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The crystal and magnetic structures of the brownmillerite material, CayFeqo39(3yMngo62(s)05 were
investigated using powder X-ray and neutron diffraction methods, the latter from 3.8 to 700K. The
compound crystallizes in Pnma space group with unit cell parameters of a = 5.3055(5) A, b = 15.322(2)
A, c=5.4587(6)A at 300K. The neutron diffraction study revealed the occupancies of Fe>* and Mn>*
ions in both octahedral and tetrahedral sites and showed some intersite mixing and a small, ~4%, Fe
excess. While bulk magnetization data were inconclusive, variable temperature neutron diffraction
measurements showed the magnetic transition temperature to be 407(2) K below which a long range
antiferromagnetic ordering of spins occurs with ordering wave vector k = (000). The spins of each ion
are coupled antiferromagnetically with the nearest neighbors within the same layer and coupled
antiparallel to the closest ions from the neighboring layer. This combination of intra- and inter-layer
antiparallel arrangement of spins forms a G-type magnetic structure. The ordered moments on the

octahedral and tetrahedral sites at 3.8 K are 3.64(16) and 4.23(16) ug, respectively.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

There has been considerable interest in materials with oxygen-
deficient perovskite-related structures in recent years. Fuel cells
and dense membranes for the partial oxidation of hydrocarbons
are some of the areas of possible applications for these materials
[1]. Brownmillerites are a family of oxygen-deficient compounds
that form when a series of vacancies are introduced into the
perovskite structure in an ordered manner. The result of the
presence of these ordered arrays of vacancies is a structure
involving alternating layers of octahedra and tetrahedra. The
general formula for brownmillerites is A,MM’'Os, where M and M’
are octahedral and tetrahedral site cations, respectively, and A is a
large cation residing in the spaces between the layers. The crystal
structure involves both octahedral and tetrahedral layers alter-
nating along the b-axis (Fig. 1). The octahedra share four
equatorial corners with other octahedra within the layers. These
layers are separated by chains of tetrahedra that run parallel to the
a-c plane. The chains of tetrahedra are connected to the apical
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corners of octahedra from the layers above and below. Three space
groups have been reported for brownmillerite materials, Pnma,
Ibm2 and Imma and their variants [2-6]. The distinction arises due
to the relative orientations of the tetrahedral chains as discussed
by Greaves et al. [7] and Lambert et al. [8]. If the chains have the
same orientation, one has the non-centric space group Ibm2,
while if the chain orientations are opposite but ordered, Pnma is
the choice and if the chains are disordered, Imma results. It has
also been argued that materials which seem to be described in
Imma actually contain ordered but modulated chains of the two
orientations [8]. As well, the space group can change with
composition and temperature. This has been documented for
the brownmillerite series CayFe;_,Al,Os [9,10].

The magnetic properties of brownmillerites have been of
interest, and detailed magnetic structure determinations for some
brownmillerite systems have been performed. Ca,Fe,Os for
example has been studied extensively during the past decades
[11-13]. This material has a G-type antiferromagnetic structure, in
which the spin on each atom is aligned antiparallel to all nearest
neighbor spins (Fig. 2). This compound also shows a weak
ferromagnetic component that has been attributed to the spin
canting [11], where the angles between antiparallel spins are
slightly different from 180°. The magnetic structure of Sr,GaMnOs
[14,15] has also been found to involve antiferromagnetic coupling
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Fig. 1. Crystal structure of a brownmillerite. The corner-sharing octahedral layers
(dark gray) are connected together through chains of corner-sharing tetrahedral
(light gray). The counter ions are black spheres.

G-Type
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t

Fig. 2. The G-type magnetic structure of CaFe,0s. The octahedral and tetrahedral
sites are shown by different colors. Each site couples antiferromagnetically with all
nearest neighbors within the same layer and in the adjacent layers.

of Mn spins both within the planes and between the planes. This
is an interesting case as the Mn>" ions in two octahedral layers are
separated by a non-magnetic Ga-containing tetrahedral layer. The
distance between the Mn>" ions on two neighboring layers is
twice as long as the intra-layer distance. In addition, some small
ferromagnetic domains within the antiferromagnetic system were
suggested due to an anomaly in the magnetization versus
temperature behavior [16]. A similar magnetic structure was
found in the brownmillerite Ca,MnAlOs [15]. A ferromagnetic
component was also suggested for this system due to a divergence
in the zero field and field cooled susceptibility data. This was
considered as an indication of spin canting [15].

There is surprisingly little reported about the brownmillerite
compound CaFeMnOs. Its crystal structure was studied using
powder X-ray diffraction several years ago [17]. The unit cell
constants are listed in Table 1 in square brackets. In a very recent

work using Mdéssbauer spectroscopy a G-type magnetic structure
has been proposed with the preferred spin direction along the
b-axis [18]. The critical temperature was not reported. Also,
unfortunately, the authors of [18] did not report the Ilattice
constants of their sample and thus, the extent of oxidation is not
known. In this paper the crystal and magnetic structures of this
compound are studied using X-ray and neutron diffraction.
Application of neutron diffraction provided information about
the iron and manganese contents, and site occupancies of these
ions in the crystal structure, to give the formula CayFe;o39s)
Mnog62(5)0s. As well, neutron diffraction provided a definitive
determination of the magnetic structure, values for the ordered
moments and also the critical temperature for magnetic ordering,
as bulk magnetization data were ambiguous.

2. Experimental section
2.1. Synthesis

CazFeq.039(8)Mno g62(8)05 was synthesized using CaCO3 (99.99%
Alfa Aesar), Fe,03 (99.998% Alfa Aesar), and MnO (99.99% Alfa
Aesar) as starting materials. The preparation was performed in
two steps. Initially, the stoichiometric amounts of powders of the
above reagents were weighed, ground together, pressed into a
pellet and fired for 24h at 1250°C in air. The second step was
performed by regrinding and heating the sample at 1250 °C under
argon atmosphere for 48 h.

2.2. X-ray and neutron diffraction

A PANalytical X'Pert Pro MPD diffractometer with a linear
X'Celerator detector was used for the X-ray powder diffraction
study. The data were collected in a 20 range of 5-90° with a 20
step interval of 0.0084° using CuKo; radiation (4 = 1.54056A).
Powder neutron diffraction measurements were performed on the
C2 diffractometer at the Canadian Neutron Beam Centre at Chalk
River, Ontario. The data were collected at 39 different tempera-
tures starting from the base temperature, 3.8-700 K. A wavelength
of 2.37150A, was used to obtain data within a 20 range of
3.4-84.5° with a step size of 0.100°. The fine collimation data were
also obtained at 300 and 550K, using a wavelength of 1.33037 A
with a 260 step interval of 0.050° in a 260 range of 34.9-115°.

2.3. Magnetic property measurements

A quantum design MPMS SQUID magnetometer was used to
obtain the magnetic data. The zero-field cooled and field cooled
(ZFC/FC) magnetic susceptibility data were collected from 5 to
300K on a powder sample in a gelatin capsule. The data were also
collected from 300 to 700K by heating and cooling in a furnace
using a quartz sample holder, with an applied field of 1000 Oe. The
isothermal magnetization data from O to 5.5 T were also obtained
at three different temperatures.

Diamagnetic corrections of 8 x 10~ emu/mol (Ca?*), 10 x 10~
emu/mol (Fe**), 10 x 10~ emu/mol (Mn®*) and 12 x 10~® emu/mol
(0%~) were made to the susceptibility data [19].

3. Results and discussion
3.1. Crystal structure

The crystal structure of Ca,Feqg39(8)Mnggs2(8)05 was deter-
mined by powder X-ray and neutron diffraction. The Rietveld
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refinement was performed using the GSAS program [20], employ-
ing the EXPGUI interface [21]. The space group Pnma has been
previously reported for brownmillerites including Ca,FeMnOs
[17]. The presence of reflections such as (131) and (151), which
violate I-centering indicate that this is the correct choice. Table 1
gives the final refinement results. The refinement was first
performed on the powder X-ray diffraction data to obtain the cell
parameters and metal positions to be used as input for refinement
of the neutron data. Neutron diffraction has significant advantages
here, as unlike for X-ray diffraction, there exists a strong contrast

Table 1
The final refinement results for CasFe 39(syMng.962(5)Os.
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between Mn and Fe due to a very large difference between their
scattering lengths: 9.45(2)fm for Fe and —3.75(2)fm for Mn.
There were three very weak peaks in the neutron data indicating a
very small amount of a side product that could not be identified
due to its low concentration and possible peak overlaps. These
peaks were excluded for the final refinement. Fig. 3 shows the
observed, calculated and difference profiles for X-ray data, long
wavelength neutron data (4= 2.37150 A) and fine collimation
short wavelength neutron data (1 = 1.33037 A) at 550K, above the
magnetic ordering temperature.

Space group Pnma
z 4
Lattice parameters 3.8K 300K 550K Ref. [17]
a (A) 5.2985(4) 5.3055(5) 5.3251(1) 5.338
b (A) 15.286(1) 15.322(1) 15.3865(3) 14.834
c(A) 5.4530(5) 5.4587(5) 5.4787(1) 5.515
Vv (A%) 441.67(7) 443.74(7) 448.89(1) 436.69
Rup (%) 5.95 (1 = 2.37150A) 4.62 (1= 1.33037A) 4.38 (/. = 1.33037A)

Magnetic moments (Lig)
Mn
Fe

Rmag (%)

3.6(2)
42(2)

5.40

2.28 (X-ray, Koq)

2.7(1)
3.3(1)

8.61

4.05 (4 = 2.37150A)

Refinements at three different temperatures were performed on neutron data (4 = 2.37150 A). Fine collimation data (1 = 1.33037 A) were also obtained and refined at 550
and 300K. In addition, a refinement of X-ray data was performed at 300K using Kot; (4 = 1.54056 A). The last column shows parameters from Nakahara et al. at ~300K [17].

a
I ‘AL“LU;. -
1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90
2 Theta(deg)
1 1 I I I 1 1 I T T T T T T T
C
JM
1J'.J.I_ o j]. IA'- Adwisiisiog, A‘a___n....u'nr II-A' Av.. MM R - v ‘?-{T'“ {! 1
40 50 60 70 80 90 100 110 20 30 40 50 60 70 80
2 Theta(deg) 2 Theta(deg)

Fig. 3. Rietveld refinements ofn(a) powder X-ray diffraction data with / = 1.54056 A, (b) fine collimation neutron diffraction data with 4 = 1.33037 A (at 550K), and (c)
neutron data with 1 = 2.37150 A (at 550 K). The black dots are the experimental data, the solid line the model, the vertical tick marks locate Bragg peak positions and the

lower line is the difference plot.
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Initially, a fully ordered model with only Mn on the octahedral
(Op) site and Fe on the tetrahedral (T4) site was refined as
suggested in [17]. This resulted in a very large displacement factor,
Uiso = 0.150(8) A? at the Oy, site, more than 10 times the value of
any other site displacement factor, Ry, = 0.0664 and %2 = 2.50.
Two other models were tried: (1) Fe was added to the Oy, site and
(2) Fe and Mn were distributed over both sites. The results for (1)
gave 14.8% excess Fe on the Oy site with U, = 0.006(4) A?,
Rwp = 0.0588 and y? = 2.21. Model (2) gave for the contents of the
Oy, site, 86.8% Mn and 13.2% Fe, and for the Ty site, 90.6% Fe and
9.4% Mn with Ui(On) = 0.020(5)A2, Usso(Tq) = 0.0115(11),
Ruwp = 0.0557 and y? = 2.10. Model (2) results in a slight excess
of Fe, 4% overall. It is difficult to choose between (1) and (2) based
only on the refinement results. Model (2) is closer to a 1:1 ratio for
Fe and Mn as used in the synthetic mixture and there is no
evidence for additional phases at the level of ~15% which would
be demanded for Model (1). Thus, Table 2 gives a list of the atomic
positions, site occupancies and the thermal displacement factors
based on (2). Also a list of selected bond lengths and angles is
given in Table 3.

In the octahedral layers the bonds parallel to the layers
(equatorial bonds) are significantly shorter than those out of the
planes (axial bonds). While it is tempting to attribute this to a
static Jahn-Teller distortion, as the octahedral site mainly
contains Mn>*, in fact similar elongations are observed in most
brownmillerites, even those for which the octahedral site contains
only Fe**, a non-Jahn-Teller ion. In Table 4 the distortion indices
(defined as the ratio of the axial bond length to the average
equatorial bond length) are listed for Ca-based brownmillerites
containing both Fe>* and Mn>* on the octahedral site. The index is
significantly greater for the Mn3* materials, indicating a role for a
static Jahn-Teller component. The octahedra in CayFe;o39s)
Mnyg g62(5)0s are distorted and octahedral angles show deviations
of ~2° from the ideal angle of 90°. This is similar to the average

Table 2
The atomic coordinates, site occupancies and displacement factors for CasFeqg39(s)
Mnyg g62(8)05 at 550K

Atom X y z Occupancy Usso (A%)
cal ~0.012(1) 01101(2)  04802(8) 1.0 0.015(1)
Fel 0.9484(7) 025 09353(6)  0.907(6) 0.012(1)
Mn1 0.0 0.0 0.0 0.868(5) 0.020(5)
Fe2 0.0 0.0 0.0 0.132(5) 0.020(5)
Mn2 0.9484(7) 025 09353(6)  0.094(6) 0.012(1)
o1 0.257(1) _00125(2)  0.2388(6) 1.0 0.016(1)
02 0.0210(7) 01424(2)  0.0653(6) 1.0 0.020(1)
03 0.089(1) 025 06156(9) 1.0 0.024(2)
Table 3

Selected bond lengths (A) and angles (°) for CayFe 039(8)Mng962(5)0s5 at 550 and
300K]...]

Mn1(Fe2)-01
Mn1(Fe2)-01
Mn1(Fe2)-02
Fe1(Mn2)-02
Fe1(Mn2)-03
Fe1(Mn2)-03
01-Mn1(Fe2)-01
01-Mn1(Fe2)-01
Mn1(Fe2)-01-Mn1(Fe2)
02-Fe1(Mn2)-02
02-Fe1(Mn2)-03
02-Fe1(Mn2)-03
03-Fe1(Mn2)-03
Fe1(Mn2)-03-Fe1(Mn2)

1.903(5) x 2 [1.901(6)]
1.939(5) x 2 [1.929(6)]
2.223(3) x 2 [2.206(5)]
1.844(3) x 2 [1.845(5)]
1.905(5) [1.905(8)]
1.935(5) [1.923(9)]
92.15(2) x 2 [92.2(4)]
87.85(2) x 2 [87.8(4)]
167.8(2) [167.2(2)]
127.8(3) [127.8(4)]
105.8(2) x 2 [105.4(5)]
105.3(2) x 2 [105.7(5)]
104.8(2) [104.9(6)]
121.4(3) [121.5(5)]

Table 4
Distortion indices for various Ca-based brownmillerites of Fe** and Mn>*

Compound Distortion index (see text) Reference
Ca,AlFeOs 1.096 [5]
CayGaFeOs 1.084 [22]
CayFe;05 1.084 (1.078) [3,23]
CayFeMnOs 1.157 This work
CayAlMnOs 1.185 [24]
Ca,GaMnOs 1172 [24]

deviation of bond angles in CayFe;0s, although the bond angles
are distributed over a wider range in that compound [3].

In contrast to the octahedral layers, in the tetrahedral layers of
CayFeq 039(8)Mnp 962(8)05 the bonds parallel to the layers (con-
nected to the oxygens which are shared between two tetrahedra)
are longer than the bonds out of the plane (connected to the
oxygens shared between a tetrahedron and an octahedron). The
tetrahedra are also distorted and deviations from the ideal angles
of more than 4° are observed. The iron-only compound, Ca,Fe,0s5
shows a compression of the tetrahedra along the b-axis as well [3].
The distortion of the tetrahedra in that compound is less than that
of CaFeq.039(3)Mng 962(8)0s.

The metal-oxygen bond distances obtained for CasFe;o3qs)
Mnyg 962(3)05 are consistent with tetrahedral Fe-O and octahedral
Mn-0 bond distances found in brownmillerites [3,15].

Bond valence calculations [25] give 3.164 for Mn and 2.885 for
Fe which are in good agreement with the expected bond valence,
3, for both ions.

The unit cell parameters, especially the b-axis, for CayFe; o39(s)
Mnyg g62(5)05 differ markedly from those obtained previously [17],
and the cell volume here is 1.4% larger. This indicates that the
oxygen content of the sample in [17] is significantly greater than
the sample here. Attempts to measure the oxygen content using
reductive thermal gravimetry by heating the sample in a pure
hydrogen gas stream at 900 °C resulted in a mixture of reduction
products and the result was inconclusive. However, the study of
Ca,GaMnOs.s is relevant where a correlation was established
between the unit cell volume and ¢ [26]. This calibration can be
used to estimate ¢ in Ca,FeMnOs. s for the sample in [17] which is
~0.2, a substantial level of oxidation.

3.2. Magnetic properties

The zero field cooled/field cooled (ZFC/FC) magnetic suscept-
ibility data at a temperature range of 5-300K are shown in Fig. 4a.
The remarkable features in this diagram are a sudden increase in
susceptibility at 125K and the ZFC/FC divergence. The origin of
these features is unclear. Susceptibility data were also collected in
the range of 300-700K (Fig. 4b). These data show a broad feature
at 470K, as well as a divergence between the data obtained from
heating and cooling. However, these features can only correspond
to short range ordering and no sharp transition was observed.
Therefore, the magnetic transition temperature could not be
found using the SQUID magnetometry data. Consequently,
neutron diffraction was employed to study the magnetic proper-
ties as will be discussed later. A possible contamination of the
sample by even small quantities of a magnetic side product can
dominate the susceptibility data, and can also be partially
responsible for some features such as ZFC/FC divergences.

The isothermal magnetization data were also collected at
various temperatures (Fig. 5). A very weak hysteresis is present at
5, 50 and 310K but the data at 500K are linear and show no
hysteresis, consistent with a typical paramagnetic system. Results
for CayFe,05 at 300K, where spin canting is known to be present,
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Fig. 4. (a) ZFC and FC molar susceptibility data within the temperature range of 5-300K. Note the sudden upturn below 125K. (b) The susceptibility data collected in
furnace by heating and cooling in the field. The same feature is observed in both heating and cooling data at about 470K.
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Fig. 5. Isothermal magnetization versus applied field behavior for Ca,MnFeOs at
various temperatures. Very weak hysteresis is observed at 5, 50 and 310K. The
500K data show a typical paramagnetic behavior. Results for CayFe,05 at 300K are
shown for comparison.

are included for comparison indicating that there is little evidence
for significant sublattice canting in Ca,Fe; o39(s)MnNo.962(8)05.

4. Neutron diffraction

Data were collected from 3.8 to 700K, spanning the range of
the susceptibility data. Fig. 6 shows data at 3.8 K where a number
of magnetic reflections can be identified. The most significant of
these (which are more intense than any structural reflections)
appear at 30.99° and 31.60° and are indexed as (021)/(0—21) and
(120)/(1-20), respectively. The other magnetic peaks are at 27.40°
indexed as (110)/(1-10), 37.51° indexed as (—1-11)/(—-111)/
(1-11)/(111), 61.74° indexed as (—1-22)/(—122)/(1-22)/(122)
and 62.83° indexed as (—2-21)/(—221)/(2—21)/(221). There is
also a small peak at 38.2° that disappears at 149.5K and is
possibly related to the side product.

The magnetic structure of CasFeq039(8yMng.g62()05 was deter-
mined by refining the neutron diffraction data using the FullProf
program [27], employing WinPLOTR [28]. A G-type magnetic
structure model, Fig. 2, was verified. Fig. 6 shows the refinement
results, Rmag = 0.054, for the magnetic structure. The spins on
each site are oriented along the b-direction. The magnetic

IIIII""I"ll'l""l""I""'I""I""IIIII

T VAR Gl O

74

18 26 34 42 50
2 Theta(deg)

10 58 66 82

Fig. 6. The refinement result for the magnetic structure of CayFe; 039(8yMng.962(8)05
at 3.8 K. The most significant magnetic peaks are marked by arrows. The black dots
are the experimental data; the solid line the model; two rows of the vertical tic
marks locate Bragg peak positions for the crystal (top) and magnetic (bottom)
structures and the lower line is the difference plot. The magnetic structure is
confirmed as G-type (see Fig. 2) with the preferred moment direction along b.
Rmag = 0.054 and the ordered moments on the octahedral and tetrahedral sites are
3.64(16) and 4.22(16) pg, respectively.

structure determined by neutron diffraction confirms that
proposed from the Mossbauer study but of course provides much
more detail [18].

By following the temperature dependence of the magnetic
peak intensities, the critical temperature for long range order can
be determined. The magnetic reflections disappear between 405
and 410K. Plotting the refined magnetic moments of the
M (mostly Mn3*) and M’ (mostly Fe3*) sites as a function
of temperature indicates T.=407(2)K (Fig. 7). The ordered
moments on the M and M’ sites at 3.8K are 3.64(16) and
4.22(16) up, respectively, which agree reasonably with the spin
only values, 2S, for Mn3*(S=2) and Fe**(S = 5/2), given some
level of intersite mixing.

Above the transition temperature no long range ordering
exists. However the presence of diffuse magnetic scattering at
temperatures as high as 440K (Fig. 8) is an indication of the
presence of short range magnetic correlations which could explain
in part the bulk susceptibility data which show no feature at T.
Nonetheless, the bulk susceptibility is still difficult to understand
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Fig. 8. Diffuse magnetic scattering at 440K, compared to the data at 700K. A
noticeable hump appears at 440K within 27-35 ° region, but is absent at 700 K.

and clearly provides little useful information regarding the true
magnetic properties of this material. The presence of a small
concentration of Ca,Fe,05 which would be difficult to detect due
to peak overlap with Ca,MnFeOs and which has T, = 725K and a
weak ferromagnetic moment is a possible explanation of the bulk
data.

The magnetic structure of CazFe;o39s)Mngge2(s)05 can be
explained based on the principles of the superexchange mechan-
ism. In this case the superexchange interactions will involve
contributions from both t,g and e, orbitals [29]. Antiferromagnetic
coupling of spins between two d*, and two d° ions is expected as
both ¢ and m superexchange pathways predict an antiparallel
coupling of the two ions [30]. However the interaction between a

d* and a d” ion in an ideal case (180°) can be ferromagnetic as the
o pathway of the superexchange will couple the two ions
ferromagnetically [30]. However, crystal structural factors in
CayFeq 039(8)Mng 962(8)05 can diminish the ferromagnetic interac-
tions. The distortion of superexchange pathways from linear is an
important factor that needs to be taken into account. The M-O-M
and M'-O-M’ angles show large deviations from 180° (Table 3). It
should be noted that even though some mixing of ions exists,
the majority of octahedral sites are still occupied by Mn and the
majority of tetrahedral sites are occupied by Fe, and therefore the
Mn-Fe interactions are mostly inter-layer interactions. The inter-
layer superexchange angle M-O-M' is 144.35°, a significant
distortion from linearity. These distortions are direct results of
the layered structure of brownmillerites. Unlike the perovskite
structure that involves corner sharing of only octahedra, the
brownmillerite structure needs to accommodate the corner
sharing of both octahedra and tetrahedra and that imposes a
large amount of twisting to the bond angles. The geometric
features of tetrahedra do not allow the formation of linear bond
angles while corner sharing with other tetrahedra and octahedra
exists.

5. Summary and conclusions

The crystal and magnetic structures of the brownmillerite
compound CayFeqg398)Mngg62(3)05 were determined. Neutron
diffraction showed small levels of mixing of Mn and Fe in both
octahedral and tetrahedral sites and an overall ~4% Fe excess. The
compound shows a long range antiferromagnetic ordering below
the transition temperature, 407(2) K. The magnetic structure of
this compound involves both intra- and inter-layer antiferromag-
netic coupling of nearest neighbor spins forming a G-type
magnetic structure. The ordered moments at 3.8 K are 3.64(16)
and 4.22(16) ug for the octahedral and tetrahedral sites, respec-
tively. The possible intra-layer Fe>*-Mn>3* ferromagnetic coupling
predicted by the superexchange mechanism is not evident due
perhaps to the large deviations from linearity of superexchange
pathways as a result of the structural constraints of a brownmil-
lerite system.
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