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Introduction

Much of the research effort devoted to manganese-related
perovskites (AMnO3) has been triggered by the need to un-
derstand the origin of their so-called colossal magnetoresist-
ance.[1] The paramount role played by the concentration of
doped holes (Mn4+) in Ln1�xDxMnO3 (Ln: lanthanide; D:
divalent ion) was recognised early on, and the influence of
compositional variations in the A sub-lattice has been
widely studied since D ions provide holes to the band[2–5]

and act as effective attractors for these holes.[6,7] It has also
been shown that disorder effects due to size differences be-
tween the Ln and D cations play an important role in mag-
netoresistant perovskites.[8,9] Magnetic interactions in the
above system depend on the value of x, with the Mn3+–O–
Mn4+ exchange interaction being ferromagnetic, since the eg

itinerant electron is exchanged between Mn3+ and Mn4+ by
a double-exchange mechanism,[10] whereas Mn3+–O–Mn3+

and Mn4+–O–Mn4+ couplings due to superexchange interac-
tions of opposite sign give rise, generally, to antiferromag-
netic structures.[11–13] Particular attention has been focused
on the behaviour around x=0.5 in the magnetic phase dia-
gram of La1�xDxMnO3, where, when D is calcium, the
ground state changes from a ferromagnetic to an antiferro-
magnetic insulator and is associated with a charge-ordering
state[14–16] in which doped Mn4+ holes are electrostatically
locked into a periodic array and are not able to become in-
volved in any conduction mechanism.[17] However, when D
is strontium the phase diagram reveals that the competition
between the ferromagnetic double-exchange and antiferro-
magnetic charge-ordering instability gives rise to a lattice-
coupled first-order phase transition induced by a relatively
low magnetic field.[18]

Compositional variations in the anionic sub-lattice of
manganites have been much less studied despite the fact
that a large number of anion-deficient perovskite-related su-
perstructures, due to unoccupied oxygen position ordering,
have been reported in other systems. Low-temperature re-
duction routes have been shown to be effective in promoting
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oxygen vacancy ordering in perovskite-related oxides,[19,20]

and several oxygen vacancy patterns that lead to different
polyhedral types have been described for manganese-con-
taining compounds. the topotactic reduction of CaMnO3, for
instance, converts MnO6 octahedra into MnO5 square pyra-
mids due to alternate vacancy ordering along the [101]c di-
rection (c stands for cubic perovskite). This leads to
CaMnO2.5

[21] and other intermediate CaMnO3-d superstruc-
tures where Mn4+ and Mn3+ coexist.[21,22] A different perov-
skite-related superstructure with Mn in a square-pyramidal
coordination has been reported by Millange et al.[23] for
LaBaMn2O5; it is isostructural to YBaCuFeO5

[24] with alter-
nate vacancy ordering along [010]c. Ordering along [101]c in
alternate layers along the b direction takes place when

La0.5Ca0.5MnO3 perovskite is re-
duced to La0.5Ca0.5MnO2.5,
which leads to a material with a
brownmillerite-related structure
that can be described as an al-
ternating sequence of octahe-
dral and tetrahedral layers
along the b direction of the per-
ovskite subcell[25] (Figure 1).
The introduction of anionic va-
cancies must necessarily affect
both the structural and magnet-
ic properties. It is well known
that La0.5Ca0.5MnO3 exhibits a
transition from paramagnetic to
an almost ferromagnetic state
at a temperature of around
254 K and a clear drop in the
susceptibility due to charge or-
dering of the charge carriers at

190 K.[26] However, oxygen deficiency produces a gradual
decrease in the magnetic susceptibility of the
La0.5Ca0.5MnO3-d system for d values above 0.20 and a much
larger decrease for a d value of 0.50.[25] Although prelimina-
ry studies suggest that the anion deficiency is a consequence
of the coexistence of Mn4+ and Mn2+ , a detailed X-ray ab-
sorption near-edge spectroscopy (XANES) and thermogra-
vimetric study[27] has suggested that 12.5% of Mn4+ coexists
with Mn3+ and Mn2+ in the coordination polyhedron. Very
recently, charge- and structural-ordering has been described
in the brownmillerite phases La1�xSrxMnO2.5 (0.2<x<0.4),
although the magnetic and electric properties were not mea-
sured.[28]

Modification of the [CaO12] and [SrO12] polyhedra intro-
duces some distortions in the Mn3+–O–Mn4+ angles due to
the different radii of the D cations,[29] which are responsible
for dramatic changes, especially for x=0.5, in the magnetic
phase diagrams[30,31] of both La1�xSrxMnO3 and
La1�xCaxMnO3 systems. On the basis of this information, we
have undertaken a study of the influence of the oxygen defi-
ciency in the La0.5Sr0.5MnO3-d system. We report here a study
of the ordering of anionic vacancies in La0.5Sr0.5MnO2.5 by
means of X-ray and selected-area electron diffraction

(SAED) and high-resolution electron microscopy (HREM)
and its influence on the magnetic behaviour.

Results and Discussion

The powder X-ray diffraction (XRD) pattern corresponding
to La0.5Sr0.5MnO2.5 (Figure 2) is similar to that obtained for
La0.5Ca0.5MnO2.5.

[25] It can be indexed on the basis of a relat-

ed brownmillerite unit cell (Ibm2) with lattice parameters
a=0.54117(3), b=1.67608(12), c=0.54004(3) nm, which sug-
gest a slightly smaller orthorhombic distortion compared to
the calcium phase, probably due to the effect of the bigger
size of Sr with respect to Ca. Rietveld profile refinement of
the XRD pattern was done with the model of the Sr2Fe2O5

brownmillerite-related structure that crystallises in the space
group Ibm2.[32] The profile refinement done with these coor-
dinates resulted in a satisfactory agreement with the calcu-
lated and experimental (hkl) values, with Rp=4.86, Rw,p=

6.41 and RB=7.68. The small differences between the calcu-
lated and experimental intensities for the (114) reflection
can be explained on the basis of preferential orientation.
The final structural parameters are collected in Table 1, and
some selected interatomic distances are gathered in Table 2.
The high value of the isotropic temperature factors (B) cor-
responding to Mn(2) and O(3), which are the manganese
and equatorial oxygen atoms at the tetrahedral sites, sug-
gests a possible disorder phenomena. We should point out
at this point that brownmillerite compounds generally crys-
tallise in either the Ibm2[32] or Pnma[33] space group. Howev-
er, there are also a few papers[33–36] that report a better fit of
the Rietveld refinement using the Icmm space group as a
consequence of order/disorder phenomena. In fact, SAED
studies with Ba2In2O5

[35] and Sr2Co2�xGaxO5
[36] have revealed

the appearance of diffuse streaking along certain directions,
which confirms the presence of order/disorder phenomena.
In the Icmm space group, the 8i sites corresponding to the

Figure 1. A2BB’O5 brownmil-
lerite structural model along
[001] showing the B and B’ co-
ordination polyhedra; the cir-
cles represent the A cations.

Figure 2. Graphic result of the fitting of the powder XRD data of
La0.5Sr0.5MnO2.5 : experimental (points), calculated (solid line) and differ-
ence (bottom).
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metal lying at the tetrahedral position and one of the
oxygen atoms [O(3)] have mean occupancies of one half,
which allows disordered displacements of these atoms. This
situation can also be understood on the basis of disorder
configurations of the tetrahedral layers in both Ibm2 and
Pnma space groups that are characteristic of the brownmil-
lerite structure.[37] All three of these orthorhombic space
groups were initially considered in the refinement; the best
results were obtained with Ibm2. Moreover, the SAED stud-
ies are in agreement with this space group, as discussed
below.

To investigate possible order/disorder phenomena that are
usually present in oxygen-deficient perovskite-related
phases, a microstructural characterisation by means of

SAED and HREM was performed. Figure 3 shows the
SAED patterns along the [101̄]B, [100]B and [001]B zone axes
(B stands for the brownmillerite cell), which are in agree-
ment with the XRD data. The HREM image corresponding
to the [101̄]B zone axis is shown in Figure 4a. The situation
seems to be more complex since several domains with differ-

ent periodicities, marked as A and B, are apparent. Area A
shows interlayer distances in accordance with the brownmil-
lerite cell along the [101̄]B zone axis. This is also reflected in
the corresponding fast Fourier transform (FFT; Figure 4b),
which is identical to the experimental one. Area B, which
lies close to the edge of the crystal, exhibits a periodicity of
0.38Q0.38 nm, which is characteristic of the brownmillerite
cell along [010]B, parallel to the [001]c projection of the
cubic perovskite sub-lattice, and therefore suggests the pres-
ence of perpendicular domains. This is again reflected in the
corresponding FFT (Figure 4c). Note that the overlap of
both these FFTs fits well with the experimental pattern (Fig-
ure 3a). A good agreement between the experimental
images and those calculated taking into account the brown-
millerite cell, which are inserted in each domain, is ob-
served.

Figure 5a shows an HREM image along [100]B, which is
titled by 458 with respect to the [101̄]B axis. Once again, two
different domains are clearly observed. Domain A shows pe-
riodicities of 0.84 and 0.27 nm, in agreement with the [100]B
projection of the brownmillerite cell. An enlargement of do-
main A, including the calculated image, is shown in Fig-
ure 5b. A good agreement between the experimental and

Table 1. Final structural parameters of La0.5Sr0.5MnO2.5.
[a]

Atom x/a y/b z/c B [R2] Occupancy

Mn(1) 0.00000(0) 0.00000(0) 0.00000(0) 0.71 (1) 0.5
Mn(2) �0.043(2) 0.25000(0) �0.053(3) 1.28(2) 0.5
La/Sr �0.0009(9) 0.11184(8) 0.500(3) 0.24(2) 0.5
O1 0.27965(0) 0.006(2) 0.254(5) 0.24(3) 1
O2 0.006(6) 0.1357(6) 0.0358(7) 0.24(3) 1
O3 1.014(9) 0.25000(0) 0.482(9) 6.41(8) 0.5

[a] Space group Ibm2 (123); a=0.54117(3), b=1.67608(12), c=
0.54004(3) nm; Rwp=0.0641, RB=0.0768, Rp=0.0486, c2=0.0165.

Table 2. Selected interatomic distances [R] and angles [8] in
La0.5Sr0.5MnO2.5.

Mn(1)�O(1) 2.04(2) (Q2) La/Sr�O(1) 2.82(3)
Mn(1)�O(1) 1.78(3) (Q2) La/Sr�O(1) 2.69(3)
Mn(1)�O(2) 2.279(1) (Q2) La/Sr�O(1) 2.67(4)
Mn(2)�O(2) 1.95(1) (Q2) La/Sr�O(1) 2.544(4)
Mn(2)�O(3) 2.56(8) La/Sr�O(2) 2.64(6)
Mn(2)�O(3) 2.89(8) La/Sr�O(2) 2.82(6)
Mn(2)�O(3) 2.89(5) La/Sr�O(2) 2.52(3)
Mn(2)�O(3) 2.52(5) La/Sr�O(2) 2.94(3)

La/Sr�O(3) 2.34(8)
Mn(1)-O(1)-Mn(1) 173.388 Mn(2)-O(3)-Mn(2) 164.796

Figure 3. SAED patterns along the zone axes [101̄]B (a), [100]B (b) and
[001]B (c).

Figure 4. a) HREM image along [101̄]B showing domains A and B. Calcu-
lated images of each domain are included; b) FFT corresponding to
domain A; c) FFT corresponding to domain B.

Figure 5. a) HREM image along [100]B; b) enlargement of domain A and
its corresponding calculated image; c) FFT corresponding to domain A;
d) FFT corresponding to domain B; e) enlargement of area C in domain
B and filtered image of area C.
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calculated images is again observed. The FFT corresponding
to this domain is shown in Figure 5c, which nicely fits the
experimental pattern depicted in Figure 3b. Domain B
shows periodicities of 0.38Q0.27 nm, and the corresponding
FFT (Figure 5d) can be indexed on the basis of the [101̄]B
projection of the brownmillerite cell parallel to the [101̄]c
projection of the cubic perovskite sub-lattice. It is worth
mentioning that a periodicity of 0.84 nm is also observed in
isolated areas (marked C) of domain B. The corresponding
FFT shows a very weak spot doubling the (111)c// ACHTUNGTRENNUNG(132)B and
equivalent directions (indicated with an arrowed in Fig-
ure 5d), which is not allowed in the brownmillerite-type
space group, along with the reflections characteristic of the
[101̄]c projection,. This additional order is more clearly ob-
served in Figure 5e, which is a filtered image of area C ob-
tained by applying masks to the FFT shown in Figure 5c.
Double distances along [010]c// ACHTUNGTRENNUNG[310]B are clearly seen. This
local phenomenon cannot be appreciated by XRD but only
with a lower wavelength technique such as electron diffrac-
tion. This situation is characteristic of a double cell along
the three basic directions and is a local phenomenon that
has already been described in several related AA’BB’O6

perovskites where two cations are available for the A and/or
B lattice positions.[38, 39]

Taken together, these results indicate that La0.5Sr0.5MnO2.5

is a new brownmillerite phase that exhibits a complex mi-
crostructure due to the coherent intergrowth of different do-
mains that show short-range ordering in the A sub-lattice.

As mentioned above, the introduction of anionic vacan-
cies strongly modifies the magnetic behaviour of the AFM
parent perovskite material in the Ca-doped system. The in-
fluence of oxygen deficiency in FM La0.5Sr0.5MnO3 must
therefore also be considered. Figure 6a shows the variation
of the magnetisation versus the magnetic field at several
temperatures. Two different behaviours can be clearly ob-
served. At low magnetic field, a sharp hysteresis loop with a
relatively high coercive field whose value decreases as the
temperature increases appears (Table 3). Although this be-
haviour is characteristic of ferromagnetic materials, it is
worth recalling that the loop does not reach saturation since
the magnetisation changes linearly with the applied field in
the high-field region (2-5 T range). This behaviour indicates
that there is a second contribution to the total magnetisation
which, according to the observed values, must be AFM. The
inset in Figure 6a shows that the ZFC and FC curves are
different. This suggests a magnetic disorder, which can be
understood on the basis of the coexistence of the two mag-
netic behaviours. It is worth mentioning that charge order-
ing is not detected, which is not surprising since the parent
La0.5Sr0.5MnO3 material is FM.[31] The isostructural material
La0.5Ca0.5MnO2.5 was also studied for comparison. Figure 6b
shows the variation of the magnetisation versus the magnet-
ic field at the same temperatures. A noticeable change is ob-
served, since only an AFM contribution appears in the
whole temperature range. To gain further understanding,
the two magnetic contributions of the Sr-doped sample were
studied independently.

The ferromagnetic contribution can be obtained by sub-
tracting the linear behaviour shown by the magnetisation in
the high-field region. A saturation magnetisation (ms) of
3.3 emug�1 is obtained at 5 K and 0.67 emug�1 at room tem-
perature. The AFM contribution is obtained by subtracting
the FM contribution from the total. The magnetisation
value thus obtained for the highest applied field is
3.0 emug�1 at 5 K (Figure 7a). A similar behaviour is ob-

Figure 6. a) Magnetisation curve of La0.5Sr0.5MnO2.5 as a function of the
magnetic field. The thermal dependence of the magnetisation (applied
field: 1000 Oe) is shown in the inset; b) magnetisation curve of
La0.5Ca0.5MnO2.5 as a function of the magnetic field.

Table 3. Coercive field (Hc) saturation magnetisation (ms) of
La0.5Sr0.5MnO2.5 as a function of temperature.

T [K] Hc [Oe] ms [emug�1]

5 704 3.3
15 601 3.3
50 457 3.2
130 271 2.8
260 54 1.3
300 13 0.67
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served for the Ca-doped sample (Figure 7a). It is worth
mentioning that the AFM contribution shows a similar be-
haviour over the whole temperature range for both Ca- and
Sr-doped brownmillerite-type materials; the behaviour at
130 K is depicted in Figure 7b.

It could be supposed that the FM contribution is related
to the presence of a small percentage of non-reduced start-
ing material. At this point, it is worth stressing that
La0.5Sr0.5MnO2.5 shows a Curie temperature of 260 K, which
is lower than that for La0.5Sr0.5MnO3 (315 K). Moreover,
La0.5Sr0.5MnO3 shows a saturation magnetisation of
72 emug�1 at 5 K, whereas it is 3.3 emug�1 for
La0.5Sr0.5MnO2.5. This would mean that around 5% of an
La0.5Sr0.5MnO3 impurity phase is responsible for the FM con-
tribution. This possibility can be discarded since such a
quantity of non-reduced phase should be clearly detected by
XRD. Moreover, if the experimental average composition is
O2.5 per unit formula, the presence of 5% of non-reduced
sample should be accompanied by other reduction products,
which are not observed either in the experimental XRD pat-

tern or the TEM study (SAED and X-ray energy dispersive
spectroscopy (XEDS)).

A double magnetic behaviour has been reported previous-
ly for other brownmillerite-related materials such as
Ca2Fe2O5. Although most of these materials show a G-type
AFM behaviour,[35] Marchukov et al.[40] have concluded that
the dicalcium ferrite provides a very interesting possibility
for this layered structure to be treated as two canted antifer-
romagnets by putting one into the other with an antiferro-
magnetic interaction between the weak ferromagnetic com-
ponents. Its magnetisation curve suggests a rather small fer-
romagnetic component (0.67 emug�1 at 20 K) which is more
than one order of magnitude smaller than that observed in
La0.5Sr0.5MnO2.5. This important difference suggests that spin
canting is not the origin of the ferromagnetism in our Mn-
related brownmillerite.

The fact that the structures, anionic compositions, vacancy
ordering and antiferromagnetic contributions of both Ca-
and Sr-doped brownmillerite-type materials are so similar
suggests that the origin of the different magnetic behaviour
resides in the different configuration of the A cationic sub-
lattice. In fact, the well-known parent materials
La0.5Ca0.5MnO3 and La0.5Sr0.5MnO3 are CE-type antiferro-
magnetic[9] and ferromagnetic,[28] respectively. The different
distortions introduced by the divalent ion lead to a charge-
ordering state in the Ca-doped sample that is not attained in
the Sr one.[41] The reduced samples are prepared by a topo-
tactic reduction route that gives rise to brownmillerite-type
materials, namely a fourfold superlattice of the parent per-
ovskite structure, and the question therefore arises as to
whether the magnetic behaviour of the oxidised samples is
maintained during the reduction process. The experimental
results show that the Ca-doped reduced sample keeps the
antiferromagnetic behaviour whereas the introduction of
anionic vacancies in the Sr one keeps the ferromagnetic or-
dering only partially, with a double magnetic behaviour
being attained. Since the introduction of anionic vacancies
breaks the Mn3+–O–Mn4+ exchange ferromagnetic interac-
tions[42] and these vacancies are confined in the tetrahedral
layers, the remaining ferromagnetism observed in the Sr
sample seems to be related to exchange interactions through
the octahedral layers. The smaller orthorhombic distortion
observed in the Sr-doped brownmillerite material involves
Mn1�O1�Mn1 angles of 173.3888 (see Table 2), which are
close to 1808 and therefore enable double exchange interac-
tions along the octahedral layers that lead to a two-dimen-
sional magnetic system. At this point, it is worth remember-
ing that, on the basis of XANES data,[27] the Ca-doped
brownmillerite sample shows three Mn oxidation states ac-
cording to the composition La0.5Ca0.5MnIV

0.125ACHTUNGTRENNUNGMnIII
0.25-

ACHTUNGTRENNUNGMnII
0.625O2.5, where MnII is presumably accommodated in the

tetrahedral layers. If the Sr sample were to exhibit the same
oxidation states, the octahedral layers would be occupied by
12% MnIV, 25% MnIII and 12% MnII, thereby allowing an
Mn3+–O–Mn4+ double exchange interaction, whereas the
tetrahedral one, which would only be occupied by MnII,
would keep the antiferromagnetic behaviour. A powder

Figure 7. Comparison of the AFM contribution corresponding to
La0.5Sr0.5MnO2.5 and La0.5Ca0.5MnO2.5 at 5 K (a) and 130 K (b). The FM
contribution in the Sr doped sample has been subtracted.

www.chemeurj.org H 2007 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 4246 – 42524250

J. M. Gonz<lez-Calbet et al.

www.chemeurj.org


neutron diffraction study is in progress to solve the magnetic
structure.

Conclusion

The topotactic reduction of La0.5Sr0.5MnO3 leads to the stabi-
lisation of a new brownmillerite-type material with the com-
position La0.5Sr0.5MnO2.5. The oxygen deficiency in this ma-
terial is accommodated along [101], which leads to octahe-
dral layers alternating with tetrahedral ones along the b
axis. SAED and HREM reveal a noticeable microstructure
due to the intergrowth of perpendicular brownmillerite-type
domains that show short-range ordering at the A sub-lattice.
This layered material presents a double magnetic behaviour
where the ferromagnetic contribution seems to be related to
two-dimensional exchange interactions through the octahe-
dral layers. Although the structural characterisation reveals
short-range ordering at the A sub-lattice, which could be ac-
companied by some Mnm+–Mnn+ ordering, magnetic meas-
urements do not confirm such a charge ordering.

Experimental Section

La0.5Sr0.5MnO2.5 was obtained by the controlled reduction of a sample
with the composition La0.5Sr0.5MnO3, which was prepared by a conven-
tional ceramic method reported by Dho et al.[43] The reduction was per-
formed in a CAHN D-200 electrobalance equipped with a furnace and a
two-channel register by heating the starting material at 630 8C under an
atmosphere containing 200 and 300 mbar of H2 and He, respectively, at a
rate of 6 8Cmin�1. Once the desired weight loss had been attained, the
sample was annealed at 630 8C under He for 24 h to facilitate a more ho-
mogeneous distribution of the anionic vacancies. The oxygen content was
determined to within �10�3 for a sample with a total mass of about
100 mg. Both oxidised and reduced samples were characterised by
powder XRD with a Philips X’Pert diffractometer equipped with a CuKa

radiation source. The cationic composition, as determined by XEDS, was
found to be in agreement with the nominal one. SAED was performed
with a JEOL 2000FX electron microscope fitted with a double tilting go-
niometer stage (�458), and HREM was carried out with a JEOL
3000FEG electron microscope fitted with an Oxford LINK EDS ana-
lyzer. The sample was dispersed ultrasonically in n-butanol and then
transferred to holey carbon-coated copper grids. The magnetic properties
were determined with a Quantum Design SQUID magnetometer in the
temperature range from 5 to 300 K at applied fields of up to 5 T.
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