.4 sample. However,
with further increase in x, the NbOg octahedra rotate around
the x and y axes with the same magnitude, leading to the
monoclinic distortion having b~b~c* tilt [9,26,66], which
results in the abrupt decrease in the distortion of NbOg octa-
hedra for the x > 0.6 samples. This is also manifested by the
sudden enhancement in the B-site ordering (refer Table I and
discussion below) and hence antiferromagnetic interactions in
x 2 0.6 samples through Co-O-Nb-O-Co 180° superexchange
path [9]. Further, this abrupt change in the local coordination
around Nb atoms for x > 0.6 samples can be the possible
reason for the different nature of thermal expansion of the
unit cell for the x = 0.4 and 0.6 samples, as observed using
neutron powder diffraction (NPD) in Ref. [66].

The second and third maxima at around 2.9 and 3.4 A are
attributed to the Nb—Sr/La and Nb—Co/Nb scattering paths,
respectively. Interestingly, the intensity of both the scatter-
ing paths suppresses with x, where Nb—Sr/La path decreases
more rapidly as compared to Nb—Co/Nb path [see Fig. 5(a)].
The La substitution at Sr site results in the evolution of

new Nb-La scattering paths at a different radial distance
as compared to Nb-Sr paths. Also, a structural distortion
[from tetragonal (/4/m) to monoclinic (P2;/n) phase] re-
sulting from the La substitution causes splitting in the eight
equal Nb-Sr scattering paths, and consequently a reduction
in the strength of the corresponding feature in |FT[k> x (k)]|
plot. However, the EXAFS is unable to resolve these spa-
tially close (Ar < 0.02) Nb—Sr/La scattering paths and such
a close statistical distribution in the path lengths is incorpo-
rated in the enhancement of Debye-Waller (DW) factor (o'2)
corresponding to that path. Here, we assume the same DW
factor for Nb-Sr and Nb-La scattering paths to fit the Nb
K-edge EXAFS spectra. A small enhancement in the Nb—
Sr/La scattering path length is also observed with x [see
Fig. 5(a)]. Here, a competition between decrease in the ionic
radii of A-site cations (r,»+ = 1.36 A and rgor = 1.44A;
12 coordinated [73]) and increase in the Coulombic re-
pulsion between Nb>"-Sr?*/La’" ions with x govern this
scattering path length and the dominance of the latter effect
results in the observed enhancement in this scattering path
length with x. Further, the Nb—Co/Nb scattering paths are
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mediated by the oxygen atoms and hence forward scattering
paths Nb-O-Nb/Co-Nb are more favorable as compared to
the single scattering (SS) Nb—Co/Nb paths. The x-ray diffrac-
tion patterns clearly evidence that structural distortion due
to La substitution causes significant deviation in the Nb-O—
Co/Nb bond angle (from ~179° in x = 0 to ~158° in the
x =1 sample [9]), which transform Nb-O-Nb/Co-Nb for-
ward scattering path into an obtuse triangle with the lower
scattering amplitude. This results in the reduction in both the
MS paths through Nb atoms, causing the observed mono-
tonic reduction in the corresponding peaks in |FT[k>x (k)]|
plot [see Fig. 5(a)]. In order to confirm this, we simulate
the |FT[k3 x (k)]| spectra for the x = O sample by varying the
Nb-O,—Co/Nb angle from 177.7° to 157.4°, keeping all the
other parameters constant, as shown in the inset of Fig. 5(a).
A significant reduction in the spectral weight around 3.5 A
clearly indicates that the oxygen-mediated MS path is the
origin of this feature. A similar change in the pseudoradial dis-
tribution function is reported in Sr,_,Ca, YIrOg samples with
change in the Y-O-Ir angle [74]. Also, it is important to note
that in a completely B-site disordered structure, each Nb atom
is statistically coordinated with 3 Co and 3 Nb first-nearest B-
site neighbors, whereas in case of fully ordered structure, each
Nb atom is coordinated with six Co atoms [21,75]. Here, the
coordination number of the first-nearest Nb atoms (Nyp) and
the resulting order parameter S = (3 — Nnp)/3 from the best
fit of the EXAFS spectra are listed in Table I, where S = 0 and
1 represent the completely disordered and ordered structures,
respectively. A clear enhancement in the B-site ordering with
the La substitution is evident from Table I. We use the same
zero-energy shift parameter (AEj) and many-body amplitude
reduction factor (S(% = 0.8) for all the scattering paths to fit
the Nb K-edge EXAFS spectra of Sr,_,La,CoNbOg samples.
Moreover, we consider a single-scattering path Nb-O2 [where
02 indicate the second-nearest oxygen atoms; see Fig. 12(a)
of [42]] at around 3.8 A causing an asymmetry in the peak
at the higher radial distance, as indicated by the arrow in
Fig. 5(a). This asymmetry appears to become more prominent
as the intensity of the main peak at 3.4 A reduces with increase
in the x.

More importantly, a close inspection in the range of
~4-5.6 A clearly indicates the evolution of different spectral
features, as shown in Figs. 5(b)-5(g) cumulatively with x.
Here, the feature around 4.6 A is resulting from the Nb-
La/Sr—O2-Nb double-scattering path. As discussed above, the
splitting in Nb—Sr/La scattering paths with the La substitution
provides the statistically wide range of path lengths for their
corresponding MS paths, causing the observed consistent re-
duction in the intensity of this peak. Further, a feature around
5.3 A is resulting from the Nb-O3 single-scattering path, as
shown in Fig. 12(b) of [42]. Another interesting observation
is the evolution of an additional feature around 5 A with the
La substitution, as indicated by arrows in Figs. 5(b)-5(g).
This feature is resulting from the single scattering from
second-nearest B-site atoms (Nb—Co2/Nb2), i.e., along (110)
directions of pseudocubic unit cell, as shown in Figs. 12(c)
and 12(d) of [42]. The completely random occupancy of
Co and Nb atoms at two Wyckoff positions in case of the
x = 0 sample and its minimal deviation from the cubic sym-
metry results in the absence of this feature in Fig. 5(b), as

Nb-Co2/Nb2 SS path is mediated by the central Sr atoms in
the perfectly symmetric environment. Further, a reduction in
the crystal symmetry with the La substitution, as also spec-
ulated from the deviation in the tolerance factor (t) from
unity [9], results in the evolution of this feature with x, as
shown in Figs. 5(b)-5(f). This is consistent with the evolution
of new Raman active modes in these samples with the La
substitution [9]. Further, an abrupt increase in the strength
of this feature for the x > 0.6 samples [see Figs. 5(b)-5(g)]
is consistent with the structural transition from tetragonal
(I4/m) to the monoclinic (P2;/n) structure accompanied by
the sharp enhancement in the B-site ordering (see Table I)
at this critical doping (x = 0.6), which is correlated with the
degree of octahedral distortion in the NbOg unit, as discussed
above. Although the consistent variation in these features with
the La substitution up to the radial distance of around 6 A
(phase corrected) clearly indicates the high data quality, we
fitted the EXAFS spectra up to 4 A to improve the reliability
in the extracted parameters. It is important to note that despite
the overall enhancement in the structural distortion, the distor-
tion in the NbOg octahedra decreases with the La substitution.
Now we discuss the effect of La substitution on the local
coordinate environment around the Co atoms. In Fig. 6(a), we
show the amplitude of the Fourier transformed &3 x (k) of Co
K-edge EXAFS spectra for all the samples. The normalized
raw data are plotted in Fig. 2(b) of [42] along with the other
details. The most prominent feature around 1.5 A results
from the Co-O scattering paths. The intensity of this feature
increases monotonically with the La substitution, unlike Nb-
O scattering path in the Nb K-edge EXAFS spectra, which
remains constant up to x = 0.4 [see Fig. 5(a)]. This suggests a
different evolution of local coordination environment around
the Co and Nb atoms with the La substitution. Here a higher
degree of octahedral distortion results in the low intense wider
peak in the |x(R)| distribution function as compared to the
Nb K-edge spectra. Importantly, the increase in the intensity
of this feature at 1.5 A is consistent with the variation in the
strength of white line of Co K-edge XANES spectra [see
Fig. 3(a)], analogous to the correlation observed in the Nb
K edge. The fitted Co K-edge EXAFS spectra are presented
in Figs. 6(d)-6(i) and the best fit parameters are provided in
Table 1. We observe the z-out distortion in the CoOg octahe-
dra, which decreases with x, in spite of the reduction in the
crystal symmetry (see Ac, values in Table I). This indicates
the presence of electronic instability assisted Jahn-Teller (JT)
distortion in these samples, as the intermediate spin (IS) state
of Co** (tzsgegl,) is JT active [58,76]. This z-out distortion in
the CoOg octahedra is expected to cause the observed z-in
distortion in the neighboring NbOg octahedra (see Table 1),
which is consistent with the temperature-dependent NPD
measurements performed on the x = 0.4 and 0.6 samples [66].
However, the distortion parameter (A) around the B-site atoms
extracted from the NPD measurements for the x = 0.4 sample
is significantly higher at all the temperatures (50 & 5) [66],
as compared to the values presented in Table I. Note that the
x = 0.4 sample shows the high degree of the antisite disorders
(swapping between the Co and Nb atoms at the two Wyckoff
positions) and NPD gives the average distortion at the B sites,
whereas in the present case the EXAFS analysis provides the
actual distortion around the particular absorbing atoms.
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TABLE I. The EXAFS fitting parameters for Sr,_,La,CoNbOg samples extracted from the Nb, Co, and Sr K-edge spectra.

X 0 0.2 0.4 0.6 0.8 1
Nb K edge
Rup-o, (A) 2.024(2) 2.025(3) 2.038(1) 2.028(4) 2.020(1) 2.023(2)
of,b_oc (x1073 A?) 4.1(3) 4.5 (1) 5.7(2) 4.7(1) 4.1(1) 4.1(1)
Rxv-o0, A) 1.914(2) 1.915(3) 1.924(4) 1.925(1) 1.928(1) 1.939(2)
af,bfoa (x1073 A%) 0.2(2) 0.3(2) 0.2(2) 0.2(4) 0.3(2) 0.2(3)
Anp x 1074 6.8(2) 6.8(3) 7.2(4) 5.9(4) 4.8(1) 3.9(2)
Rnp_s: (A) 3.431(2) 3.436(2) 3.435(4) 3.451(1) 3.436(1) 3.498(4)
af,bfsr/m (x1073 A?) 7.8(1) 7.5(3) 8.5(4) 9.6(1) 7.9(1) 10.3(2)
Rxp-ta (A) - 3.439(2) 3.480(6) 3.460(1) 3.426(3) 3.481(4)
Ryb—0—No—Nb (A) 3.771(2) 3.782(3) 3.781(1) 3.806(4) 3.722(3) 3.822(6)
2 o-nbnp (1073 A?) 5.4(1) 4.4(3) 6.7(4) 4.6(2) 6.3(5) 4.5(5)
NN® 3.0(1) 2.9(0) 2.7(1) 1.2(1) 0.7(0) 0.3(1)
S 0.00(3) 0.03(1) 0.10(3) 0.60(3) 0.77(1) 0.90(3)
R factor 0.013 0.013 0.017 0.027 0.019 0.019
Co K edge
Rco—o, (A) 1.925(3) 1.932(4) 1.935(1) 1.968(2) 2.020(6) 2.023(1)
oéwOC (x1073 A?) 8.9(2) 8.34) 7.6(2) 6.3(1) 4.5(4) 4.4(1)
Rco-o, (A) 2.059(2) 2.059(3) 2.058(2) 2.085(1) 2.134(5) 2.126(1)
O‘éoioa (x1073 A?) 5.7(12) 4.6(4) 2.6(2) 1.8(1) 1.5(2) 2.1(1)
Aco x 1074 10.3(3) 9.2(4) 8.6(2) 7.5(2) 6.8(6) 5.6 (1)
Rcos: (A) 3.655(2) 3.676(4) 3.623(1) 3.551(1) 3.541(3) 3.517(1)
aczofsr/La (x1073 A?) 11.6(2) 10.1(5) 18.2(3) 18.0(6) 18.6(3) 17.5(1)
Rco-La (A) 3.640(4) 3.693(1) 3.651(1) 3.633(5) 3.650(1)
Rco-0-Co—co (A) 3.899(2) 3.889(3) 3.835(1) 3.781(4) 3.776(7) 3.937(2)
080 0—co_co (x1072 A?) 5.4(1) 7.4(3) 8.3(1) 4.9(2) 4.2(5) 5.005)
R factor 0.007 0.024 0.017 0.013 0.029 0.015
Sr K edge
Rsi—o, A) 2.560(2) 2.543(2) 2.534(1) 2.535(3) 2.522(4) 2.519(1)
Rsc—0, A 2.668(2) 2.670(1) 2.671(2) 2.618(2) 2.639(3) 2.563(2)
Rs:_o, A) 2.857(3) 2.848(1) 2.870(2) 2.844(2) 2.837(4) 2.803(1)
OSZr—Ol/Oz/O% (x1073 A?) 9.2(3) 6.9(2) 8.7(3) 11.5(1) 10.3(4) 13.6(3)
Rsc_coynp (A) 3.315(2) 3.327(2) 3.347(1) 3.415(2) 3.451(5) 3.453(2)
agrfsr/La (x1073 A?) 5.8 (1) 8.8(2) 12.1(2) 12.7(3) 13.0(4) 11.1(1)
Rsr_sr/La A 3.473(2) 3.482(1) 3.483(2) 3.486(1) 3.463(5) 4.500(2)
GSZr—Sr/La (x1073 A?) 8.8(1) 8.8(2) 9.1(2) 11.4(3) 11.8(4) 16.2(1)
R factor 0.012 0.014 0.008 0.011 0.019 0.010

Moreover, a decrease in the DW factor of the Co-O scatter-
ing paths is observed with x, suggesting the reduction in both
static as well as dynamic distortion around the Co atoms. An
enhancement in the concentration of Co*" ions with the La
substitution results in the reduction of this z-out JT distortion
in the CoQOg octahedra, as Co?" is more likely to exist in the
JT inactive HS state as compared to Co®* [1,9]. However,
this simplified hypothesis based on the pure ionic picture may
partially break down due to the covalent character of Co-O
bond, resulting from the higher crystal field in these samples.
For example, an increase in the occupancy of 3d states (more
than six electrons for Co®") and the partial occupancy of
e, states has been reported even for the LS configuration of
LaCoO; [77,78]. Note that the increase in ionic radius of Co
(0.545 A for LS and 0.610 A for HS Co>*, and 0.650 A for LS
and 0.745 A for HS Co**; 6 coordinated [73]) and decrease
in the Coulombic attraction between oxygen and Co atoms
results in the shift of Co-O scattering part to the higher radial
distance with the La substitution, as shown by the red arrow

in Fig. 6(a). Further, a feature around 3.2 A is attributed to the
Co-La/Sr scattering path. Here, we find that the strength of
this feature as well as the scattering path length reduces with
x, as shown by the black arrow in Fig. 6(a). However, note that
the strength decreases, but the scattering path length increases
with x in case of Nb—La/Sr, as observed and discussed above.
Here, a cumulative effect of increase in the ionic radii of
Co (rce2+ > e+ ), decrease in that of A-site cations (rp 3+ <
I's2+), and reduction in the Coulombic repulsion between Co
and A-site cations govern the evolution of Co—La/Sr scattering
path length with the La substitution (x). The dominance of
the latter two effects results in the observed reduction in this
scattering path length with x, as shown in Fig. 6(a). Another
peak at the higher radial distance of around 3.7 A is resulting
from the nearest-neighbor Co—Nb/Co scattering paths. The
fitting of the Co K-edge EXAFS spectra is performed in 1-4 A
range, with the same procedure as described above for the Nb
K-edge EXAFS analysis. Here, we use the same degree of the
B-site ordering (i.e., fraction of the first-neighbor Co atoms)
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FIG. 6. (a) The magnitude of the Fourier-transformed &> x (k) spectra for Sr,_,La,CoNbOg (x = 0 — 1) in 0-6 A spectral range, derived
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Im[x (R)] spectra in the window shown by the dotted green line, where the Im[x (R)] spectrum in each panel is shifted downward for clarity in

the presentation.

as extracted from the Nb K-edge EXAFS spectra in order to
improve the reliability in the other fitting parameters.

To further interpret the behavior of main feature at ~1.5 A
in the EXAFS spectra, i.e., the change in the degree of distor-
tion in the CoOg and NbQOg octahedra with the La substitution,
we compare the magnitude of Co-O and Nb-O scattering paths
with the respective white-line intensity in the Co and Nb
K-edge XANES spectra in Figs. 6(b) and 6(c), respectively.
A strong correlation between the intensity of white line and
degree of the octahedral distortion can be clearly observed,
irrespective of the direction of octahedral distortion in two
cases. In order to understand this we simulate the Nb K-edge
XANES spectra for the x = 0 sample by varying the extent
of octahedral distortion in NbOg unit, as shown in Fig. 7(a).
Here, only Nb-O, and Nb-O, scattering path distances were
varied in order to systematically enhance the Ay, keeping all
the other structural parameters constant. We find a systematic
reduction in the intensity of the white line with increase in the
octahedral distortion, as shown in the inset (al) and plotted
quantitatively in the inset (a2) of Fig. 7(a). The corresponding
intensity of Nb p-LDOS also shows the monotonic reduction
with increase in the value of Ay as indicated by the arrow in

Fig. 7(b). The increase in the degree of the octahedral distor-
tion is expected to enhance the orbital hybridization between
Nb and oxygen states, and can result into the spatially wide
distribution of the Nb p states. The FEFF code simultaneously
calculates the charge on the different valence orbitals and the
resulting charge transfer from the initial neutral atoms [79],
which can be useful to understand the electronic structure of
the underlined compounds and its evolution with the differ-
ent perturbations, as presented in Table II for the selected
atoms. Here, the Ae represent the charge transfer within the
Norman radius at the time of the self-consistent calculations,
which is the difference between the total /-projected charge
count and number of valence electrons in the free atoms
(considered one additional electron in the valence state of
absorbing Nb, accounting for the core hole) [80,81]. Note that
the Ae values are much smaller than the underlined oxidation
state of Nb and O atoms in the sample, but these can be
used to qualitatively understand the variation in the electronic
structure with Ayp. Also, the octahedral oxygen environment
around the absorbing Nb atoms give rise to the sp3d, type
hybridization, causing a decrease in s and increase in the p
and d orbital electron counts as compared to the free Nb and
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TABLE II. The charge transfer (Ae) and charge counts in the s, p, and d states of Nb,,s and O atoms extracted from the simulation of the
Nb K-edge XANES spectra of the x = 0 sample by varying Nb-O bond distances.

Nb-O,(A) — 1.990 1.980 1.970 1.960 1.950 1.940 1.930 1.920
Nb-O,(A) — 1.990 2.000 2.010 2.020 2.030 2.040 2.050 2.060
Nbyps s 0.392 0.392 0.391 0.390 0.389 0.387 0.386 0.385

Nbgps p 6.603 6.602 6.601 6.600 6.598 6.598 6.597 6.5967
Nbjps d 4.143 4.151 4.164 4.175 4.184 4.194 4.204 4.213

Nbjps Ae 0.861 0.855 0.844 0.836 0.828 0.821 0.813 0.806
o s 1.835 1.836 1.835 1.835 1.835 1.834 1.834 1.834
o p 4.498 4.496 4.492 4.488 4.485 4.481 4.477 4.473
o d 0.074 0.075 0.076 0.077 0.078 0.079 0.080 0.081

o Ae -0.408 -0.407 -0.403 -0.400 -0.397 -0.394 -0.391 -0.387

O atoms [s = 1(2), p = 6(4), d = 4(0) for the Nb(O)] [80].
Importantly, the value of Ae decreases with increase in the oc-
tahedral distortion for both Nb as well as oxygen atoms, which
indicates the enhancement in the degree of orbital overlapping
between these two atoms, resulting in the deviation from
the free-ion-like character of Nb atom. Further, an increase
in the difference between Nb-O, and Nb-O, bond distances
enhances the spatial distribution of Nb p states (hybridized
with the O 2p states) and hence decreases the strength of
the white-line feature. This hypothesis suggests that the pure
ls — np transition as an origin of the white line in the K-edge
XANES spectra is an over- simplified assumption and the

Nb K-edge
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FIG. 7. (a) The Nb K-edge XANES spectra simulated for the x =
0 sample by varying the degree of distortion in NbOg octahedra. The
insets (al) and (a2) represent the enlarged view of the white line
and variation of the white-line intensity with the distortion parameter
Anp defined in Eq. (3), respectively. The error bars in the white-line
intensity in inset (a2) are accounting for the finite step size of the
simulated spectra. (b) The corresponding Nb,,s p-LDOS simulated
at different values of Ay, for the x = 0 sample.

effect of the molecular orbitals on the XANES features of the
transition elements should also be stressed. For example, the
change in the XANES spectra of the transition metal oxides
with varying degree of electronegativity has been well ex-
plained by Modrov et al. on the basis of the molecular orbital
theory [80]. Also, the presence of several absorption features
in the oxygen K-edge spectra (see Fig. 13 of [42]) indicates
the strong metal-ligand hybridization in these samples.

In Fig. 8(a) we present the magnitude of the Fourier trans-
formed k3 (k) of Sr K-edge spectra to investigate the local
coordination environment around the A-site cations. Inter-
estingly, an intense peak is observed at a very small radial
distance of around 0.8 A, which is smaller even than the
ionic radii of Sr’>* cation in the 12-fold coordination envi-
ronment [73] and, hence, no scattering path is expected at
this position. These features at the low radial distances are
usually not associated with the local structural arrangement
of the atoms, but arise mainly due to the multielectronic
transitions within the atoms, which can appear well above
the white line in the absorption spectra and mix with the
EXAFS oscillations [82—85]. The inaccurate treatment of
these spectral features can lead to the significant error in struc-
tural parameters extracted from the EXAFS analysis. In case
of Sr K-edge absorption spectra, an intra-atomic excitation
from 1s to 4s (KN;) states results in the sharp absorption
feature well above the white line [82]. The position of this
feature can be estimated by the Z + 1 approximation, where
binding energy of the Sr (Z = 38) electrons in the different
levels can be approximated by that of yttrium (Z = 39) af-
ter the ejection of one photoelectron from the K shell. This
approximation predicts the KN; double-electron excitation at
43.8 eV above the Sr K-edge threshold energy [82]. Inter-
estingly, a sufficiently intense feature is clearly observed at
44.4(4) eV above the threshold energy of Sr K edge in all
the samples, as shown in Fig. 8(b) for the x = 0 sample [see
inset in Fig. 2(c) of [42]]. The absence of this feature above
the white line of the La L3-edge spectra, as indicated by the
black arrow in Fig. 4(b) for the x = 1 sample, clearly indicates
the atomiclike states of the Sr atom as its origin rather than
the local atomic arrangement around the Sr atoms. Therefore,
a careful treatment of the Sr K-edge EXAFS spectra is nec-
essary for the accurate structural probe. In order to further
confirm the origin of this low radial distant peak in Fig. 8(a),
we subtract the KN excitation feature by a Gaussian approx-
imation and the resulting spectrum is presented in Fig. 8(b)
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FIG. 8. (a) The magnitude of the Fourier-transformed k*y (k) spectra of Sr K edge for Sr,_,La,CoNbOg (x = 0 — 1) samples. (b) The
enlarged view of the normalized Sr K-edge EXAFS spectra for the x = 0 sample, which shows the KN; double-electron excitation feature and
the resulting spectra after the manual removal of this feature. (c) The k* weighted x (k) spectra and (d) its Fourier transformation for the x = 0
sample before and after the subtraction of the KN, excitation feature, where arrows highlight the change in the corresponding features. (e) The
ratio of the magnitude of the Sr—Sr/La and Sr—Co/Nb scattering paths as a function of x. (f)-(k) The fitting of the | x (R)| and corresponding
Im[x (R)] spectra in the window shown by the dotted green line, where the Im[ x (R)] spectra in each panel are shifted downward for the clarity
in the presentation. The asterisk symbol in (f) represents the peak arising from the KN, intra-atomic transition.

for the comparison. We find a clear elimination of a spectral
feature around k = 4 A~ as a result of the subtraction of KN,
double-excitation transition, as highlighted by the arrow in
Fig. 8(c) and a well-speculated sharp reduction at around 0.8
A in the magnitude of Fourier-transformed &> x (k) spectra of
Sr K edge in Fig. 8(d). However, the intensity of a few other
features also changes as a result of this subtraction, possibly
due to inaccuracy in the approximation of KN; feature in the
spectra resulting from the presence of other nearby spectral
features from the local atomic arrangement. Thus, we ana-
lyze the as recorded EXAFS spectra of Sr K edge for all
the samples by excluding the low radial part of the |x(R)|
to avoid the contribution from the KN; excitation channel.
Also, the KM, 3 and KM, 5 excitations are possible in the Sr
K-edge EXAFS spectra resulting from 1s — 3pand 1s — 3d
transitions, respectively [82]. However, no change is observed
in the spectra at their speculated positions from the Z + 1
approximation in any of the samples due to dominance of
the high-amplitude EXAFS features resulting from the good
microcrystalline nature of the samples. However, the effect of

these transitions can not be completely neglected in the anal-
ysis of the Sr K-edge EXAFS spectra and the data up to very
high temperature (>2000K) are required to fairly quantify
their contribution, where structural oscillations significantly
diminish due to the enhanced DW factor [85].

Also, we observe three intense features in the Sr K-edge
EXAFS spectra between 1.4-3.5 A for all the samples [see
Fig. 8(a)]. These features at around 2, 2.6, and 3.2 A result
from the Sr-O, Sr—Co/Nb, and Sr—Sr/La scattering paths, re-
spectively. Also, a monotonic reduction in the intensity of
the peaks corresponding to Sr—Co/Nb and Sr—Sr/La scattering
paths is clearly visible with the La substitution [see Fig. 8(a)].
However, a small inconsistency is present in case of the x = 1
sample possibly due to the presence of a small amount of oxy-
gen nonstoichiometry, as discussed above. In /4 /m symmetry,
two different oxygen positions lead to three sets of Sr-O bond
distances with four bonds in each group, which further split
into 12 different bonds in P2 /n symmetry [66]. However, we
take three Sr-O scattering paths with the same DW factor to fit
the Sr K-edge EXAFS spectra in 1.4-3.5 A range for all the
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FIG. 9. The Co L,3-edge spectra (vertically offset for clarity)
for Sr,_,La,CoNbOg samples. The atomic multiplet based simulated
spectra for HS Co?* and HS Co’" are compared.

samples, as shown in Figs. 8(f)-8(k) and best-fit parameters
are presented in Table I. Further, narrow spatial distribution
unable us to distinguish the Sr-Co and Sr-Nb as well as Sr-Sr
and Sr-La paths and we take single Sr—Co/Nb and Sr—Sr/La
paths for the EXAFS fitting. A reduction in the amplitude of
the Sr—Co/Nb and Sr-Sr/La peaks indicates the distortions in
the corresponding scattering paths with the La substitution,
which is reflected into their corresponding Debye-Waller fac-
tors, as presented in Table 1. This effect is more prominent in
case of Sr—Co/Nb as compared to Sr—Sr/La scattering path,
which is clear in the plot of amplitude ratio of these two
scattering paths [(Sr—Sr/La)/(Sr—Co/Nb)] particularly for the
x > 0.6 samples [see Fig. 8(e)]. The change in formal charge
and ionic radii of A- and B-site atoms causes the reduction in
amplitude of their respective scattering paths with x. Further,
the different tendency of the Nb—Sr/La (increasing) and Co—
Sr/La (decreasing) SS paths with x is evident from the Nb
and Co K-edge EXAFS spectra, respectively, results in the
spatially wide distribution and hence more rapid reduction
in the intensity of Sr—Co/Nb path as compared to Sr—Sr/La
with x. This behavior suggests that the chemical pressure
due to La substitution induces more distortion at the A site
as compared to the B site(s), and results in the evolution of
complex magnetic interactions [9,25].

Finally, we present the Co L, 3 soft-XAS spectra in Fig. 9
where transition from two spin-orbit splitting components of
Co 2p final states, i.e., 2p3;» — 3d (L3) and 2pi;, — 3d
(L), are observed around 780 and 795 eV, respectively, for
all the samples. These peaks shift to the lower energy (as
indicated by the arrow for the L; edge), which indicates
the enhancement in the concentration of Co®* with the La
substitution. A shift of 0.6(1) eV from the x = 0.2 to 1 sam-
ple in the L3 white line gives +2.3(1) valence state of Co
in the x = 1 sample [33] by considering the Co*®* for the
x = 0.2 sample. This is also consistent with the Co K-edge
XANES spectra, discussed above. Interestingly, we observe
the consistent reduction in the broadening with the evolution
of a hump at the shoulder of L; edge with the La substitu-

tion, as indicated by the vertical arrow for the x = 1 sample.
To understand the physical origin of this, we simulate the
L-edge XAS spectra for HS Co’t and HS Co®" using the
CTM4XAS software. A charge-transfer effect from oxygen to
Co atoms was also introduced in the simulation for both
valence states of Co, resulting in the additional 2p®3d’L! —
2p°3d8L" and 2p°3d8L' — 2p°3d°L! transitions in case of
Co* and Co?*, respectively. The Lorentzian and Gaussian
line shapes with half-width of 0.5 and 0.45 eV were used to
account for the core-hole lifetime and instrumental broaden-
ing. The crystal field-field splitting (10Dg), onsite Coulomb
correlation energy of 3d electrons (U,y), core-hole potential
(Upa), charge-transfer energy (A), and O 2p—Co 3d hy-
bridization strength parameters were varied to best match the
experimental and simulated spectra. The intra-atomic inter-
actions were approximated by reducing the Slater integrals
to 80% from their Hartree-Fock values. The best matched
parameters are 10Dg = 1.3 and 0.5 eV, Uygg — U,y = 3.0 and
0.2 eV, and Ay = —6.5 and 1.4 eV for HS Co*" and HS
Co*" spectra, respectively. The p-d hybridization strength
parameters T,, = 2.0 and 0.8 and I, = 1.0 and 0.4 were used
for Co®* and Co”*, respectively and the resulting spectra are
presented in Fig. 9. The extracted value of 10Dg for Co** is
smaller than that of LaCoO3 (~2.3eV [13]), indicating the
higher probability of finding Co*" in the IS/HS state, which is
consistent with the magnetization results [9,86]. Further, the
large negative value of the charge-transfer energy indicates
the highly covalent nature of the Co-O bonds, where the cova-
lency character decreases with the La substitution. Moreover,
the branching ratios, defined as (BR) = I(L3)/[1 (L) + I(L3)],
where I(L;) and I(L3) represent the integrated intensity of L,
and L3 edges, is 0.757, 0.786, 0.764, 0.763, and 0.758 for the
x = 0.2-1 samples, respectively. These preliminary results of
SXAS further suggest for the mixed IS and HS states of Co*"
in Sr,_,La,CoNbOg¢ samples [87]. However, high-resolution
SXAS measurements can be further useful to understand the
complex spin-state transition in these samples as a function of
x and temperature [6,9,33].

IV. CONCLUSIONS

We have investigated the electronic and local structure of
Sry_,La,CoNbOg (x = 0-1) samples using detailed analysis
of XANES and EXAFS spectra as well as the simulation of
Nb, Co, and Sr K edges. A very weak pre-edge feature in
case of Nb K-edge XANES spectra indicates the negligible
off-center displacement of Nb atoms in the NbOg octahedra.
This pre-edge feature results from the transition of 1s elec-
trons to the 4d states of Nb mixed with Nb and/or O p states.
Also, the intensity of pre-edge features of Co K-edge spectra
depends on the number of 3d electrons, but analysis discards
their pure quadruple origin. Moreover, the significantly strong
pre-edge feature in case of Co K-edge XANES spectra as
compared to Nb indicates the presence of Co and Nb atoms in
the different octahedral environment. The Co K-edge XANES
spectra indicate a change in valence state of Co from 3+ to-
wards 24 with the La substitution (x). However, an oxidation
of Co is observed in the x = 0.8 and 1 samples, which can
be attributed to the presence of a small amount of oxygen
nonstoichiometry in these La-rich samples. The divalent state
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of Sr and pentavalent state of Nb are found to remain invariant
with the La substitution. The EXAFS measurements evidence
a decrease in the local distortion around B-site atoms, despite
reduction in the overall crystal symmetry with the La substi-
tution. The z-out JT distortion in CoOg and consequently z-in
distortion in the NbQg octahedra have been observed in all
the samples. The distortion in the CoOg octahedra decreases
monotonically with the La substitution due to increase in the
concentration of JT inactive Co*t ions, whereas that in NbQOg
octahedra remains almost invariant up to x = 0.4, and then
decreases for higher La concentration. This abrupt change
in the local coordination environment around the Nb atoms
results in the sharp enhancement in B-site ordering and hence
evolution of AFM interactions in the x > 0.6 samples. This
is further supported by sudden enhancement in the longer
Nb-Co2/Nb2 path for the x > 0.6 samples in the higher coor-
dination shell in Nb K-edge EXAFS spectra. Interestingly, we
observe a strong correlation between the degree of octahedral
distortion in (Co/Nb)Og units and intensity of their respective
white-line features. An increase in the degree of octahedral
distortion is found to enhance the metal-ligand overlapping
and delocalization of the TM p states, resulting in the low

intense broad white-line features in their K-edge XANES
spectra. We reveal that such a correlation is useful to estimate
the extent of octahedral distortion in the complex compounds
directly from the analysis of XANES spectra. Moreover, the
Sr K-edge absorption spectra show clear evidence of the KN
double-electron excitation for all the samples, suggesting the
necessity of the careful treatment of the Sr K-edge EXAFS
spectra. Finally, the Co L, 3-edge spectra indicate the decrease
in the crystal-field strength and tendency of O to Co charge
transfer with x.
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