
DOI: 10.1002/chem.200800723

Magnetic Structure and Electronic Study of Complex Oxygen-Deficient
Manganites

Raquel Cort's-Gil,[a, b] Mar-a Hernando,[a] M. Luisa Ruiz-Gonz1lez,[a] Eva C'spedes,[c]

Carlos Prieto,[c] Jos' M. Alonso,[b, c] Mar-a Vallet-Reg-,[b, d] Antonio Hernando,[b, e] and
Jos' M. Gonz1lez-Calbet*[a, b]

Introduction

Tunability of oxygen non-stoichiometry is a common strat-
egy in ABO3 perovskite-related systems to deal with new
phases and interesting associated properties, as a conse-
quence of structural and charge balance accommodation.
The route to stabilize new superstructures is not evident, the
chemical nature of the sample being crucial as well as the
strict control of the synthesis conditions.[1,2] In some cases,

even if the number of oxygen vacancies is relatively high,
the system develops disordered patterns of non-occupied
oxygen positions instead of ordered ones. Under different
circumstances, the adequate combination of cations in either
the A or B sub-lattices leads to homologous series of or-
dered superstructures. This is the case for the AnBnO3n�1

family,[3] where n�1 octahedral layers inter-grow with a tet-
rahedral one. This homologous series involves a systematic
pathway through which perovskite compounds can accom-
modate oxygen vacancies as a consequence of their ordered
arrangement, which leads to the formation of tetrahedra.
The n=2 term can be described from the alternation of one
octahedral layer (n�1) and a tetrahedral one. This descrip-
tion corresponds to the brownmillerite structure,[4] in agree-
ment with the A2B2O5 general composition. Three symmetry
space groups, Ibm2, Pnma and Icmm, have been described
for brownmillerite compounds depending on the equatorial
oxygen arrangement.[5–7]

Further to this structural description, oxygen engineering
is a proved important tool for on-demand tailoring of perov-
skite-related compounds into optimized performances. In
this sense, the control of oxygen content has played a para-
mount role on the properties of different HTSC perovskite-
related families.[8] Moreover, in the last few years, a lot of
research has been devoted to manganese-related perov-
skites, La1�xAxMnO3, as a consequence of their intriguing
magnetic and electric behaviour mainly related to Mn3+ and
Mn4+ coexistence. Although much of the study has been fo-
cused on the compositional variations at the A position of
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the perovskite sub-lattice, just recently there has been some
effort to extend it to the oxygen sub-lattice. For instance,
the remarkable stabilization of several Mn-related brown-
millerites as Sr2MnGaO5

[9] and SrCaMnGaO5,
[10] which are

considered useful as cathodes for solid oxide fuel cell
(SOFC) applications, has been reported. Notice, however,
that in all cases the compounds respond to the general for-
mula A2MnBO5 with a B3+ cation needed for the stabiliza-
tion of the brownmillerite phase. This cation is non-magnet-
ic and occupies the tetrahedral positions, whereas Mn is at
the octahedral ones. They all exhibit 3D magnetic interac-
tions and G-type antiferromagnetic (AFM) structure with
the magnetic moments of Mn atoms antiparallel either in
the octahedral layers or in between them.[11] Analogous
phases with only Mn at the B position are quite difficult to
stabilize. However, under strict oxygen control, it is possible
to stabilize ordered La1�xAxMnO3�d oxygen-deficient phases
by topotactic reduction of the parent perovskite. Following
this procedure, we have obtained the La0.5Ca0.5MnO2.5,

[12]

La0.5Sr0.5MnO2.5
[13] and Nd0.5Sr0.5MnO2.5

[14] brownmillerite
compounds as well as the La4Mn4O11

[15] n= 4 term of the
AnBnO3n�1 homologous series.

Casey et al.[16] reported new brownmillerite-related mate-
rials in the La1�xSrxMnO2.5 (0.2�x�0.4) system. Neutron
and electron diffraction data for x= 0.2 and 0.25 materials
show P21/c monoclinic structures with ordered alternation of
twisted chains of Mn(II) tetrahedra, whereas for the x=0.4
composition the twisted chains of tetrahedra are disordered
in an orthorhombic material. No magnetic characterization
of these phases is reported. Returning to the
La0.5Ca0.5MnO2.5, La0.5Sr0.5MnO2.5 and Nd0.5Sr0.5MnO2.5

phases, it is worth mentioning the different magnetic behav-
iour corresponding to the isostructural brownmillerite
phases. Although all of them exhibit AFM ordering with
Neel temperature (TN) around 150 K, La0.5Sr0.5MnO2.5 also
exhibits ferromagnetic (FM) interactions.[13, 14] This behav-
iour resembles that observed on the full oxidized precursor
perovskites and it seems to remain in the topotactic reduc-
ing processes. The existence of FM interactions in the
La0.5Sr0.5MnO3 perovskite is related to double exchange in-
teractions through Mn3+-O-Mn4+ angles of 1808. The in-
crease of the orthorhombic distortion, which leads to small-
er Mn-O-Mn angles, in the Nd/Sr and La/Ca perovskites jus-
tifies the gradual disappearance of such FM behaviour.[17]

Therefore, a careful neutron diffraction (ND) study has
been performed in the corresponding reduced compounds
to gather both crystallographic and magnetic structure infor-
mation.

Furthermore, the magnetic and electric properties of
these systems strongly depend on the Mn oxidation state.
Actually, the FM interactions in Mn perovskites usually re-
quire both Mn3+ and Mn4+ . The reduction process is neces-
sarily accompanied by changes in the oxidation states, and it
is logical to think about 50 % Mn3+ and 50 % Mn2+ for 2.5
oxygen content. However, low-energy X-ray absorption
spectroscopy (XAS) studies performed at the Mn L-edge in
La0.5Ca0.5MnO2.5

[18] indicate a more complex situation due to

the coexistence of three oxidation states: Mn2+ , Mn3+ and
Mn4+ . Actually, this brownmillerite-related material is ob-
tained through a topotactic reduction process of
La0.5Ca0.5MnO3 which is also reversible. Reduction of
La0.5Ca0.5MnO3 and oxidation of La0.5Ca0.5MnO2.5 can lead to
La0.5Ca0.5MnO3�d samples with identical d value but different
magnetic and electric behaviour. Obviously, different prop-
erties shown by samples with identical d value obtained as a
function of the synthetic pathway can only be explained on
the basis of three different Mn oxidation states, as con-
firmed by XAS characterization. This surprising behaviour
modifies the landscape of the expected magnetic interac-
tions. For this reason, an additional X-ray absorption near-
edge structure (XANES) study at the high-energy Mn K-
edge is also reported here for La0.5Sr0.5MnO2.5.

Results and Discussion

Preliminary studies by means of X-ray and electron diffrac-
tion show the presence of I-centred brownmillerite with
space group Ibm2 for the three compounds.[12–14] From these
results, the crystal structures of La0.5Sr0.5MnO2.5 and
Nd0.5Sr0.5MnO2.5 have been refined from ND data using the
space group Ibm2 as starting model. Pnma and Icmm space
groups were also considered but the best results were gath-
ered for Ibm2. Actually, brownmillerite compounds, general-
ly, crystallize in one of the two Ibm2[5] and Pnma[6] space
groups. In some cases, a better fit of the Rietveld refinement
is attained by using the Icmm space group[6,7,19, 20] as a conse-
quence of order–disorder phenomena involving the tetrahe-
dral layers. This disorder is reflected as diffuse streaking on
the selected-area electron diffraction (SAED) patterns
along certain directions.[7,8] In the Icmm group, the 8i sites,
which correspond to the metal lying at the tetrahedral posi-
tion and on one of the oxygen atoms (O3), have mean occu-
pancies of one half, thus allowing disordered displacements
of these atoms. In fact, this situation could be also under-
stood on the basis of disorder configurations of the tetrahe-
dral layers in both Ibm2 and Pnma space groups, character-
istic of the brownmillerite structure. SAED of the samples
studied here did not show diffuse streaking.[13]

At room temperature, the samples are paramagnetic and
exhibit orthorhombic structure with the Ibm2 space group
proposed above. The Rietveld refinement patterns and dif-
ference plots for La0.5Sr0.5MnO2.5 and Nd0.5Sr0.5MnO2.5 are
shown in Figure 1 a and b, respectively. The final structural
parameters resulting from these refinements are gathered in
Table 1, and the corresponding interatomic selected distan-
ces (Mn–O) are collected in Table 2.

The resulting structure is depicted in Figure 2 a and a
schematic representation of the octahedral and tetrahedral
environment is shown in Figure 2 b. The Mn2O4 tetrahedra
show three short, similar Mn–O distances and a longer one.
The MnO6 octahedra are quite elongated, which suggests a
Jahn–Teller effect, with four short equatorial and two long
apical distances. The distortion of the MnO6 octahedra is an
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important feature of the brownmillerite structure, which is
observed, for instance, in Sr2Fe2O5,

[21] Sr2MnGaO5
[9] or

Sr2Co2�xGaxO5.
[19]

It is noteworthy that ND data are particularly useful in
elucidating the distribution of oxygen atoms. In this sense,
anisotropic thermal parameters for O1 and O2 atoms have
been refined from the ND data for Ln0.5Sr0.5MnO2.5 (Ln=

La, Nd) compounds; the ellipsoids are shown in Figure 2 a.
These anisotropic thermal factors reveal the local disorder,
which indicates significant delocalization of these atoms
around the mean position. Such behaviour has also been ob-
served in other brownmillerite-related structures, such as
Ba2In2O5 and Sr2Co2�xGaxO5.

[19, 20]

Bond valence sum (BVS) calculations were performed by
using bond lengths from Table 2 for Ln0.5Sr0.5MnO2.5 (Ln=

La, Nd) obtained from ND data refinement to establish any
site preference, octahedral or tetrahedral, for the different
oxidation states of Mn. The result is shown in Table 3 and
demonstrates that the tetrahedral sites (Mn2) are occupied
by Mn2+ , whereas an average oxidation state of Mn3+ is ob-
tained in the octahedral site. At this point, it is worth re-
membering that according to Mn L-edge XAS studies,[18]

three Mn oxidation states, Mn2+ , Mn3+ and Mn4+ , coexist in
calcium isostructural compounds. A similar situation can be

expected for the Sr brownmillerites, so a complementary
XANES study is required. Figure 3 shows the normalized
Mn K-edge XANES spectra at room temperature of sam-
ples La0.5Sr0.5MnO2.5 and LaMnO2.75. Figure 3 a shows a com-
parison of both spectra, because LaMnO2.75 is taken as a ref-
erence with known 50 % Mn2+ and 50 % Mn3+ contents.[15, 22]

The corresponding Mn2+ and Mn3+ jumps needed to fit the
LaMnO2.75 absorption edge are also depicted. It is clear that
the La0.5Sr0.5MnO2.5 spectrum shows a higher contribution of
Mn2+ jump, as can be observed by the high absorption in
the 6540–6547 eV range.

To obtain the relative content of each Mn ion in the
La0.5Sr0.5MnO2.5 sample, the XANES spectrum was fitted by
adding the separated contribution from each current ion in
the sample. First, the fit of the LaMnO2.75 reference (with
known 50 % Mn2+ and 50 % Mn3+ contents)[15, 22] experimen-
tal spectrum was checked. One arctangent function was
used to account for each Mn oxidation state and an addi-
tional Gaussian function to reproduce the transition to the

Figure 1. Observed, calculated and difference ND patterns corresponding
to a) La0.5Sr0.5MnO2.5 and b) Nd0.5Sr0.5MnO2.5 at room temperature.

Table 1. Final structural parameters corresponding to La0.5Sr0.5MnO2.5

and Nd0.5Sr0.5MnO2.5.
[a]

La0.5Sr0.5MnO2.5 Nd0.5Sr0.5MnO2.5

T [K] 300 5 300 5
Mn1 (0,0,0)
B [O2] 1.36(9) 0.93(15) 1.9(1) 1.47(15)
M [mB] 2.64(6) 2.61(5)
Mn2 (x,1=4,z)
x �0.4591(18) �0.45(2) �0.4549(19) 0.452(2)
z 0.449(3) �0.460(5) 0.457(4) 0.449(6)
B [O2] 0.4(1) 0.5(2) 2.06(18) 1.3(2)
M [mB] 1.63(7) 1.65(3)
Ln/Sr (x,y,z)
x 0.5121(8) 0.5064(18) 0.4981(12) 0.4983(19)
y 0.6115(1) 0.61107(15) 0.61193(1) 0.61192(13)
z 0.008(3) 0.013(5) 0.007(5) �0.004(4)
B [O2] 1.79(4) 1.27(6) 1.67(3) 1.50(6)
O1 (x,y,z)
x 0.252(2) 0.246(4) 0.245(4) 0.247(3)
y 0.0017(6) 0.0017(11) �0.0004(19) 0.0025(16)
z 0.263(3) 0.266(5) 0.255(5) 0.249(6)
B [O2] 1.23(4) 1.07(7) 1.68(5) 1.35(8)
O2 (x,y,z)
x 0.008(1) 0.012(2) 0.0059(18) 0.004(2)
y 0.13639(14) 0.136(2) 0.13560(16) 0.1354(2)
z 0.011(3) 0.014(5) �0.0004(19) �0.017(5)
B11 0.037(2) 0.037(3) 0.0292(15) 0.0198(13)
B22 0.00154(7) 0.0010(1) 0.0018(7) 0.00158(8)
B33 0.0145(17) 0.014(2) 0.0229(14) 0.0256(15)
B12 0.00008(7) 0.002(1) �0.0012(7) �0.001(7)
O3 (x,1=4,z)
x 0.557(3) 0.537(5) 0.5505(15) 0.553(2)
z 0.083(5) 0.093(3) 0.062(5) 0.055(6)
B11 0.076(9) 0.084(14) 0.033(4) 0.073(7)
B22 0.00159(19) 0.010(2) 0.00202(17) 0.0017(19)
B33 0.065(8) 0.046(8) 0.046(5) 0.038(6)
a [O] 5.41059(15) 5.39548(17) 5.39311(13) 5.35052(14)
b [O] 16.7525(3) 16.71952(4) 16.6253(4) 16.59203(3)
c [O] 5.39599(14) 5.38090(17) 5.36388(12) 5.38066(14)

[a] Space group Ibm2. Fit parameters for: La0.5Sr0.5MnO2.5 : 300 K: RF =

3.59, Rexp = 4.87, RB =4.04, c2 =1.1; 5 K: RF =3.31, Rexp =5.30, RB =5.52,
c2 =2.58, Rmag =6.87; Nd0.5Sr0.5MnO2.5: 300 K: RF =2.5, Rexp =1.97, RB =

5.52, c2 =2.59; 5 K: RF =2.71, Rexp =2.05, RB =6.12, c2 = 2.98, Rmag =10.8.
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4p states. A similar analysis has been carried out for Ca-
Cu3Mn4O12 derivative compounds.[23] Within this fit analysis,
the concentration of each Mn ion is related to its relative
jump obtained from its corresponding arctangent function.
The fit of the LaMnO2.75 spectrum, with 50 % Mn2+ and
50 % Mn3+ , nicely reproduces the experimental data (Fig-
ure 3 b).

Taking into account that the Mn2+ content should be
higher in La0.5Sr0.5MnO2.5 than LaMnO2.75 (as seen in Fig-
ure 3 a), and knowing that the average Mn oxidation state[13]

in La0.5Sr0.5MnO2.5 is also + 2.5, we performed a fit of the
Mn absorption K-edge by increasing (with respect to the
reference 50 %) the Mn2+ content and, simultaneously,

adding a Mn4+ content (equal to the Mn2+ increase) to pre-
serve a constant oxidation state. It should be noted that this
analysis is very accurate in the determination of the species
contributing at the low-energy region of the edge spectra. In
this way, the existence of Mn4+ is verified by a precise deter-
mination of Mn2+ content with the condition of +2.5 for
the average Mn oxidation state. On the other hand, this
kind of analysis is focused only on the determination of the
oxidation states existing in the sample, in which only the
jump edge is involved. For these reasons, the XANES oscil-
lations (appearing from 6560 eV) cannot be reproduced by
this analysis. Note that XANES oscillations are due to the
scattering of photoelectrons from all lattice neighbours and,
to simulate them, a multiple scattering analysis should be
performed.

The spectrum of sample La0.5Sr0.5MnO2.5 was subsequently
simulated by using the function parameters obtained for
Mn2+ and Mn3+ (E0 ACHTUNGTRENNUNG(Mn2+)= 6543.7 eV and E0ACHTUNGTRENNUNG(Mn3+)=

6551.8 eV) as well as the Gaussian function, and including
an additional Mn4+ contribution at E0 =6561 eV. The uncer-
tainty in the obtained values was estimated by considering
the goodness of the fit for different Mn ion fractions. As
shown in Figure 3 c, the fit confirms the coexistence of Mn
in the three oxidation states with the following concentra-
tions: 63�1 % of Mn2+ , 25�3 % of Mn3+ and 12�3 % of
Mn4+ . It is worth stressing that the presence of the obtained
content of Mn3+ is absolutely mandatory to fit the
La0.5Sr0.5MnO2.5 spectrum. Actually, if no Mn3+ was present,
the composition should be Mn4+ (25 %)–Mn2+ (75 %),
which would lead to a very different threshold profile giving

Figure 2. a) Schematic representation of the brownmillerite structure.
The ellipsoids of the anisotropic thermal factors corresponding to O1 and
O2 atoms are shown. b) Mn–O distances [O] corresponding to
La0.5Sr0.5MnO2.5 at room temperature.

Table 2. Some selected interatomic distances [O] in La0.5Sr0.5MnO2.5 and
Nd0.5Sr0.5MnO2.5 at 300 and 5 K.

La0.5Sr0.5MnO2.5 Nd0.5Sr0.5MnO2.5

T [K] 300 5 300 5
Mn1–O1 1.972(17) P 2 1.95(3) P 2 1.902(17) P 2 1.91(2)P 2
Mn1–O1 1.850(17) P 2 1.86(3) P 2 1.895(17) P 2 1.88(2)P 2
Mn1–O2 2.286(3) P 2 2.283(4) P 2 2.254(2) P 2 2.248(4) P 2
Mn2–O2 1.951(6) P 2 1.950(8) P 2 1.935(5) P 2 1.929(6) P 2
Mn2–O3 1.98(3) 1.98(5) 2.12(3) 2.12(4)
Mn2–O3 2.29(2) 2.25(3) 2.251(16) 2.204(16)
Mn1-O1-Mn1 176.8(7) 175.1(13) 177.764(8) 177.5(1)
Mn2-O3-Mn2 110.9(1) 108.3(7) 105.2(2) 1 106.1(2)
Mn1-O2-Mn2 165.4(2) 164.4(3) 154.8(6) 155.2(5)

Table 3. BVS values calculated for manganese in La0.5Sr0.5MnO2.5 and
Nd0.5Sr0.5MnO2.5 at 300 K.

Site geometry La0.5Sr0.5MnO2.5 Nd0.5Sr0.5MnO2.5

octahedral Mn1 3.11 3.19
tetrahedral Mn2 1.98 1.90

Figure 3. a) Experimental Mn K-edge XANES spectra of LaMnO2.75 and
La0.5Sr0.5MnO2.5 at room temperature. b) Fit of the LaMnO2.75 XANES
spectrum with 50% Mn2+ and 50% Mn3+ . c) Fit of the La0.5Sr0.5MnO2.5

XANES spectrum with 63 % Mn2+ , 25 % Mn3+ and 12 % Mn4+ .
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an absorption overestimation in the 6540–6547 eV range
and the opposite in the 6547–6555 eV one. These results are
similar to those obtained by the analysis of Mn L-edge XAS
quantification for the calcium isostructural brownmillerite
(La0.5Ca0.5MnO2.5).[18] BVS calculations together with
XANES analysis allow confirmation that the octahedral
layers would be occupied by 25 % Mn4+ , 50 % Mn3+ and
25 % Mn2+ , whereas the tetrahedral one would be fully oc-
cupied by Mn2+ . The existence of Mn2+ and Mn3+ with a
Jahn–Teller effect is in agreement with the presence of elon-
gated octahedral layers.

Due to the system complexity, that is, three oxidation
states for Mn distributed at the tetrahedral (Mn2+) and octa-
hedral positions (Mn2+ , Mn3+ and Mn4+), the evolution of
the diffraction pattern as a function of the temperature was
followed (Figure 4). A similar behaviour is observed for the
three samples. For this reason, only the data corresponding
to La0.5Sr0.5MnO2.5 are represented. Compared with the
room-temperature observations, additional reflections,
below 140 K for La0.5Sr0.5MnO2.5, 130 K for La0.5Ca0.5MnO2.5

and 120 K for Nd0.5Sr0.5MnO2.5, appear. Their intensity grad-
ually increases as the temperature decreases until a maxi-
mum value at around 5 K is reached. This behaviour indi-
cates AFM ordering of Mn magnetic moments that start de-
veloping below the TN, as indicated above.

To deal with the magnetic structure of these brownmiller-
ites, the refinement of the high-resolution diffraction data
collected at 5 K was carried out. These data are also well de-
scribed by the Ibm2 space group discussed above. The extra
contributions to the diffraction patterns, which correspond
to magnetic Bragg peaks, were analysed by using a magnetic
unit cell with the same dimensions as the structural one with
the propagation vector k= (010). The calculated and experi-
mental patterns corresponding to La0.5Sr0.5MnO2.5 are shown
in Figure 5. The results of the refinement of the best fit are
summarized in Table 1 and the distances are collected in
Table 2. The magnetic structure refinement for these com-
pounds shows that the magnetic moments are aligned along
the b axis of the unit cell (Figure 6). The magnetic moments
of adjacent Mn atoms are antiferromagnetically coupled,
not only in the Mn–O layers but also between them. Thus,

the magnetic moments of all Mn
atoms are antiferromagnetically
oriented relatively to the six near-
est-neighbouring Mn atoms
adopting a G-type AFM structure,
according to the notations of the
magnetic structures accepted for
the 3D perovskite manganese
oxides.[24] Similar strong G-type
AFM coupling is reported for sev-
eral other brownmillerite phases,
such as Ca2Fe2O5

[25] and
Sr2Co1.7Ga0.3O5,

[19] with the mo-
ments parallel to the [001] direc-
tion or, for example, in
La2Co2O5

[26] with the moments oriented parallel to [101].
The saturated magnetic moments of Mn1 and Mn2 are �2.6
and �1.6 mB (see Table 1 and Figure 7), respectively, for the
three samples at 5 K.

We also followed the thermal evolution of the ND pat-
tern, in the high-flux powder diffractometer, to establish the
temperature dependence of the magnetic behaviour. The
AFM ordering, described above, and its orientation is kept

Figure 4. Thermal evolution of the ND pattern of La0.5Sr0.5MnO2.5.

Figure 5. Observed, calculated and difference ND patterns corresponding
to La0.5Sr0.5MnO2.5 at 5 K.

Figure 6. G-type AFM
structure of La0.5Sr0.5MnO2.5,
La0.5Sr0.5MnO2.5 and
Nd0.5Sr0.5MnO2.5 brownmil-
lerites.

Figure 7. Magnetic moments for Mn cations as a function of temperature
for La0.5Ca0.5MnO2.5 (&), La0.5Sr0.5MnO2.5 (~) and Nd0.5Sr0.5MnO2.5 (*)
brownmillerites.

www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9038 – 90459042

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

www.chemeurj.org


down to 5 K. The thermal variation of the ordered magnetic
moments for Mn1 and Mn2 obtained from the refinement
are shown in Figure 7. The fact that three brownmillerites
exhibit the same magnetic moments in each layer is in per-
fect agreement with the same Mn composition detected by
XANES. It is worth noting that, although Nd is a magnetic
cation, it does not contribute to the total magnetization
value because this cationic sub-lattice does not present mag-
netic order.

The magnetic characterization by means of ND reveals
that La0.5Ca0.5MnO2.5, Nd0.5Sr0.5MnO2.5 and La0.5Sr0.5MnO2.5

exhibit 3D ordering, which comprises a G-type AFM struc-
ture with TN of 140 K for La0.5Sr0.5MnO2.5, 130 K for
La0.5Ca0.5MnO2.5 and 120 K for Nd0.5Sr0.5MnO2.5. This result
is in agreement with previous magnetometry measure-
ments.[13,14] However, differences are found for
La0.5Sr0.5MnO2.5 since FM interactions have been detected
by magnetization measurements. Actually, there are very
few examples of brownmillerite-related compounds with FM
interactions and in most cases they comprise an A2MBO5

composition, M being a magnetic cation, such as Mn or Co,
and B a non-magnetic cation.[11] In any case, the ND studies
only reveal, again, AFM ordering, whereas additional FM
behaviour is detected by magnetization measurements. This
is the situation for Ca2MnAlO5 and Sr2MnGaO5,

[9] SrCaMn-
GaO5,

[10] and even Ca2Fe2O5,
[25, 27] with only Fe at the B sub-

lattice. This fact would be related to the short range of the
FM character, which provides a signal too weak to be de-
tected in powder ND experiments. In this sense, it is manda-
tory to have a complementary study of ND and magnetome-
try measurements.

The origin of the unusual short-range-order FM in this
structure has been tackled by other authors in different
ways. For example, in Ca2Fe2O5 material this double mag-
netic behaviour[27] is described on the basis of an AFM
structure with spin canting. In the La0.5Sr0.5MnO2.5 case, this
situation is ruled out because the evolution of the FM and
AFM contributions with the temperature is different. If the
FM contribution were associated to the AFM structure, the
FM behaviour would only be present in the temperature
range associated to AFM order. However, the FM contribu-
tion in La0.5Sr0.5MnO2.5 is kept at temperatures higher than
TN. On the other hand, in the Sr2MnGaO5+d compound, the
situation is different due to the presence of an oxygen
excess.[7] Sr2MnGaO5 has a G-type AFM structure but the
appearance of extra oxygen atoms in the Ga layers implies,
as detected by ND, the appearance of small domains with
G-type structure embedded into a matrix with C-type struc-
ture.

Finally, we propose that the FM interactions in
La0.5Sr0.5MnO2.5 would be related to the double exchange
mechanism Mn3+-O-Mn4+ in the octahedral layers.[13] This
description contrasts with the absence of FM interactions in
La0.5Ca0.5MnO2.5 and Nd0.5Sr0.5MnO2.5 even when Mn3+ and
Mn4+ are also present. At this point it is worth remembering
that FM interactions are present in the starting
La0.5Sr0.5MnO3 perovskite but not in La0.5Ca0.5MnO3 and

Nd0.5Sr0.5MnO3; as a consequence, the optimal structural
conditions, that is, Mn-O-Mn angles of around 1808, are
only fulfilled by the La/Sr compound. In this sense, FM in-
teractions in La0.5Sr0.5MnO2.5 could be related to the pres-
ence of small clusters in the octahedral layers that kept the
structural characteristics of the parent material. As a conse-
quence of the short-range character of these clusters, the
FM signal cannot be detected by ND experiments.

On the other hand, interesting information related to spin
configuration on the three brownmillerites can be obtained.
The saturated magnetic moments of Mn (Figure 7) are quite
different from those expected when taking into account the
Mn4+ , Mn3+ and Mn2+ arrangement into the octahedral and
Mn2+ into the tetrahedral layers with their normal spin con-
figuration. Starting with the tetrahedral layer, it should be
noticed that this layer is fully occupied by the Mn2+ , which
is, as has been detected in most of the compounds, present
in the high-spin (HS) configuration. The magnetic moment
associated with this configuration is 5.91 mB, much higher
than the experimental one of �1.6 mB. Actually, there is a
huge difference between the experimental and expected
values for the Mn2+ magnetic moment, which suggests that
the spin configuration must be different. A low-spin (LS)
configuration is more plausible, because the associated mag-
netic moment would be 1.73 mB. This unusual phenomenon
can be explained on the basis of the presence of the large
Mn2+ cation in the smaller site, the tetrahedral one, which,
in accordance with the radius estimation in a compact pack-
ing, is half the size of the octahedral one. This situation
must lead to a high internal pressure that influences not
only the structural distortion of the tetrahedra, but also
their spin configuration. In this sense, it is well known[28–34]

that high pressure favours the LS state because the LS ionic
radius is, generally, smaller than that corresponding to the
HS state. Moreover, the induced HS-to-LS transition pres-
sure has been reported in metal transition oxides and sul-
furs.[34]

In our case, external mechanical pressure was not applied,
but it should be noted that the stabilization of the
Ln05Sr0.5MnO2.5 (Ln= La, Nd) and La05Ca0.5MnO2.5 com-
pounds requires special reducing conditions, under a H2/He
atmosphere, which allows the topotactic reduction process.
The topotactic nature of the process forces an ordered struc-
tural reduction leading to Mn2+ , as a consequence of the re-
duction, in a tetrahedral environment because of the topo-
taxia. The optimal radii ratio corresponding to a tetrahedral
hole is approximately 0.6 O, while the ionic radius of Mn2+

in the HS configuration is 0.66 O. This fact justifies the dis-
tortion of the tetrahedra and the LS state for Mn2+ , to
reduce the generated tension as a consequence of the inter-
nal pressure at the tetrahedral sites. On the other hand, the
magnetic value obtained in the octahedral layers (2.65 mB) is
in agreement with those found in the parent perovskites in
the same octahedral environment: La0.5Ca0.5MnO3

[35] (2.4
mB), La0.5Sr0.5MnO3

[36] (2.6 mB) and Nd0.5Sr0.5MnO3
[37] (2.7 mB).
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Conclusion

The topotactic reduction of the manganese perovskites leads
to La0.5Ca0.5MnO2.5 and Ln0.5Sr0.5MnO2.5 (Ln = La and Nd)
brownmillerites that exhibit a G-type AFM structure. The
ensemble of ND and XANES studies confirms the coexis-
tence of Mn2+ , Mn3+ and Mn4+ as well as their arrangement
at the tetrahedral (Mn2+) and octahedral (Mn2+ , Mn3+ ,
Mn4+) layers. It is worth reinforcing that Mn2+ , which is the
biggest cation, in principle occupies the smaller sites, that is,
the tetrahedral ones. This situation is linked to the magnetic
moment attained for the tetrahedral layers and suggests the
stabilization of Mn2+ in the LS configuration. FM interac-
tions detected in La0.5Sr0.5MnO2.5 by means of magnetization
measurements, but not in the ND study, can be explained on
the basis of small FM clusters with Mn3+-O-Mn4+ 1808
angles that persist on La0.5Sr0.5MnO2.5 as a consequence of
the topotactic nature of the reducing process.

Experimental Section

La0.5Ca0.5MnO2.5, La0.5Sr0.5MnO2.5 and Nd0.5Sr0.5MnO2.5 were synthesized
by controlled reduction of La0.5Ca0.5MnO3, La0.5Sr0.5MnO3 and
Nd0.5Sr0.5MnO3, respectively. To obtain enough mass to carry out a ND
study, the samples were prepared in a Cahn D-101 electrobalance. Re-
duced samples (1.5 g) were obtained by heating the starting perovskite
material at 630 8C under a continuous flux of 50% H2 and 50% Ar at a
rate of 0.1 8C min�1. Once the desired weight loss had been attained, the
sample was annealed at 630 8C under an Ar atmosphere for 48 h to facili-
tate a more homogeneous distribution of the anionic vacancies. Further
details of topotactic reduction have been reported elsewhere.[12–14] Neu-
tron powder diffraction data were collected at the Institut Laue-Langevin
(ILL). The data were acquired on the high-resolution powder diffractom-
eter D2B at 5 and 300 K, with neutrons of wavelength 1.594 O. To follow
the evolution of the magnetic structure with temperature, ND data were
obtained on the high-flux powder diffractometer D1B at a wavelength of
2.52 O. Diffraction data were analysed by the Rietveld method[38] using
the Fullprof program.[39] XAS experiments were carried out at the BM25
beamline (SpLine) of the European Synchrotron Radiation Facility
(ESRF), with a storage-ring energy of 6 GeV and an average current of
200 mA. A Si ACHTUNGTRENNUNG(111) double-crystal pseudo-channel-cut monochromator
was used for energy selection and the sample was vertically shifted while
the spectrum was collected. The incident beam was monitored by means
of an ion chamber filled with a mixture of N2 and He. The monochroma-
tor was detuned up to 30 % for those energy ranges to reject components
of higher harmonics. Measurements were developed in fluorescence
mode due to the high absorption from the sample. Spectra were obtained
at room temperature using a geometry in which the detector forms an
angle of 908 with respect to the incoming beam. Several spectra were col-
lected to improve the statistics and give a good signal-to-noise ratio.
LaMnO2.75, obtained by topotactic reduction of LaMnO3.00,

[15, 22] was used
as a reference for XANES.
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