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a b s t r a c t

X-ray absorption spectroscopy at Mn K- and L-edges, and at O K-edge, combined with the x-ray
diffraction and magnetization measurements are performed to study the electron structure of
La0.7Ca0.3Mn1-xScxO3 (x¼ 0.0; 0.03, and 0.05) perovskites. Substitution of manganese by scandium de-
creases Curie temperature, Tc, and increases lattice parameters because of the different electron
configuration and radii of trivalent manganese and scandium ions. The Tc decrease is explained by the
change of level of hybridization of O 2p and Mn 3d states. This is manifested by the parallel shift of O K-
edge, change of intensity of 2p3/2 and 2p1/2 spectrum lines and TC with x increase. Fourier transform of
the EXAFS spectra shows a change of local crystal structure caused by the larger Sc3þ than the Mn3þ ions.

© 2019 Published by Elsevier B.V.
1. Introduction

Study of rare-earth manganese oxides (manganites) attracts
considerable interest because of colossal magnetoresistivity (CMR)
effect observed [1]. Parent LaMnO3 perovskites are antiferromag-
netic insulator with trivalent manganese. Partial substitution of
lanthanide by divalent alkali-earth elements, D, leads to mixed
Mn3þ/Mn4þ valence causing the ferromagnetic ordering and
conductivity in doped La1-zDzMnO3 perovskites. Properties of the
oxides are described at the frame of extended Zener double ex-
change (DE) model [2]. According to the model the ferromagnetism
and metallic character of conductibility originate from the transfer
of itinerant eg electrons inside the Mn4þ matrix. Properties of
manganites depend on doping in the A e position [1,3,4] and ox-
ygen deficiency [5,6] in perovskite ABO3 cell, and vacancies and
stress accommodations in the crystal lattice [7,8].

At present, high attention is also paid for the study of B e site
substituted (La1-zDz)Mn1-xMxO3 (M e (transitional) metal, Al, Si)
manganites [9e13]. Substitution of the metal for manganese causes
a_n_ulyanov@yahoo.com
a decrease of the density of the itinerant electrons. This leads to
decrease of Curie temperature, magnetization and conductivity.
Change of the above parameters depends on the electron config-
uration and ionic radius of the substituent. Phenomenological
description of the manganites La0.7Ca0.3Mn0.95M0.05O3 (M¼Al, Ga,
In, Sc, and Fe, as special case) was recently performed (M are
trivalent ions with completed electron outer shells) [13]. Authors
showed that the Curie temperature, TC, is mostly depended on
difference of electron configuration of M3þ and Mn3þ ions and
partially on the change of local crystal structure because of differ-
ence of Mn3þ and M3þ ion radii. If the substitutions differ from
those pointed above the explanation of properties becomes more
complicated. Interesting, Ru substitution for Mn in Pr0.75Na0.25Mn1-

xRuxO3 oxides weakened the Jahn-Teller effect, caused the sup-
pression of the charge ordering and revived ferromagnetic inter-
action at x¼ 0.01. The substitution of Cu, Si and Fe for Mn in
La0.7Sr0.25Na0.05Mn0.9Cu0.1O3 [14], La0.6Gd0.1Sr0.3Mn0.8Si0.2O3 [15],
and La0.7Ca0.3Mn1-xFexO3 [16] and La0.67Sr0.33Mn1-xFexO3 [17]
entailed the considerable value of magnetocaloric effect for above
perovskites. The La0.67-xEuxBa0.33Mn0.85Fe0.15O3 ceramics can be
used in electronic application because of high value of permittivity
observed [18]. At the same time the change of properties of B-site
substituted manganites in connection with the change of electron
structure is not studiedwell enough. Moreover, there are some very
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Table 1
Lattice parameters (a, b, c), cell volumes (V) and Curie temperature (Tc) for
La0.7Ca0.3Mn1-xScxO3 oxides.

x value a (Å) b (Å) c (Å) V (Å3) Tc (K)

0.0 5.4753 7.7281 5.4705 231.47 251.6
0.03 5.4826 7.7304 5.4782 232.18 158.0
0.05 5.4861 7.7323 5.4805 232.48 116.9

Error bars for the lattice parameters and cell volume equal to 0.0006 Å, and 0.01Å3,
respectively.
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unclear results. For examples, observed XAFSMn K-edge spectra for
the La0.7Ca0.3Mn1-xSrxO3 (x¼ 0.0 and 0.1) oxides were completely
identical, but the Tc (value of which is usually associated with the
Mn K-edge position [3]), decreased drastically with x increase. To
shed light for the change of electron structure of the noted pe-
rovskites the XANES measurements at Mn Ke and L e edges, and O
K e edge and EXAFS study at energy just beyond the Mn K-edge
were performed. Taking into account the observed differences of
change of properties of B-site doped oxides at low (0.0� x� 0.05)
and high (x> 0.05) doping [19,20], and to avoid an ambiguity in the
description of properties caused by the level of substitution we
present the study of low doped La0.7Ca0.3Mn1-xSrxO3 (x¼ 0.0, 0.03
and 0.05) samples.
2. Experimentals

The La0.7Ca0.3Mn1-xScxO3 (LCMnSc) (x¼ 0.0; 0.03, and 0.05)
oxides were prepared by nitrate technique using La2O3 oxide,
CaCO3 and ScCO3 carbonates, and metallic manganese as starting
materials. X-ray Cu Ka diffraction (XRD) analysis was performed
with the diffractometer D/MAX-2500V/PC (Rigaku, Japan). The x-
ray absorption fine structure (XAFS ¼ XANES þ EXAFS) measure-
ments were performed at the Pohang Light Source, PLS (Republic of
Korea) operating with an electron energy of 3.0 GeV and the
maximum current of 400 mA. The measurements at Mn K edge
were carried out at 8C Nano-XAFS beamline. The XANES mea-
surements at O K-edge and Mn L-edges were performed at the total
electron yield mode at PLS 10A2 beamline. The results for Mn K-
edge, and O K-edge and Mn L-edges were calibrated using the
reference spectra of manganese foil, and N2 and O2 molecules,
respectively. Resolution of the beamline photon energy was about
2� 10�4. The magnetic susceptibility, c, was measured in a field of
10 Oe and at a frequency of 27 Hz. Accuracy of the susceptibility
measurement was ~5%, precision of the temperature measurement
equaled to ±2 К. Curie temperature was defined as the inflection
point on the c on T curves.
3. Results and discussions

The XRD patterns of the sintered manganites are presented in
Fig. 1. According to analysis the La0.7Ca0.3Mn1-xScxO3 perovskites
are single phase and belong to orthorhombic Pnma singony. With x
increase the lattice parameters of the oxides increase because the
radius of the Sc3þ (¼ 0.745 Å) is larger than that of the Mn3þ (¼
0.645 Å). Ionic radii are taken from the Shannon work [21]. XRD
results are presented in Table 1 and are in line to those presented in
Fig. 1. XRD patterns for La0.7Ca0.3Mn1-xScxO3 (x¼ 0.0, 0.03, and 0.05).
Ref. [22].
Fig. 2 presents the temperature dependence of AC susceptibility,

c(T), of the samples. Curie temperature decreases from 252 to 117 K
which correspond to the change observed in Refs. [10,22]. The
observed Tc decrease is mainly caused by the different electron
configuration of Mn3þ and Sc3þ, and, partially, by the difference of
the radii of the above ions (see [13], on this item).

XANES spectra of the LCMnSc manganites are presented in
Fig. 3. The spectra show no essential change in shape and Mn K-
edge positionwith x increasing. This indicates no change in average
manganese valence, vMn. At the same time, the substitution of Sc3þ

ions for the Mn3þ ions leads for decrease of the formal manganese
valence from 3.3 (at x¼ 0.0) to 3.15 (at x¼ 0.05) causing the
essential decrease of the TC (see, also [10,22,23]). The result is
similar to that observed at studying the self-doped La1-xMnO3þd

manganites where the formal manganese oxidation state and TC
changed with x increase but Mn K-edge position showed very weak
change only [7,24]. Notable, in La1-zCazMnO3 oxides the Mn K-edge
position shifts for about 4.0 eV and TC increases for about a few ten
degrees at changing of Mn oxidation state fromMn3þ to Mn4þ with
increase of z-value from zero to unit [3,4]. The results show a dif-
ference in manifestation of the change of formal/observed man-
ganese valence and TC at hole doping, and of the vacancy-doping
and B-site substituting perovskites. Note, in Pr0.67Sr0.33MnO3 [25]
and La1-zCazMnO3 [4] oxides a minor change of Mn K e pre-edge
spectra with increase of temperature and z, respectively, were
observed and attributed to the change of hybridization betweenMn
3d and 4p neighboring orbitals. At the same time, the present study
did not reveal any essential change at the Mn K-pre-edge spectra
(see interval energy from 6540 to 6545 eV in Fig. 3).

Fourier transform of the EXAFS spectra are presented in the
inset of Fig. 3. The Fourier transform shows a change of backscat-
tering of electrons from the atoms located at coordination spheres
associated with oxygen positions (OP) and lanthanum/calcium
position (AP). The above positions correspond to first and second
Fig. 2. Temperature dependencies of AC susceptibility for La0.7Ca0.3Mn1-xScxO3

(x¼ 0.0, 0.03, and 0.05) perovskites.



Fig. 3. Mn K-edge spectra for La0.7Ca0.3Mn1-xScxO3 (x¼ 0.0, 0.03, and 0.05) oxides.
Fourier transform of EXAFS spectra are shown in the inset. Fig. 5. Oxygen K-edge spectra for La0.7Ca0.3Mn1-xScxO3 (x¼ 0.0, 0.03, and 0.05)

perovskites.
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spheres around the EXAFS (Mn) ions in perovskite ABO3 cells. In-
tensity of the OP peak decreases with x increase because the Mn
atom content decreases at strontium doping. Also a minor decrease
of the AP peak with x is observed. It manifests the decrease of the
Mn e Sr, Ca pairs in the perovskites lattice.

To make a nature of the change of properties of the studied B-
site substitutedmanganites cleaner the XANES spectra at Mn L- and
O K-edges were measured.

Fig. 4 shows Mn L-edge spectra for the LCMnSc perovskites. The
spectra are split into L3(2p3/2) and L2(2p1/2) main peaks at 642.0 and
652.4 eV which caused by the core hole spin-orbit coupling. The
both peaks are additionally split by crystal field which associated
with the orbital t2g and eg symmetry states. The L3 spectra show
also the fine structure which manifested by the appearance of
smoothed shoulders which were also observed at studying the B-
site substituted [26,27], vacancy-doped [28] manganites, and in-
situ catalysis in perovskites [29]. With the x increase the peak po-
sitions of the Mn L-edge lines (as well as the Mn K-edge positions)
remain almost constant indicating for the unvaried manganese
valence and that the valence is higher than 3þ, that indicated by
the position of the peaks. The intensity of the Mn L-edge peaks
decreases essentially. The above decrease could be associated with
the decrease of the Mn3þ content and, according to DE model [2],
causes the TC decrease. The conclusion is in line with that pro-
nounced at study of self-doped La1-xMnO3þd manganites [28]. Also,
parallel change of L3 and L2 peak intensity with the conductivity
was observed at studying La0.5Sr0.5(Fe,Ti,Ta)O3-d [26], and
La0.5Sr0.5Fe0.75Ni0.25O3 and LaFe0.75Ni0.25O3 [27] oxides. Remark-
ably, essential change of the shape as well as the position of the L3
peak was observed at studying the in-situ catalysis of
Fig. 4. Mn L-edge spectra for La0.7Ca0.3Mn1-xScxO3 (x¼ 0.0, 0.03, and 0.05) oxides.
Pr1�xCaxMnO3 perovskites, the change was also manifested as the
decrease of the L3-L2 separation and attributed to an intermediate
Mn(3þx)þ oxidation state instead of Mn3þ/Mn4þ species [29].

Fig. 5 shows the O K-edge spectra of the sintered perovskites.
The spectra show the pre-peak with maxima at 529e530 eV,
beginning of low-energy edge tail of the spectra determines the
Fermi level of manganites [30]. Pre-edge is associated with the
hybridization between the Mn 3d and O 2p states and indicates for
the hole nature of the LCMnSc oxides introduced by the divalent
(calcium) doping [31,32]. The pre-peak position shifts to low energy
with x increase. The shift of the O K e pre-edge is very similar to
that observed by Toulemonde et al. in the study of PrMn3þO3,
Pr0.7Ca0.15Sr0.15Mn3þ/4þO3 and CaMn4þO3 oxides [31]. Namely, for
the studied La0.7Ca0.3Mn1-xScxO3 perovskites the formal manga-
nese valence increases with x and oxygen K-pre-edge shifts to low
energy. It could be supposed that decrease of the Tc, caused by the x
increase, is strongly connected with the change of hybridization of
O 2p andMn 3d states which is revealed by the observed shift of the
oxygen K-pre-peak. Notable, according to the results for B [26]e
and A- [33] site substituted manganites a pre-peak of oxygen K-
edge spectra correlates with the conductivity, s.
4. Conclusions

Change of electron hybridization states in La0.7Ca0.3Mn1-xScxO3
(x¼ 0.0; 0.03, and 0.05) perovskites is revealed. This is manifested
by the change of Mn L-edge line intensity and shifting of O K-edge
position which are parallel to observed TC changes, which, in turn,
are parallel to the change of x-value. The result differs from that
observed for the hole doped La1-zDzMnO3 manganites where the
change of Curie temperature was consistent with the change of
average manganese valence and manifested by the change in po-
sition of the Mn K-edge. The change of average and local crystal
structure caused by the larger Sc3þ than theMn3þ ions are observed
with the x-ray diffraction and Fourier transform of the EXAFS
spectra.
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