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ABSTRACT: Ten compounds belonging to the series of oxygen-deficient perovskite
oxides Ca2Fe2−xMnxO5 and CaSrFe2−xMnxO5+y, where x = 1/2, 2/3, and 1 and y ≈ 0−0.5,
were synthesized and investigated with respect to the ordering of oxygen vacancies on
both local and long-range length scales and the effect on crystal structure and magnetic
properties. For the set with y ≈ 0 the oxygen vacancies always order in the long-range
sense to form the brownmillerite structure containing alternating layers of octahedrally
and tetrahedrally coordinated cations. However, there is a change in symmetry from
Pnma to Icmm upon substitution of Sr for one Ca for all x, indicating local Td chain
(vacancy) disorder. In the special case of CaSrFeMnO5 the neutron diffraction peaks
broaden, indicating only short-range structural order on a length scale of ∼160 Å. This
reveals a systematic progression from Ca2FeMnO5 (Pnma, well-ordered tetrahedral chains) to CaSrFeMnO5 (Icmm, disordered
tetrahedral chains, overall short-range order) to Sr2FeMnO5 (Pm3m, destruction of tetrahedral chains in a long-range sense).
Systematic changes occur in the magnetic properties as well. While long-range antiferromagnetic order is preserved, the magnetic
transition temperature, Tc, decreases for the same x when Sr substitutes for one Ca. A review of the changes in Tc for the series
Ca2Fe2−xMxO5, taking into account the tetrahedral/octahedral site preferences for the various M3+ ions, leads to a partial
understanding of the origin of magnetic order in these materials in terms of a layered antiferromagnetic model. While in all cases
the preferred magnetic moment direction is (010) at low temperatures, there is a cross over for x = 0.5 to (100) with increasing
temperature for both the Ca2Fe2−xMnxO5 and the CaSrFe2−xMnxO5 series. For the y > 0 phases, while a brownmillerite ordering
of oxygen vacancies is preserved for the Ca2 phases, a disordered Pm3m cubic perovskite structure is always found when Sr is
substituted for one Ca. Long-range magnetic order is also lost, giving way to spin glass or cluster-glass-like behavior below ∼50 K.
For the x = 0.5 phase, neutron pair distribution function (NPDF) studies show a local structure related to brownmillerite
ordering of oxygen vacancies. Neutron diffraction data at 3.8 K show a broad magnetic feature, incommensurate with any
multiple of the chemical lattice, and with a correlation length (magnetic domain) of 6.7(4) Å.

■ INTRODUCTION
The rich chemistry and versatile physical properties observed
in oxygen-deficient perovskites have made them an attractive
family of materials. They have been investigated as potential
functional materials in areas such as multiferroicity,1 colossal
magnetoresistance,2,3 and mixed-conducting membranes for ox-
ygen permeation purposes.4−6 Understanding the parameters
that control the properties of this family of compounds is there-
fore of significant importance. This paper reports a systematic
study of a family of oxygen-deficient perovskite materials with
general composition AA′B2−x Bx′O5+y with cation substitutions
on both the A and the B sites along with the presence of a high
concentration of vacancies on the oxygen site. Specifically, the
cation choices are A = A′ = Ca and A = Ca, A′ = Sr, B = Fe and
B′ = Mn with x = 0.5, 0.67, and 1.0 and y ≈ 0−0.5 for a total of
10 new compounds, as one member of the series, Ca2FeMnO5.0,

has recently been studied.7 It is of considerable interest to
determine the effect of the cation substitutions and the level of
oxygen deficiency on the structure, both average and local, and
on selected physical properties, in this case magnetic properties,
of these phases in comparison with Ca2Fe2O5, Sr2Fe2O5+y,
Ca2FeMnO5.0, Sr2FeMnO5+y, Ca2Fe1.5Cr0.5O5.0, and
Sr2Fe1.5Cr0.5O5+y which have been studied previously.7−14

Concerning the crystal structure, by far the most common
structure type for perovskite compositions with y ≈ 0 is that of
brownmillerite. In this case the high concentration of nominal
oxygen vacancies, 16. 67%, order in a long-range sense resulting
in a supercell with dimensions abm ≈ cbm ≈ 21/2ap and bbm ≈ 4ap,
where ap is the primitive cubic perovskite cell edge, featuring
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alternating layers of octahedrally coordinated B ions and chains
of tetrahedrally coordinated B′ ions. Each octahedron shares four
corners with neighboring octahedra, and each tetrahedron shares
two corners with the adjacent tetrahedra. The octahedral layers
and tetrahedral chains are linked in three dimensions by the
remaining sites. Note that the average cation coordination num-
ber is five.
Brownmillerites crystallize in a number of space groups

Ibm2, Pnma, Icmm, Pbcm, and C2/c, which are determined
by the relative orientations of the tetrahedral chains between
layers and in case of Pbcm and C2/c, also within the layers.
The relationship between space group symmetry and relative
chain orientations has been discussed by several authors,
and the details will not be repeated here.15,16 It is possible,
however, to devise a hierarchy of symmetries in terms of the
constraints on the chain ordering from greatest to least as
follows

> > >Pbcm Pnma Ibm Icmm Pm m, 2 3

for which primitive cubic symmetry is included where the
tetrahedral chains are completely destroyed in the long-range
sense. In Icmm the chains still exist, but the orientations are
disordered both within and between layers.
Attempts have been made to correlate the observed space

groups with structural parameters. One recent scheme uses the
interlayer separation between the chains versus the angle of
distortion from 180° within the chains, and with the exception
of one case, Ca2FeCoO5, an excellent correlation results.15,16 In
terms of the materials studied here, the effect of an increase in
the A-site cation radius increases the interlayer chain separa-
tion, and the phase diagram of ref 15 predicts the space group
sequence Pnma to Ibm2 to Icmm. For example Ca2Fe2O5
crystallizes in Pnma, while Sr2Fe2O5 occurs in Icmm.8,10 It is
of interest to determine the result for the series where Sr
replaces one Ca. Continuing with phases with y ≈ 0, there are
at least two examples of reported Pm3m symmetry:
Sr2Fe1.5Cr0.5O5+y with y ≈ 0.1114 and Sr2FeMnO5+y with y ≈
0.12 In the latter case, there is evidence that the local structure,
as determined from neutron pair distribution function studies,
can be described for short r (to ∼5 Å) in terms of a brown-
millerite model. As the Ca analogs of the above phases,
Ca2Fe1.5Cr0.5O5 and Ca2FeMnO5, are both brownmillerites, the
results for AA′ = CaSr are of keen interest.
In the case of y ≈ 0.5 there is scant evidence for the existence

of such phases for the AA′ = Ca2 series members, although sys-
tematic studies appear not to have been done.
For the case of Ca2FeMnO5+y two results are on record with

different unit cell volumes but the same space group symmetry,
Pnma.7,17 Reference 17 reports a room-temperature cell volume
of 436.7 Å3, while a volume of 443.7 Å3 is listed in ref 7.
A value of y ≈ 0.2 has been estimated for the more oxidized

phase. In contrast, for AA′ = Sr2 long-range vacancy ordered phases
exist for y ≥ 0.5, notably, Sr2Fe2O5.5 (often reported as Sr4Fe4O11),
which crystallizes in Cmmm with supercell, a ≈ 2 × 21/2ap, b ≈ 2ap,
c ≈ 21/2ap,

11 and Sr2Fe2O5.75 (Sr8Fe8O23) I4/mmm with supercell,
a ≈ 2 × 21/2ap, c ≈ 2 ap. However, Pm3m examples are reported as
well, Sr2Fe1.5Cr0.5O5+y with y ≈ 0.39−0.53 and Sr2FeMnO5.5.

12,14

Again, the results for the AA′ = CaSr members should be
illuminating.
For phases showing brownmillerite vacancy ordering, long-

range magnetic order is always found. Magnetic structural studies
always find a so-called G-type antiferromagnetic order with rather
high critical temperatures, Tc, ranging from 730(2) (Ca2Fe2O5)

18

to 407(2) K (Ca2FeMnO5).
7 A systematic analysis of the de-

pendence of Tc on the composition of the BB′ sites does not
apparently exist. For example, some B-site substitutions are
highly site specific. Ga is known to favor the Td site,

19,20 while
Mn7 and Cr13 have a strong Oh site preference. An initial effort
to understand the systematics of Tc will be presented here.
In addition, two distinct magnetic anisotropies are found: Gx
where the moment direction is along the shortest axis, usually a,
and Gy where the moment preference is for the longest axis,
usually the b axis. Ca2Fe2O5 has Gx, while Ca2FeMnO5 and
Ca2GaMnO5 show Gy. It is of interest to determine the cross-
over composition for the Fe2−xMnx series.
In the case of Pm3m phases, long-range magnetic ordering is

usually quenched.
Sr2FeMnO5+y with y ≈ 0 and 0.5 shows only short-range

magnetic order, although there is evidence from Mössbauer
data that some Sr2Fe1.5Cr0.5O5+y compositions are long-range
ordered.14 The situation for the AA′ = CaSr series members is
unknown.

■ EXPERIMENTAL SECTION
Synthesis. The pellets made from stoichiometric amounts of CaCO3

(99.99% Alfa Aesar), SrCO3 (99.9% Sigma Aldrich), Fe2O3 (99.998%
Alfa Aesar), and Mn2O3 (99.9% Cerac) were fired at 1250 °C in an
argon atmosphere to give phases with y ≈ 0. The syntheses were also
repeated in air to obtain phases with higher oxygen content y ≈ 0.5.
The heating and cooling rates were both ∼100 °C/h. Several inter-
mediate grindings and refirings were performed. For the brownmiller-
ite CaSrFeMnO5 phase, synthesis was repeated multiple times at tem-
peratures as high as 1350 °C to examine the effect of temperature on
the crystallinity; however, no significant changes were observed.

Thermal Gravimetric Analysis (TGA). A Netzsch STA-409 TGA-
DTA Instruments (thermal gravimetric analyzer-differential thermal
analyzer) was used to measure the weight losses of the vacancy-disordered
air-synthesized CaSrFe2−xMnxO5+y samples upon losing oxygen in an
argon atmosphere at 1250 °C to be converted to the vacancy-ordered
brownmillerites for which y ≈ 0 is assumed.

X-ray and Neutron Diffraction. Powder X-ray data were
obtained on a PANalytical X′Pert Pro MPD diffractometer with a
linear X′Celerator detector with a 2θ step interval of 0.0084° using Cu
Kα1 radiation (λ = 1.54056 Å).

Powder neutron data with fixed wavelengths were acquired on the
C2 diffractometer at the Canadian Neutron Beam Centre at Chalk
River, Ontario, and the HB2A diffractometer, at the High Flux Isotope
Reactor at the Oak Ridge National Lab. Time of flight neutron
diffraction data were obtained on the instrument NPDF21 at the M.
Lujan Jr. Center for Neutron Scattering at the Los Alamos Neutron
Science Center.

Bulk Magnetic Measurements. Magnetic susceptibility data ver-
sus temperature as well as magnetization versus field data were obtained
on a Quantum Design MPMS SQUID Magnetometer. Gelatin capsules
were used as sample holders for the temperature range 5−300 K and
quartz tubes for 320−700 K.

■ RESULTS AND DISCUSSION
Crystal Structures of the Ca2Fe2−xMnxO5+y, y ≈ 0

Series, Synthesized in Argon. The results of crystal struc-
ture refinements for x = 0.50 and 0.67 at 300 K are shown in
Tables 1 and 2. As expected, the space group is Pnma and the
Mn ions prefer the octahedral site. In the initial stages the
tetrahedral site occupations were refined but the result gave
100% occupation by Fe to within error. The refined Fe/Mn
octahedral site occupancies are in good agreement, within a few
percent, with the nominal compositions. A plot of the unit cell
volume for the solid solution Ca2Fe2−xMnxO5.0 up to x = 1.0 is
shown in Figure 1a, indicating adherence to Vegard’s Law.
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Note the inverse correlation with the b-axis length, Figure 1b.
This results from the fact that the Jahn−Teller ion, Mn3+, sub-
stitutes selectively on the octahedral site. The distances
between the tetrahedral layers and the tetrahedral chain distor-
tion angles that were used to construct the structure field map
for brownmillerites in ref 15 were also measured. The
tetrahedral layer distances are 7.5254 and 7.5770 Å for x =
0.5 and 0.7, respectively. Also, the distortion angles for the
tetrahedral chains are 56.25° and 56.62° for x = 0.5 and 0.7,
respectively. These values are consistent with the proposed

structure map15 and place both of the Ca2Fe2−xMnxO5 com-
pounds in the Pnma region of that map.

Table 1. Cell Constants, Agreement Indices, Atomic Positions, and Displacement Factors at 300 K for Ca2Fe2−xMnxO5.0,
x = 0.50 and 0.67 (Synthesized in Argon)

x = 0.50 x = 0.67

space group Pnma (No. 62) Pnma (No. 62)
a (Å) 5.36219(21) 5.33845(22)
b (Å) 15.0508(6) 15.1540(6)
c (Å) 5.52838(22) 5.50085(23)
V (Å3) 446.17(5) 445.01(5)
Rwp 0.0412 0.0437
GOF 1.78 1.74

x y z Uiso Occ.

Ca2Fe1.5Mn0.5O5.0

Ca −0.0168(9) 0.10930(21) 0.4772(7) 0.0123(11) 1.0
Fe1 0.9467(5) 0.25 0.9375(5) 0.0078(8) 1.0
Mn 0.0 0.0 0.0 0.0070(26) 0.486(4)
Fe2 0.0 0.0 0.0 0.0070(26) 0.514(4)
O1 0.2652(8) −0.01449(18) 0.2371(6) 0.0076(8) 1.0
O2 0.0240(7) 0.14121(18) 0.0689(5) 0.0124(9) 1.0
O3 0.0959(8) 0.25 −0.3796(8) 0.0107(14) 1.0
Ca2Fe1.33Mn0.67O5.0

Ca −0.0138(9) 0.10961(20) 0.4789(6) 0.0105(13) 1.0
Fe1 0.9463(5) 0.25 0.9369(5) 0.0082(11) 1.0
Mn 0.0 0.0 0.0 0.013(9) 0.637(4)
Fe2 0.0 0.0 0.0 0.013(9) 0.363(4)
O1 0.2632(9) −0.01357(18) 0.2387(7) 0.0113(11) 1.0
O2 0.0242(7) 0.14127(18) 0.0678(5) 0.0126(11) 1.0
O3 0.0938(8) 0.25 −0.3807(8) 0.0118(16) 1.0

Table 2. Selected Interatomic Distances (Å) and Angles
(Deg) at 300 K for Ca2Fe2−xMnxO5.0 (Synthesized in
Argon)

bond or angle x = 0.50 x = 0.67

Fe1−O2 1.839(3) × 2 1.846(3) × 2
Fe1−O3 1.908(5) 1.907(5)
Fe1−O3 1.927(5) 1.916(5)
Mn(Fe2)−O1 1.936(4) × 2 1.925(4) × 2
Mn(Fe2)−O1 1.946(4) × 2 1.934(4) × 2
Mn(Fe2)−O2 2.163(3) × 2 2.177(3) × 2
Ca−O1 2.433(6) 2.439(6)
Ca−O1 2.498(5) 2.511(5)
Ca−O1 2.511(5) 2.517(5)
Ca−O1 2.742(5) 2.723(5)
Ca−O2 2.318(4) 2.321(4)
Ca−O2 2.522(5) 2.526(5)
Ca−O2 2.950(5) 2.923(5)
Ca−O3 2.340(4) × 2 2.335(4) × 2
Fe1−O3−Fe1 124.2(2) 123.6(3)
Fe1−O2−Mn(Fe2) 142.4(2) 142.9(2)
Mn(Fe2)−O1−Mn(Fe2) 165.6(2) 166.5(2)

Figure 1. (a) Vegard’s law correlation between the unit cell volume
and x for Ca2Fe2−xMnxO5.0 (synthesized in argon). (b) Correlation
between the b-axis length and x.
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Crystal Structures of the CaSrFe2−xMnxO5+y, y ≈ 0
Series, Synthesized in Argon. The results of crystal
structure refinements for x = 0.50 and 0.67 at 300 K are
shown in Tables 3 and 4. That for x = 1.0 will be discussed

separately. For this series, the absence of the (131) reflection
indicated I-centering. The data were refined in both Ibm2 and
Icmm with the latter giving consistently lower Rwp and GOF
values. For x = 0.5, the Ibm2 refinements give Rwp = 0.0589 and
GOF=3.44, compared to Rwp = 0.0454 and GOF=2.65 for
Icmm. Also, for x = 0.67, the Ibm2 agreement factors are Rwp =
0.0522 and GOF=2.56, as compared to Rwp = 0.0461 and

GOF=2.27 for Icmm. As there are actually four fewer positional
parameters for the Icmm setting, these results are taken as a
strong argument for choosing this space group. As for the AA′ =
Ca2 series, site occupations were refined in the initial stages.
The Ca/Sr ratio always refined to 1.0 to within the estimated
error. However, unlike for the AA′ = Ca2 materials, there was
clear evidence for some Fe/Mn mixing on the Td sites ranging
from 2% to 7% as indicated in Table 3. Nevertheless, note that
this apparent site mixing is still small and possibly near the limit
of detection using Rietveld methods. The same trends are seen
with respect to changes in cell volume and b-axis length with
increased Mn content as for the AA′ = Ca2 series. Comparing
the cell volumes, interatomic distances, and angles between
the AA′ = Ca2 and CaSr series for the same x one notes the
expected increases in cell volume of ∼4% due to the larger
radius of Sr2+, increases in the b-axis length (2−3%), increases
in the axial Mn(Fe2)−O bond lengths, an increase in the
interplanar Mn(Fe2)−O−Mn(Fe2) angle of about 7°, and a
similar increase in the Fe1−O−Mn(Fe2) angle which con-
nects the Td chains to the Oh layers. However, the Icmm space
group for the CaSr phases is not consistent with the structure
map proposed in ref 15. The tetrahedral chain separations
(7.7313 and 7.7565 Å for x = 0.5 and 0.67, respectively) and
tetrahedral chain distortion angles (54.36° and 53.18° for x =
0.5 and 0.67, respectively) would put CaSrFe2−xMnxO5 in the
Ibm2 region of that map.
Remarkably, the situation for x = 1.0 is quite different. From

observation of the neutron powder diffraction pattern for this
phase it was clear that all of the diffraction peaks were significantly
broader relative to the x = 0.5 and 0.67 series members. This is
seen in Figure 2, where the long-wavelength, low-angle part of the

Table 3. Unit Cell Constants and Agreement Indices for CaSrFe2−xMnxO5.0, x = 0.50 and 0.67, Synthesized in Argon, and
Atomic Positions, Displacement Factors, and Site Occupancies at 300 K in Icmma

x = 0.50 x = 0.67

space group Icmm (No. 74) Icmm (No. 74)
a (Å) 5.5630(3) 5.5344(4)
b (Å) 15.4625(8) 15.5129(12)
c (Å) 5.4172(3) 5.4093(4)
V (Å3) 465.97(6) 464.41(9)
Rwp 0.0454 0.0461
GOF 2.65 2.27

x y z Uiso Occ. site multiplicity

CaSrFe1.5Mn0.5O5.0

Ca/Sr 0.5165(7) 0.6103(2) 0.0 0.0146(11) 1.0 8
Fe1 0.5675(6) 0.25 0.4485(7) 0.006(1) 0.489(3) 8
Mn1 0.5675(6) 0.25 0.4485(7) 0.006(1) 0.011(3) 8
Mn2 0.0 0.0 0.0 0.016(3) 0.459(5) 4
Fe2 0.0 0.0 0.0 0.016(3) 0.541(5) 4
O1 0.25 0.9920(2) 0.25 0.014(1) 1.0 8
O2 0.0548(7) 0.1413(2) 0.0 0.020(1) 1.0 8
O3 0.625(1) 0.25 0.107(1) 0.021(2) 0.5 8
CaSrFe1.33Mn0.67O5.0

Ca/Sr 0.5151(8) 0.6124(2) 0.0 0.016(1) 1.0 8
Fe1 0.5642(8) 0.25 0.451(1) 0.011(2) 0.464(4) 8
Mn1 0.5642(8) 0.25 0.451(1) 0.011(2) 0.036(4) 8
Mn2 0.0 0.0 0.0 0.020(5) 0.561(7) 4
Fe2 0.0 0.0 0.0 0.020(5) 0.439(7) 4
O1 0.25 0.9918(3) 0.25 0.015(1) 1.0 8
O2 0.0481(9) 0.1398(3) 0.0 0.023(1) 1.0 8
O3 0.628(2) 0.25 0.114(2) 0.036(3) 0.5 8

aThe refined Fe and Mn contents are very close to the stoichiometric values.

Table 4. Selected Interatomic Distances (Å) and Angles
(Deg) for CaSrFe2−xMnxO5.0 at 300 K

bond or angle x = 0.50 x = 0.67

Fe1−O2 1.834(3) × 2 1.838(4) × 2
Fe1−O3a 1.878(7), 1.911(6) 1.855(11), 1.921(9)
Fe1−O3a 1.733(7), 2.430(8) 1.741(9), 2.379(11)
Mn(Fe2)−O1 1.9451(2) × 4 1.9389(3) × 4
Mn(Fe2)−O2 2.206(3) × 2 2.185(4) × 2
Ca/Sr−O1 2.556(3) × 2 2.568(4) × 2
Ca/Sr−O1 2.620(4) × 2 2.650(4) × 2
Ca/Sr−O2 2.7592(8) × 2 2.7439(9) × 2
Ca/Sr−O2 3.214(5) 3.146(6)
Ca/Sr−O3 2.373(4) 2.358(5)
Fe1−O3−Fe1 126.6(4) 128.3(5)
Mn(Fe2)−O1−Mn(Fe2) 172.7(2) 172.5(3)
aThe inherent disorder in this space group (both Fe1 and O3 have an
occupation of 0.5) renders difficult assignment of bond lengths to the
Fe1−O3 part of the polyhedron.
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pattern is compared for the x = 1.0 and 0.5 materials. The pattern
for x = 1.0 can be fitted to the Icmm model as for x = 0.50 and
0.67. An effort was made to estimate the “domain size” for the
Icmm phase. This consisted of an analysis of the (121) reflection,
near 40° in 2θ, which is not overlapped by any adjacent reflections.
Fits of this peak for both x = 1.0 and 0.67 were carried out with
both a Gaussian and a Lorentzian model. For x = 0.67 the
Gaussian fit was excellent, yielding fwhm = 0.215(5)° and R =
0.997, while for x = 1.0 the Gaussian fit was poorer, R = 0.989 and
the fwhm =0.34(1)°. The data were converted to Q for the
Lorentzian fits to the function I(Q) = A/((Q0 − Q)2 − κ2),22

where κ is the inverse correlation length or domain size and Q0 is
the peak position. In this case the inverse was true: the Lorentzian
function fitted much better in the x = 1.0 case, while the fit was
obviously poorer for x = 0.67. The fit of the x = 0.67 data yielded a
resolution-limited κres = 0.0051(3) Å−1, while κ for x = 1.0 was
0.0079(3) Å−1. Finally, the domain size was estimated from ξ =
1/(κ2 − κres

2)1/2 = 166(12) Å.
This observation concerning the CaSrFeMnO5.0 phase is

remarkable but consistent with the trend Ca2FeMnO5.0 (Pnma
brownmillerite)7 → CaSrFeMnO5.0 (short range, ∼160 Å, Icmm
brownmillerite domains) → Sr2FeMnO5.0 (Pm3m defect perov-
skite, at most local (∼5 Å) brownmillerite domains),12 that is,
for this Fe/Mn ratio and for the same preparation conditions, in
argon atmosphere, as the average radius of the AA′ site cations is
systematically increased the degree of local Td chain(vacancy)

ordering is diminished and finally the chains themselves are de-
stroyed, i.e., the vacancies are random in the long-range sense.

DC Susceptibility for Ca2Fe2−xMnxO5.0 (y ≈ 0 Series)
Synthesized in Argon. As reported previously for the x = 1.0
phase, the bulk susceptibility below 300 K for both x = 0.50 and
0.67 showed no evidence for paramagnetic behavior. The high-
temperature data, 300−700 K, were examined in an effort to
locate Tc, which is expected to lie between 730 (Ca2Fe2O5)

18

and 407 K (Ca2FeMnO5).
7 As will be discussed later, these data

were not definitive. Examples for x = 0.50 and 0.67 are shown
in Figure 3. Note anomalies near ∼500 K for x = 0.50 and

∼475 K for x = 0.67. Note that there is no evidence for
paramagnetic behavior above these temperatures and out to
700 K. The presence of broad maxima is suggestive of short-
range spin correlations.

DC Susceptibility for CaSrFe2−xMnxO5.0 (y ≈ 0 Series)
Synthesized in Argon. Comparable data are shown in Figure 4

Figure 2. Comparison of the neutron diffraction patterns (λ = 2.37 Å)
for CaSrFe1.5Mn0.5O5.0 (top) and CaSrFeMnO5.0 (bottom). Note the
clear broadening of the reflections for the latter.

Figure 3. High-temperature susceptibility data for Ca2Fe2−xMnxO5.0,
x = 0.50 (top) and x = 0.67 (bottom).

Figure 4. High-temperature susceptibility data for CaSrFe2−xMnxO5.0,
x = 0.67 (top) and x = 0.50 (bottom). Data for x = 0.5 are shown
separately in the inset, indicating a broad maximum near ∼525 K.
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for the x = 0.5 and 0.67 members of the CaSrFe2−xMnxO5.0
series. For the x = 0.67 material no maximum is seen, while for
x = 0.5 there is a broad maximum near 525 K. Attempts to fit
the x = 0.67 data to a Curie−Weiss law yielded nonphysical
parameters. As with the data for AA′ = Ca2, there are no clear
indications of a Tc for either composition.

Neutron Diffraction for AA′ = Ca2 and CaSr Syn-
thesized in Argon. Guided by experience with Ca2FeMnO5.0,
neutron diffraction data were obtained at several temperatures
and analyzed to determine the magnetic structures and obtain
a reliable estimate of Tc. The Rietveld refinement profile for
x = 0.50, as representative of both the AA′ = Ca2 and the AA′ =
CaSr series, is shown in Figure 5, which involves a joint
refinement of the magnetic and crystal structure. The more
intense magnetic reflections are marked with arrows. The two
strongest near 31° can be indexed as (021) and (120) as found for
the x = 1.0 phase7 and are indicative of a Gy magnetic structure
shown in the inset to Figure 5. As indicated, the preferred moment
direction (at 3.8 K) is along the b axis (longest axis). The refined
magnetic moments and agreement indices for each temperature
for the x = 0.5 and 0.67 members of both the AA′ = Ca2 and the
AA′ = CaSr series are given in Table 5. As noted previously for
Ca2FeCoO5, the ratio of the intensities of the two major magnetic
reflections, I(021)/I(120), is determined by the preferred moment
direction.16 A ratio ∼1.0 indicates Gy, while one near ∼3.0 indi-
cates Gx where the moments are aligned along the shortest axis.
In order to estimate Tc the intensity of the (021) reflection

versus temperature is plotted in Figure 6 and is seen to vanish
near 465 K. More precise estimates of Tc can be obtained by
fitting data obtained in the critical regime, very close to Tc, to a
function such as I1/2 = Isat

1/2((Tc − T)/Tc)
β, where Isat is the

intensity at the lowest temperature and β is the critical ex-
ponent. Unfortunately, for nearly all samples there were per-
haps only one or two data points within the critical regime.
Thus, Tc was estimated by comparison of plots of I1/2 versus T
with those generated taking different choices for Tc. A β value

Figure 5. Refinement of the crystal and magnetic structures for
Ca2Fe1.5Mn0.5O5.0 at 3.8 K. The unindexed peak at ∼67.5° belongs to
the vanadium sample holder. (Inset) Resulting Gy magnetic structure.
Agreement indices and moment values for x = 0.5 and 0.67 phases for
both series AA = Ca2 and CaSr are included in Table 5.

Table 5. Summary of the Refinements of the Magnetic Struc-
ture, Estimated Tc, Agreement Indices, and Moment Values up to
Room Temperature for Ca2Fe2−xMnxO5.0 and CaSrFe2−xMnxO5.0

estimated
Tc, K

Oh site
moment

Td site
moment RMagnetic

Ca2Fe1.5Mn0.5O5 465(2)
4 K 3.94(8) 3.97(9) 1.02
50 K 3.93(8) 3.93(9) 1.53
100 K 3.86(8) 3.88(9) 1.75
150 K 3.76(9) 3.78(10) 1.56
300 K 3.1 (1) 3.2(1) 2.03
Ca2Fe1.33Mn0.67O5 423(2)
4 K 3.97(8) 3.80(9) 1.65
50 K 3.89(9) 3.85(10) 2.05
100 K 3.8(1) 3.9(1) 2.00
150 K 3.7(1) 3.8(1) 2.46
175 K 3.5(1) 3.7(1) 2.94
200 K 3.5(1) 3.7(1) 1.60
225 K 3.4(1) 3.5(1) 2.49
250 K 3.2(1) 3.4(1) 2.52
275 K 3.1(1) 3.2(1) 3.08
300 K 2.9(1) 3.1(1) 2.81
CaSrFe1.5Mn0.5O5 432(2)
4 K 4.2(2) 4.0(2) 7.51
50 K 4.0(2) 4.0(2) 8.26
150 K 3.8(2) 3.9(2) 7.55
200 K 3.5(2) 3.8(2) 5.80
250 K 3.2(2) 3.6(2) 6.31
300 K 2.9(2) 3.3(2) 6.06
CaSrFe1.33Mn0.67O5 403(2)
4 K 3.7(2) 3.5(2) 8.23
50 K 3.6(1) 3.6(2) 7.45
100 K 3.6(2) 3.4(2) 9.58
150 K 3.4(2) 3.4(2) 8.13
175 K 3.4(2) 3.2(2) 7.31
200 K 3.2(2) 3.1(2) 8.04
225 K 3.2(2) 3.0(2) 7.34
250 K 3.0(2) 2.9(2) 7.63
275 K 2.8(3) 2.8(3) 7.76
300 K 2.6(2) 2.5(3) 11.0

Figure 6. Estimation of Tc for Ca2Fe1.5Mn0.5O5 by plotting [I(021)]
1/2

versus T. Error bars are roughly the same size as the symbols. The
method of estimating Tc, described in the text, is shown in the inset.
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of 0.35 was taken; it is roughly an average for three-dimensional
Ising, XY, and Heisenberg models.23 A typical plot is shown in the
inset to Figure 6. The estimated error for determination of Tc
is ±2 to ±3 K in most cases. Tc values determined in this manner
are included in Table 5. For Ca2Fe1.5Mn0.5O5.0, Tc = 465(2) K,
which is well below the peak near 500 K in the high-temperature
susceptibility, Figure 3. The same is true for x = 0.67, where Tc =
423(2) K, whereas the susceptibility anomaly lies at ∼475 K.
A change in magnetic anisotropy was noticed for

Ca2Fe1.5Mn0.5O5.0 as the temperature increased to near Tc, as
demonstrated in Figure 7. There is a clear cross over from Gy to

Gx beginning above 400 K. As the x = 0.0 member (Ca2Fe2O5)
is Gx and Ca2FeMnO5 is Gy, such a cross over might be antic-
ipated but was not detected for the x = 1.0 and 0.67 phases.
Repeating the neutron diffraction experiment on the same sample
showed that the reorientation of magnetic anisotropy is reversible.
A similar cross over was reported for Ca2FeCoO5, but in this case
the onset occurred at 100 K and was complete by 200 K.16

In Figure 8 a summary of the known magnetic anisotropies
in the AA′ = Ca2 brownmillerite materials is presented. It seems

clear that Mn3+ strongly prefers the b (long) axis as does Co3+

but to a lesser degree, while Fe3+ prefers the a (shortest) axis. In
these compounds, Mn3+ occupies the Oh sites nearly exclusively
while Fe3+ is mainly on the Td site when combined with Mn3+.
The situation is more complex for Ca2FeCoO5 as Fe3+ and
Co3+ occupy both Oh and Td sites.
In general, the trends shown by the CaSrFe2−xMnxO5.0 series

are similar. The x = 0.50 and 0.67 phases also show a Gy
magnetic structure, and there is indeed a cross over to Gx for
x = 0.5 beginning at ∼375 K which is complete by 410 K.
The final topic in this section is an attempt to rationalize the

variation of Tc as a function of various cation substitutions on
the BB′ sites for the family of Ca2Fe2−xMxO5.0 brownmillerites,
where M3+ = Al, Ga, Mn, Cr, Sc, and Co. This information is
presented in Figure 9. First, of course, one expects that any

substitution for Fe3+, which is an S = 5/2 ion, will result in a
lowering of Tc. Among the different M cations there are two
basic types: (1) diamagnetic ions which substitute primarily on
the Td sites, such as Al

3+ and Ga3+,19,20,24 and (2) magnetic ions
which substitute on the Oh site, such as Mn3+(S = 2)7 and Cr3+

(S = 3/2).25 In addition, Co3+ (S = 3/2, assuming high spin)
substitutes equally on both sites,16,20 and diamagnetic Sc3+

prefers the Oh site.
19,20 Several trends are worthy of note. First,

for cations of type 1, the rate of decrease is relatively gradual
out to x = 1.0, being well described by a convex polynomial
curve. On the other hand, the decrease for type 2 ions is
concave and quite pronounced for small x before leveling off
beyond x = 0.5. Remarkably, substitution of diamagnetic Sc3+ at
the Oh site results in a much higher Tc at x = 0.5 than magnetic
Mn3+ or Cr3+. At the end point x = 1.0 the order for Tc is M =
Co3+ ≫Mn3+ > Al3+,Ga3+ .
It is possible to understand some of these trends in terms of a

layered antiferromagnetic (AF) model. This approach is supported
by observation of broad susceptibility maxima above Tc for
many of the compounds studied. Recall that brownmillerites
consist of stacked layers of corner-sharing octahedra (CSO)
and corner-sharing tetrahedra (CST). Within the CSO layers
the superexchange Fe−O−M angle is large (∼165° or so), and
one expects strong 2D AF coupling when only Fe3+ occupies
these sites. Within the CST layers the tetrahedra are linked only

Figure 9. Variation of Tc for the family of Ca2Fe2−xMxO5.0
brownmillerites. Site preference for each M ion is indicated.

Figure 8. Summary of the known magnetic anisotropies for Ca2BB′O5
brownmillerites. Gx and Gy indicate the preferred orientation along the
shortest and longest unit cell axes, respectively.

Figure 7. Ratio of the (021)/(120) magnetic reflections versus
temperature for Ca2Fe1.5Mn0.5O5.0 showing a cross over from Gy to Gx
beginning above 400 K. Tc for this compound is 465(2) K.
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in one dimension to each other but are shared by adjacent
octahedral layers. The Fe−O−M superexchange angles are
much more acute, and both weaker intrachain and interchain
AF coupling is expected relative to that within the CSO layers.
This situation is represented in Figure 10.

For layered AF materials the following relationship has been
proposed26

≈ ξk T J SB c
2

2D inter
2

(1)

where Tc is the critical temperature for 3D ordering, ξ22D is the
intralayer spin−spin correlation length, Jinter is the interlayer
exchange, and S is the spin quantum number. For this analysis
S2 is replaced by ⟨S2⟩, the compositional average value. While
eq 1 is strictly appropriate for systems with very weak Jinter,
which is probably not the case here, nonetheless, useful insights
are provided. For example, with this model the two major
trends noted above can be rationalized. First, substitution on
the Td sites by diamagnetic ions for small x will not strongly
affect either the intraplanar correlation length or ⟨S2⟩. Jinter will
be diminished gradually with increasing x as some of the
interlayer connections will be weakened due to the absence of
Fe3+, but for layered AF materials Jinter need only remain finite
in order to generate 3D order. ⟨S2⟩ will decrease significantly
with larger x due to dilution and the rate of decrease of Tc with
x will accelerate. Jinter will reach a minimum for x = 1.0, where
all of the Fe3+ on the Td sites has been replaced. Substitution of
Mn3+ and Cr3+ on the Oh sites will generate two effects, an
obvious reduction in ⟨S2⟩ due to the smaller spin quantum
numbers and a significant reduction in ξ22D as both ions will
contribute ferromagnetic intraplanar superexchange interac-
tions according to the Goodenough−Kanamori rules.27,28 This
will of course reduce the size of the AF domains within the
planes. Addition of diamagnetic Sc3+ at the Oh sites will also
reduce ⟨S2⟩ and ξ22D due to dilution but would not introduce
competing ferromagnetic correlations. In fact, at the level x =
0.5, ⟨S2⟩ is reduced by a significant fraction relative to Mn3+/Cr3+

substitutions but Tc is still higher, indicating an important role for
the ferromagnetic intraplanar correlations. Finally, for M = Co
substitution of Co3+ on both the Td and the Oh sites will cause the

least perturbation to Tc as no ferromagnetic intraplanar corre-
lations will be introduced, again refer to the G−K rules, and the
reduction in overall ⟨S2⟩ will be the main factor which will occur at
a lesser rate than for the diamagnetic ion substitutions.
An interesting trend which is perhaps more difficult to

understand is the systematic decrease in Tc for the AA′ = CaSr
series for the same x as seen in Table 5. For example, this trend
does not occur for Ca2GaMnO5.0, Tc = 160 K, and Sr2GaMnO5.0,
Tc = 183 K.29 It is possible that the modest level of Mn3+ which
is found on the Td sites for the AA′ = CaSr series relative to
AA′ = Ca2 contributes to the lowering of Tc due to weakening of
Jinter through introduction of competing ferromagnetic Fe−O−
Mn interactions.

Crystal Structure of AA′ = CaSr, y ≈ 0.5 Phases,
Synthesized in Air. Three members of the CaSr series, x =
0.5, 0.67, and 1.0, were also prepared in air, and the results are
summarized for all three in Table 6. As an example, the Rietveld

refinement profiles for x = 0.5 are shown in Figure 11. Note
that all three materials show a cubic perovskite Pm3m struc-
ture. A Vegard’s law correlation, Figure 12, is poorer than that
for the argon-synthesized AA′ = Ca2 series, which may reflect
different values of y (Table 6).
Table 6 displays refinement results for the displacement

factors and site occupation rates. As for the y ≈ 0 phases, the
Ca/Sr ratio refined to 1.0 to within error. Site occupation rates
were refined for the Fe/Mn and O sites. A y value was cal-
culated from the refined O site occupation rate and compared
to that expected if all Mn3+ is oxidized to Mn4+ during synthesis
in air. This oxidation mode has been observed for the oxidation
of Sr2FeMnO5.0 to Sr2FeMnO5.5. Note first that the Fe/Mn site
occupations are in generally good agreement with the nominal
Fe/Mn ratios. Uiso for the O site is much greater by about a
factor of 3 or more than those for the cation sites. In addition,
there is reasonable agreement between the derived and the
predicted y values from refinement of the O-site occupation;
however, the TGA results give somewhat higher values,
indicating the possibility of some level of oxidation of Fe3+.

Figure 10. View of the corner-sharing octahedral layers (CSO) and
corner-sharing tetrahedral layers (CST) and the linkage between the
two for brownmillerites.

Table 6. Summary of Neutron Diffraction Refinement
Results at 300 K for Pm3m CaSrFe2−xMnxO5+y Phases

x 0.50 0.67 1.0

a0 (Å) 3.8281(1) 3.8219(1) 3.8188(4)
V (Å3) 56.096(5) 55.824(6) 55.69(2)
Rwp 0.0539 0.0603 0.0641
GOF 3.92 1.90 2.20
Uiso (Å

2) (Ca/Sr) 0.016(1) 0.0159(8) 0.016(1)
Uiso (Å

2) (Fe/Mn) 0.0057(9) 0.0088(8) 0.005(1)
Uiso (Å

2) (O) 0.030(1) 0.0305(6) 0.0284(7)
occ. Fe 0.730(3) 0.662(4) 0.495(5)
occ. Mn 0.270(3) 0.338(4) 0.505(5)
occ. O 0.892(3) 0.899(8) 0.92(1)
y (refined) 0.35(2) 0.39(4) 0.50(5)
y (expected)a 0.25 0.33 0.50
y (TGA) 0.47(1) 0.53(4) 0.50
Fe(Mn)−O 1.91403(5) 1.91093(6) 1.9094(2)
Ca(Sr)−Ca(Sr) 3.82806(10) 3.82186(13) 3.8188(4)
Ca(Sr)−Fe(Mn) 3.31519(7) 3.30982(8) 3.3072(2)
Ca(Sr)−O 2.70685(5) 2.70246(6) 2.7003(2)

aThe y value expected assuming that the principal oxidation process is
Mn3+ → Mn4+.
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Crystal Structure of AA′ = Ca2 Phases Synthesized in
Air. For the purpose of comparison, the Ca2 phases with x =
0.5 and 0.67 were synthesized. The x = 1 phase has been
reported to have a brownmillerite Pnma space group.17 For x =
0.5 and 0.67 cases, formation of a brownmillerite phase was

evident from the X-ray powder data, along with a few small
peaks indicating the presence of a slight amount of a second
phase that could not be identified due to the low intensity of
those peaks. These peaks were removed from the X-ray pattern
for the final refinements. The absence of the (131) reflection
for x = 0.5 and 0.67 indicated that the crystal system is body
centered, unlike the argon-synthesized Ca2 phases with the
Pnma structure. Figure 13 shows the X-ray refinement profile

for the x = 0.5 phase in Icmm, and Table 7 lists the refined
parameters.

The difference between the Ca2 and the CaSr phases is
remarkable. Synthesis of Ca2 phases in air or argon always
results in the ordering of oxygen vacancies and a
brownmillerite structure, even though the degree of
oxidation and the oxygen content is considerably higher in
the air-synthesized materials, as evident from their unit cell
volumes. For example, for the x = 0.5 case, the cell volume is
446.17(5) Å3 if synthesized in argon and 438.90(7) Å3 for
synthesis in air. On the contrary, the CaSr phases have a
brownmillerite structure only when the synthesis is
performed in argon. The air-synthesized compounds that

Figure 11. Refinement of neutron diffraction data at 299.6 K for
CaSrFe1.5Mn0.5O5+y using wavelengths λ = 2.37242 (top) and
1.33035 Å (bottom) in Pm3m. See Table 4 for results. Red circles
are the data, black line is the fit, lower purple line is the difference, and
vertical tic marks locate Bragg Peaks. The very weak unindexed peaks
belong to the vanadium container.

Figure 12. Vegard’s law correlation for the cell volume vs x for
CaSrFe2−xMnxO5+y.

Figure 13. X-ray refinement profile in Icmm for Ca2Fe1.5Mn0.5O5+y
synthesized in air. Arrow shows the position where the (131) peak
should appear in a Pnma system. Its absence in this pattern indicates a
body-centered structure.

Table 7. Powder X-ray Refinement Results for
Ca2Fe1.5Mn0.5O5+y Synthesized in Air

x y z Uiso occ.
site
mult.

Ca 0.520(2) 0.6102(4) 0.0 0.025 1 8
Fe1 0.532(2) 0.25 0.433(2) 0.025 0.5 8
Mn1 0.0 0.0 0.0 0.025 0.5 4
Fe2 0.0 0.0 0.0 0.025 0.5 4
O1 0.25 0.996(2) 0.25 0.025 1.0 8
O2 0.004(5) 0.127(1) 0.0 0.025 1.0 8
O3 0.625(9) 0.25 0.198(7) 0.025 0.5 8

space group Icmm
a (Å) 5.47283(29)
b (Å) 14.8948(8)
c (Å) 5.38419(29)
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have higher oxygen contents are cubic perovskites where the
oxygen vacancies are disordered.
Local Structure: NPDF. Observation of a high value for

Uiso at the O site, see Table 6, is a common feature for oxygen-
deficient perovskites which likely masks a more complex local
structure. This was the case for Sr2FeMnO5,

12 for example, and
many other similar materials which have been investigated
using more local probes such as electron diffraction30,31 or
neutron pair distribution function analysis (NPDF). Here, the
latter method is applied to one member of the series, x = 0.5.
Evidence for a complex local structure emerges readily from the
S(Q) data shown in Figure 14, which is basically a corrected

and normalized diffraction pattern. Note the oscillating back-
ground upon which the Pm3m Bragg peaks are superimposed.
These oscillations are detectable in the conventional neutron
data, but the Q range is more limited. By performing a sine
Fourier transform on the S(Q) data the direct space pairwise
interatomic distribution function, G(r), is obtained.32 The
intensity of each peak in the G(r) is a product of the neutron
scattering lengths of the atoms involved and the number of
interatomic interactions at that particular distance. The G(r)
data between 1.5 and 4 Å are shown in Figure 15a. The inter-
atomic distances of a cubic model (Table 6) are shown by the
dashed vertical lines. It is evident from this figure that the
average structure cubic model cannot adequately describe the
G(r) data up to 4 Å. There are multiple shoulders and peaks,
highlighted by arrows in Figure 15a, that do not match the
interatomic interactions of a cubic model. For example, there
exists only one Fe(Mn)−O distance at 1.91403(5) Å for a cubic
model, while the G(r) contains peaks and shoulders ranging
from ∼1.85 to ∼2.45 Å, indicating a more complex local
structure. A comparison between the features observed in the
G(r) and the interatomic distances of the brownmillerite
CaSrFe1.5Mn0.5O5 (Table 4) shows a nice match, suggesting
that the local environment of atoms out to 4 Å resembles that
of a brownmillerite structure, i.e., local ordering of oxygen
vacancies. It is possible to use crystallographic models to fit the
G(r) data using the PDFGUI program.33 A fit out to 4 Å using
the average structure model, Pm3m, shown in Figure 15b, is

poor as expected, while a fit using a brownmillerite Ibm2 model
gives a good match as seen in Figure 15c. Thus, NPDF analysis
suggests a noncubic local structure that resembles the
brownmillerite structure with ordering of oxygen vacancies.

Magnetic Properties of CaSrFe2−xMnxO5+y Phases Syn-
thesized in Air. No magnetic Bragg peaks were observed in
the neutron diffraction patterns at 4 and 300 K, so long-range
magnetic order is clearly absent. DC susceptibility data for x =
0.50, 0.67, and 1.0 phases are shown in Figure 16. All three
show common features, namely, a distinct ZFC/FC divergence

Figure 14. Lower Q portion of the S(Q) for CaSrFe1.5Mn0.5O5+y
showing a strongly oscillating background.

Figure 15. (a) G(r) data for CaSrFe1.5Mn0.5O5+y out to 4 Å. Vertical
dashed lines show the interatomic distances of a cubic Pm3m model.
There are multiple features in the pattern, shown by arrows, that do
not match the Pm3m model but are in good agreement with a vacancy-
ordered, brownmillerite model. (b) G(r) fit using the average structure
model, cubic Pm3m, from 1.76 to 4.00 Å, Rw = 20%, reduced χ2 =
0.087. As evident from the difference plot, the fit is poor. (c) G(r) fit
using a brownmillerite Ibm2 model, Rw = 16%, reduced χ2 = 0.057.
The fit is superior, suggesting a local ordering of oxygen vacancies.
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at low temperatures near 60 K for x = 0.50 and 0.67 which
moves to ∼30 K for x = 1.0. Isothermal field sweeps show the
development of a weak moment with hysteresis at 5 K for all.
Both observations are consistent with some sort of disordered
spin ground state but not long-range AF order as found for
the y ≈ 0 vacancy ordered phases. Similar bulk behavior has
been reported for Sr2FeMnO5.0 and Sr2FeMnO5.5, but neutron
diffraction studies revealed broad magnetic reflections12 which
were commensurate with the average structure unit cell, and a
spin glassy ground state was ruled out in favor of super-
paramagnetism, at least for Sr2FeMnO5.0.
Neutron diffraction data for CaSrFe1.5Mn0.5O5+y were

obtained at 4 and 300 K with long acquisition times, and the

results are shown in Figure 17a. Note the presence of two very
broad features. That centered near ∼60° shows no temperature
dependence and can be assigned to short-range order of the
oxygen vacancies as discussed in the preceding section. It is the
first broad oscillation at Q ≈ 2.6 Å−1 in Figure 14. On the other
hand, the feature near 31° shows a strong temperature depen-
dence and is magnetic in origin. This reflection was fitted using
an Ornstein−Zernike Lorentzian function,22 as described
before (I(Q) = A/((Q0 − Q)2 + κ2), and the results are
shown in Figure 17b. The fitting parameters are Q0 = 1.394(5) Å−1

which corresponds to d0 = 4.51(2) Å and κ = 0.15(1) Å−1

which corresponds to a correlation length, ξ = 6.7(4) Å. The
derived d0 is not commensurate with any simple multiple of the

Figure 16. DC susceptibility data for CaSrFe2−xMnxO5+y: (left) ZFC/FC data; (right) isothermal field sweeps at 300 and 5 K.
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average cubic cell which is distinctly different from the case of
Sr2FeMnO5.0 where two reflections could be indexed on a
doubled cubic cell.12 However, Q0 does lie near the positions
for the strongest magnetic Bragg peaks for the corresponding
ordered brownmillerite x = 0.5 phase, Q = 1.392 and 1.418 Å−1,
which is consistent with the NPDF results that suggested a
brownmillerite local structure. The correlation length is slightly
greater than next-nearest-neighbor distances but slightly shorter
than the interlayer spacing. Given the short correlation length,
perhaps a spin frozen ground state model is more relevant in
this case.

■ SUMMARY AND CONCLUSIONS

The effects of varying the composition by substitution on both
the AA′ and the BB′ sites as well as the effect of oxygen stoi-
chiometry in oxygen-deficient perovskites of the type AA′B-
B′O5+y have been investigated systematically for the two series
Ca2Fe2−xMnxO5+y and CaSrFe2−xMnxO5+y for x = 0.50, 0.67,
and 1.0 and y ≈ 0 and 0.3−0.5. For the same x and y ≈ 0 the
change in A-site composition has two principal effects. First, the
space group changes from Pnma (Ca2) to Icmm (CaSr) and the

tendency for Mn3+ to occupy the Oh sites is slightly diminished.
The former observation appears to be somewhat at odds with
the structure-field map proposed by Parsons et al.15 In this
scheme, the expected sequence upon increasing the separation
between Td chain layers is Pnma−Ibm2−Icmm. The refine-
ments done in the present study on the CaSr phases show
better agreement indices for Icmm than for Ibm2. However,
tests for a polar space group were not done, so the force of
this observation should be tempered somewhat. Certainly, the
most remarkable result concerns CaSrFeMnO5.0. Here, for
samples prepared in argon, brownmillerite vacancy ordering
persists but only on a short-range length scale ∼160 Å. This
situation represents an intermediate case in the sequence
Ca2FeMnO5.0(Pnma)−CaSrFeMnO5 (Icmm, short-range)−
Sr2FeMnO5.0 (Pm3m), which reflects increasingly disordered Td
chains as the average A site radius is increased systematically.
For the same AA′, increasing x (Mn3+ content) decreases the

unit cell volume with a Vegard’s law linearity. This is somewhat
surprising as the accepted radii for Mn3+ and Fe3+, both high
spin and with CN = 6, are identical, 0.645 Å.34 Nonetheless, in
these materials Mn3+ appears to be smaller.
The effect of these substitutions on the magnetic properties

is also remarkable. For Ca2Fe2−xMnxO5.0 increasing the Mn
content, up to x = 0.50, decreases Tc to a much greater extent
than that seen for simple dilution by diamagnetic ions for the
same x. This is discussed in terms of a layered AF model and is
attributed to introduction of ferromagnetic Fe−O−Mn super-
exchange interactions mainly within the Oh layers. These ideas
are extended to provide a qualitative rationalization of the
known Tc values for several Ca2Fe2−xMxO5 materials. For x =
0.50 in both series there is a cross over from a Gy to a Gx
magnetic anisotropy with increasing temperature which appears
to be consistent with the previously known magnetic aniso-
tropies of brownmillerite oxides.
Finally, regarding the materials prepared in air, y > 0, the

vacancy ordering is preserved in Ca2Fe2−xMnxO5+y series,
although a change from Pnma to Icmm symmetry is observed
when these phases are prepared in air for x = 0.5 and 0.67.
However, for the CaSrFe2−xMnxO5+y series, y > 0, the long-
range brownmillerite vacancy ordering is destroyed and a cubic
Pm3m symmetry is found for all x. Refined values for y from
neutron diffraction data are in reasonable agreement with those
expected if the main oxidation mechanism involves conversion
of Mn3+ to Mn4+. An NPDF study of the local structure of the
x = 0.50 phase shows that on very short length scales up to 4 Å
a brownmillerite-type model provides a better fit to the data
than the average Pm3m structure.
Also, for the y > 0 CaSr series members, long-range magnetic

G-type AF order found for the y ≈ 0 phases is destroyed and
bulk susceptibility features typical of spin frozen ground states
are observed. For x = 0.50 neutron diffraction data disclose a
diffuse magnetic peak, incommensurate with the average cubic
cell. The very short correlation length of ∼7 Å is not in-
consistent with a frozen spin ground state.
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