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Thermogravimetry, X-ray and electron diffraction and high
resolution electron microscopy show that the reduction pro-
cess from perovskite LagsCagsMnOjz to brownmillerite
LagsCagsMn0O, 5 is a reversible topotactic process. Two
series of monophasic Lag sCagsMnO3_ s oxygen-deficient per-
ovskites were stabilized in the 0 = 0 = 0.12 range, either from
reduction of LagsCagsMnO; or oxidation of Lags-
Cag sMnO, 5. Soft X-ray absorption spectroscopy shows that
Mn oxidation states differ as a function of the synthetic path-

way. Temperature dependence of the magnetization as a
function of anionic vacancies concentration at constant dop-
ing level are reported together with the evolution of high-
resolution O K-edge and Mn L-edge spectra. Our results
show dramatic changes in the magnetic behaviour due to the
stabilization of different Mn oxidation states.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The influence of cationic substitution and anionic vacan-
cies on the magnetic and conducting properties of transi-
tion-metal oxides is a subject of high scientific and techno-
logical interest. The main objective of most of these studies
is to get a precise understanding of the nominal composi-
tion, microstructure and electronic properties of intriguing
and complex materials, as in the case of manganese-related
perovskites. These materials exhibit a wide range of unusual
magnetic properties, which can be modified by changing the
doping level due to the long-established ability of the man-
ganese ion to develop several oxidation states. This essential
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property could be directly related to the number of un-
paired electrons in the 3d orbitals, as well as to the magnetic
moment associated with each of the Mn ions present in the
compound.

Particularly interesting in the La; ,Ca,MnO; system is
the LagysCagsMnO; material, which shows a remarkable
coexistence of ferromagnetism and charge ordered (CO)
phase.'"4l At this state, the 1:1 arrangement of octahedrally
coordinated Mn3*" and Mn** leads to charge and orbital
order at low temperature. However, some authors disagree
with this general description.[>-

From a magnetic point of view, CO represents the limit
between ferromagnetic (FM) metallic (M) and antiferro-
magnetic (AF) insulator (I) behaviour.”-'®! The shift
towards one behaviour or the other is obtained by varying
the Mn**/Mn>* ratio. Thus, when such a ratio verifies 0.20
< Mn**/Mn3* < 1, the system is FM-M, whereas values of
Mn**/Mn3* = 1 give rise to an AF-I system. To modify
the concentration of doped holes (Mn** ions), it suffices to
change the x value. However, introducing anionic vacancies
can also modify this ratio. Actually, for a small concentra-
tion of anionic vacancies, the FM fraction in Lags-
Cay sMnOs; 5 increases as the CO fraction decreases; this
effect yields a net FM behaviour, related in turn to the de-
crease in the Mn*"/Mn3* ratio.l'’:!2l Despite experimental
effort, a clear relationship between the CO state in La s-
CaysMnO;_s and the valence d-configuration of the Mn
ions is still missing.

In a previous paper,'? it was shown that the reduction
process of Lag sCay sMn**; sMn**, 505 s down to an oxy-
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gen deficiency 6 = 0.5 gave rise to a new oxide with
the composition Lajs;CagsMnO,s, isostructural to
Sr,Fe,0s.['% This reduction process is a topotactic one
since the perovskite framework is kept as the oxygen con-
tent decreases, that is, the reduction pathway involves order-
ing of the anionic vacancies through the tetrahedra forma-
tion leading to the basic sequence **OT+*+ (O = octahedron
and T = tetrahedron) of the brownmillerite structure. Dif-
ferent topotactic processes have been already described for
other Mn-related perovskite oxides. A well-known example
is the case of CaMnOj3 which is transformed into CaMnO, 5
through the formation of squared pyramids.['>] Another ex-
ample is the reduction process of LaMnO; to LaMnO, ;5
which involves tetrahedra formation.'® Moreover in
LaysCapsMnO,s, Mn shows an average oxidation
state of 2.5 which, according to the structural data,!!
could fit to contents of 75% of Mn2* and 25% of Mn*".
Taking this into account, the reduction process
Lag sCag sMn**( sMn** 505 g Lag sCag sMn** »s-
Mn?* 750, 5 obviously involves the coexistence of Mn**,
Mn3* and Mn?* for certain oxygen contents. Although
rather unusual, the coexistence of a single metallic cation in
three different oxidation states within a mixed oxide has
been suggested by some authors in Ln; A, MnOj; systems,
as a consequence of the Mn3* disproportion.['”) Moreover,
such behaviour was previously observed in the oxygen-de-
ficient perovskite CaLaMgMnOg 4!'8! and also in the solid
solution goethite-groutite a-Mn Fe;  OOH.[') In order to
confirm this assertion for Lag sCag sMnQO, s, which is basic
to understanding the magnetic behaviour, further experi-
mental evidence of the manganese oxidation state is clearly
needed.

In this sense, it is well known that one of the most useful
tools in the study of the atom-resolved unoccupied elec-
tronic structure of multi-element compounds is X-ray ab-
sorption fine structure spectroscopy. By tuning the photon
energy to the threshold of a specific element, the shape of
the absorption spectrum by its X-ray absorption near-edge
spectroscopy (XANES) gives the electronic structure pro-
jected onto this particular site. This projection is usually
strongly influenced by the hybridization between the states
of different atoms, for complex multicomponent com-
pounds. Because of the site- and symmetry-selective charac-
ter of XANES, a simultaneous Mn L-edge and O K-edge
study can give information about the manganese oxidation
state and slight structural changes induced by cationic dop-
ing and anionic vacancies. This XANES ability has been
previously illustrated by numerous studies on doped man-
ganites.l?0-23]

In this work, the Mn oxidation states and the magnetic
properties of several Lay sCay sMnOj3 s materials as a func-
tion of the synthetic pathway were studied. In this sense, we
prepared samples with the same oxygen content through
two different methods: (i) reduction of Lag sCay sMnO5 and
(i1) oxidation of LaysCaysMnO, 5. The evolution of high-
resolution O K-edge and Mn L-edge X-ray absorption spec-
troscopy as a function of anionic vacancies concentration
at constant doping level is reported.
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Results and Discussion

The powder XRD pattern corresponding to the
Lag 5CaysMnO; (As ) sample is in agreement with a per-
ovskite-like orthorhombic structurel! [a = 0.5407(2), b =
0.7629(2) and ¢ = 0.5401(2) nm] with space group (SG)
Pnma. A different situation is observed for the reduced
sample, Lay sCay sMnO, 5 (R, 50), which can be indexed on
the basis of a brownmillerite unit cell'*! with parameters a
=0.5361(3), b = 1.6463(9) and ¢ = 0.5340(3) nm (SG 1bm2)
as a consequence of ordering of anionic vacancies. This
structure can be described as an alternating sequence of oc-
tahedral and tetrahedral layers along the b direction of the
perovskite subcell (Figure 1). The SAED and HREM study
is in agreement with this model. Figure 2 shows a SAED
pattern and its corresponding HREM image along [101]
zone axis. An image calculation was performed taking into
account the given unit cell and the atomic parameters char-
acteristic of the brownmillerite structure.l'* A good agree-
ment between experimental and calculated image (Figure 2,
¢) is observed. The charge balance in Lay sCag sMnO, 5 cor-
responds to a Mn average oxidation state of 2.50, which
would fit to 50% of Mn3** and 50% of Mn?*. This is an
unexpected situation since it would involve a smaller b pa-
rameter than the experimental one.''*! Considering the ionic
radius# and the oxygen content, a more plausible situation
would be 75% of Mn?* and 25% of Mn**, although obvi-
ously an experimental measurement of the oxidation states
is required.

Figure 1. Brownmillerite structural model showing the alternating
sequence of octahedral and tetrahedral layers along the b direction.

In order to determine the oxidation state of Mn in these
materials, a detailed XANES study was performed.
XANES spectra were treated quantitatively by using a fac-
torial analysis taking into account the reference compounds
spectra. This method was based on the modelling of the
experimental spectra by means of a linear combination of
reference spectra. The first step was to analyse well-defined
patterns for the different oxidation states that Mn can
adopt. In this sense, three different manganese compounds,
MnO,, LaMnO3; and MnCOs;, exhibiting the three charac-
teristic oxidation states Mn**, Mn** and Mn?*, respec-
3351
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Figure 2. (a) SAED diffraction pattern along [101] zone axis; (b)
HREM image; (c) calculated image taking into account the brown-
millerite atomic positions.

tively, were used. Note that a perovskite-related compound
LaMnO; was chosen as Mn3* standard, while an oxide and
a carbonate were selected for Mn** and Mn?*, respectively.
This was done because manganese perovskite-related
phases only containing Mn*" or Mn>* have not been stabi-
lized in the La; ,Ca,MnOj; system. In fact, CaMnOs is al-
ways slightly deficient (CaMnOs_y), leading to a small frac-
tion of Mn*. In this sense, MnO, was used for Mn**.
However, MnO was not used as the standard for Mn>* be-
cause Mn;0,4 impurities were detected by magnetic mea-
surements, and thus MnCOj; was considered more appro-
priate. In addition, we compared these data with already
published standards of Mn**?3l and Mn?>* [2¢]

The spectra in Figure 3 (a—c) show the Mn L-edge of
the three different manganese compounds. For MnO, and
LaMnOs;, the Mn L-edge spectra (Figure 3, parts a and b,
respectively) present two main maxima, at 643 and 653 eV,
which are accompanied by fine modulation. In fact, the first
maximum of the MnO, spectrum shows a shoulder around
640 eV. Similar features are observed for the Mn L-edge
spectrum of LaMnQ;. For Mn?*, the main feature is a well-
defined maximum at 641.2 eV accompanied by two small
peaks at 640.5 and 642.7 eV. More pronounced differences
are observed in the O K-edge spectra in the 528-538 eV
range (Figure 4). Actually, Mn** shows two peaks: a more
intense peak located at 529 eV and a second peak at
531.8 eV. For Mn?*, the spectrum shows two broad maxima
accompanied by fine modulation, whereas the Mn>* shows
only a peak located at 533.5 eV. Once the characteristic en-
ergies of Mn**, Mn3* and Mn?* have been established, the
XANES spectra of the manganese materials can be more
easily interpreted. Parts d and e in Figure 3 show the Mn
L-edge XANES spectra of Az g and R, 50 samples, respec-
tively. For Aj g9, two main peaks and a shoulder (around
641 eV) appear, as observed in MnO, and LaMnOs;, sug-
gesting the presence of both Mn3* and Mn**. R, s, exhibits
similar features but the shoulder is transformed into a clear
peak around 641 eV, which could be related to the presence
of Mn2*. In order to get more reliable information, the O
K-edge spectra were studied (Figure 4, d and e). For Aj g,
the spectrum shows a profile characteristic of the coexist-
ence of Mn** and Mn**, in agreement with the O K-edge
of the reference materials. The spectrum corresponding to
R, 5o (Figure 4, ¢) shows a clear peak at around 533 eV
3352
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which, in agreement with the O K-edge of the reference, is
related to Mn2*. Moreover, two more peaks appear at 529
and 536 eV indicating the presence of Mn** and Mn3",
respectively. The data set of O K-edge and Mn L-edge of
Az 00 and R, 50 XANES spectra were quantitatively treated,
taking into account the reference compounds spectra, as
depicted in Table 1. The ensemble of these results shows the
coexistence of Mn?*, Mn3* and Mn** in La, sCay sMnO, s,
obtained through the topotactic reduction process As g9 —
R 50
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Figure 3. Mn L-edge XANES spectra of manganese reference com-
pounds (a) MnO,; (b) LaMnO;; (c) MnCO;3 and samples (d)
Lag sCagsMnOs; (e) Lag sCag sMnO, s.
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Figure 4. O K-edge XANES spectra of manganese reference com-
pounds (a) MnO,; (b) LaMnO;; (c) MnCO; and samples (d)
Lag sCagsMnOs; (e) Lag sCagsMnO, s.

Table 1. Mn oxidation state of Az, and R, 5, samples as deter-
mined by XANES.

Sample % Mn** % Mn3* % Mn2*
Asoo 50.00 50.00 0
R s 12.50 25.00 62.50

The oxidation process R 5o — As o is again a topotactic
one involving the transformation of brownmillerite to per-
ovskite.?”l At this point, in order to ascertain whether or
not samples with the same composition comprise the same
oxidation states, the oxidation mechanism was studied,
since different pathways would involve different oxidation
states and properties.
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The influence of the anionic vacancies concentration in
the crystalline structure and magnetotransport properties
of samples obtained by reduction of the Lag ;CagsMnOj3
material has already been studied by several authors.[!!-13]
It has been shown that for a small concentration of anionic
vacancies the CO state disappears whereas the ferromag-
netic character is preserved. In particular, according to Tru-
khanov et al.,['?! the anionic vacancies originated in the re-
duction process are randomly distributed and the ortho-
rhombic symmetry of the starting material remains up to ¢
= 0.25 ppm. However, when samples are obtained by oxi-
dation of R, 5y, monophasic materials are only obtained,
under the synthetic conditions described in ref.,[>3 for § <
0.15. For this reason, the comparative study of R, and O,
materials was limited to the 0 = J = 0.12 range.

All R, and O, materials show very similar X-ray diffrac-
tion patterns, which can be indexed on the basis of an or-
thorhombic symmetry and space group Pnma. All samples
were characterized by SAED and HREM. Electron diffrac-
tion patterns did not show superstructure spots, suggesting
that anionic vacancies in both R, and O, samples are ran-
domly distributed in the 0 = ¢ = 0.12 range.

As in the starting materials, a detailed XANES study was
performed. Figure 5 (a) shows the Mn L-edge XANES
spectra of R, samples. Taking into account the described
reference patterns, spectra peaks suggest the presence of
Mn3* and Mn**. The spectra corresponding to the O K-
edge (Figure 5, b) show maxima around 529 and 536 eV
characteristic of Mn3* and Mn**, respectively. Therefore,
the reduction pathway Az oy — R, gg only involves the coex-
istence of both Mn** and Mn?*. Figure 6 (a and b) show
the Mn L-edge and O K-edge characteristics, respectively,
of the oxidized samples. The presence of Mn** and Mn**
is observed in Mn L-edge while an additional peak around
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Figure 5. XANES spectra of R, samples (a) Mn L-edge and (b) O
K-edge.
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533 eV, suggesting Mn>*, appears at the O K-edge. The
quantification led to the results shown in Table 2, which
confirm the presence of Mn** and Mn*" in the R series
while the three oxidation states Mn2*, Mn®" and Mn** co-
exist in the O series of samples. This table summarizes the
fact that both topotactic reactions, Az oy — Rj 50 and R; 5q
— Aj30, in the 0 = 6 = 0.12 compositional range, occur
through different pathways, that is, comprising different
oxidation states. It is then clear that materials exhibiting the
same composition but different electronic environment for
Mn ions were stabilized. This should influence the proper-
ties, producing dramatic effects on the magnetic behaviour
of these manganites.
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Figure 6. XANES spectra of O, samples (a) Mn L-edge and (b) O
K-edge.

Table 2. Mn oxidation state of R, and O, samples as determined
by XANES.

Sample R, O,
y % Mn (XANES) % Mn (XANES)

Mn+ Mn3+ Mn2+ Mn#+ Mn3+ Mn2+
2.95 40.00 60.00  0.00 40.00 55.00  5.00
2.93 38.00 62.00  0.00 39.00 54.00  7.00
2.88 30.00 70.00  0.00 32.00 56.00  12.00

Figure 7 shows the temperature dependence of magne-
tization for Az o and R, samples. In agreement with pre-
vious results,[l->13] the fully oxidized As o, sample shows a
first transition from paramagnetic (PM) to almost FM at
Tc = 250 K and a second transition at lower temperature
to an AF state associated with CO of the charge carriers
(Tco = 190 K). At low temperature, a magnetization value
of 0.25 pp/u.f. is still obtained since a 10% FM phase is
observed despite the material being chemically homogen-
eous.l*?8 The reduction process of Aj o, material involves
the transformation of octahedra into square pyramids, in-
ducing a rapid increase in the magnetization at low tem-
3353
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perature: 0.69 pg/u.f at 80 K for R, ¢s. This fact is due to a
partial breaking of the CO state which leads to a rapid in-
crease in the FM fraction. A higher anionic vacancies con-
centration leads to a decrease in the magnetization for R g3
and R,gs samples. Similar behaviour was reported by
Trukhanov et al.l'?l where a maximum magnetization value
was obtained for y = 2.96 and a minimum value for y =
2.80. This fact suggests that a high concentration of the
anionic vacancies breaks the FM ordering due to a decrease
in the Mn**/Mn>* ratio and so allows the possibility of
double exchange. In fact, when anionic vacancies content is
increased to 0 = 0.50, the ferromagnetic interactions disap-
pear as can be observed in the variation of the magnetiza-
tion curve versus applied magnetic field (Figure 8).
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Figure 7. Magnetization vs. temperature corresponding to R, sam-
ples.
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Figure 8. Magnetization vs. applied magnetic field at 5 K.

The magnetic behaviour of O, materials (Figure 9) is dif-
ferent from that shown by R, samples despite both compo-
sition and structure being identical. These oxidized samples
show a first PM-FM transition: the magnetization value be-
ing higher for the O, 5 sample. At 205 K, this sample shows
again, although less markedly, the FM-AF transition asso-
ciated with the CO observed in Aj; oo. In fact, from 150 K,
the magnetization corresponding to O, o5 is lower than that
observed for O, 93, probably due to the presence of a higher
number of AF regions in CO state, as a consequence of
the lower Mn?* content. The lowest oxygen-content sample,
0,53, shows the highest 0.64 pg/u.f. magnetization value,
which could be related to the absence of CO region in this
composition. From the structural point of view,?°! the oxi-
dation process leads to isolated rows of tetrahedrally coor-
dinated Mn?*, randomly distributed in an octahedrally co-
3354
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ordinated Mn3*-Mn** matrix, which accounts for the
double exchange and, as a consequence, for FM behaviour.
This situation is different from the one observed in the re-
duced sample of the same composition and can be ex-
plained taking into account structural considerations as
well as the corresponding oxidation states. In this sense, for
0, g5 the FM ordering is locally broken due to the anionic
vacancies concentrated around Mn>*, whereas for R, gg it
is associated with the vacancies around Mn3*. In this last
case, the number of Mn ions accompanied by a vacant is
double than that in O, gg and, therefore, is also twice the
number of positions where the double exchange is broken,
leading to a lower magnetization value.

T T T >
100 150 200 250 300

TIK]

Figure 9. Magnetization vs. temperature corresponding to O, sam-
ples.

Conclusions

The described results clearly show that the synthetic con-
ditions play an important role in the stabilization of Mn
oxidation state in perovskite-related materials. Numerous
papers!''-13 have been devoted to studying the influence of
an oxygen content change on the magnetic properties of
these manganites. Up to now, it has been considered that
the introduction of anionic vacancies only affects the Mn**/
Mn?3* ratio. We have shown that, as a function of the syn-
thetic pathway, Mn>* can also be stabilized, leading to ma-
terials with Mn in three oxidation states.

Experimental Section

Two materials with the composition LagsCaysMnO;3 (Asz o) and
Lag sCagsMnO, 5 (R, 50) were initially prepared. The starting mate-
rial, As g9, Was prepared by solid-state reaction of stoichiometric
amounts of La,0O;, CaCO; and MnO, at 1400 °C in air for 110 h.
Laj sCay sMnO, 5 was obtained under controlled reduction of the
Laj 5Cay sMnO; sample. The reduction process was performed in
a CAHN D-200 electrobalance, equipped with a furnace and a two-
channel register, by heating the starting material at 630 °C under
H, (200 mbar) and He (300 mbar) at 6 °Cmin~'. Once a desired
weight loss was attained, the sample was annealed at 630 °C, under
He, for 24 h to facilitate a more homogeneous distribution of an-
ionic vacancies. The oxygen content can be determined within
+1073 for a sample of total mass about 100 mg. Oxygen content

Eur. J. Inorg. Chem. 2007, 3350-3355
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(as determined in this reduction process) and cationic composition
of both materials (as determined by atomic absorption, plasma
source emission spectroscopy and electron probe microanalysis) are
in agreement with the nominal composition.

On the other hand, two series of samples La,sCaysMnO;_s were
prepared by two different synthetic routes: (i) samples R,, obtained
by reduction of LagsCagsMnO; and (ii) samples O,, after oxi-
dation of LaysCaysMnO- s until reaching, in both cases, the de-
sired oxygen content y (y = 3 — 9). Reduced R, 95, Ry 93 and R, g
samples were obtained from As g, under H, (200 mbar) and He
(300 mbar) around 450 °C, whereas oxidized O, 95, O, 93 and O, g5
materials were obtained from R, s, under O, (100 mbar) and He
(400 mbar) around 170 °C. Both series were synthesized in an elec-
trobalance allowing rigorous control of the oxygen content.

Powder X-ray diffraction (XRD) was performed by using a Philips
X’Pert diffractometer with Cu-K,, radiation. Selected area electron
diffraction (SAED) was performed by using a JEOL 2000FX elec-
tron microscope fitted with a double tilting goniometer stage
(£45°), and high resolution electron microscopy (HREM) was car-
ried out with a JEOL 3000FEG electron microscope fitted with an
Oxford LINK EDS analyser. The sample was ultrasonically dis-
persed in 1-butanol and then transferred to holey carbon-coated
copper grids. Magnetic properties were obtained using a LDJ vi-
brating sample and Quantum Design SQUID magnetometers in
the temperature range 5 to 350 K under applied fields up to 5 T.
Magnetic measurements versus temperature (5-350 K) were per-
formed under field cool conditions in a 1000 Oe applied magnetic
field. Magnetization measurements versus magnetic field (0-5T)
were carried out at 5 K.

Both Mn L-edge and O K-edge XANES measurements were per-
formed using the PGM monochromator of the SU8 undulator-be-
amline at LURE. The spectra were collected in the total electron
yield mode measuring the sample current. The energy resolution at
the O K-edge and Mn L-edge X-ray absorption edge, around 530
and 643 eV was better than 0.5 and 0.6 eV, respectively. The surface
sensibility of the XANES total yield technique was evaluated for
these particular samples, recording the same absorption spectra by
using the photoelectron effect. In this case, the detector was the
photoelectron current recorded at the analyser. As the excited elec-
trons should leave the solid to be collected at the vacuum, this
recording mode is particularly sensible to the surface. A close com-
parison of XANES spectra recorded by both methods, evidences
that surface effects can be ignored. The base pressure in the experi-
mental chamber was in the low 10~'° mbar range. The samples were
scraped in situ with a diamond file to remove surface contami-
nation. Before every experiment, the samples were refreshed in or-
der to avoid the formation of any stable carbonate. High level of
sample cleanliness was guaranteed by synchrotron radiation core
level photoemission continuous checking throughout the experi-
ment. In particular, the evolution of the shape and intensity of the
O K-edge and C K-edge core levels were monitored before and
after the absorption measurements. As the valence band states near
the Fermi level have shown to be very sensitive to external agents
and spurious contamination, this kinetic energy range was moni-
tored for all investigated samples.
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